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ABSTRACT: A f-cyclodextrin (-CD) nanosponge (NS) was synthesized using diphenyl
carbonate (DPC) as a cross-linker to encapsulate the antitumor drug cyclophosphamide
(CYC), thus obtaining the NSs-CYC system. The formulation was then associated with
magnetite nanoparticles (MNPs) to develop the MNPs-NSs-CYC ternary system. The
formulations mentioned above were characterized to confirm the deposition of the MNPs
onto the organic matrix and that the superparamagnetic nature of the MNPs was preserved
upon association. The association of the MNPs with the NSs-drug complex was confirmed
through field emission scanning electron microscopy, energy dispersive spectroscopy,
transmission electron microscopy, X-ray photoelectron spectroscopy, dynamic light
scattering, {-potential, atomic absorption spectroscopy, X-ray powder diffraction, selected
area electron diffraction, and vibrating-sample magnetometer. The superparamagnetic
properties of the ternary system allowed the release of CYC by utilizing magnetic
hyperthermia upon the exposure of an alternating magnetic field (AMF). The drug release
experiments were carried out at different frequencies and intensities of the magnetic field,
complying with the “Atkinson—Brezovich criterion”. The assays in AMF showed the
feasibility of release by controlling hyperthermia of the drug, finding that the most efficient
conditions were F = 280 kHz, H = 15 mT, and a concentration of MNPs of 5 mg/mL. CYC
release was temperature-dependent, facilitated by local heat generation through magnetic hyperthermia. This phenomenon was
confirmed by DFT calculations. Furthermore, the ternary systems outperformed the formulations without MNPs regarding the
amount of released drug. The MTS (3-(4,5-dimethylthiazol-2-yl)-S-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assays demonstrated that including CYC within the magnetic NS cavities reduced the effects on mitochondrial activity compared to
those observed with the free drug. Finally, the magnetic hyperthermia assays showed that the tertiary system allows the generation of
apoptosis in HeLa cells, demonstrating that the MNPs embedded maintain their properties to generate hyperthermia. These results
suggest that using NSs associated with MNPs could be a potential tool for a controlled drug delivery in tumor therapy since the
materials are efficient and potentially nontoxic.
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1. INTRODUCTION

Controlled drug release is one of the most important
innovations in cancer treatment today. Anticancer drugs are
often restricted due to their poor physicochemical and
biopharmaceutical properties, and their low specificity and
solubility are challenges that limit their use and effectiveness."”
Cyclophosphamide (CYC) is an anticancer drug used to treat
and manage neoplasms, such as multiple myeloma or breast
cancer, that exerts its anti-neoplastic effects through the
formation of cross-links within DNA, inducing apoptosis.
Nevertheless, as alkylating agents can damage both normal
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and cancer cells, the use of CYC also presents risks of serious
side effects, which include hemorrhagic cystitis, alopecia, nausea,

sterility, and heart failure.’
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Figure 1. Schematic representation of the drug release process from the MNPs-NSs-CYC system, which is triggered by magnetic hyperthermia.

In recent years, the complexation of some compounds with
cyclodextrins (CDs) has emerged as another way of solving the
low specificity and solubility problem.”> CD-based nano-
technology proposals are stable, safe, and effective in vivo,
with a greater payload for encapsulating hydrophobic drugs for
drug delivery.”” In this regard, polymeric cyclodextrins (pCDs),
also called nanosponges (NSs), have attracted more attention by
combining the advantages of polymer materials (high molecular
weight and ability to trap guest molecules in the interspace) with
the main advantage of a CD (capture guest molecules and form a
clathrate).*” This gives NSs more versatility than natural
macrocycles and other chemically modified nonpolymeric
derivatives. CD-based NSs have evolved as a promising delivery
system to enhance the oral bioavailability and dissolution rate of
hydrophobic drugs. NSs are nanosized structures that can be
synthesized through the reaction of CDs with a cross-linking
agent such as carbonyldiimidazole or diphenyl carbonate
(DPC). NSs feature nanosized cavities that allow the
solubilization of a plethora of drugs through inclusion and
non-inclusion complexation. As such, NSs are increasingly used
in biomedicine, the pharmaceutical industry, and drug
administration research.'°”'> However, the release of drugs
from the cavities of NSs is not site-specific. To overcome such
drawbacks, the development of stimulus-responsive NSs has
become imperative.

Metallic nanoparticles play an essential role in nanochemistry
due to their ability to absorb and scatter electromagnetic
radiation."*”'® Nanoparticles are widely employed in medicine
as a promising aspect of ongoing nanotechnology advance-
ments. Active research has focused on the applications of this
technology in drug administration, cancer diagnosis, and
treatment.'”~*® Metallic nanoparticles can be easily engineered
by tuning their size, shape, and surface chemistry. Studies have
shown that these characteristics improve the safety and site-
specific drug delivery. Moreover, the use of nanoparticles
enables controlled drug release, which is critical to achieving
efficient therapeutic effects and reducing toxicity and side
effects. Stimuli-responsive carriers based on NSs and metallic
nanoparticles have been studied as drug delivery systems. A
recent study reported the synthesis and characterization of
inclusion compounds (ICs) of NSs based on -CD with the
antitumor drugs melphalan (MPH) (also known as alkeran) and
CYC conjugated to gold nanoparticles.” Drug release promoted
by laser irradiation was studied. Furthermore, ICs consisting of
NSs and gold nanorods have been synthesized and characterized

for potential applications in near-infrared (NIR-1I) drug delivery
systems using local photothermia.”

Extensive research has also been conducted on super-
paramagnetic nanoparticles due to their potential use in
environmental and biomedical applications.”*~ > Hyperthermia
therapy has been employed for the treatment of tumors, offering
the possibility of targeted nanoscale energy delivery to reach
deep tissues using magnetic nanoparticles.”’28 Superparamag-
netic nanoparticles have the potential to be injected directly into
cancer tumors or administered intravenously and they can be
targeted to tumors by utilizing a combination of the enhanced
permeation and retention effect and active targeting through
surface ligands.” ™"

This targeting can lead to the localization of nanoparticles in
the extracellular matrix surrounding cancer cells or their uptake
and accumulation in intracellular structures such as vesicles,
endosomes, and lysosomes.*>*

Studies have reported that low-frequency (less than 300 Hz)
static magnetic fields exert antitumor effects that are
independent of thermal effects. Magnetic fields inhibit cell
growth and proliferation, induce cell cycle arrest and apoptosis,
regulate the immune system, and inhibit angiogenesis and
metastasis.”* > Magnetic fields facilitate the action of chemo-
therapeutic drugs by forming tiny pores on the cell membrane
surface, and they enhance the inhibitory effect by regulating
apoptosis and the proteins associated with the cell cycle.
Currently, magnetic fields are employed in research to deliver
drugs to tumors that are led by magnetic nanoparticles. In
addition, the application of a high-frequency alternating
magnetic field (AMF) induces the release of energy in the
form of heat, a mechanism called magnetic hyperthermia. This
effect provides a promising strategy for cancer treatment by
increasing the cellular temperature within the range of 41—45
°C.**7* Numerous studies have been carried out to explore
alternative methods for regulating heat production. For example,
ferrofluid hyperthermia is a procedure that entails injecting
terrofluid into tissue and exposing it to AMF, resulting in an
increase in the temperature in the area. Due to the oscillation of
the magnetic moment of metal oxide nanoparticles, heat is
released to neighboring tissues.*' ™"

