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Magnetite-based drug delivery system

ABSTRACT: Melanoma, known for its aggressive metastatic potential, poses :
significant treatment challenges. Despite the potent antiproliferative effects of " L@ Clatin:
anticancer drugs, systemic toxicity and low water solubility limit their efficacy. This  temozolomice | Pacitael C

study addresses these challenges by employing magnetite (Fe;O,) nano- d@) °
bioconjugates as a drug delivery system, aimed at enhancing drug solubility and '

reducing off-target effects in melanoma therapy. Magnetite nanoparticles (MNPs) Macropinoctosis Caveolac.
were engineered with functional molecules and loaded with the anticancer agents Bt s — e
Temozolomide (TMZ) or paclitaxel (PTX). The nanobioconjugates were
characterized via Fourier transform infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), dynamic light scattering (DLS), and transmission electron
microscopy (TEM). The results validated the efficacious synthesis and drug loading, attaining efficiencies ranging from 32 to 72% for
TMZ and 32 to 60% for PTX. Biocompatibility assessments demonstrated excellent tolerance, with minimal hemolysis rates and
platelet aggregation. In vitro studies revealed enhanced cytotoxicity against A-375 human melanoma cells compared to free drugs,
with cellular uptake facilitated primarily through macropinocytosis, caveolin-, and clathrin-mediated endocytosis. Furthermore, the
nanobioconjugates exhibited significant efficacy in targeting A-37S melanoma spheroids, underlining their potential in melanoma
therapy. This research underscores magnetite nanobioconjugates as a promising avenue for targeted melanoma treatment, offering
enhanced drug delivery specificity and reduced systemic toxicity in oncological drug delivery systems.

Cytotoxicity Cellular uptake

1. INTRODUCTION inhibiting cancer cell growth.8 In contrast, TMZ works by
methylating DNA, resulting in inhibited DNA and cellular

Melanoma is a type of cancer that originates in melanocytes, 2
replication.” Despite their potent antiproliferative effects, these

the cells responsible for producing melanin, which are found

within the basal layer of the epidermis. It ranks as the sixth drugs have significant drawbacks, including systemic toxicity
most commonly diagnosed cancer and accounts for an due to nonselective distribution to normal cells and low water
alarming 80% of deaths related to skin cancer."” Traditional solubility, which have been a persistent clinical hurdle."’

therapeutic methods remain integral in treating approximately Nanotechnology has made significant advances in improving
half of all cancer patients. Chemotherapy, whether used alone the bioavailability of hydrophobic drugs, reducing drug
or in combination with other treatments, continues to be the degradation, and enabling sustained and triggered release. As
predominant cancer therapy, contributing to improved survival drug carriers, nanomaterials offer targeted tumor delivery, the
rates.” However, the use of anticancer drugs presents capacity to bind or hold numerous drug molecules, and the
significant challenges. While these agents target tumor cells, ability to overcome solubility and stability issues, thereby

they can also damage surrounding healthy tissues, resulting in
numerous side effects that can undermine the treatment’s
efficacy.*> Common side effects include neuropathies, bone
marrow suppression, gastrointestinal issues, skin conditions,
hair loss, and fatigue.’ Despite breakthroughs in cancer
research and therapeutic methodologies, managing melanoma
remains a significant challenge. This is primarily due to its

prolonging the circulation half-life of the drug.”"'~"* They also
leverage the enhanced permeability and retention (EPR) effect
at the tumor site. This EPR effect, resulting from the tumor’s
abnormal vasculature and permeable blood vessels, facilitates
passive targeting of nanoparticles, ensuring increased drug

aggressive nature, potential for metastasis, and inherent Received:  August 12, 2024
resistance to standard chemotherapeutic drugs.” Revised:  September 29, 2024
Paclitaxel (PTX) and Temozolomide (TMZ) are two widely Accepted:  October 4, 2024

used chemotherapeutic agents. PTX promotes the assembly of Published: October 30, 2024

tubulin into microtubules and prevents their dissociation,
thereby blocking cell cycle progression, preventing mitosis, and
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Figure 1. Final chemical structures of the evaluated nanobioconjugates. Drug loading on (A) bare MNPs (control), (B) PEGylated MNPs, (C)
AEDP—PEGylated MNPs, and (D) BUF-II—PEGylated MNPs. Created with BioRender.com.

delivery to the tumor while minimizing exposure to healthy
tissues.”"*

Among various nanomaterials, such as liposomes, nano-
particles, dendrimers, and micelles"® magnetic iron oxide
nanoparticles (IONPs) are among the most useful metal
nanoparticles in multiple fields, especially in biomedical
applications.'®"” Characterized by their magnetic properties,
biocompatibility, stability, and biodegradability, magnetic
nanoparticles offer a high surface area-to-volume ratio,
enabling efficient drug loading. Their easy functionalization
with various targeting ligands and biomolecules can ensure
precise delivery to cancer cells. Moreover, their magnetic
nature allows for manipulation using external magnetic fields,
further enhancing tumor targeting.' '’ It has been demon-
strated that IONPs can enhance drug absorption, reduce drug
toxicity, and mitigate drug resistance.”’ Recent research has
highlighted the potential of IONPs as pH-responsive nano-
platforms to enhance pancreatic cancer treatment,”’ facilitate
magnetic drug targeting for the effective delivery of
phytochemicals in cancer therapy,”” and serve as a trimodal
synergistic strategy for photothermal-chemodynamic-coordi-
nated chemotherapy.”’ Additionally, IONPs exhibit remarkable
capabilities in hyperthermia, magnetic resonance imaging, and
surface-enhanced Raman scattering for advanced imaging and
diagnostics.”*

A majority of approaches have focused on loading PTX or
TMZ onto nanoparticles for melanoma treatment due to the

challenges in creating stable covalent immobilization of these
drugs on the nanoparticles’ surfaces.”>”>’ Among these
nanocarriers, polymeric-coated magnetic nanoparticles have
been of particular interest, as the coating does not interfere
with their magnetic properties.”® This advantage can be
utilized to enhance tumor targeting with the aid of external
magnetic fields”” or in combined photothermal and photo-
dynamic therapy.’*”'

Magnetite (Fe;O,) nanoparticles (MNPs), the most widely
used IONPs in biomedical applications,*>** are favored for
their superparamagnetic behavior at room temperature and
high saturation magnetization.”* These nanoparticles can be
easily synthesized by the chemical coprecipitation method,
which involves using an aqueous iron salt (Fe** and Fe’")
solution and adding a strong basic solution under an inert
atmosphere at room temperature. The advantages of this
method include the absence of toxic intermediates or solvents
and no requirement for precursor complexes.*

This study proposes the design and in vitro evaluation of
magnetite nanoparticle candidates for melanoma treatment by
loading PTX or TMZ onto PEGylated nanoconjugates,
incorporating either a multifunctional peptide or a reducible
disulfide linker. The objective is to assess the impact of these
molecules on drug loading efficiency and evaluate the
nanobioconjugates’ effectiveness against human melanoma
cells. The use of polyethylene glycol (PEG) is driven by its
well-known ability to reduce opsonization due to its un-
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charged, hydrophilic, and nonimmunogenic properties.*®’

The presence of PEG chains on the nanoparticle surface has
been shown to enhance both their colloidal stability in aqueous
suspension’® and their blood half-life in vivo™** Moreover, the
antibacterial peptide Buforin II (BUF-II) among its trans-
locating capabilities*” has also proved to have cancer-selective
cytotoxicity.""** Studies have shown that BUF-II interacts with
gangliosides in cancer cells."' The use of this peptide allows for
the creation of nanobioconjugates with high endosome release
efficiency and cytosolic accumulation in various cell lines,***
while also increasing their affinity for cancer cells. The addition
of a reducible disulfide linker was also evaluated, as previous
studies have reported that it enhances the translocation
capabilities of nanobioconjugates.*>*®

This paper will delve into the synthesis, physicochemical,
and biological characterization of these nanobioconjugates,
assessing their drug loading efficiency, thermal stability,
morphology, biocompatibility, cytotoxicity, and internalization
pathways in both cancerous and noncancerous cell lines. The
research aims to elucidate the multifunctionality of these
nanobioconjugates, combined with the EPR effect, paving the
way for future therapeutic applications.

