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Evaluation of a chloroaluminium phthalocyanine-
loaded magnetic hanoemulsion as a drug delivery
device to treat glioblastoma using hyperthermia
and photodynamic therapy+

L. B. de Paula,® F. L. Primo,® M. R. Pinto,® P. C. Morais® and A. C. Tedesco*?

This study reports the production of magnetic nanoemulsions (MNEs) loaded with citrate-coated
maghemite nanoparticles (0.15 x 10® or 1.50 x 10'® particle per mL) and chloroaluminum-
phthalocyanine (0.05 mg mL™Y). Using different cell line models (BM-MSC, U87MG, and T98G) an in vitro
test was performed to assess the cell viability while incubating the cells with the two prepared
formulations, before and after performing hyperthermia (HPT: 1 MHz frequency, 40 Oe magnetic field
amplitude) and photodynamic therapy (PDT at 670 nm wavelength, 700 mJ cm™2 energy density). We
found from all cell lines that under the HPT treatment the cell viability reduction has averaged 15%,
regardless the magnetic nanoparticle content within the MNE. Using both MNE formulation (0.15 x 10*°
or 1.54 x 10'® magnetic particle per mL) and applying only PDT light treatment we reach an average
decrease of 52%. However, a total reduction of about 70% was found while combining the HPT and PDT
treatments. Confocal studies clearly indicated the cytoplasm localization and active site of the drug
delivery device. Therefore, the combined treatment of HPT and PDT represents a promising paradigm
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Introduction

Brain tumors known as glioma are the most common
neoplasms found in the central nervous system (CNS) of adults.
According to the World Health Organization, the tumor classi-
fied as glioblastoma multiforme (GBM) is the most aggressive
and common type of glioma.* Some distinct features of GBM are
the atypical nucleus, rapid growth, microvascular proliferation,
necrosis, genetic instability and resistance to chemotherapeutic
agents,” all of which may lead to unfavorable prognosis and an
average survival of approximately one year for all affected
patients.”> GBM is associated with uncontrolled cell prolifera-
tion, remarkable invasiveness and multiple genetic alterations,

“Department of Chemistry, Center of Nanotechnology and Tissue Engineering -
Photobiology and Photomedicine Research Group, Faculty of Philosophy, Science
and Letters of Ribeirdo Preto, University of Sdo Paulo, 14040-901 Ribeirdo Preto,
SP, Brazil. E-mail: atedesco@usp.br

S@o Paulo State University (UNESP), School of Pharmaceutical Sciences, 14801-903,
Araraquara-SP, Brazil. E-mail: flprimo@fcfar.unesp.br

‘Department of Chemistry, Laboratory of Enzymology, Faculty of Philosophy, Science
and Letters of Ribeirdo Preto, University of Sao Paulo, 14040-901 Ribeirdo Preto,
SP, Brazil

“Institute of Physics, University of Brasilia, 70910-900 Brasilia, DF, Brazil

‘College of Chemistry and Chemical Engineering, Anhui University, 230601 Hefei,
China

T Electronic  supplementary
10.1039/c6ra26105a

information  (ESI) available. See DOIL

This journal is © The Royal Society of Chemistry 2017

for brain cancer intervention, such as glioblastoma.

so any alternative treatment is leading to eradicate GMB is
desirable.®* However, as the poor survival rate indicates, radio-
therapy and chemotherapy (temozolomide - TMZ) treatments
have not been effective in preventing disease progression.
Standard care treatment of tumors such as glioblastoma
includes maximal surgical resection of the tumor followed by
radiotherapy and chemotherapy (TMZ). At the same time,
neoplasms with abnormal cells not infiltrating the adjacent
CNS tissue can represent a risk to patients, as they are difficult
to treat and also proliferate very quickly.' The therapeutic
approach adopted to treat newly diagnosed malignant gliomas
has mostly remained unchanged for decades, consisting of
surgical removal of the tumor mass (as much as possible) fol-
lowed by concomitant radiotherapy and chemotherapy.
However, glioma cells have exhibited resistance to radiation
and chemotherapy,” not to mention that low tumor tissue
selectivity and blood-brain barrier (BBB) perfusion have limited
glioblastoma chemotherapy.®* We demonstrated the application
of our nanocarriers would then surgical resection followed by
the combination of hyperthermia and photodynamic therapy.
Thus, ensure minimal loss of healthy tissue and preserve the
patient's life.