Despite significant advancements in drug delivery systems,
there is a notable gap in the literature regarding the release of
anticancer compounds from supramolecular NSs triggered by
magnetic hyperthermia. In this context, this study explored a
ternary system (see Figure 1) comprising a f-CD-based
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nanosponge (NS), the anticancer drug CYC, and super-
paramagnetic magnetite nanoparticles (MNPs). This approach
involved encapsulating CYC within a NS matrix to develop the
NSs-CYC inclusion compound. MNPs were associated with the
NSs-CYC complex to form a superparamagnetic ternary system.
The superparamagnetic nanoparticles embedded in the NSs-
CYC complex were able to disrupt the ternary system and
release the loaded drug upon exposure to an AMF. The
feasibility of CYC release was assessed as a function of Fe
content, frequency, magnetic field intensity, and temperature
increase. Additionally, we evaluated the biocompatibility of the
NSs-CYC and MNPs-NSs-CYC complexes in comparison with
the free drug. Furthermore, our research evaluated the effects of
magnetic hyperthermia and CYC through experiments con-
ducted with HeLa cell lines, aiming to provide valuable insight
into localized drug delivery systems. To the best of our
knowledge, there have been no reports on the release of
anticancer compounds from NSs supramolecular systems by
magnetic hyperthermia. Thus, this discovery holds promise as a
potential technology for localized drug delivery systems.

2. EXPERIMENTS AND METHODS

2.1. Materials/Chemicals and Reagents. Anhydrous f-cyclo-
dextrin, C,,H,,035, 97%, 1134.98 g/mol; cyclophosphamide,
C,H,5sCL,N,0,P, 90%, 261.1 g/mol; diphenyl carbonate, C;3H;,O;,
99%, 214.2 g/mol; iron(III) chloride, FeCly, 97%, 162.2 g/mol;
iron(II) chloride tetrahydrate, FeCl,-4H,0, 97%, 198.8 g/mol; sodium
hydroxide, NaOH, 98%, 40.0 g/mol; polyethylenimine (PEI), H-
(NHCH,CH,),NH,, >99.9%, average M,, 25000 Da; and nanopure
water were purchased from Merck (Merck, Darmstadt, Germany) and
used as received. Aqua regia (3 HCl:1 HNO;) and Milli-Q water were
used to wash all glassware to synthesize the NSs, MNPs, and the ternary
system. Cell culture-treated plates and flasks were purchased from
Falcon. Tetrazolium inner salt (MTS) and phenazine methosulfate
(PMS) were purchased from Promega.

2.2. Preparation of MNPs and NSs. Magnetite nanoparticles were
synthesized using the coprecipitation method as previously reported.**
Briefly, 4 mL of 0.1 M FeCl; and 1 mL of 0.1 M FeCl, were mixed and
heated to 90 °C in a round-bottom flask under an Ar atmosphere to
prevent oxidation of the precursors. In addition, a dropwise addition of
a previously prepared solution of 1 M NaOH (50 mL) was performed.
Subsequently, 2.1 g of PEI (25000 Da) was dissolved in water and
added to the solution. The mixture was stirred for 30 min until a black
ferrofluid was formed, and then cooled to room temperature. The
precipitate was separated using a neodymium magnet of 5000 G,
washed several times with deionized water, oven-dried at 80 °C for 24 h,
and stored at 4 °C to prevent its oxidation to maghemite.

P-Cyclodextrin-based NSs were synthesized using a previously
reported melting method.* Three f-CD NSs were prepared using
different 5-CD/DPC molar ratios (1:2, 1:4, and 1:8). DPC was melted
and further mixed with 3-CD, following magnetic stirring at 90 °C for §
h. The obtained NSs were washed thoroughly with deionized water and
ethanol to remove the unreacted precursors. Finally, the polymers were
extracted in a Soxhlet apparatus with acetone to remove phenol
byproducts and dried in an oven at 80 °C for 24 h.

2.3. Preparation of the NSs-CYC Formulation. CYC was loaded
in the cavities of the synthesized NSs following reported methods.***”
Concentrated solutions of the drug (0.03 mg/mL) were prepared in a
hydroethanolic solution (20% (v/v)), stirred for 24 h and filtered using
2 0.45 ym membrane. In addition, 50 mg of NSs was added to a 10 mL
solution of CYC and stirred for another 24 h. Finally, the complexes
were centrifuged (20 min at 3000g), and the supernatant was recovered
and freeze-dried for 72 h.

2.4. Deposition of MNPs onto the NSs-Drug Systems. The
MNPs-NSs-drug ternary systems were prepared by mixing MNPs with
the obtained NSs-drug formulations, as previously described.”® A 20 mg
amount of NSs-CYC was stirred in 50 mL of an MNPs dispersion. After

30 min, the NSs-drug complexes underwent a transformation in color,
transitioning from a white hue to a black-brownish shade. The ternary
systems were recovered by centrifugation (20 min, 3000 g) and then
freeze-dried. The magnetic response of the developed MNPs-NSs-CYC
complex was evaluated by using a 5000 G neodymium magnet.

2.5. Characterization Methods. The incorporation of CYC into
the cavities of NSs was examined by using proton nuclear magnetic
resonance ('H NMR) analysis, which was conducted on a Bruker
Advance 400 MHz spectrometer at 300 K. Stock solutions of the
samples were prepared using deuterated dimethyl sulfoxide (DMSO-
dg) as the solvent. The data underwent processing using tetramethylsi-
lane (TMS) as an internal reference.

The morphologies of the resulting NSs-CYC and MNPs-NSs-CYC
complexes were examined by using field emission scanning electron
microscopy (FE-SEM) with an INSPECT-FSO FEI instrument
operating at an acceleration voltage of 20 kV. The deposition of
MNPs onto the organic matrix was assessed through the utilization of
energy dispersive spectroscopy (EDS) and elemental mapping
techniques, together with the determination of the elemental
composition of the samples. The average particle size of the deposited
MNPs was determined by using transmission electron microscopy
(TEM) with a Hitachi model HT-7700 microscope operating at 120
kV. Selected area electron diffraction (SAED) was utilized to obtain
diffraction patterns and determine the crystalline structure of the
embedded MNPs.

The crystalline structures of CYC, NSs, NSs-CYC, and MNPs-NSs-
CYC were analyzed by using powder X-ray diffraction (XRPD) with a
Bruker D5000 diffractometer. The source of radiation was Cu Ka,. The
experiment utilized a Ni filter and gathered data within an angular range
of 20—70° 20 and scan speed of 0.05°/s.