2. MATERIALS AND METHODS

2.1. Synthesis and Functionalization of MNPs. MNPs
were synthesized using the chemical coprecipitation method.
Initially, 0.01 mol of iron(II) chloride tetrahydrate (FeCl,) and
0.02 mol of iron(Ill) chloride hexahydrate (FeCl;) were
solubilized in 100 mL of type I water. This solution was then
homogenized and cooled to 2 °C. Simultaneously, 0.08 mol of
NaOH was dissolved in 100 mL of type I water and also cooled
to 2 °C. The iron chlorides solution was magnetically stirred at
300 rpm in a sealed round-bottom flask while nitrogen gas was
bubbled through to desorb oxygen and prevent oxidation. After
10 min, NaOH solution was added dropwise at a S mL/min
rate with constant stirring and a continuous nitrogen flow. A
black precipitate formed, indicating the creation of MNPs.
After the addition of NaOH was complete, the magnetite
solution was stirred for another hour at 300 rpm under a
continuous nitrogen flow. The MNPs were washed three times
with a 1.5% (w/v) NaCl solution and twice with type I water.
A neodymium magnet was used to facilitate nanoparticle
precipitation between washes, and sonication was applied at 40
kHz frequency and 38% amplitude during the washing steps.

After synthesis, the yield of the MNPs was measured. A 100
mg sample of MNPs was resuspended in 40 mL of type I water
and sonicated for 10 min at a frequency of 40 kHz and an
amplitude of 38%. Then, 250 uL of TBAH was added, and the
mixture was sonicated for 1 min and magnetically stirred for 3
min. Subsequently, 50 uL of glacial acetic acid was added,
followed by another round of sonication for 1 min and stirring
for 3 min. Finally, 1 mL of a 20% (v/v) APTES solution was
gradually added to the MNPs, and the reaction was maintained
at 60 °C with constant stirring at 200 rpm for 1 h. The
silanized nanoparticles were then washed as previously
described and stored at 4 °C until further use.

2.2. Synthesis of Nanobioconjugates. For all immobi-
lizations, amine—amine conjugation was assessed using the
cross-linker glutaraldehyde, resulting in the formation of imine
bonds. Amine-carboxyl conjugation was assessed using zero-
length cross-linkers EDC/NHS, leading to the formation of
amide bonds. The final structures of the evaluated nano-
bioconjugates are depicted in Figure 1.

2.2.1. PEGylation of Silanized MNPs. To achieve
PEGylation of the MNPs, 100 mg of the silanized nano-
particles were first resuspended in 40 mL of type I water. This
mixture was sonicated for 10 min, utilizing a frequency of 40
kHz and an amplitude of 38%. Next, 2 mL of a 2% (v/v)
glutaraldehyde solution was added to the MNPs mixture, and
the solution was stirred at 250 rpm for 1 h. Subsequently, 10
mg of NH,—PEG,,-NH, (PEGaa) or NH,—PEG;,-propionic
acid (PEGac) were dissolved in S mL of type I water and
added to the nanoparticle solution. The reaction was allowed
to proceed for 24 h, with the solution being maintained under
mechanical agitation at 250 rpm. Finally, the obtained
PEGylated MNPs were washed and stored as previously
described.

2.2.2. AEDP Immobilization on PEGylated MNPs. The
immobilization of AEDP on PEGylated (PEGac) nanoparticles
was initiated by dissolving 14 mg of EDC and 7 mg of NHS in
S mL of type I water. This solution was then added to 100 mg
of PEGylated MNPs, which had been preresuspended in 40
mL of type I water. The mixture was subjected to constant
stirring at a rate of 250 rpm for 15 min. After this, 5 mg of
AEDP was incorporated into the solution. For the immobiliza-
tion of AEDP on the PEGylated (PEGaa) nanoparticles, S mg
of AEDP was added to the activating solution of EDC and
NHS and allowed to react under constant stirring at 250 rpm
for 15 min. This activated AEDP solution was then added to
100 mg of the PEGylated nanoparticles. In both cases, the
reaction was allowed to proceed for 24 h, maintained under
mechanical agitation at 250 rpm. The obtained PEGylated—
AEDP nanoparticles were washed and stored as previously
described.

2.2.3. Immobilization of BUF-Il on PEGylated MNPs. The
amine terminal of BUF-II was conjugated to the free amine
group of the PEGaa or the carboxyl group of the PEGac of the
preliminary nanobioconjugates. To initiate this process, 100
mg of PEGylated nanoparticles were resuspended in 40 mL of
type I water and subjected to sonication for 10 min, utilizing a
frequency of 40 kHz and an amplitude of 38%. Fourteen mg of
EDC and 7 mg of NHS were dissolved in 5 mL of type I water.
This solution was subsequently added to the free amine
PEGylated nanoparticles and subjected to constant stirring at a
rate of 250 rpm for a duration of 15 min. In the case of
immobilization by the carboxyl group, 2 mL of a 2% (v/v)
glutaraldehyde solution was added to the PEGylated nano-
particle mixture and maintained under stirring at 250 rpm for 1
h. Next, 1 mL of BUF-II at a concentration of 1 mg/mL was
incorporated into the solution. The reaction was allowed to
proceed for 24 h, maintained under mechanical agitation at
250 rpm. The obtained PEGylated—BUF-II nanoparticles were
washed and stored as previously described.

2.2.4. Drug Loading on PEGylated Nanobioconjugates.
100 mg of bare nanoparticles (as a control), PEGylated
nanoparticles, PEGylated—AEDP nanoparticles, or
PEGylated—BUF-II nanoparticles were resuspended in 40
mL of type I water and sonicated for 10 min at a frequency of
40 kHz and an amplitude of 38%. Then, 5 mg of TMZ or PTX
were diluted in 1 mL of DMSO, added to the MNPs solution,
and left under stirring at 250 rpm for 24 h. The final
nanobioconjugates were washed and stored as previously
described.

2.3. Drug Loading Efficiency. The drug loading content
on the MNPs was determined as described in a previous
study,” utilizing the intermediate nanobioconjugates. The
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drug loading efficiency was calculated using eq 1, where the
amount of drug loaded corresponds to the previously
determined drug loading content, and the amount of drug
used refers to the total amount of drug initially added.

drug loading efficiency (%)
amount of drug loaded

= X 100
amount of drug used (1)

2.4. Biocompatibility Studies. The biocompatibility of
the synthesized nanobioconjugates was evaluated by assessing
their cytotoxic, hemolytic, and platelet aggregation potential.

