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An alternating magnetic field (AMF)-stimuli responsive nanodevice based on magnetic
nanoparticles (MNP) functionalized with water-soluble carboxylate-substituted pillar[5]arene
(CP[5]A), namely MNP-CP[5]A, as a multiplatform for cancer treatment has been designed.
MNP-CP[5]A was loaded with doxorubicin (DOX), showing a loading capacity of 9.5 mg g'. The
nanodevice demonstrated good colloidal stability, superparamagnetic behavior, and was capable
to generate detectable heat in solution induced by AMF application. DOX release, monitored
by ultraviolet-visible (UV-Vis) spectroscopy, was investigated by varying the temperature
(37 and 45 °C) without AMF and in the presence of AMF (frequency (f) = 307 kHz, field
amplitude (H) = 200 Oe, 45 °C) at pH = 7.4. Thermo-induced DOX release without AMF was
1.9% (1.8 ug mL") and 2.3% (3.3 ug mL™") at 37, and 45 °C within 50 min, respectively. In an
AMF DOX release increased to 5.7% (8.2 pg mL") within 50 min. Therefore, MNP-CP[5]A-DOX
works as a chemo-hyperthermia nanodevice.
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Introduction

The most used treatments for cancer cells are
chemotherapy and radiotherapy; however, they lead to
undesirable side effects. Hyperthermia is an alternative
treatment, in which the cancer cells are killed or damaged
by exposing body tissues to high temperatures (up to
45 °C).! Cancer cells are more sensitive to temperature
increase than the healthy ones because their disorganized
and compact vascular structures are unable to dissipate heat
efficiently.? Such treatment can be applied to different body
extensions, ranging from small cell volumes to organs, and
even the whole body.** The necessary heat can be generated
by different approaches, e.g. ultrasound, microwaves, near-
infrared radiation, or alternated magnetic field.'?*¢

Magnetic nanoparticles for hyperthermia-based therapy
are gaining attention in the biomedical field.” In the
treatment using magnetic hyperthermia (MH), the heat
is locally generated when hyperthermia-inducing agents,
such as magnetic nanoparticles (MNP) are submitted to an

*e-mail: cmronconi @id.uff.br

alternating magnetic field (AMF) of appropriate frequency
and amplitude.'® The advantages of MH in cancer treatment
are that AMF penetration is deeper than any other stimulus
and avoids body tissues damage caused by the ionizing
radiation. Moreover, this modality is potentially selective
to tumor cells and can be used as a combinatory treatment
improving the effects of radiotherapy or chemotherapy.>!!-1?

Among hyperthermia-inducing nanomaterials,
superparamagnetic iron oxide nanoparticles (SPIONs)'>!4
are considered the best candidates because they are
biocompatible and show a zero residual magnetization
in the absence of an external magnetic field. The
superparamagnetic behavior along with appropriate coating
of the nanoparticles can avoid thrombosis caused by their
agglomeration.'> Moreover, iron oxide nanoparticles have
the approval of U.S. Food and Drug Administration (FDA)
for biomedical applications.'®!

Coating bare SPIONs with biocompatible materials
to avoid aggregation and consequently guarantee the
stability of colloidal dispersions is an important step in
the design of efficient nanocarriers.'® To address this
issue, several inorganic and organic materials can be
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used to cover nanoparticles surface, such as silica,'*?!
citric acid,'*? dextran,® and macrocycles.?*? Recently,
pillar[n]arenes (P[n]A), a new class of macrocycles derived
from paracyclophanes, have emerged as biocompatible
components for drug delivery systems and for many other
biological applications.’*¥ The electron-rich cavity and
possible chemical modification on the upper and lower rims
of P[n]A can provide very useful water-soluble macrocycles
with hydrophobic voids.*> Thus, anionic and cationic water-
soluble pillar[n]arenes have been widely explored as hosts
for chemotherapeutic drugs*3* as well as micelles,*%
vesicles,**! and gatekeepers in nanovalve systems.***

To the best of our knowledge, the combination of water-
soluble carboxylate-substituted pillar[5]arene (CP[5]A)
grafted onto SPIONs as an AMF stimuli-responsive
nanodevice for drug delivery has not been described in
the literature. Magnetite coated with CP[5]A has been
reported for environmental applications, such as dye
separation,* pesticide detection in beverages,* and used as
gatekeepers in nanovalves for hormone delivery to plants.*’
For biomedical applications, SPIONs coated with metal-
organic frameworks (MOFs) have been used as reservoir for
fluorouracil (an anticancer drug), gated with carboxylate-
substituted pillar[6]arene (CP[6]A) and investigated as a
theranostic nanoplatform.>