The hydrodynamic diameters (Dy,), polydispersity indexes (PDIs),
and {-potentials of NSs, the NSs-CYC complex, MNPs, and the MNPs-
NSs-CYC ternary system were determined using a dynamic light
scattering (DLS) Zetasizer Nano$ series, Malvern, operating at 298 K.
Prior to measurements, all of the samples were diluted in a low-ionic-
strength buffer solution (KH,PO,, 1 mM, pH 7).

The interactions between the NSs-drug complex and MNPs were
assessed using X-ray photoelectron spectroscopy (XPS). The XPS
spectra were acquired by using a PerkinElmer 1257 photoelectron
spectrometer. The energy calibration was conducted by assigning a
binding energy of 284.8 eV to the C—C component.

Fourier transform infrared (FT-IR) spectra of CYC, NSs, and NSs-
CYC were obtained using a Jasco 4600 spectrometer 4600 equipped
with a ZnSe crystal and a deuterated L-alanine-doped triglycine sulfate
detector. The analysis was performed by acquiring 150 scans per sample
within a wavelength range of 400—4000 cm ™" at a temperature of 298 K.
Corrections for KBr, CO,, and H,O were applied using the Spectra
Manager Software.

The Raman spectra of CYC, NSs, and NSs-CYC were analyzed using
a WI Tec SNOM/Raman microscope Alpha 300 with a 785 nm laser
and 50X objective. The Raman spectra were obtained under the
following conditions: a range of 200—1700 cm ™, ten acquisitions, 10 s
of integration time per spectrum, and quenching of intrinsic
fluorescence using gold coating prepared by sputtering.

The saturation magnetization of MNPs and the ternary system were
determined using a custom-made vibrating sample magnetometer
(VSM) (CEDENNA, Universidad de Santiago de Chile). The
hysteresis loops were obtained at 300 K, while the magnetic field was
cycled between —4 and 4 T.

The Fe concentrations in MNPs and the MNPs-NSs-CYC systems
were determined by using atomic absorption spectroscopy (AAS) with
a PerkinElmer 5100 atomic absorption spectrophotometer. Prior to the
analysis, the samples were digested with 1 mL of 0.25 M HNO;.

2.6. Loading Capacities and Encapsulation Efficiencies. The
loading capacities (LC%) and encapsulation efficiencies (EE%) of the
developed formulations were calculated using eq 1 and eq 2,
respectively: ***

mass of loaded drug (mg)

LC% = X 100

mass of NSs (mg) (1)
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concentration of loaded drug (mM)
EE% = X 100

concentration of initial drug (mM) (2)

2.7. Drug Release Assays through Magnetic Hyperthermia.
The effect of the AMF on drug release was elucidated using
Magnetherm DS2 equipment (Nanotherics, Warrington, U.K.). This
device can operate at varying frequencies (270 and 381 kHz) and
magnetic fields (10 and 1S mT) in order to analyze the temperature
increase when the samples are exposed to the AMF. The magnetic field
was applied using the drug release option of the Magnetherm
equipment connected to a power supply. The samples were prepared
in phosphate buffered saline (PBS, pH $5.8) to mimic a tumor
environment. A S mg amount of each sample was put on a dialysis tube
(Pur-A-Lyzer, 6—8 kDa, Sigma-Aldrich) along with 2 mL of PBS, and
the tube was then placed in the drug release compartment. The system
was connected to a thermoregulated bath, and the dialysis tube was
placed in a container with 50 mL of PBS (release medium). Then, the
temperature was recorded by using a fiber optic temperature sensor.
After 30 min, the medium containing the released drug was recovered.
The concentration of CYC in the receiving phase was measured using
high-performance liquid chromatography (HPLC) with the following
conditions: a C;g column; a water—acetonitrile—methanol (68:19:13
(vol %/vol %)) mobile phase; the A detector at 254 nm, a flow rate of 0.6
mL/min, total run time of 15 min, and elution time of 3 min. The NSs-
CYC formulation was also exposed to AMF as a control to determine
the effect of the MNPs on the controlled drug release. The percentages
of drug release (DR%) were calculated as follows (eq 3):

amount of released drug (mM)

DR% = X 100

amount of drug in the ternary system (mM)
©)
The heat generated by bare MNPs and MNPs-NSs-CYC exposed to
the AMF was quantified using specific absorption rate (SAR)*° values,
calculated using eq 4:

L(AT/ At)

mass of MNPs 4)
where p is the density of the colloid (0.995 g/mL), C,, is the specific
heat capacity of the medium (4000 kJ kg™' K™'), mass of MNPs is the
concentration of MNPs in the suspension (mg/ mL), and AT/Atis the
heating rate, which was obtained by calculating the slope of a linear fit of
temperature increase vs the initial time interval.

2.8. Theoretical Calculations. The initial adsorption config-
urations of the NSs-CYC complex were found in the Adsorption
Locator module of the Materials Studio. This was achieved through a
Metropolis Monte Carlo search in a large conformational space, where
simulated annealing between 100 and 1.0 X 10° K was employed to
locate the global minimum adsorption conformations. Further
geometry optimizations of the initial 10 structures with the minimum
energy were carried out using the density functional theory (DFT) level
in ORCA 5.0, without any geometrical constraints.”" In order to
establish the relative probability of each conformation at room
temperature (298.15 K), a Boltzmann distribution function was
employed to select the most favorable ground state. The B3LYP
functional was used alongside the all-electron def2-SVP basis sets,
incorporating the DFT-D3 dispersion correction with the Becke—
Johnson damping function for both the SCF energies and gradients.
The universal solvation model (SMD), which uses the charge density of
a solute molecule interacting with a continuum description of the
solvent, was used to incorporate the continuum effects of the solvent in
water.

The interaction energies were computed as (AE,,):

AE;, = Ecp_cyc — (Ecp + Ecye) (5)

where Ecp_cycy Ecpy and Ecyc, and are the total energies of the free f-
CD, free CYC, and the f-CD-CYC complex, respectively. Therefore,
the greater the negative AE; values, the higher the stability of the
complex. The geometrical counterpoise method was utilized to rectify
basis set superposition errors. The Q-Chem 6.1 software was utilized to

SAR =

perform energy decomposition analysis based on precisely localized
molecular orbitals [ALMO-EDA]. This approach allowed for the
separation of interaction energies in the continuum solvent into distinct
physical contributions.”> Thus, AE,, can be split into six different
terms:

AE,, = ABg ¢ + AEpgp + AEpg + AEcr + AEpyyyy
+ AEpggp (6)

where AEg e, AEpip AEpo, and AEcr represent the energy
stabilization due to electrostatic interactions (Coulombic attractions),
dispersion forces (van der Waals interactions), polarization (induced
electrostatic effects), and charge transfer (inter- and intramolecular
charge flow between fragments), respectively. When two fragments are
in close proximity, the Pauli repulsion phenomenon leads to energy
destabilization (AEp,yy;;), and the energy required by the isolated
fragments to adopt the complex geometry is known as AEpggp.
Additionally, the Independent Gradient Model (IGM) with the
Hirschfeld partition was used to define the signature of intermolecular
interactions; this index introduces the 5¢™" descriptor that uniquely
defines intermolecular interaction regions: g™ = |V p!@inter| — [y,
where Vp stands for the electron density gradient, and Vp'oMinter
corresponds to an upper limit for Vp. Wave function analyses were
performed using the Multiwfn 3.8 program.