2.4.1. Hemolysis. Hemocompatibility was evaluated accord-
ing to the ISO 10993-4:2018 standard. Blood samples were
collected from a healthy human donor into a vacutainer tube
with EDTA (collected with permission from the ethics
committee at Universidad de Los Andes, minute number
928-2018. The study recruitment started on October 12, 2022,
and ended on January 8, 2023. Participants gave informed
written consent between January 10, 2023, and October 10,
2023). Erythrocytes were isolated by centrifugation at 1800
rpm for 15 min. After discarding the supernatant, the
erythrocytes were washed three times with PBS 1X. To
prepare a stock solution, 2 mL of the washed erythrocytes (4.5
X 10° erythrocytes/uL) were suspended in 18 mL of PBS 1X
and carefully homogenized. The nanobioconjugates were
tested at serial dilutions from 100 to 6.25 ug/mL in PBS 1X.
Triton X-100 (10% v/v) and PBS 1X were used as the positive
and negative controls, respectively. To evaluate the hemolytic
activity, 100 uL of each treatment were seeded with 100 uL of
the erythrocyte stock solution in a 96-well microplate. After
incubation at 37 °C with 5% CO, for 1 h, the plate was
centrifuged at 1800 rpm for 5 min. Then, 100 uL of the
supernatants were transferred to another 96-well plate. Finally,
absorbance was read at 450 nm in a microplate reader
(Multiskan FC Microplate Photometer, Thermo Fisher
Scientific, MA), and hemolysis percentage was calculated by
eq 2. Ag, Ac_, Ac, are the absorbances of the sample, negative
control and positive control, respectively.

& X 100
Acy — Ac- ()

2.4.2. Platelet Aggregation Assay. The platelet aggregation
assay was conducted following the ISO 10993-4:2018
standard. Blood samples were collected from a healthy
human donor into a vacutainer tube containing sodium citrate
(collected with permission from the ethics committee at
Universidad de Los Andes, minute number 928-2018. The
study recruitment started on October 12, 2022, and ended on
January 8, 2023. Participants gave informed written consent
between January 10, 2023, and October 10, 2023). Platelet-
rich plasma (PRP) was obtained by centrifuging the blood
samples at 1000 rpm for 15 min at room temperature. The
erythrocytes were discarded, and the supernatant containing
PRP was used for the assay. The nanobioconjugates were
tested at serial dilutions ranging from 100 pg/mL to 6.25 ug/
mL. Thrombin (9U) and PBS 1X were used as the positive and
negative controls, respectively. The aggregation capacity was
evaluated by exposing S0 uL of PRP to 50 uL of the different
treatments in a 96-well microplate. After incubating at 37 °C
for S min, absorbance was measured at 620 nm in a microplate
reader (Multiskan FC Microplate Photometer, Thermo Fisher
Scientific, MA, USA). The platelet aggregation percentage was

hemolysis (%) =

calculated by eq 3. Ag and A¢, are the absorbances of the
sample and positive control, respectively.

Ag
platelet aggregation (%) = —— X 100
Acy (3)

2.4.3. Cytotoxicity. To identify the nanobioconjugates with
the highest potential for drug delivery in melanoma treatment,
cytotoxicity tests were performed. The cytocompatibility of the
nanobioconjugates, loaded with either PTX or TMZ, was
evaluated based on their effect on the plasma membrane
integrity of HaCaT keratinocytes (CVCL_0038) and human
melanoma cells A-375 (CRL-1619). This was done using a
colorimetric assay to quantify the lactate dehydrogenase
enzyme (LDH), employing a commercial LDH-Cytotoxicity
assay kit. The nanobioconjugates were tested in 1:2 serial
dilutions from 100 pg/mL to 6.25 pg/mL. Additionally, free
TMZ and free PTX, previously diluted in DMSO (10 mg/
mL), were evaluated across S serial dilutions, assuming a 15%
(w/w) drug adsorption on the nanoparticles at the highest
concentration (100 pg/mL). Triton X-100 (1% v/v)-treated
cells medium served as positive control, while nonexposed cells
medium served as negative control. Initially, 100 yL of a cell
stock solution in DMEM medium supplemented with 10%
FBS (v/v) was seeded in a 96-well microplate. The seeding
density was 1 X 10* cells/well for both HaCaT and A-375 cells.
After incubating in a humidified atmosphere at 37 °C with 5%
CO, for 24 h, the medium was replaced with DMEM medium
supplemented with 2% FBS (v/v) containing the treatments.
Cell viability was evaluated at 24-, 48-, and 72-h intervals
postincubation in a humidified atmosphere at 37 °C with 5%
CO,. To determine the viability percentage, the microplates
were centrifuged at 250g for 10 min and 50 uL of the
supernatants were transferred to new 96-well plates with S0 uL
of LDH reagent. After a 30 min reaction, the stop solution was
added. Absorbance was measured at 450 nm in a microplate
reader (Multiskan FC Microplate Photometer, Thermo Fisher
Scientific, MA). The percentage of viability was determined
according to eq 4. Ag, Ac_, Ac, are the absorbances of the
sample, negative control and positive control, respectively.

£~ % 100
Acy —Ac_ (4)

2.5. Effect of Nanobioconjugates in A-375 and HaCaT
Spheroids Analysis. Spheroids were formed in 96-well
microplates with an ultralow attachment surface (Cat. #4520,
Corning, Corning, NY). Briefly, 100 pL of DMEM
supplemented with 10% (v/v) FBS at seeding densities of
8.75 X 10° cells/mL for HaCaT keratinocytes and § X 10°
cells/mL for A-375 melanoma cells were added to each well.
The microplate was centrifuged at 200g for 5 min and then
placed on a rocking platform (Rocker 35 EZ, Vantaa, Southern
Finland) at 120 rpm for 10 min. The cells were incubated in a
humidified atmosphere at 37 °C and 5% CO,. The next day,
the formed spheroids were exposed to the nanoparticles by
adding 100 uL of a 25 pug/mL solution of MNPs, MNPs—Si—
PEGac—AEDP(TMZ), or MNPs—Si—PEGaa(PTX) to each
well. For the control group, no nanoparticles were added. After
72 h of exposure to nanoparticles, the spheroids’ viability was
validated by incubating with Calcein AM (2 M) and ethidium
homodimer (4 uM) for 4 h. Fluorescent images were captured
with an Olympus FV1000 confocal laser scanning microscope
(CLSM) (Olympus, Japan) with excitation at 488 and 546 nm

Ag— A
cell viability (%) = ———<—
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Figure 2. Physicochemical and microscopic characterization of nanobioconjugates. (A) FTIR spectra and (B) TGA analyses of TMZ
nanoconjugates. (C) FTIR spectra and (D) TGA analyses of PTX nanoconjugates. (E) Microscopic characterization of bare MNPs. The
morphology and size were analyzed through TEM at 145 kX. (F) Size distribution histogram of bare MNPs (based on TEM images).

lasers and emitted fluorescence capture at 517 and 617 nm,
respectively. Transverse images were taken at 2 ym intervals (Z
axis) with a 10X/0.30 UPlan FL N objective. Additionally,
spheroids images were taken with a Zeiss Primovert Inverted
Microscope (Zeiss, Germany) with a 4X/0.10 objective.
Spheroids’ morphology was analyzed by calculating the area,
perimeter, and circularity using the MorphoLib] 1.6.0.1 library
in Fiji-Image].

2.6. Cellular Internalization Pathways and Endo-
somal Escape Analysis. The cellular uptake and endosomal
escape of the nanobioconjugates were determined via confocal
microscopy for HaCaT keratinocytes and A-375 human
melanoma cells. Cellular uptake was measured at 30 min and
4 h to capture both early and later stages of internalization.
The 30 min time point was selected to observe initial uptake,
providing insights into rapid internalization dynamics. The 4-h

45406

time point allowed for the assessment of subsequent
internalization and potential endosomal escape.