Therefore, our goal in this work is to develop a
novel chemo-hyperthermia nanodevice based on water-
soluble carboxylate-substituted pillar[S]arene CP[5]A
and SPIONs, namely MNP-CP[5]A (Scheme 1). The
interaction between the anticancer drug (doxorubicin,
DOX) and CP[5]A has not been reported in the literature

CPI5]A, H,0
_

HCI, 72h

Fernandes et al. 2453

and, in this work, we investigated it by 'H nuclear
magnetic resonance (NMR) spectroscopy and the
stoichiometry of the interaction was evaluated by
the method of continuous variation (Job plot). The
nanodevice was successfully prepared in three steps
(Scheme 1): (i) synthesis of carboxylate-substituted
pillar[5]arene (CP[5]A); (ii) synthesis of SPIONs using
coprecipitation method; and (iii) functionalization of
SPIONs with CP[5]A. The final material (MNP-CP[5]A)
and their precursors were characterized by several
techniques and loaded with doxorubicin (DOX). DOX
release studies were carried out in phosphate buffered
saline (PBS, pH 7.4) without AMF application at 37 (body
temperature) and 45 °C (hyperthermia temperature), and
also in the presence of AMF at 45 °C.

Experimental
Materials and methods

The reagents and solvents were used as received:
1,4-dimethoxybenzene (99%), paraformaldehyde (practical
grade, p.a.), boron trifluoride diethyl etherate (p.a.),
boron tribromide (= 99%), ethyl bromoacetate (98%),
potassium iodide (= 99%), iron(Il) chloride tetrahydrate
(299%), iron(IIT) chloride anhydrous (= 97%), doxorubicin
hydrochloride (98%), potassium nitrate (= 99%), sodium
phosphate dibasic (98%), and potassium phosphate
monobasic (98%) were purchased from Sigma-Aldrich
(St. Louis, USA). All solvents, potassium carbonate (p.a.),
ammonium hydroxide (30-34%), hydrochloric acid (37%),
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Scheme 1. Representation of the preparation of MNP-CP[5]A-DOX nanodevice and doxorubicin (DOX) release in the presence of an alternating magnetic

field (AMF).
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nitric acid (= 65%) were purchased from Vetec (Rio de
Janeiro, Brazil).

'H and "*C nuclear magnetic resonance (NMR) spectra
of the ammonium carboxylate-substituted pillar[S]arene
salt were measured at room temperature (RT) on a
Varian VNMRS at 500 and 125 MHz, respectively, using
residual solvent as internal standards. The sample was
prepared using D,O purchased from Cambridge Isotope
Laboratories (Tewksbury, USA). Attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectra were
obtained in the range 4000-500 cm™' using a Thermo Nicolet
iS50 instrument. Thermogravimetric analyses (TGA) were
acquired using a Shimadzu DTG-60/60H instrument. The
samples were heated from 30 to 600 °C at a heating rate
of 5 °C min! and a nitrogen flow of 50 cm?® min'!. Powder
X-ray diffraction (PXRD) analyses were carried out on
a Bruker D8 Advance X-ray diffractometer with CuKo
(A=1.5418 A) within a 26 range of 10-100° and indexed with
the Joint Committee on Powder Diffraction Data (JCPDS)
cards from International Center for Diffraction Data and the
crystallite size (D) calculated from Scherrer’s equation 1:

_ K
Bcos6O

ey

where K is the proportionality constant; A is the X-ray
wavelength; B is the peak width in full width at half
maximum (FWHM); and 6 is the Bragg’s diffraction angle.

Transmission electron microscopy (TEM) was
performed on a JEOL JEM-1011 instrument operated at
an accelerating voltage of 80 kV. Magnetic properties
were measured in a magnetometer Quantum Design
MPMS3 using a SQUID (superconducting quantum
interference device) sensor. Zeta potential ({-potential) and
hydrodynamic diameter measurements were carried out with
a Zetasizer Nano ZS90 instrument by Malvern Instruments.
The {-potential of MNP-CP[5]A (0.075 mg mL") was
measured in KNO, solution (0.01 mol L) at pH values
ranging from 2 to 10. The hydrodynamic diameter was
measured in PBS (phosphate buffered saline) buffer at
pH = 7.4. Ultraviolet-visible (UV-Vis) absorption spectra
were acquired using a Cary 60 UV-Vis spectrophotometer
Agilent.