2.9. Mitochondrial Activity Assays. Mitochondrial activity assays
were performed by MTS using a Cell Titer 96 Aqueous Solution Cell
Proliferation Assay (Promega). The experiments were conducted in
accordance with the manufacturer’s recommendations. Briefly, 5000
cells were seeded in each well of 96-well plates with 100 uL of
Dulbecco’s modified Eagle medium (DMEM) heated to a temperature
of 335 K and subsequently removed after 24 h. The cells were incubated
for an additional 24 h with 1 to 1 serial dilution of NSs, CYC, NSs-CYC,
and MNPs-NSs-CYC. The concentrations of all samples ranged from
0.03, 0.015, 0.008, and 0.003 mg/mL in 1% dimethyl sulfoxide
(DMSO), and the concentration of NSs ranged from 20.0, 10.0, 5.0,
and 2.5 mg/mL. The volume was then completed with DMEM.
Afterward, phenol red-free DMEM (Gibco) containing the MTS/PMS
reagent was added to replace the medium and incubated for 1 h at 335
K. The absorbance of all of the samples was measured with a microplate
reader at 490 nm/65S nm (Synergy Mx, Biotek). The fluorescence for
each experiment was corrected by subtracting the mean fluorescence
value obtained from a triplicate set of control wells without cells.
Mitochondrial activity was calculated with respect to the untreated
control media. Each experiment was performed by using three technical
replicates and two biological replicates.

2.10. Magnetic Hyperthermia Assay in Hela Cells. HeLa cell
lines (obtained from ATCC) were cultured in a concentration of
500000 cells/mL in a 35 mm Petri dish (Corning) with 1 mL of DMEM
culture medium supplemented with 1 mM sodium pyruvate, 100 IU/
mL penicillin, 100 yg/mL streptomycin, and 10% fetal bovine serum
and kept in a humid environment at 37 °C with 95% air and 5% CO,.
Next day, the Petri dishes were divided into 8 treatment groups (1 = 3),
which were treated overnight: (1) control with AMF; (2) control
without AMF; (3) MNPs, 0.5 mg/mL; (4) MNPs, 1 mg/mL; (5)
MNPs-NSs-CYC, 2.5 mg/mL; (6) MNPs-NSs-CYC, S mg/mL; (7)
NSs, 2 mg/mL; and (8) NSs, 4 mg/mL, and treated overnight, After,
the Petri dishes were placed in a cell live module from hyperthermia
equipment and treated for 30 min with F = 734 kHz and H = 10 mT.
Then, the cells were placed in the incubator and evaluated after 72 h of
treatment to determine the number of cells. Finally, the cells were
stained with a Hoechst solution (Invitrogen) for 15 min and evaluated
by fluorescence microscopy to determine the number of cells per field of
view.

2.11. Statistical Analysis. All the experiments were carried out in
triplicate, and the results were represented as mean + SD. A one-way
ANOVA statistical analysis followed by a Dunnett test was conducted
using GraphPad Prism 9.0.0 (San Diego, CA, USA) to assess the
statistical significance of the measurements (***p < 0.001 or *p <
0.01).
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3. RESULTS AND DISCUSSION

3.1. Encapsulation Efficiency (EC%) and Loading
Capacity (LC%) of NSs Using Different Cross-Linking
Degrees and #-CD/DPC Molar Ratios. All prepared NSs
(1:2,1:4, and 1:8) were loaded with free CYC. The EC% and LC
% of NSs were further evaluated (see Table 1). Compared to the

Table 1. Encapsulation Efficiencies (EC%) and Loading
Capacities (LC%) of NSs with Different f-CD/DPC Molar
Ratios

System EC% LC%)
NSs-CYC (1:2) 88.3 + 3.7 211+ 38
NSs-CYC (1:4) 953 + 1.8 299 + 4.1
NSs-CYC (1:8) 79.9 + 33 188 + 5.7

other NSs produced, the NSs carrier in the 1:4 molar ratio of
NSs-CYC formulations exhibited higher EC% and LC% values.
These results suggest that the degree of cross-linking affects the
efficiency of complexation and the availability of supramolecular
sites in the NSs. For instance, a molar ratio of 1:2 would be
insufficient to develop enough cross-linking and interstices for
drug inclusion. In turn, a greater molar ratio would result in
increased cross-linking and, thus, hinder the inclusion of CYC
into the NS cavities.”” > These results led to the conclusion
that a molar ratio of 1:4 would be optimal for cross-linking the
drug CYC. Therefore, the NSs-CYC (1:4) formulation was
selected for association with MNPs, local hyperthermia, and
drug release assays.

3.2. Characterization of NSs-CYC Inclusion Com-
pound. The NSs-CYC formulation was characterized by
using 'H NMR, FE-SEM, EDS, XRPD, FT-IR, and Raman
spectroscopy. 'H NMR spectra of CYC, NSs, and the NSs-CYC
complex are shown in Figure 2.

The inclusion of CYC within the supramolecular sites of NSs
can be confirmed by analyzing the changes in the chemical shifts
of all protons. The proton signals of CYC (H'1: § 3.41; ] 6.38;
4H; triplet. H'2: 6 3.83; ] 6.38; 4H; triplet. H'3: 6 4.19; ] 14.9,
3.0, 2.7; 2H; doublet. H'4: 6 1.83; J 1.40, 10.3, 3.3, 3.0; 1H;
doublet. H'S: § 3.11; ] 15.0, 3.3, 2.5; 2H; doublet) evidenced
high-field chemical shifts ascribed to changes in the chemical
environment of the drug. This can be attributed to the
entrapment of CYC within the cavities of NSs, resulting in

screening effects and spatial restrictions that contribute to the
aforementioned observations. As for the protons of the NSs
matrix, the pronounced chemical shifts observed for the H3, HS,
and H6 signals, corresponding to the hydrophobic cavities of
NSs, strongly suggested the complexation of CYC. In addition,
the H1, H4, and H2 signals, which are assigned to the external
cavities of NSs, also displayed chemical shifts, evidencing the
inclusion of CYC in all of the supramolecular sites formed
during the #-CD polymerization process. As shown in Table 2,
the chemical shifts of CYC are more pronounced in the protons
corresponding to its oxazaphosphinan structure, demonstrating
the preferential inclusion of CYC within the hydrophobic sites of
NSs.