Briefly, cells were resuspended in DMEM medium
supplemented with 10% (v/v) FBS. 100 L of a stock solution
with a density of 2 X 10° cells/mL for HaCaT keratinocytes
and 4 X 10° cells/mL for A-375 melanoma cells was added to a
glass slide pretreated with poly-p lysine. After a 24-h
incubation period to allow attachment, the medium was
replaced with route inhibitors. Rottlerin, Filipin III, and
Dynasore hydrate were used for macropinocytosis,”®*’
caveolae-mediated inhibition,*® and clathrin-mediated inhib-
ition,**" respectively. The inhibitors were resuspended in
nonsupplemented DMEM medium at concentrations of 6 M
for Rottlerin, 8 ug/mL for Filipin III, and 100 uM for
Dynasore. Five evaluations were performed: inhibition of each
endocytic-route, inhibition of the three endocytic-routes and a
control without inhibitors. For the first four experiments, 250
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uL of each inhibitor (or the three inhibitors) was added to the
glass slide and incubated under a humidified atmosphere at 37
°C and 5% CO,. Filipin III and Dynasore inhibitors were
added 30 min after nanobioconjugates exposure, Rottlerin and
the three inhibitors mixture were added 1 h before. After
inhibition, cells were exposed to 250 uL (or S00 uL for the
control) of Rhodamine B- or Propidium iodide-labeled
nanobioconjugates in nonsupplemented DMEM medium at
25 pg/mL for 30 min and 4 h. Cells were washed with PBS 1X
and exposed to nonsupplemented culture medium containing
Hoechst 33342 (1:10000) and Lysotracker green DND-26
(1:10000) for S min. Images were captured using an Olympus
FV1000 confocal laser scanning microscope (CLSM)
(Olympus, Japan) with a 20X/0.75 UPlanSApo and a 40X/
0.6 UCPlan FL N objective. Excitation/Emission wavelengths
of 358 nm/461 nm, 488 nm/520 nm, and 546 nm/575 nm
(for Rhodamine B-labeled nanoparticles) or 493 nm/636 nm
(for Propidium iodide-labeled nanoparticles) were used for the
detection of nuclei, endosomes, and nanobioconjugates,
respectively. The analysis involved taking 10 images for each
treatment (10 cells were segmented per image). Finally, image
analysis was performed in Fiji-Image]J to calculate colocaliza-
tion and the percentage of area covered by the nano-
bioconjugates.

2.7. Statistical Analysis. All data measurements are
reported as mean + standard deviation. Each experiment was
carried out in triplicate. Data analysis was performed using
GraphPad Prism 8.0.1 software (San Diego, CA). Statistical
comparisons were made employing a two-way ANOVA
followed by either Sidak’s or Dunnett’s multiple comparisons
test. Results with a p-value < 0.05 (*) were considered
statistically significant. The symbol * corresponds to statisti-
cally significant difference with a p-value in the range of 0.01 <
p-value <0.05, ** to statistically significant difference with a p-
value in the range of 0.001 < p-value <0.01, *** to p-value in
the range of 0.0001 < p-value <0.001, and **** to p-value
<0.0001.

3. RESULTS

3.1. Synthesis, Functionalization, and Physicochem-
ical Characterization of the Nanobioconjugates. Phys-
icochemical characterizations of the TMZ and PTX nano-
bioconjugates are shown in Figure 2. Fourier Transform
Infrared (FTIR) spectroscopy measurements were performed
to confirm the correct immobilization of various compounds
and drug loading on the nanobioconjugates’ surfaces. The
spectra from Figure 2A,C exhibit common peaks at 632 and
980 cm™’, attributed to the Fe—O bonds of iron oxide® and
the bond Si—O bonds, respectively, confirming silanization
with APTES.”? Another peak at 1640 cm™" corresponds to
amide I, confirming the successful immobilization of BUF-II
and the PEG molecules on the nanobioconjugates.””**** The
spectrum of the TMZ nanobioconjugates shows characteristic
vibrational modes of the drug molecule, with a band at 1710
cm™! attributed to the carbonyl groups (C=0) stretching,>*
and a band at 1420 cm™ for C—N bending absorptions.>® The
PTX nanobioconjugates exhibit peaks at 709 cm™" associated
with C—H out-of-plane vibrations®® and at 1390 cm™! linked
to the drug molecule’s CH; vibrational modes.’*®” These
results collectively confirm the presence of conjugated
molecules and drug loading on the surface of the nano-
bioconjugates.

Thermogravimetric Analysis (TGA) were conducted to
assess the completeness of the synthesis steps, the conjugation
efficiencies of the immobilized molecules, drug loading
content, and the thermal stability of the nanobioconjugates.
The thermograms obtained (Figure 2B,D) align well with
those from previous studies, showing three main weight loss
stages.43’46’5‘ 859 The first weight loss, between 65 and 200
°C, is associated with the loss of physically adsorbed water on
the surface of the nanobioconjugates (sample dehydration).
The second weight loss, from 200 to 400 °C, is attributed to
residual organic and inorganic compounds adsorbed on the
NPs surface (immobilization and synthesis reagents and
impurities). The third weight loss, occurring above 400 °C,
is associated with the detachment of APTES, PEGac or PEGac,
AEDP, TMZ or PTX, and BUF-IL**™*>°® Table 1 summarizes

Table 1. TGA Weight Loss Percentage for the
Nanobioconjugates

weight loss (%)

nanobioconjugate 200—400 °C above 400 °C

MNPs 3.9

MNPs—Si 33 2.2
MNPs(TMZ) 39 52
MNPs(PTX) 3.8 5.8
MNPs—Si—PEGac 3.4 3.2
MNPs—Si—PEGac(TMZ) 4.8 S.1
MNPs—Si—PEGaa 33 3.3
MNPs—Si—PEGaa(PTX) 5.7 5.8
MNPs—Si—PEGac—AEDP 3.1 4.1
MNPs—Si—PEGac—AEDP(TMZ) 48 57
MNPs—Si—PEGaa—AEDP 3.7 3.6
MNPs—Si—PEGaa—AEDP(PTX) 2.9 5.2
MNPs—Si—PEGac—BUF-1I(TMZ) 5.0 53
MNPs—Si—PEGaa—BUF-II(PTX) 47 62

the weight loss percentage from 200 to 400 °C and above 400
°C for the final nanobioconjugates and intermediate synthesis
conjugates. According to the results, the drug loading content
of the MNPs ranged from 1.6 to 3.6% (w/w) for TMZ and
from 1.6 to 3.0% (w/w) for PTX, these values correspond to a
drug loading efficiency of 32 to 72% for TMZ and 32% to 60%
for PTX.

Nanoparticle size is a critical factor influencing the efficacy
of nanoparticle-based drug delivery systems in biomedical
applications, affecting biodistribution, cellular uptake, tissue
penetration, toxicity, targeting ability, and drug or therapeutic
molecule half-life.*°”" The size of nanobioconjugates was
analyzed individually using Transmission Electron Microscopy
(TEM) imaging, while their hydrodynamic diameter was
determined by Dynamic Light Scattering (DLS) measure-
ments.