Synthesis of the ammonium carboxylate-substituted pillar[5]
arene salt (CP[5]A)

The synthesis of water-soluble ammonium carboxylate-
substituted pillar[S]arene salt (CP[5]A) was carried out in
five steps following a procedure described in the literature®'*
with modifications (Scheme S1, Supplementary Information
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(SD) section). Briefly, under stirring in an inert atmosphere,
paraformaldehyde (44.9 mmol) and trifluoride diethyl
etherate (14.68 mmol) was added to a 1,4-dimethoxybenzene
(14.48 mmol) solution in 1,2-dichloroethane (30 mL). Then,
the solution was poured in MeOH and the solid formed
collected by filtration, yielding 92% of compound 1 as a
yellowish solid after purification. A solution of compound 1
(1.83 mmol) and boron tribromide (89.28 mmol) in dry
CH,CI, was stirred under an inert atmosphere and at room
temperature for 4 days, then H,O was poured to the reaction
mixture and left under stirring for additional 3 days. The
solid formed was collected by filtration, washed with H,O
and dried under vacuum to yield compound 2 (90%) as a
white solid after purification. To a mixture of compound 2
(1.65 mmol) and K,CO; (20.97 mmol) in CH,CN, KI
(30 mg) and ethyl bromoacetate (17.67 mmol) were added
and the reaction mixture was left under reflux for 15 h.
The mixture was filtered, concentrated under vacuum, and
the residue purified by crystallization, yielding 41% of
compound 3. To a solution of compound 3 (6.93 mmol) in
EtOH, an aqueous solution NaOH (40%) was added, and
the reaction was stirred under reflux for 10 h. The mixture
was concentrated under vacuum and dissolved in H,O. Then
HCI was added and the resulting solid collected, washed
with H,0, and dried under vacuum to yield compound 4
(P[5]A, 55%). A solution of 4 (0.168 mmol) in H,O was
stirred with NH,OH for 5 h. The mixture was concentrated
under vacuum and the final product, CP[5]A, obtained in
100% yield as a yellow solid. ATR-FTIR v / cm™ 1571,
1497, 1429, 1399, 1330, 1198, 1063; '"H NMR (500 MHz,
D,0) d 6.73 (s, 10H, Ar-H), 4.28 (s, 20H, CH,), 3.84 (s,
10H, CH,); *C NMR (125 MHz, D,0) 6 177.07, 129.45,
128.8, 115.06, 67.81, 29.40.

Preparation of magnetic nanoparticles (MNP)

Magnetic nanoparticles (MNP) were synthesized by
Massart method with minor modifications, followed by
a nitric acid treatment to achieve maghemite phase.!*>*
Briefly, under N, atmosphere an aqueous solution containing
both FeCl,.4H,0 (50 mL, 0.33 mol L') and FeCl, (50 mL,
0.66 mol L") were added to an aqueous NH,OH solution
(450 mL, 30%) under vigorous mechanical stirring. The
reaction mixture remained under N, atmosphere for 1 h
at 90 °C. Then, the black solid was separated from the
solution using a magnet and washed with distilled water
until pH = 7.0. The nanoparticles were oxidized to obtain
the maghemite phase by treating the resulting solid with
HNO; (300 mL, 2 mol L) under mechanical stirring during
15 min. The supernatant was removed and a solution of
Fe(NO,), (75 mL, 1 mol L") was added to the nanoparticles.
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After 30 min under reflux, the supernatant was removed and
another aliquot of HNO, (300 mL, 2 mol L) was added and
the mixture remained under stirring for further 15 min. The
nanoparticles were isolated using magnetic decantation,
washed with acetone (4x), and dried under vacuum (8 h)
to yield a brownish solid (3.67 g) named MNP.

Preparation of the MNP-CP[5]A

The MNP surface was functionalized with CP[5]A
based on a procedure described in the literature with
modifications.' The magnetic nanoparticles (0.8 g) were
dispersed in deionized water (96 mL) using an ultrasound
bath for 15 min, then HCI (0.4 mL, 12 mol L") was added
up to pH = 2.0. The dispersion was mechanically stirred
and then ammonium carboxylate-substituted CP[5]A salt
(0.48 mmol) dissolved in deionized water was quickly
added in one portion to the suspension. After 72 h of stirring
at RT, the brownish solid was collected with a magnet,
washed with distilled water up to pH = 7.0, and purified
using a dialysis bag of cellulose membrane (14 kDa, Sigma-
Aldrich). The final product was dried under vacuum for 8 h
and named MNP-CP[5]A (1.1 g).

Magnetic hyperthermia capability of MNP-CP[5]A

The capacity of MNP-CP[5]A to generate heat
(magnetic hyperthermia) in an AMF was investigated using
a magnetic hyperthermia induction system (Nanoscale
Biomagnetics DM2-s53) equipped with vacuum shield
as thermal insulation and an optic fiber temperature
probe. The nanoparticles were placed in a 2 mL vial
sample holder containing PBS buffer (pH = 7.4), and their
final concentrations were 1, 5, 10, 15, and 20 mg mL".
After the introduction of each vial on the middle of the
instrument coil, the samples were subjected to AMF at fixed
frequency (f) of 307 kHz and field amplitude (H) of 200 Oe
during 50 min. The heating temperature was detected and
plotted against time.