The formation of the NSs-CYC complex can also be
ascertained through FE-SEM and EDS analyses. FE-SEM
micrographs of CYC, NSs, and NSs-CYC are shown in Figure
3A—C, respectively.

The acquired images for NSs confirmed its rough surface,
whereas CYC displayed a crystalline morphology. The NSs-
CYC complex maintained the morphological profile of NSs and
the free drug was not observed in the matrix, suggesting the
formation of an inclusion compound rather than a physical
mixture of NSs-CYC. The elemental composition of NSs-CYC
was obtained from EDS analysis, as shown in Figure 3d.

Both NSs and CYC were identified based on the detection of
C and O, which correspond to their respective chemical
structures. Moreover, the presence of N, Cl, and P was also
detected, which can be attributed to the amine, chloroethyl, and
oxazaphosporine groups which are inherent to the structure of
CYC, further supporting the presence of the NSs-CYC
formulation.

XRPD diffractograms of CYC, NSs, and NSs-CYC were
performed to elucidate the crystalline or amorphous nature of
the drug, the polymeric matrix, and the developed formulation,
as shown in Figure 4. The diffractogram of free CYC illustrated
sharp diffraction peaks56 at 260 of 7.0, 13.9, 15,1, 23.7, 25,3, and
28.1°, evidencing its strong crystalline behavior. The NSs
diffractogram displayed fewer peaks, indicating an amorphous
form. In the case of the NSs-CYC formulation, the characteristic
sharp peaks of CYC were noticeably masked or diminished by
the NSs matrix, confirming amorphization of the drug.
Crystallinity hinders the solubility of a substance, while an
amorphous formulation enhances solubility and dissolution

OH2 OH3

—
OH, OH,
Cl Cl
H2
H'4 ¥
N
\:P—NH
o] 'S
2 20 15 H3 W4

Figure 2. "H NMR spectra (400 MHz, DMSO-d;) of CYC (black), NSs (red), and NSs-CYC (blue).
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Table 2. Chemical Shifts (A§) of CYC and NSs before and after the Formation of the NSs-CYC Formulation

System H1 H2 H3 H4
NSs 4.83 3.30 3.63 3.36
NSs-CYC 4.81 3.29 3.58 3.35
Ad 0.02 0.01 0.05 0.01

System H'1 H2
CYC 341 3.83
NSs-CYC 3.39 3.81
Ad 0.02 0.02

HS H6 OH2 OH3 OH6
3.58 3.65 5.70 5.68 4.45
3.53 3.62 573 571 443
0.05 0.03 —0.03 —0.03 —0.02

H'3 H'4 H'S

419 1.83 3.11

415 1.79 3.06

0.04 0.04 0.05

Figure 3. FE-SEM (magnification of 10.00 Kx) of CYC (A), NSs (B), and NSs-CYC (C); EDS of NSs-CYC (D). Scale bar: 10 ym.

rates resulting from higher levels of free Gibbs energy and higher
molecular mobility.*”**

The CYC, NSs, and NSs-CYC samples were characterized
and analyzed by Raman spectroscopy and FT-IR (Figure S).
After obtaining the inclusion complex, Raman and FT-IR
spectra can be compared to NSs to observe any differences
ascribed to the chemical interaction. In this sense, we expected
band shifts and changes in the relative intensities of some signals
due to the interaction. The FT-IR spectra of NSs and NSs-CYC
revealed the presence of two bands with relative intensities at
1630 and 1750 cm™'. The band found at 1630 cm™!
corresponded to water molecules located in the cavities of
NSs, while the second signal at 1750 cm™" was ascribed to the
overlapping of the stretching modes of C=0 and P==0. The
increase in the relative absorbance observed in the IR spectra of
NSs-CYC can be attributed to this phenomenon. The presence
of other weak bands at 1450 and 1340 cm™" were attributed to

the vibration of the CYC compound and also supported the
formation of the NSs-CYC system.

A signal at 620 cm™" was detected in the Raman spectrum of
the NSs-CYC system. The significant relative intensity of this
band is a result of the high polarizability of the C—Cl bond,
which is influenced by the interaction between CYC and the
NSs. This was further corroborated by the absence of this band
in the CYC Raman spectrum at 741 cm ™!, which was ascribed to
the C—Cl deformation.

3.3. Characterization of the MNPs-NSs-Drug Ternary
Systems. The association of the MNPs with the NSs (1:4)-
CYC complex was confirmed by using FE-SEM, EDS, VSM,
TEM, SAED, DLS, {-potential, XPS, and AAS analyses.

The TEM analyses of the ternary system (Figure 6A) showed
that the MNPs exhibited a spherical morphology, with an
average size of 15 = 0.8 nm (Figure 6B, N = 100). However, the
agglomeration of the MNPs was detected, probably due to weak
interactions, such as van der Wall forces or magnetic dipoles.””*’
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Figure 4. XRPD patterns of CYC, NSs, and NSs-CYC.

The saturation magnetization values (M) were 75.1 and 57.7
emu/g for bare MNPs and MNPs-NSs-CYC, respectively, at 298
K (Figure 7A). Hysteresis was absent, and the coercivity and
remanence values were close to zero, thus confirming the
superparamagnetic nature of the MNPs upon association.’"**
The decrease in saturation magnetization values can be
attributed to the diamagnetic contribution of the NSs-CYC
formulation, which hinders the effective magnetic moment of
the ternary system. Furthermore, the interaction between MNPs
and the NSs-CYC complex could affect the alignment of the
magnetic moments. The Fe 2p XPS spectra of the ternary
systems (Figure 7B) depicted a shoulder at 711.1 and 725.1 eV
for the Fe 2p;,, and Fe 2p,,, peaks, respectively. The peak at
711.1 eV was assigned to the Fe(III) occupying the octahedral

sites of MNPs® intensity can be attributed to the partial
oxidation of Fe(II) to Fe(III) at the surface of the NPs or the
presence of Fe(III) oxyhydroxides in the outermost layer of the
MNPs.**%*

The deposition of the MNPs in the NSs-CYC complex was
assessed through XRPD (Figure 8A). The diffraction peaks at 26
of 30.3° (220), 35.5° (311), 43.1° (400), 53.8° (422), 57.3°
(511), and 62.7° (440) were consistent with the patterns
observed in the inverse spinel structure of magnetite.*>*”°° The
crystalline structure of the MNPs in the ternary systems was also
examined and confirmed using SAED analysis (Figure 8B), as
the diffraction rings correspond to the lattice planes in the
MNPs structure.’”*®

Finally, the FE-SEM micrographs of the ternary systems
(Figure 9A,B) clearly showed that the MNPs were deposited
uniformly on the organic substrates, confirming their spherical
shape and average size of 15 nm. The EDS mapping (Figure
9C,D) of Fe confirmed the association of MNPs and their
homogeneous distribution on the NSs-CYC complexes.