TEM images for bare MNPs (Figure 2E) and nano-
bioconjugates (Supplemental Figure S2) show that the
majority of MNPs appear as clusters. This aggregation is likely
due to the magnetostatic interactions between magnetite
particles.”” The largest observed aggregates were approx-
imately 200 nm in size. The average diameter of bare MNPs
was 8.4 + 1.1 nm for, whereas the average diameters for TMZ
and PTX nanobioconjugates were larger, measuring 13.0 + 2.3
and 14.4 + 1.9 nm, respectively. The irregular shape of the
aggregates may be attributed to the synthesis method, the
choice of alkaline solution, and other factors such as pH and
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Table 2. Nanoparticles Size, Polydispersity Index and Zeta Potential for the Nanobioconjugates

nanobioconjugate average diameter (nm)

MNPs 99.47 + 2.71
MNPs(TMZ) 102.9 + 2.18
MNPs(PTX) 103.2 + 2.08
MNPs—Si—PEGac(TMZ) 1124 + 272
MNPs—Si—PEGaa(PTX) 115.9 + 229
MNPs—Si—PEGac—BUE-II(TMZ) 1267 + 2.19
MNPs—Si—PEGaa—BUE-II(PTX) 127.3 + 2.93
MNPs—Si—PEGac—AEDP(TMZ) 1252 + 2.34
MNPs—Si—PEGaa—AEDP(PTX) 130.6 + 2.10

zeta potential (mV)

polydispersity index pH S.S pH 7.0
0.177 + 0.005 19.6 + 0.4 —14.1 + 0.6
0.172 + 0.014 223 + 0.7 -21.7 +£ 0.5
0.186 + 0.011 209 + 0.7 —15.8 + 0.6
0.109 + 0.013 234 + 04 —26.5 + 0.2
0.160 + 0.059 251 + 04 —-282 + 0.1
0.110 + 0.013 164 + 0.2 —229 + 04
0.152 + 0.009 18.1 + 0.4 —243 + 0.4
0.170 £ 0.010 26.1 + 0.5 —29.6 + 0.1
0.106 + 0.012 242 + 0.6 —-27.1 + 0.3

the rate of alkaline solution addition during the process.”> The
observed increase in aggregate size with the immobilization of
molecules and drug loading can be attributed to a reduction in
repulsive forces between nanoparticles and enhanced hydro-
phobic interactions, resulting in the formation of larger
clusters.”®

Table 2 compiles the average hydrodynamic diameter,
Polydispersity Index (PDI), and zeta potential for the
nanobioconjugates. The nanobioconjugates presented an
average hydrodynamic diameter ranging from 99.47 + 2.71
to 130.6 + 2.10 nm. As observed in TEM images, the
nanoparticles tended to aggregate in solutlon However,
according to Y. Yao et al.’ and L. Meylina et al,,** the optimal
particle size for cancer treatment typically falls within the range
of 10—200 nm, facilitating effective penetration of leaky tumor
blood vessels and accumulation in tumor tissue through the
EPR effect. The size difference between the bare MNPs and
the nanobioconjugates is attributed to the conducted
functionalizations (silanization with APTES and immobiliza-
tion of PEGaa, PEGac, AEDP, and BUF-II). All synthesized
nanobioconjugates had a PDI below 0.2, which is optimal and
consistent with findings reported in other studies.”*®

The zeta potential characterizes the electrokinetic potential
of colloidal systems and quantifies their surface charge.”® Zeta
potential assessment was used to evaluate suspension stability,
surface charge under biological pH conditions, and potential
cellular uptake pathways for the nanobioconjugates. Bare
MNPs exhibited a zeta potential of 19.6 & 0.4 at the lower pH
of 5.5, characteristic of the acidic environment found in
endosomes and lysosomes. This shifted to —14.1 + 0.6 mV at
the neutral pH of 7.0, which reflects the conditions found in
blood and the cytoplasm. The nanobioconjugates displayed
zeta potential values ranging from 16.4 + 0.2 to 26.1 & 0.5 mV
at pH 5.5, and from —14.1 + 0.6 to —29.6 + 0.1 mV at pH 7.0,
consistent with previous findings.””*® The isoelectric point
(pI) of the MNPs was calculated to be around pH 6.4. At pH
5.5, which is below the pl, functional groups on the MNP
surface, such as amine, hydroxyl, and carboxyl groups, become
protonated, resulting in a more positive surface charge.
Conversely, at pH 7.0, which is above the pl, these groups
deprotonate, leading to a more negative surface char%e This
explains the observed shift in nanoparticle behavior.””’° High
zeta potential values, either above +25 mV or below —25 mV
are associated with nanoparticles that are stable in suspension
without tendencies for coagulation or flocculation.””

It has been proved that nanoparticles with a stronger charge
exhibit better colloidal stability due to repulsion between
particles.”® Moreover, the obtained zeta potential values are in
line with those from other studies where nanoparticles were

modified with anticancer drugs such as TMZ and PTX, and
PEG.”””7* These results suggest that the primary entry routes
for these nanobioconjugates into cells are through endocytic
pathways, particularly via macropinocytosis, clathrin-mediated
endocytosis, and caveolin-mediated endocytosis.”®

The magnetic response of nanobioconjugates synthesized at
different time intervals (see Supplemental Figure S1) was
evaluated to determine the persistence of their magnetic
properties over time. The results show that the magnetic
response remained consistent throughout the year following
synthesis, with only a slight decrease in the magnetic response
of a small fraction of nanoparticles, reinforcing their potential
to be magnetically controlled by an external field to enhance
tumor targeting.

3.2. Biocompatibility Studies. Figure 3 illustrates the
hemolytic activity and platelet aggregation effects of the
nanobioconjugates, as well as cell viability in HaCaT
keratinocytes and A-375 human melanoma cells 72 h
postexposure to the nanobioconjugates at a concentration of
25 ug/mL. This concentration was selected to compare the
effectiveness of the nanobioconjugates because, at this
concentration, bare MNPs maintain cell viability above 80%,
having been established previously s a noncytotoxic
concentration for the bare nanocarrier.”® This allows for a
comparison based on the action of the drug-loaded nano-
bioconjugates rather than the cytotoxicity associated with the
bare MNDPs.

All treatments exhibited an average hemolytic activity below
1%, and no significant platelet aggregation was observed
compared to the negative control. According to ISO standard
10993-4:2018, these results highlight the nanobioconjugates’
high hemocompatibility, suggesting their suitability for intra-
venous administration and low risk of causing thrombosis.
Cytotoxicity results revealed that MNPs—Si—PEGac—AEDP-
(TMZ) and MNPs—Si—PEGaa(PTX) nanobioconjugates
exhibited higher cytotoxicity in cancer cells relative to healthy
cells and outperformed free drugs.

Notably, the free drugs were evaluated at concentrations
four times higher than those in the nanobioconjugates. Despite
this, MNPs—Si—PEGac—AEDP(TMZ) and MNPs—Si—
PEGaa(PTX) nanobioconjugates showed superior perform-
ance against A-375 human melanoma cells, suggesting that the
nanobioconjugates effectively improved the low water
solubility of these drugs.

Additionally, Supplemental Figures S3—S6 show the
cytotoxicity results at 24-, 48-, and 72 h postexposure to the
TMZ and PTX nanobioconjugates, as well as the effect of the
free drugs at different concentrations on HaCaT keratinocytes
and A-375 human melanoma cells. The nanobioconjugates
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Figure 3. Biocompatibility assays of the nanobioconjugates. (A) Hemolytic effect, (B) platelet aggregation and, (C) cytotoxicity of the TMZ
nanobioconjugates. (D) Hemolytic effect, (E) platelet aggregation and, (F) cytotoxicity of the PTX nanobioconjugates. Cell viability is represented
for the nanobioconjugates evaluated at 25 ug/mL at 72 h. The symbol * corresponds to a statistically significant difference with a p-value in the
range of 0.01 < p-value <0.0S, ** to a statistically significant difference with a p-value in the range of 0.001 < p-value <0.01, *** to p-value in the

range of 0.0001 < p-value <0.001 and **** to p-value <0.0001.

exhibited a significantly higher cytotoxic effect compared to the
bare MNPs. The greatest effectiveness of the nanobioconju-
gates was observed at 72 h postexposure where the
nanobioconjugates resulted in increased cytotoxicity compared
to the free drugs at their corresponding concentrations.