Interaction between DOX and CP[5]A

'H NMR spectrum of an equimolar (2.45 pmol) mixture
of CP[5]A and DOX were recorded in D,O (700 uL) at RT.
The stoichiometry of the interaction between CP[5]A and
DOX was evaluated by the method of continuous variation
(Job plot), through UV-Vis spectroscopy data. The UV-Vis
experiments were carried out by mixing different volumes
of two aqueous solutions of CP[S]A and DOX in the same
concentrations ([CP[5]A] = [DOX] = 3 x 10° mol L).
The mixture of both solutions was carried out keeping the
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same final volume in the quartz cuvette (3 mL). The molar
proportion between the two compounds changed from O to 1.

DOX loading of MNP-CP[5]A

MNP-CP[5]A (0.100 g) dispersed in 80 mL of a DOX
water solution (0.0175 mg mL™") light-protected was
gently shaken (100 rpm) for 24 h at RT. After this period,
MNP-CP[5]A was collected using a magnet and the excess
of DOX was removed from the solid through several
washing steps. The solid was dried under vacuum at RT for
8 h, yielding MNP-CP[5]A-DOX. The supernatants were
collected to calculate drug-loading efficiency. The amount
of DOX loaded into MNP-CP[5]A-DOX was determined
using the DOX standard curve from the difference between
the initial DOX concentration (0.0175 mg mL™") in solution
and the remaining DOX concentration in the supernatant
after a period of 24 h in contact with the MNP-CP[5]A
plus washing waters. DOX standard curve was constructed
according to the measurement of series of concentrations
of DOX solutions in water (1, 10, 20, 30, 40, 50 mg L")
at A = 483 nm (Figure S7, SI section). The calculated
amount of DOX loaded in the nanocarrier was 9.5 mg g''.
DOX-loading efficiency was calculated using equation 2
where Mpoy | o.aeq 1S the mass of DOX in the nanocarrier
after loading and mpqy_j 1S the initial mass of DOX used.
The DOX-loading efficiency for MNP-CP[5]A-DOX was
68%.

DOX-loading efficiency (%) = Mpoy 1 oatea / Mpox.mmiga X 100 (2)

DOX release behavior as function of temperature without
AMF application

The experiments were carried out at 37 °C (body
temperature) and 45 °C (hyperthermia temperature) at
physiological pH (7.4). MNP-CP[5]A (15 mg) was placed
in a quartz cuvette containing 1 mL of PBS buffer and the
dispersed nanoparticles were decanted using a magnet.
Then, the cuvette was introduced into the preheated
thermoelectric controlled cuvette holder of the UV-Vis
spectrophotometer, at 37 or 45 °C. A spectrum was acquired
every 10 min during 50 min.

DOX release behavior of MNP-CP[5]A-DOX in an AMF

A glass vial containing a dispersion of 15 mg of
MNP-CP[5]A-DOX in PBS buffer (1 mL, pH 7.4) was
introduced in the magnetic induction heating instrument
(Nanoscale Biomagnetics DM2-s53). After stabilization
of the internal temperature (23-25 °C), the samples were
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submitted to an AMF with frequency (f) of 307 kHz and field
amplitude (H) of 200 Oe for 0, 10, 20, 30, 40, and 50 min
until reaching the temperature of 45 + 1 °C (hyperthermia
temperature). Then, the temperature remained constant by
controlling the field amplitude (H). The nanoparticles were
magnetically decanted, and the supernatant was collected
and analyzed by UV-Vis spectroscopy.

Results and Discussion
Synthesis and characterization of MNP-CP[5]A

CP[5]A was synthesized in five steps (Scheme S1, SI
section).’'> 1,4-Dimethoxybenzene (1), a hydroquinone
derivative, was cyclized by reacting with paraformaldehyde
in the presence of a Lewis acid BF,-OEt,, and the
solvent 1,2-dichloroethane as template. Then,
dimethoxypillar[5]arene (2) was O-demethylated with
boron tribromide, and the pillar[5S]arene (3) reacted with
ethyl bromoacetate through S\2 reaction to obtain the
ester pillar[S]arene (4). The carboxylic acid pillar[5]arene
(5) was obtained after refluxing it with NaOH aqueous
solution followed by an acidification reaction. Finally, the
reaction of (5) with NH,OH provided the water-soluble
ammonium carboxylate-substituted pillar[5]arene salt,
CP[5]A (6). 'H and '*C NMR spectra of CP[5]A in D,O
confirmed the formation of the macrocycle (Figures S1
and S2, SI section).