To ascertain colloidal stability, hydrodynamic diameters,
monodispersity, and Fe content, various analyses were
conducted, including DLS, {-potential, polydispersity indexes,
and AAS. The results of these analyses were then compared to
those of their separate components, as shown in Table 3.

The hydrodynamic diameter (D},) values ranged from 27 to
259 nm, confirming the nanometric dimensions of the
formulated systems. The Dy, of bare MNPs was 27 nm, which
differed from the data obtained using TEM, since the latter does
not consider the hydration layer surrounding the nanoparticle.
The observed positive {-potential values of MNPs were
attributed to their stabilization with PEI, which further
decreased when the MNPs were associated with the NSs-CYC
system with negative surface charge. The polydispersity index
(PDI) of the developed nanosystems indicated their homoge-
neous nature, since all observed values were below 0.7.%
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Figure 5. Raman (left) and FT-IR (right) analyses of CYC, NSs, and NSs-CYC.
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Figure 6. TEM micrograph (A) and size distribution (B) of MNPs deposited on the NSs-CYC formulation. Magnification of 36.00 Kx.
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Figure 7. VSM (A) and XPS (B) images of MNPs deposited on the NSs-CYC formulation.
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Figure 8. XRPD (A) and SAED patterns (B) of MNPs deposited on the NSs-CYC formulation.

Furthermore, the (-potentials ranging from +20 to 30
suggested the colloidal stability of all of the samples.”” AAS
was performed to quantitatively analyze the elemental
composition of MNPs and the ternary systems, revealing that
the Fe content was 251 and 178 mg/mL for bare MNPs and
MNPs-NSs-CYC, respectively. These results indicated that the
NSs-CYC systems are appropriate substrates for the immobi-
lization of MNPs.

3.4. Local Temperature Increments through Magnetic
Hyperthermia and Exposition to an AMF. The influence of
an AMF on the MNPs and MNPs-NSs-CYC systems was

studied as a function of Fe content (5 and 10 mg/mL),
frequencies (270 and 382 kHz), magnetic field intensity (10 and
15 mT), and temperature increase. The temperature increase
was measured after 30 min of exposure to the AMF, as observed
in Figure 10. We determined the optimal field and frequency
values to generate hyperthermia. First, we exposed 5 and 10 mg
of MNPs, resuspended in water, to low frequency and high field
conditions (F = 270 kHz; H = 15 mT), as well as high frequency
and low field conditions (F = 382 kHz; H = 10 mT). An
augmented increase in temperature was observed at lower
frequencies and higher amplitudes (Figure 10A,B). Therefore,

https://doi.org/10.1021/acsami.3c18038
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18038?fig=fig8&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c18038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Forum Article

-

Spectrum 17

Figure 9. FE-SEM (A, B) and EDS (C, D) of MNPs-NSs-CYC. The red arrows in panels A and B highlight the location of the MNPs embedded in the

NSs-CYC formulation. Scale bar = 5 pm.

Table 3. Hydrodynamic Diameter (Dy,), ¢-Potential, Polydispersity Index (PDI), and AAS of NSs, NSs-CYT, MNPs, and the

MNPs-NSs-CYT System

System D, (nm) ¢{-potential (mV) PDI Fe content (mg/mL)
NSs 157 £ 21 -31+8 0.28 + 0.01
NSs-CYC 243 + 29 =25 +3 0.37 + 0.0S
MNPs 27+ 8 +43 £ 9 0.33 + 0.03 2513+ 11
MNPs-NSs-CYC 259 +33 +37 £S5 0.43 = 0.05 178.1 + 17

we selected these same parameters for the tests involving the
MNPs-NSs-CYC system. The heating capacity of the systems
was also compared with NSs (at a ratio of 1:4), MNPs, and the
medium (PBS in Milli-Q water) as controls in order to
determine whether the local hyperthermia effect may be
attributable to the presence of superparamagnetic MNPs in
the formulations.

The MNPs-NSs-CYC samples with Fe concentrations of 10
mg/mL exhibited comparable heating to the S mg/mL sample
after 30 min under a magnetic field intensity of 15 mT and
frequency of 270 kHz (7.82 + 042 vs 7.20 = 0.56 °C
temperature increase, respectively), as shown in Figure 10C,D.
This effect may occur due to the interference of the NS carrier
with the heating and heat transmission capacity of the MNPs,
which is crucial for allowing temperature increase. Likewise,
upon comparison of the temperature increase produced by bare
MNPs to MNPs-NSs-CYC samples, a significant decrease in the
generated heat was evident for both concentrations. Therefore,
while there was an increase of 37.6 + 4.5 °C with 10 mg/mL

MNPs, the 10 mg/mL MNPs-NSs-CYC complex featured a
temperature increase of only 7.82 & 0.42 °C. This effect could be
attributed to several factors. A possibility could be the
agglomeration of the MNPs deposited in the NSs-CYC
formulation. Agglomeration decreases the effective surface
area of the MNPs available for interaction with the AMF, thus
reducing heating capacity.”””" Likewise, the heating efficiency
could decrease due to an increase in the hydrodynamic size, and
this effect is attributed to the increase in magnetic interparticle
dipolar interaction, which reduces the Neel—Brownian
relaxation. Moreover, the diamagnetic nature of NSs does not
contribute to Neel mechanisms. Furthermore, there was no rise
in temperature when the control systems (NSs and the PBS
medium) were exposed to the AMF because in these cases there
are no superparamagnetic nanoparticles present to produce local
heating. This result confirms that the localized hyperthermia is
solely produced by the contribution of the MNPs to the
nanocarriers.
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Figure 10. Temperature increment of MNPs (orange and blue), MNPs-NSs-CYC (purple), PBS (green), and NSs (light blue) upon exposure to an
AMF, at different Fe contents: MNPs, S mg/mL (A); MNPs, 10 mg/mL (B); MNPs-NSs-CYC, S mg/mL (C); MNPs-NSs-CYC; 10 mg/mL (D).
SAR values (E—H). The data are presented as the mean = SEM of three independent experiments.