3.3. Effect of Nanobioconjugates in A-375 and HaCaT
Spheroids. Spheroids were employed as a basic model to

mimic the physical interactions of cells in tumor tissues in vitro.
To understand the impact of TMZ and PTX nano-
bioconjugates on HaCaT keratinocytes and A-375 human
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Figure 4. A-375 and HaCaT spheroids morphology and cell viability after 72 h of exposure to bare MNPs, TMZ nanobioconjugate, and PTX
nanobioconjugate evaluated at 25 ug/mL and the control without nanoparticles. (A) Images were obtained by using a 4X objective, below each
image, the mask used for the analysis of the morphology is shown. The scale bar corresponds to S00 ym (B) area, (C) perimeter, and (D)
circularity graphics. (E) Confocal images were obtained by using 10X objective. Calcein AM was used to label LIVE cells and Ethidium
Homodimer was used to label DEAD cells. Scale bar corresponds to 250 ym. (F) Fluorescence intensity for green and red channels. The symbol *
corresponds to a statistically significant difference with a p-value in the range of 0.01 < p-value <0.05, ** to a statistically significant difference with
a p-value in the range of 0.001 < p-value <0.01, *** to p-value in the range of 0.0001 < p-value <0.001 and **** to p-value <0.0001.
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Figure S. Confocal microscopy images for cell-internalization pathways and endosomal escape analysis, Pearson Correlation Coefficient (PCC) and
percentage of intracellular area covered by Rhodamine-B labeled MNPs, Propidium Iodide labeled MNPs—Si—PEGac—AEDP(TMZ) and
Rhodamine-B labeled MNPs—Si—PEGaa(PTX) in HaCaT cells at 0.5 and 4 h after the nanobioconjugates exposure. The scale bars correspond to
S0 um. In (A), (D), and (G) the images show the nuclei labeled with Hoechst (blue), endosomes with Lysotracker Green (green), and
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Figure 5. continued

nanobioconjugates with Rhodamine-B or Propidium iodide (red). The yellow areas correspond to colocalization between red and green channels,
indicating lysosomal entrapment. (B), (E), and (H) correspond to the PCC of the nanobioconjugates in HaCaT cells. Higher PCC values denote a
greater correlation between the red and green channels, indicating lysosomal entrapment. (C), (F), and (I) show the covered area percentage for
the nanobioconjugates in HaCaT cells. The symbol * corresponds to a statistically significant difference with a p-value in the range of 0.01 < p-
value <0.0S, ** to a statistically significant difference with a p-value in the range of 0.001 < p-value <0.01, *** to p-value in the range of 0.0001 <

p-value <0.001 and **** to p-value <0.0001.

melanoma cell spheroids, two evaluations were conducted, as
presented in Figure 4. Nanobioconjugates that exhibited the
highest selectivity for A-375 human melanoma cells in the
previous cytotoxicity assay, specifically MNPs—Si—PEGac—
AEDP(TMZ) and MNPs—Si—PEGaa(PTX), were evaluated
against bare MNPs.

Initially, we examined morphological attributes such as area,
perimeter, and circularity to assess the effect of the treatments.
Figure 4A provides visual representations, highlighting typical
outlines for both HaCaT and A-375 spheroids. For HaCaT
spheroids, there was no noticeable difference in these attributes
compared to the untreated samples (Figure 4B—D). However,
A-375 spheroids exhibited significant changes in perimeter and
circularity when treated with TMZ and PTX nanobioconju-
gates, compared to untreated spheroids or those exposed to
bare MNPs. The observed decrease in area, perimeter, and
circularity suggests that cells on the surface of A-375 spheroids
may be detaching when exposed to the nanobioconjugates.

The viability of the spheroids was further confirmed via
LIVE/DEAD staining (Figure 4E,F). The TMZ and PTX
nanobioconjugates had minimal impact on the viability of
HaCaT spheroids but significantly affected the A-37§
spheroids. Compared to the control group, it was evident
that A-375 spheroids were inherently more sensitive than
HaCaT spheroids. This suggests that the observed outcome
may result from a combination of the nanobioconjugates’ effect
and the inherent sensitivity of the A-375 spheroids.

3.4. Cellular Internalization Pathways and Endo-
somal Escape Analysis. Confocal microscopy was used to
study the internalization mechanisms of the bare MNPs and
MNPs—Si—PEGac—AEDP(TMZ) and MNPs—Si—PEGaa-
(PTX) selected nanobioconjugates. To discern the uptake
mechanisms of the nanobioconjugates, Rottlerin, Filipin III
and Dynasore inhibitors were used. Particularly, Rottlerin
inhibits the activity of protein kinase C delta and can affect
most endocytic mechanisms;’® however, is usually used for
analyzing macropinocytosis uptake."”*” Filipin III, on the
other hand, interacts with cholesterol at the cell membrane and
is used to inhibit caveolin-mediated endocytosis.”’ Finally,
Dynasore, inhibits the GTPase activity of dynaminl, dynamin2
and Drpl, the mitochondrial dynamin, and may interfere with
cholesterol homeostasis and actin.”' It is frequently used for
inducing clathrin-mediated inhibition.**

Figures 5 and 6 present confocal images and results
regarding the internalization routes and endosomal escape
analysis for HaCaT keratinocytes and A-375 human melanoma
cells (detailed images are available in the Supporting
Information, Supplemental Figures S7, S8, S9, S10, S11,
$12). The accompanying graphics summarize the percentages
of covered area by the bare MNPs and the nanobioconjugates,
as well as the Pearson Correlation Coefficient (PCC) values
associated with the colocalization of the bare MNPs and the
nanobioconjugates with lysosomes in both cell lines.

For the TMZ nanobioconjugate (MNPs—Si—PEGac—
AEDP(TMZ)), the percentage of endosomal escape in
HaCaT keratinocytes ranged from 8.34 to 20.6%, while in A-
375 human melanoma cells, it ranged from 19.7 to 27.6%. For
the PTX nanobioconjugate (MNPs—Si—PEGaa(PTX)), the
percentage of endosomal escape in HaCaT keratinocytes
ranged from 9.35 to 27.5%, and in A-375 human melanoma
cells, it ranged from 11.0 to 33.5%. These results indicate that
the nanobioconjugates achieved a higher endosomal escape
percentage in melanoma cells compared to the keratinocytes.
In contrast, the bare MNPs showed endosomal escape
percentages between 4.83 and 10.1% in HaCaT keratinocytes,
and between 5.58 and 9.29% in A-375 human melanoma cells.
As reported in previous works, the functionalization of
nanoparticles generally improved their endosomal escape
capabilities, "7

The percentages of the covered area by the nano-
bioconjugates without endocytic inhibition were above 96%
for TMZ and PTX nanobioconjugates and nearly 94% for bare
MNPs in both cell lines, affirming their potential as drug
delivery systems. For the TMZ nanobioconjugate, the covered
area percentages ranged from 62 to 78% for HaCaT
keratinocytes and from 62 to 75% for A-375 human melanoma
cells. For the PTX nanobioconjugate, the covered area
percentages ranged from 63 to 74% for HaCaT keratinocytes
and from 59 to 76% for A-375 melanoma cells. These results
were used to calculate the endocytic-mediated internalization
in HaCaT keratinocytes and A-375 human melanoma cells at
30 min and 4 h postexposure to the nanobioconjugates,
summarized in Table 3.