Superparamagnetic magnetite nanoparticles were
prepared by coprecipitation employing Massart method*
followed by nitric acid treatment to obtain maghemite
phase, which is more stable than magnetite at ambient
conditions.” In addition, the acid treatment was carried
out because the functionalization process with CP[5]A
was better succeeded under acid conditions (pH = 2),
which certainly would oxidize and change the nanoparticle
surface during the functionalization process. Therefore,
the nanoparticles were subjected to a previous controlled
oxidation.

The ATR-FTIR spectra of MNP, CP[5]A and
MNP-CP[5]A are depicted in Figure 1. In the MNP
spectrum, the broad band at 3200-3550 cm™! region and the
intense band at 1615 cm™ are associated to OH groups and
water present on the surface of MNP, whereas the bands
in the range of 1300-1255 cm™! are of nitrate anions from
the acid treatment. The intense bands at 623 and 529 cm’!
are related to the stretching vibrations of Fe—O bonds of
maghemite bulk." These bands were also observed in the
MNP-CP[5]A spectrum. The grafting of CP[5]A onto MNP
was confirmed by the bands at 1715, 1608, and 1400 cm’',
which are assigned to v(C=0O0H), v(C=00") and
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V(C-00),,, stretching vibrations, respectively. The bands
associated to nitrate anions disappeared in the spectrum of
MNP-CP[5]A, indicating these groups were replaced by
the carboxylate groups of CP[5]A. The band at 1715 cm!
indicates some CP[5]A remains in the acid form due to
acid pH used in the synthesis. However, a displacement
(AVc.oog = 5 cm™) of this band in comparison to carbonyl
band at 1720 cm of acid pillar[5]arene (P[5]A, Figure S3,
SI section) indicates the acid groups of P[5]A might be
coordinated to Fe™ ion.>
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Figure 1. ATR-FTIR spectra of MNP-CP[5]A and its precursors.

Thermogravimetric analyses (TGA) exhibit two
main decomposition steps for MNP-CP[5]A and its
precursors (Figure S4, SI section). The initial weight loss
at approximately 100 °C may be related to elimination of
adsorbed solvent molecules on the surface of all materials.
The second weight loss for MNP, CP[5]A and MNP-CP[5]A
was 7.3, 34.2, and 67.6% at temperatures ranging from 100
to 600 °C. This second weight loss for MNP-CP[5]A starts
at approximately 150 °C due to decomposition of CP[S]A
molecules. From TGA results, the calculated amount of
CP[5]A anchored onto the surface of MNP was 0.27 mg
of CP[5]A per mg of MNP-CP[5]A. Therefore, CP[S]A
was successfully grafted onto MNP surface.

Powder X-ray diffraction (PXRD) patterns of MNP and
MNP-CP[5]A are shown in Figure 2. We would expect the
formation of maghemite phase due to the oxidation process
of the MNP with nitric acid. However, because PXRD
patterns of maghemite (y-Fe,O,;, JCPDS 39-1346) and
magnetite (Fe;O,, JCPDS 19-629) phases are very similar
we cannot discharge the formation of both phases in the
materials. PXRD also shows the MNP does not undergo
relevant changes in its crystallinity after CP[5]A coating.
Using Scherrer’s equation 1, the calculated crystallite
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sizes of the nanoparticles were 11 nm for both MNP and
MNP-CP[5]A.

—— MNP-CP[5]A
—— MNP

—— JCPDS 88-0315
—— JCPDS 39-1346

Intensity / a.u.

20 40 60 80
26/ degree
Figure 2. PXRD of MNP-CP[5]A and MNP.

TEM images (Figures 3 and S5, SI section) show a
spherical shape and uniform size distribution of MNP
and MNP-CP[5]A. The particle size distribution (PSD)
is centered at 12 and 13 nm for MNP and MNP-CP[5]A,
respectively, therefore, no significant size distribution
changes were detected after coating MNP with CP[S]A
molecules.

Figure 4 shows the magnetic characterization for
MNP and MNP-CP[5]A performed at RT. The inset in
Figure 4 shows the magnetization at zero magnetic field is
lower than the instrument accuracy at zero magnetic field
accuracy. Therefore, the absence of hysteresis, coercivity
and remnant magnetization indicate the superparamagnetic
nature of the materials at T = 300 K. The saturation value
of the magnetization at this temperature corresponds
to approximately 42.4 and 25.8 emu g' for MNP and
MNP-CPI[5]A, respectively, confirming both materials are
mostly composed by maghemite.”” The lower saturation
value of the magnetization for MNP-CP[5]A compared
to MNP is due to the presence of CP[5S]A as an organic
diamagnetic matter.