For efficient magnetic hyperthermia treatments, obtaining CYC are shown in Figure 10E—H. It can be observed that the
high SAR values with minimal concentrations of the sample is SAR increases as the concentration of MNPs increases but
required. Calculated SAR values for MNPs and MNPs-NSs- decreases significantly in the tertiary compound. Many factors
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could affect the SAR values such as the size, saturation,
hydrodynamic size, and polydispersity of MNPs. As we have
already mentioned, the NSs-CYC formulation has a larger
hydrodynamic size and can contribute to the agglomeration of
MNPs, affecting heat transfer and consequently SAR values.
These parameters could be predominant even on the
concentration of nanoparticles present, explaining why MNPs-
NSs-CYC S and 10 mg had similar SAR values (5.3 and 5.8 W
g

3.5. Release of CYC from the Cavities of NSs Triggered
by Magnetic Hyperthermia. The potential of the developed
ternary systems as magnetic nanocarriers for drug delivery was
investigated. The conditions used for this experiment were as
follows: Fe content of $ mg/mL, 15 mT, 270 kHz, 30 min, and
NSs prepared with a cross-linker ratio of 1:4. The super-
paramagnetic properties of the MNPs might trigger local
hyperthermia in the MNPs-NSs-drug formulation, thus inducing
the release of CYC from the cavities of the NSs. The drug release
phenomena were also studied in the following control systems:
MNPs-NSs-CYC without AMF but exposed to physiological
temperature (37—42 °C, C1), NSs-CYC without MNPs and
without AMF (C2), NSs-CYC without AMF and MNPs (C3),
and NSs-CYC exposed to AMF but without MNPs (C4). These
controls were compared with the amount released from the
ternary systems to determine whether the guest migrated from
the formulations as a result of diffusion or the effects of local
hyperthermia. The drug release percentages for each system are
shown in Figure 11.
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Figure 11. Drug release percentages (%) after 30 min of exposure to the
AMEF. The data were compared with the systems used as controls and
represent the mean + SEM of three independent experiments.

Statistical significance is indicated with ***p < 0.001.

The hyperthermia effect produced by the exposure of MNPs
to an AMF promoted the disassembly of the ternary system and
triggered drug release. The amount of released CYC through
passive diffusion (C1—C4) was drastically reduced in all of the
control systems, confirming the stability of the systems and that
the effect of AMF in the presence of MNPs promoted a faster
and more efficient release of the guest. The results indicate that a
frequency of 270 kHz, a magnetic field intensity of 15 mT, and
an Fe concentration of 5 mg/mL are sufficient for achieving the
desired drug release. These parameters fulfill the Atkinson—
Brezovich criteria, making them essential factors. For potential
biological, clinical, and tumor therapy applications, 50—2000
kHz frequencies are recommended to avoid excessive skeletal
muscle stimulation.”””* Additionally, the product of magnetic
field intensity and frequency should not exceed 4.85 X 10° Am™!

571”77 The combinations of frequencies and magnetic field
intensities used for the drug release experiments fell within the
previously proposed values (3.3 X 10° Am™"'s™!), suggesting the
potential applications of the ternary systems for in vivo studies
and physiological conditions.

The CYC release data were fitted to different kinetic models.
The Higuchi model was obtained by plotting cumulative drug
release (%) vs the square root of time, whereas the Korsmeyer—
Peppas model was obtained by plotting the log of cumulative
drug release vs the log of time. The Higuchi and Korsmeyer—
Peppas models had R values of 0.973 and 0.985, respectively. As
a result, the Korsmeyer—Peppas model is better suited for
analyzing the drug release profile of the MNPs-NSs-CYC
system. The process is affected by conformational changes in
NSs caused by swelling or hydrolytic cleavage, which expand the
volume of the polymer and enable drug release.”” CYC is
expected to experience noncovalent interactions with the f-CD
units or with the differently sized interstices produced during
polymerization. The encapsulation of CYC within the polymer-
ization interstices, combined with the complexation capacity of
the f-CD monomers, are factors that promote two-step release
kinetics.”®

The morphology and structure of the NSs-CYC-MNPs
formulation before and after drug release assays through
magnetic hyperthermia was visualized through FE-SEM micro-
graphs. As observed in Figure 12A,B, the exposure to an AMF

Figure 12. FE-SEM micrographs of the NSs-CYC-MNPs ternary
system before (A) and after (B) exposure to the AMF. Scale bar: 2 ym.

might promote the disruption of the systems’ integrity,
potentially leading to changes in its porous morphology. The
localized heating produced by magnetic hyperthermia could
have an impact on the structure and conformation of the NSs.
This impact is evidenced by degradation of the polymer and
changes in the overall structure of the formulation. Furthermore,
exposure to an AMF impacts CYC release kinetics and the
distribution of the drug within the system, thus contributing to
alterations in the observed structure.

3.6. NSs-CYC Interaction Mechanism and Its Role in
the Drug Release Process. Density functional theory (DFT)
calculations on the NSs-CYC complex revealed that the
interaction mechanism was stable and noncovalent. First, the
ground state inclusion complex was characterized by the
introduction of the N-chloroethyl moiety of the drug into the
J-CD cavity with intermolecular distances of 1.7 to ~3 A (Figure
13A). The adsorption enthalpy and thermal Gibbs free energy
change are AH, 4 = —134.3 and AG,4; = —56.1 kJ/mol under
room conditions (293.15 K, 101325 Pa), respectively; then, the
formation of the complex is an exothermic and spontaneous
process. Comparatively, the interaction electronic energy of the
complex (without the thermal effects and destabilization coming
from nuclear motions) is AE;,= —142.7 kJ/mol, which is
comparable to the adsorption enthalpy change (AH, 4, = —134.3
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Figure 13. Computed properties of the NSs-CYC complex: Ground
state and IGMH analysis of weak interactions (A), energy
decomposition analysis of the interaction energy (B), thermodynamic
parameters as a function of temperature (C), and vibrational, rotational,
and translational terms of the entropy change (TAS) as a function of
temperature (D).

kJ/mol). Consequently, and considering that AG,4 = AH,4, —
TAS,4 (where AS,4 is the adsorption entropy change), the
TAS,4, term appears as an unfavorable contribution for the
complex formation at room conditions. In other words, the
entropy effects raise the energy of the complex but are not high
enough to hinder the spontaneous drug loading under room
conditions. In this regard, although the AS_ term is low, the
temperature dependence of TAS, 4, allows the compensation of
the enthalpy change, resulting in that AH,4 < AG,. With
respect to the interaction mechanism, density-based analysis
(isosurfaces in Figure 13A) indicated that dispersion effects
(physical entrapment and green isosurfaces) and several
pairwise interactions of electrostatic nature, such as CH--Cl,
OH---Cl, CH:--CH, and hydrogen bonding (blue regions), were
the main long-range physical effects determining complex
stability. Accordingly, energy decomposition analysis of the
interaction energies indicated that dispersion (AEdiSPersion) and
Coulombic electrostatic attractions (AE,j.qyosttics) contributed
to the stabilizing energy, by 43 and 45%, respectively. On the
other hand, charge transfer and polarization short-range effects
displayed a weak combined contribution (11%), in agreement
with the lack of orbital overlapping (Figure 13B). Therefore, the
spontaneous formation of the noncovalent inclusion complex at
room temperature supports favorable drug loading on the NSs.