The main findings suggest that the endocytosis of the TMZ
nanobioconjugate was primarily mediated by caveolae-
mediated endocytosis in both cell lines. In contrast, the PTX
nanobioconjugate’s endocytosis was primarily mediated by
macropinocytosis in HaCaT keratinocytes and by caveolae-
mediated endocytosis in A-375 human melanoma cells. Bare
MNPs were primarily internalized into the cells through
clathrin-mediated endocytosis in both cell lines. Further
analysis is detailed in the Discussion section.

4. DISCUSSION

An ideal nanoparticle drug delivery system should be able to
reach, bind, and deliver its load to specific pathological tissues
while minimizing or avoiding drug-induced damage to healthy
tissues. Size, shape, surface charge, thermal stability, toxicity,
binding capacity, and drug loading efficiency are essential for
successful drug delivery. In our study, we developed MNPs
using the chemical coprecipitation method, which were found
to possess suitable characteristics for the delivery of PTX and
TMZ to human melanoma cells.

In general, the MNPs exhibited a morphology consistent
with previous works.””*>** The nanobioconjugates have an
average hydrodynamic diameter under 150 nm, which is
optimal for penetrating leaky tumor blood vessels and
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Figure 6. Confocal microscopy images for cell-internalization pathways and endosomal escape analysis, Pearson Correlation Coefficient (PCC) and
percentage of intracellular area covered by Rhodamine-B labeled MNPs, Propidium Iodide labeled MNPs—Si—PEGac—AEDP(TMZ) and
Rhodamine-B labeled MNPs—Si—PEGaa(PTX) in A-375 cells at 0.5 and 4 h after the nanobioconjugates exposure. The scale bars correspond to 50
pm. In (A), (D), and (G) the images show the nuclei labeled with Hoechst (blue), endosomes with Lysotracker Green (green), and
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Figure 6. continued

nanobioconjugates with Rhodamine-B or Propidium iodide (red). The yellow areas correspond to colocalization between red and green channels,
indicating lysosomal entrapment. (B), (E), and (H) correspond to the PCC of the nanobioconjugates in A-375 cells. Higher PCC values denote a
greater correlation between the red and green channels, indicating lysosomal entrapment. (C), (F), and (I) show the covered area percentage for
the nanobioconjugates in A-375 cells. The symbol * corresponds to a statistically significant difference with a p-value in the range of 0.01 < p-value
<0.05, ** to a statistically significant difference with a p-value in the range of 0.001 < p-value <0.01, *** to p-value in the range of 0.0001 < p-value

<0.001 and ***%* to p-value <0.0001.

accumulating within tumor tissue.”** This size range leverages
the EPR effect, leading to reduced adverse effects. The
nanobioconjugates’ size suggests they could evade renal
clearance and capture by the reticuloendothelial system
(RES), making them suitable for intravenous administration.
This characteristic could potentially offer prolonged circulation
and enhanced bioavailability.*®

TGA ofters a rapid and efficient method for measuring dru
loading and immobilization content in a single-step process.”
The drug loading efficiency for the nanobioconjugates ranged
between 32 and 72%. FTIR results confirmed the presence of
the functional molecules PEG, AEDP, and BUF-II, as well as
the drugs PTX and TMZ on the nanobioconjugates’ surface.
This was evidenced by their characteristic peaks, particularly
the carbonyl groups (C=0) stretching’* and C—N bending
absorptions®® bands of TMZ, and the bands associated with
the C—H bond*® and CHj vibrational modes of PTX.***’
Studies suggest that drug loading onto IONPs involves a
combination of electrostatic interactions, hydrogen bonding,
and van der Waals forces.””~”° For instance, drug molecules
primarily bind to functionalized nanoparticles through electro-
static interactions, where protonated chemical groups form
strong bonds with negatively charged regions on the
nanoparticle surface. These interactions are further stabilized
by hydrogen bonds with surface molecules, such as PEG or
AEDP. TMZ and PTX were likely loaded onto the nano-
particles through surface interactions, interactions with
immobilized molecules, or via the nanoparticle’s porosity.

Nanoparticle surface charge is an important consideration in
targeting drug delivery.”” Cell surfaces, particularly those of
cancer cells, are typically negatively charged due to the
translocation of negatively charged constituents from the inner
layer of the cell membrane to the cell surface (e.g,
phosphatidylserine, anionic phospholipids, glycoproteins, and
proteoglycans).®’ Over the past five decades, evidence has
shown that the pH of most solid tumors in patients ranges
from 5.7 to 7.8, with over 80% of these values being below pH
7.2.” Tumor tissues exhibit large, acid-outside plasma pH
gradients, whereas normal tissues generally have alkaline-
outside pH gradients.” Consequently, the extracellular pH of
malignant tumors is significantly lower than that of normal
tissues under physiological conditions.** The nanobioconju-
gates demonstrated that as the pH became more acidic (lower
than 6.4), the zeta potential shifted to a positive value. This
behavior, observed in other studies, enhances the electrostatic
interaction between the nanoparticles and tumor tissues,
leading to tumor-specific accumulation.*’

Previous reports have also confirmed that the surface charge
reversal behavior of nanoparticles in the acidic environment of
endolysosomes is crucial for their escape from these compart-
ments.*>*® The protonation of nanoparticles during luminal
acidification induces the proton-sponge eftect or other
mechanisms that disrupt the endosome, facilitating the escape
of nanoparticles into the cytoplasm.”> Additionally, the

superficial charge can influence cellular uptake mechanisms.
In our case, the nanobioconjugates exhibited a strong negative
charge, below —25 mV. The uptake of IONPs with higher
anionic surface charges (—48 and —2S mV) is attributed to
mechanisms mediated by macropinocytosis, clathrin-depend-
ent, and caveolin-dependent pathways.”

The hemocompatibility of the nanobioconjugates, as per
ISO standard 10993-4:2018, underscores their suitability for
intravenous administration and low risk of causing thrombosis.
Final nanobioconjugates were selected for their reduced
cytotoxicity in HaCaT keratinocytes and high cytotoxicity in
A-375 human melanoma cells. Considering these factors,
MNPs—Si—PEGac—AEDP(TMZ) (TMZ nanobioconjugate)
and MNPs—Si—PEGaa(PTX) (PTX nanobioconjugate) were
chosen for further evaluation in spheroids and their cell
internalization routes. Interestingly, neither of the final
nanobioconjugates included the peptide BUF-II, despite initial
hypotheses suggestin§ that this peptide could provide cancer-
selective cytotoxicity."** Previous studies have indicated that
the hybrid peptide Buforin IIb, derived from BUF-II, exhibits
stronger cytolytic activity against cancer cells by specifically
targeting them through interaction with cell surface ganglio-
sides.”’~" This potential will be explored in future research.

Moreover, the selected TMZ and PTX nanobioconjugates
exhibited not only a high cytotoxic effect against 2D cultures of
A-375 human melanoma cells but also demonstrated selective
cytotoxicity against A-375 spheroids while sparing HaCaT
spheroids. Drug release from the MNPs appears to be
primarily governed by environmental changes, such as pH
and ionic strength. Upon cellular entry, endosomal entrapment
may alter ionic strength, triggering the desorption of the drug
from the nanoparticle surface.””’