{-Potential of MNP-CP[5]A and MNP was measured
to evaluate the surface modification of the magnetic
nanoparticles after coating with CP[5]A as well the colloidal
stability of the materials as function of pH (2-10). The
experiments were carried out using the same concentration
of both materials (0.075 mg mL-"). From Figure 5,
the values of {-potentials for both materials decrease
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Figure 3. TEM image and particle size distribution of MNP-CP[5]A.

with increasing pH (> 8) due to the deprotonation of
hydroxyl and carboxyl groups of MNP and MNP-CP[5]A,
respectively. In contrast, upon acidification of MNP
dispersion (black curve) (pH < 7), {-potential increased
and reached positive values (+30 mV at pH = 2), most
likely because of protonation of the hydroxyl groups
present on MNP surface. The same tendency is observed
for MNP-CP[5]A (blue curve) at pH < 7, in which
{-potential values increased with decreasing pH values
due to protonation of the carboxyl groups of CP[5]A.
However, for MNP-CP[5]A, {-potential is negative in
all acid pH range measured (—15 mV at pH = 2.4). The
negative nature of MNP-CP[5]A in acid medium can be
attributed to the high amount of carboxylate groups of
CP[5]A grafted on MNP surface, decreasing the pH of
the isoelectric point of MNPs.%%%%° {_potential values
at pH = 7.4 for MNP and MNP-CP[5]A are +0.46, and
—44.48 mV, respectively. The isoelectric point (IEP)
for the bare MNP is 7.5, therefore, very close to 7.4,
which means this material is an unstable colloid at
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Figure 4. Field dependence of the magnetization at 300 K for MNP and
MNP-CP[5]A. The inset figure shows a magnification around zero field
at the same temperature.

physiological conditions. MNP-CP[5]A, however, shows
highly negative value of {-potential at pH = 7.4, which
is desirable for biomedical applications because there is
no nanoparticle aggregation at physiological conditions.
The average hydrodynamic diameter obtained from
dynamic light scattering (DLS) measurements at pH = 7.4
decreases from 898 nm for the bare MNP to 248 nm
for MNP-CP[5]A (Figure S6, SI section) confirming,
therefore, coating the SPIONs with CP[5]A decreases
particle aggregation, corroborating the results obtained
by {-potential measurements.

30 = VNP
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©
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Figure 5. {-Potential of the nanocarrier MNP-CP[5]A and MNP.

Concentration-dependent heating of MNP-CP[5]A in an
AMF

To verify the potential use of MNP-CP[5]A as a
magnetic hyperthermia induced agent, we investigated the
magnetic heating capacity as function of the MNP-CP[5]A
concentration in PBS buffer. Figure 6 shows the results
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of heating capacity for several concentrations under
the same conditions of magnetic field, i.e., 200 Oe
of amplitude and with a frequency of 307 kHz. It
is worth to note that field strength and frequency
product was 4.9 x 10° A m"' s, which is considered
safe to be used in physiological applications.®® For
concentrations of 10, 15, and 20 mg mL"!' of MNP-CP[5]A,
it takes 25, 12, and 8 min to reach the hyperthermia
temperature of 45 °C, respectively (Figure 6). For the
concentrations of 1 and 5 mg mL"' of MNP-CP[5S]A,
the dispersions did not reach the temperature of 45 °C,
even for the longest acquisition time (50 min).

l— 1mgmL™”
[y — mg mL”’!
1——10mg mL’!
i -1
O 60415 mg mL
3 1——20mgm L
5 50
© 8 min_/A2 min 25 min/—
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Figure 6. Magnetic heating efficiency study of the nanocarrier MNP-CP[5]A
(PBS buffer, pH = 7.4) in different concentrations.

From the magnetic heating efficiency results shown in
Figure 6 it is possible to calculate the specific absorption
rate (SAR) of the MNP-CP[5]A agent. The SAR is the
magnetic energy converted into heat, normalized by both,
the time and the mass of the magnetic nanoparticles, during
the hyperthermia essays.®' The SAR depends on the size,
shape, saturation of magnetization, concentration, and
interparticle magnetic interaction in the dispersion.®> To
calculate the SAR of the samples it was considered the
initial slope method:

SAR = (mynp Cyne + my Cp/myyyp) X (dT/dE) (3

where my,, and m; are the mass (kg) of the nanoparticles
and of the liquid, respectively; Cyp and C, are the specific
heat (J kg' K') of the nanoparticles and the liquid; and
dT/dt is the initial slope of the temperature versus time
curve (Figure 6), which is the temperature increase per
time (K s7).% The dT/dt values (Figure 6) used for SAR
calculation were: 0.020 K s (5 mg mL"), 0.043 K s’!
(10 mg mL"), 0.048 K s (15 mg mL"), and 0.075 K s!
(20 mg mL™").
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The SAR is linearly dependent on the frequency (f) and
quadratically dependent on the field amplitude (H) of the
AMF applied. To compare heating efficiency at different
experimental conditions of amplitude and frequency of
the magnetic field, intrinsic loss power (ILP) quantities
were also calculated. ILP parameter allows a more suitable
comparison than SAR of the results obtained in this work
to the ones reported in the literature,* because ILP is an
intrinsic quantity. ILP (in nH m? kg ') values were calculated
using equation 4:1°