The magnetic hyperthermia-based releasing process gener-
ated heat in the complex, causing adsorption to decrease with
increasing temperature due to the exothermic formation of the
noncovalent inclusion complex. Figure 13C displays the
thermodynamic parameters as a function of the temperature.
As shown, the formation of the inclusion complex was an
enthalpy-driven process at room temperature (AH, 4, < TAS, 4,
where AS,; is the entropy change); nevertheless, the
spontaneity of the process decreased as the temperature rose
due to the increase of the required entropy changes that allow
the physisorption process at higher temperatures. When the
complex is formed, there is a loss of rotational and translational
entropies (TAS,outiona 30d TAS ationa), Which relate to the
steric barrier caused by the molecular structure of the host
system and translation/rotation restrictions of the guest
molecule (Figure 13D). The loss of rotational and translational
entropy increases at higher temperatures, resulting in the TAS, 4,
term overcompensating for the enthalpy change, which
decreases the spontaneous formation of the complex and exerts
long-range effects. Therefore, drug release was an entropy-
driven process facilitated by local heat generation via magnetic
hyperthermia and proceeded without an extra energy barrier
resulting from the noncovalent nature of the inclusion complex.

3.7. MTS and Effects on Mitochondrial Activity. MTS
assays were performed to evaluate the impact of the NSs-CYC
and MNPs-NSs-CYC complexes on mitochondrial activity.
HeLa cells were chosen for this experiment because they are a
human cancer cell line. Therefore, the effects of NSs-CYC and
MNPs-NSs-CYC on mitochondrial activity were tested and
compared at different concentrations. Moreover, free NSs (1:4)
and CYC were tested and evaluated as controls, as shown in
Figure 14.

The results showed that CYC significantly reduced
mitochondrial activity at concentrations above 0.03 mg/mL.
However, the developed NSs-CYC complexes did not exert
cytotoxicity on the HeLa cells at the concentrations tested,
except for the highest concentration of NSs-CYC (0.03 mg/
mL). The NSs-CYC complex presented a 3-fold difference in
mitochondrial activity compared to free CYC. Furthermore,
NSs-CYT showed no significant difference from the medium at
any of the evaluated concentrations. The aforementioned results
were also independently observed for MNPs-NSs-CYC and
NSs. This finding is promising because it indicates that the
encapsulation of CYC reduces its toxic effects on HeLa cell lines
and that the association of MNPs to the organic matrix does not
affect mitochondrial activity while also imparting super-
paramagnetic properties to the NSs-drug systems.

3.8. Effect of Magnetic Hyperthermia on the Ternary
System in the Presence of HelLa Cells. The influence of an
AMF on HelLa cells treated with bare MNPs and MNPs-NSs-
CYC was investigated as a function of Fe content (0.5and 1 mg/
mL), utilizing a frequency of 734 kHz and a magnetic field
intensity of 10 mT. Following 72 h of AMF exposure,
fluorescence microscopy analysis (after Hoechst staining)
revealed a significant decrease in cell numbers in groups treated
with MNPs at 0.5 and 1 mg/mL (40.0 + 4.5 and 21.2 + 6.7,
respectively) and with MNPs-NSs-CYC at 0.5 and 1 mg/mL
(424 + 82 and 20.2 + 2.2, respectively), compared to the
control and field control groups (74.4 + 7.6 and 68.8 + 4.4,
respectively; Figure 15A,B). Notably, the cell counts were
similar between the MNPs and MNPs-NSs-CYC systems
despite the significant decrease in the heating capacity of
MNPs-NSs-CYC, as illustrated in Figure 10. One possible
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Figure 14. Effects of free NSs, CYC, NSs-CYC, and MNPs-NSs-CYC on mitochondrial activity, determined with an MTS assay. The data are
represented as percentages compared with the medium and shown as the mean + SEM of three independent experiments. The statistical significance is
indicated with ***p < 0.001. DMSO 1% and SDS 1% were used as positive and negative controls, respectively.

explanation for this phenomenon is that since the cells were
treated with the compounds 12 h before to facilitate internal-
ization, it is conceivable that, during that time, NSs underwent
degradation, thereby releasing both the embedded MNPs and
CYC. Consequently, upon application of the AMF, both MNPs
and MNPs-NSs-CYC systems exerted similar effects. Moreover,
temperature curve analyses evidenced the same temperature
increments in both MNPs (38.2 + 0.36 and 38.2 + 0.36 °C) and
MNPs-NSs-CYC (38.02 + 0.15 and 38.14 + 0.36), supporting
the hypothesis of NSs degradation and subsequent MNPs and
drug release. Although magnetic hyperthermia treatments aim
for temperatures that exceed 40 °C, the observed temperatures
were lower due to environmental heat loss during experimenta-
tion. More importantly, the treatment with the MNPs-NSs-CYC
ternary system and the local hyperthermia induced by the
application of AMF allowed reduction of the cell viability of
tumor cells. These findings provide initial insights into the
behavior of the synthesized ternary compounds under AMF
application in in vitro assays. In future experiments, drug release
as a function of the concentration of CYC under these
conditions and the effects on the viability of cancer cells will
be evaluated.

4. CONCLUSIONS

We successfully synthesized an inclusion compound consisting
of an NSs-CYC drug system associated with MNPs. As proven
by VSM, DLS, {-potential, XPS, TEM, SAED, XRPD, FE-SEM,
and EDS characterization, the ternary system provides stability
to the MNPs, exhibits superparamagnetic behavior, and allows
the anticancer drug CYC to be encapsulated. MTS assays were
performed to evaluate the effect of the NSs-CYC and MNPs-
NSs-CYC complexes on HeLa cells. The results showed that
CYC significantly reduced mitochondrial activity at concen-
trations above 0.03 mg/mL. However, the developed ternary
systems proved safer than the free drug, as they did not exert
cytotoxicity on the HeLa cells at the assayed concentrations. The
magnetic NSs that contained the anticancer drug were able to
respond to an external AMF, enabling the controlled release of
the drug from the ternary systems, which reached a maximum
free drug concentration of 0.023 mg/mL. Thus, the hypothesis
that the superparamagnetic ternary system could effectively
release CYC through magnetic hyperthermia was validated.
These promising results allowed us to visualize potential
applications in the controlled release of anticancer agents
using a non-invasive strategy such as applying an AMF. Our
research contributes to the field by introducing a drug release
mechanism utilizing a supramolecular system of NSs through
magnetic hyperthermia. This underscores the potential of the
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proposed technology for localized drug delivery systems.
However, it is essential to acknowledge limitations such as the
need to further optimize the parameters for enhanced drug
release efficiency. The applicability of these systems to other
anticancer drugs must also be explored. Investigating the
encapsulation and release profiles of various drugs will broaden
the potential applications of the proposed formulation. The
prospects of these systems encompass evaluating the effects of

drug release triggered by local hyperthermia on human cancer
cell lines to evaluate their viability as efficient, safe, and effective
tumor treatments. Future studies should aim to enhance the
stimulus-responsive nature of NSs-drug-MNPs ternary systems.
Methods for regulating heat generation and refining the ternary
system’s responsiveness to AMF parameters can further improve
drug release precision. Extensive in vitro studies and exploration
of combination therapies are also crucial to assessing the
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biocompatibility and safety of the NSs-drug-MNPs complexes
and the possibility of creating synergistic effects with other
therapeutic modalities.
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