The findings indicate that PEGylation improved drug
loading and enhanced the effectiveness of the nanobioconju-
gates, consistent with previous studies.””” Typically, PEGy-
lation is employed to shield nanoparticles from aggregation,
opsonization, and phagocytosis, thereby prolonging systemic
circulation due to the polymer’s presumed inert interaction
with proteins.”* However, PEG alone has been shown to
interact with P-glycoprotein in intestinal cells and induce
apoptosis in human colon cancer cells.” " A recent study on
A-375 metastatic melanoma cells found that PEG reduced cell
viability, with this effect depending on PEG’s molecular weight
and concentration.”” Nonetheless, it is important to note that
PEG produced similar reductions in cell viability in murine
3T3 fibroblast and human corneal epithelial cell lines. This
raises a concern to the authors that PEG not only enhanced
drug loading but also contributed to the cytotoxic effect of the
nanobioconjugates against A-375 cells, as observed with the
most cytotoxic nanobioconjugate MNPs—Si—PEGaa(PTX).

One of the most important findings of this study is the
confirmation of nanobioconjugates’ general multipathway
mechanism for cell internalization. The TMZ nanobioconju-
gate endocytosis in both cell lines and PTX nanobioconjugate
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other routes

caveolin-mediated endocytosis

endocytic-mediated internalization (%)

macropinocytosis

clathrin-mediated endocytosis

Table 3. Endocytic-Mediated Internalization in HaCaT Keratinocytes and A-375 Human Melanoma Cells at 30 min and 4 h Post-exposure to the Nanobioconjugates

4 h
12.6 + 3.23
7.33 + 442
16.5 + 1.91
21.8 £3.33
575 £2.76

30 min
21.3 £ 1.585
13.5 + 4.08
21.6 + 1.52
20.8 + 4.64
597 +2.32
19.8 + 4.01

4 h
28.8 + 4.50
28.0 + 2.84
37.2 + 449
258.1 +2.33
409 + 4.76
37.0 + 4.69

30 min
23.0 + 3.30
25.0 + S.00
299 + 3.24
22.0 + 0.64
35.6 + 3.32
24.6 + 143

4h
30.5 + 3.20
279 + 3.42

30 min
22.0 + 5.81
36.4 + 6.30
25.6 + 3.03
254 + 2.11
31.7 + 3.90
27.7 + 3.00

4h
28.1 + 4.85
36.8 + 4.07
21.9 + 4.89
28.2 + 4.20
23.2 + 2.04
264 + 3.32

30 min
33.6 + 5.03

nanobioconjugate

MNPs

HaCaT

25.0 + 8.42
229 + 1.19

MNPs—Si—PEGac—AEDP(TMZ)

MNPs—Si—PEGaa(PTX)

MNPs

244 + 1.34
248 + 1.77
30.1 + 3.01
31.5 £ 428

31.7 + 474
26.7 +£2.93

A-375

MNPs—Si—PEGac—AEDP(TMZ)

MNPs—Si—PEGaa(PTX)

S5.07 + 2.24

279 + 490

endocytosis in A-375 melanoma cells were primarily mediated
by caveolae-mediated endocytosis. Endocytosis routes, such as
caveolae-mediated and clathrin-mediated, are common for
IONPs uptake.”> PTX nanobioconjugate endocytosis was
primarily mediated by macropinocytosis for HaCaT keratino-
cytes. The uptake of NPs by macropinocytosis proceeds by
nonspecific interactions with the plasma membrane through
ruffle formation.'” As a result, uptake via this mechanism is
usually not affected by NP properties such as size or shape.
Nevertheless, it is possible that IONPs functionalized with
specific molecules as PEG can stimulate macropinocyto-
101192 Bare MNPs were internalized into the cells primarily
by clathrin-mediated endocytosis in both cell lines. Usually,
nanoparticles internalized via clathrin-mediated endocytosis
typically end up in lysosomes.'” Consistent with this, the
results showed that when this route was inhibited, MNPs
exhibited the lowest PCC, indicating that this route is
effectively associated with the endosomal entrapment of the
MNPs.

Consistent with other reports, IONPs with negative zeta
potential are mainly internalized by clathrin- and caveolae-
dependent endocytosis and macropinocytosis.' " **1 417
Although the exact mechanisms governing the endocytosis of
anionic nanoparticles (ANPs) are not entirely clear, several
studies suggest that their uptake involves inducing local
changes in membrane properties.” Wang et al. explained that
ANP interactions with the plasma membrane are more likely in
phosphatidylcholine-rich domains due to their headgroup’s
electric dipole of phosphate and choline (P™—N*).'%®
Consequently, ANPs can preferentially interact with the N+
terminus of phosphatidylcholine molecules, causing a slight tilt
in their membrane position, leading to local membrane
gelation. This ANP-induced membrane budding can trigger
endocytic processes, allowing all endocytic routes to contribute
to the internalization of anionic-coated IONPs.”

Previous studies have demonstrated that IONPs are typically
metabolized in the liver and other organs of the mononuclear
phagocytic system (MPS). These nanoparticles are broken
down into various ferrous (Fe®") and ferric (Fe**) products.
Once degraded, these iron products are recycled and
eventually incorporated into the body’s natural iron storage
or utilization pathways (e.g, hemoglobin, ferritin, and
transferrin).'””''* This recycling process underscores the
biocompatibility and potential therapeutic utility of IONPs in
drug delivery applications.

Magnetic nanoparticles have demonstrated significant
potential in targeted drug delivery,''"""” particularly due to
their ability to be magnetically controlled by an external field
to trigger drug release and enhance tumor targeting.''’
Mascolo et al. reported that MNPs synthesized via the
coprecipitation method using NaOH as the alkaline solution
can achieve a saturation magnetization of 75.3 emu/ g.63 This
property is crucial, as nanoparticles with high saturation
magnetization can be precisely directed to specific tissues using
external magnetic fields, improving the efficiency of therapeutic
delivery and reducing off-target effects.""> Given the promising
potential of magnetite nanocarriers, our future work will focus
on evaluating the effectiveness of the nanobioconjugates
developed in this study using an in vivo murine melanoma
model, utilizing magnetic fields to improve tumor targeting.
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5. CONCLUSIONS

Our study highlights the potential of MNPs as a promising
drug delivery platform for melanoma treatment. By loading
these nanoparticles with TMZ and PTX and immobilizing
selected molecules, we aimed to achieve passive targeted drug
delivery, thereby minimizing off-target effects and maximizing
drug accumulation within tumors. Through comprehensive
characterization techniques, we confirmed successful synthesis,
functionalization, and drug loading, with the nanoparticles’ size
being optimal for enhanced tumor penetration via the EPR
effect. Their biocompatibility, demonstrated by nonhemolytic
properties, supports their suitability for intravenous use.
Cytotoxicity evaluations revealed that the TMZ and PTX
nanobioconjugates were particularly effective against melano-
ma cells, showing selective cytotoxicity. Cellular internalization
studies indicated predominant uptake through endocytic
pathways, including caveolae-mediated, clathrin-mediated,
and macropinocytosis. The efficacy of these nanobioconjugates
was further validated in A-37S5 spheroid models, exhibiting
significant cytotoxic effects. In summary, our findings position
these nanobioconjugates as promising platforms for melanoma
drug delivery, combining nanotechnology’s strengths with
passive tumor-specific targeting. Future work will focus on
more extensive in vitro and in vivo evaluations to set these
outcomes.
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