ILP = SAR/fH? )

The calculated SAR and ILP values are displayed
in Figure 7. SAR values decrease with increasing
concentration of MNP-CP[5]A. According to Deatsch and
Evans,® the concentrations of MNP in the dispersions can
drastically affect the two main microscopy heating process,
namely Brown and Néel relaxations times. The authors
argue that in high concentration range of MNP, due to the
decrease in the mean interparticle distances, some collective
effects take place. One of them is the increase of dipolar
interparticle interaction, as the interparticles mean distance
decreases, which affects the magnetic anisotropy of the
system, therefore, changing the Néel relaxation time.%>
In addition, as the nanoparticles get closer to each other
agglomeration can occur, increasing Brown relaxation
process substantially. Therefore, because SAR decreases
with increasing concentration of MNP-CP[5]A, we suggest
that most likely the total relaxation time is increasing.%
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Figure 7. Specific absorption rate (SAR) and intrinsic loss power
(ILP) values for MNP-CP[5]A dispersed in PBS buffer in different
concentrations (5, 10, 15, 20 mg mL™!).

The calculated ILP values for MNP-CP[5]A ranged
from 0.8 to 1.2 nH m? kg™!' depending on the concentration
of the nanoparticles (Figure 7). The ILP values reported in
the literature®” for commercial colloids of iron nanoparticles
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(ferrofluid) are in the range of 0.2 to 3.1 nH m? kg"'.
Therefore, the obtained values for MNP-CP[5]A synthesized
in this work are very suitable for a possible application of
this nanoplatform as a hyperthermia agent.

Investigation of DOXcCP[5]A interaction

'H NMR spectroscopy experiments were carried out
to investigate the interaction between CP[5]A and DOX
(DOXcCP[5]A), Figure 8. The spectra of pure DOX®
and CP[5]A were also included in Figure 8. On addition
of equimolar amount of DOX (2.45 pumol) to a solution
of CP[5]A (2.45 umol) in D,0, broadening of the signals
occurred indicating the presence of more than one species
undergoing slow exchange on the 'H NMR time scale
(Figure 8b). The resonances for the hydrogens H,, H,, H,,
and H;in DOX were shifted downfield from 7.71,7.52,7.44,
and 5.50 ppm to 7.95, 7.66, and 5.73 ppm, respectively,
indicating interaction with CP[5]A. The chemical shifts of
all the other hydrogen atoms in both the DOX and CP[5]A
in the DOXcCP[5]A changed dramatically as well.

To investigate the stoichiometry of this interaction, a
Job plot, a method of continuous variation, was employed
using UV-Vis spectroscopy (Figure 9) by monitoring the
intensity of the electronic absorption band of DOX at
A =483 nm at different molar fractions of the components
(Figure 9b). Figure 9 shows two isosbestic points, in
which the absorption intensity at 228 and 277 nm is
constant throughout the experiment. The presence of
isosbestic points is good evidence for the conversion of free
components (DOX and CP[5]A) into complex DOXcCP[5]
A. The maximum point in Job plot curve at 0.5 indicates
a 1:1 binding stoichiometry between CP[5]A and DOX.
Furthermore, the parabolic shape of the plot indicates an
evenly distributed equilibrium.”

DOX release from MNP-CP[5]A

DOX loading efficiency in the nanocarrier
MNP-CP[5]A-DOX was 68% with a loading capacity of
9.5 mg g' of MNP-CP[5]A nanoparticles, which is ten times
higher than the one obtained by our group in a previous
work?* using magnetic nanoparticles functionalized with
B-cyclodextrin (MNP-BCD) loaded with DOX, e.g.
0.81 mg g! of MNP-BCD nanoparticles. DOX release
studies in PBS buffer (pH = 7.4) were conducted in different
temperatures to evaluate the efficiency of AMF stimulus
(Figure 10). The experiments were carried out at 37 °C
(body temperature) and 45 °C (hyperthermia temperature)
without AMF application using a thermostatic cuvette to
control the temperature of the dispersions. Also, DOX
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Figure 8. '"H NMR spectra (25 °C, 500 MHz, D,0) of (a) pure DOX (3.5 mmol L'); (b) DOXcCP[5]A (1:1) (3.5 mmol L'!); and (c) pure CP[5]A (3.5 mmol L™).
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Figure 9. (a) UV-Vis spectra of mixtures of two different volumes of CP[5]A and DOX water solutions ([CP[5]A]=[DOX] =3 x 10~ mol L) at RT; (b) Job
plot of DOXcCP[5]A complex obtained from the UV-Vis data of Figure 9a.

release studies were carried out in an AMF at45 °Cin PBS
buffer (pH = 7.4).

In the absence of AMF, DOX release is low (Figure 10),
reaching an amount of 1.8 uyg mL"! (1.9%) and 3.3 pg mL"!
(2.3%) at 37 and 45 °C within 50 min, respectively.
However, DOX release increased to 8.2 ug mL"' (5.7%)
within 50 min in an AMF.

In an AMF the temperature increase of
MNP-CP[5]A-DOX dispersion is due to Néel and Brown
relaxation processes, in which the interaction of the
magnetic moments of the nanoparticles with the alternating
magnetic field generates thermal energy.**% Because DOX
is interacting through supramolecular interactions with
CP[5]A, DOX release may be related to Brown relaxation
process,** in which the heating is generated by the friction

6] —=—PH =7.4 (45 °C - AMF)
—e— pH = 7.4 (45 °C - without AMF)
1 pH = 7.4 (37 °C - without AMF)

Cumulative Dox Release / %
w

0 10 20 30 40 50
Time / min

Figure 10. DOX release profile for MNP-CP[5]A-DOX in PBS buffer
(pH = 7.4) in the presence and absence of an AMF as a function of time.
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between the MNP surface and the medium. This ultimately
will decrease DOX interaction with CP[5]A and DOX is
released.

Although the percentage of DOX released in the AMF is
low (5.7%) relative to the total percentage of DOX loaded
in MNP-CP[5]A-DOX, in terms of concentration, however,
it corresponds to 0.0141 mmol L'. This concentration is
compatible to the IC, (drug concentration required to
inhibit cell growth by 50%) of various types of cancer
cell lines in which DOX is used (Table 1). Therefore, the
result of DOX release in an AMF from the nanocarrier
MNP-CP[5]A-DOX indicates this material can be applied
as a potential candidate for chemo-hyperthermia therapy.

Table 1. IC,, for different doxorubicin responsive cell lines

Cell line Tissue sub-type ICyy* / (mmol L)
KGN ovary 0.00616
SUP-B15 lymphoblastic, leukemia 0.00745
MCF7 breast 0.00984
DU-4475 breast 0.00966
ESS-1 endometrium 0.011
786-0 kidney 0.0112
PA-1 ovary 0.0117
MV-4-11 leukemia 0.0117

“The conditions employed to determine IC, (drug concentration required
to inhibit cell growth by 50%) values were obtained from reference 71.

Conclusions

In summary, the design, synthesis, characterization, and
operation of a nanodevice based on magnetic nanoparticles
coated with carboxylate-substituted pillar[5]arene (CP[5]A)
aiming target chemo-hyperthermia therapy were investigated.
Superparamagnetic nanoparticles of 12 nm (TEM) were
successfully obtained by the coprecipitation method. The
surface modification of MNPs with CP[5]A improved the
colloidal stability of the MNPs. Moreover, from Job plot,
CP[5]A can interact with DOX in water forming a complex
DOXcCP[5]A in 1:1 binding stoichiometry. MNP-CP[5]A
showed high DOX loading and magnetic heating capacities.

The temperature increase by using different heating
sources, e.g. thermoelectric or alternating magnetic field
stimuli, can trigger DOX release from the nanocarrier.
However, the amount of DOX release at 45 °C using
AMF stimulus is two and a half times higher than in the
absence of AMF in the same temperature. Improvement
of DOX release in AMF occurs mainly due to the friction
between the surface of the loaded nanocarrier and the
solution (Brown relaxation process), which will increase
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the temperature of the solution (magnetic hyperthermia
process) weakening the binding between the pillar[5]arene
and the drug. In addition, MNP-CP[5]A-DOX displayed
an amount of DOX release compatible with ICs, of many
kinds of cancer cells. Therefore, MNP-CP[5]A-DOX can
be considered a potential drug delivery system.

Supplementary Information

Supplementary information (CP[5]A synthesis scheme,
'H and 3C NMR CP[5]A data, ATR-FTIR spectra of
P[5]A and MNP-CP[5]A, thermogravimetric analysis
MNP-CP[5]A, TEM and PSD of MNP, DLS measurements
of MNP and MNP-CP[5]A, and calibration curves of DOX
in water and PBS buffer) is available free of charge at
http://jbcs.sbq.org.br as PDF file.
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