In a brain cancer tumor, cancer stem cells (CSCs) represent
a small fraction of the total cancer cell population.® The CSCs
represent a unique subset of tumor cells thought to play a crit-
ical role in the initiation and progression of carcinogenesis.”
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This subset of CSCs has subsequently been shown to express
consistent proliferation, self-renewal, and differentiation char-
acteristics.® Due to their unique replicative characteristics, the
CSCs are broadly hypothesized to initiate and drive tumor
growth and recurrence, while other non-CSC bulk tumor cells
are largely incapable of such extended expansion.” Since the
initial studies proposing the presence of this unique subpopu-
lation some reports have subsequently demonstrated the pres-
ence of CSCs responsible for tumorigenesis in various
malignancies such as breast, colon, ovarian, pancreatic, mela-
noma, multiple myeloma and brain cancers.® Studies have
suggested similarities of CD133+ CSC with the proneural
subtype and of CD133 CSC with the mesenchymal subtype.'®
Additionally, studies have shown that a small population of
CSCs accounts for tumor/glioma growth, resistance, and
recurrence.>*® Development of specific therapies addressed to
target the CSCs creates the possibility of improving cancer
patient's survival and quality of life.*® Many strategies have
been developed to overcome the therapeutics difficulties,
among them drug delivery nanosystems have been produced to
target therapeutic agents and improve their biodistribution and
therapeutic index in the tumor. These new material systems
include a polymer or lipid-based carriers such as liposomes,
polymeric nanospheres and nanocapsules, micelles and den-
drimers, and inorganic nanomaterials.™

Cancer treatment and diagnosis based on nanotechnology
approaches have revolutionized conventional medicine in the
past few years."** Theranostic drugs have gained prominence
in many procedures, allowing for both diagnosis and treatment
of neoplastic diseases." In this scenario, nanoparticles (NPs)
and in particular nanoemulsions (NEs), have the potential to
improve the therapeutic concentration of drugs in the target
tissue, thus increasing drug efficacy while reducing drug toxicity
and side effects and achieving steady-state drug therapeutic
levels over prolonged periods.*

NEs have unique properties such as small droplet size,
exceptional stability, transparent appearance and rheology.'®
NEs have been used in most forms of drug delivery for topical,
ocular, intravenous, internasal and oral delivery. Such applica-
tions assist in solvation process of water-insoluble drugs given
which NEs have a lipophilic nature. The new rheology proper-
ties of the NEs formulations help to formulate solutions
aqueous of different actives that can be easily delivered to
patient.’® NEs can be used as building blocks for the prepara-
tion of more complex materials due to their small size, high
stability and high surface area that allow the easy association of
a liquid-liquid surface with functional parts such as designer
macromolecules.” The method of preparation of nano-
emulsions with reproducible properties and small droplet sizes
seen being used as a low-energy process. The use of this process
has been a field of growing interest.*”*°

Low-energy methods make use of accessible phase transi-
tions occurring during the emulsification process as a result of
changes in surfactant film spontaneous curvature.'”*®* This
curvature transition has been achieved through different routes
described by four basic process: (a) partitioning of alcohol from
the oil to the aqueous phase or diffusion of water into the initial
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droplet, both producing a shift from lipophilic to hydrophilic
conditions; (b) chemical reactions which convert lipophilic
surfactants to hydrophilic surfactants;'”>** (c) a sudden
decrease of ionic strength with ionic surfactant systems'?>*
and (d) an increased hydration of poly(oxyethylene) chains of
PEOtype nonionic surfactants.” These processes of reversing the
spontaneous curvature water-in-oil to an oil-in-water configura-
tion reduce the solubility capacity of oil to such an extent that
supersaturation may occur, leading to oil droplets nucleation."”

Emulsion polymerization is perhaps the best-known example
in polymer synthesis where hydrophobic monomers contained
in droplets are polymerized to create polymeric particles. NEs
have been utilized extensively in polymer synthesis.'®

Multifunctional NPs**** aimed at tissue microenvironments
open new possibilities for basic research while help to under-
stand complex issues associated with tumor progression,
angiogenesis, and metastasis.”” However, the design principles
underlying nanotherapeutics and theranostic protocols remain
a challenge.™ Additionally, different mechanisms can fade out
or eliminate NPs, preventing them from reaching the target site
in the body. Moreover, these nanomaterials need to reach
tumors or cancer cells in circulation to perform their thera-
peutic function as an advanced drug delivery system, gene
therapy, or combined therapy system.” Combination therapy
which uses two or more kinds of drugs with different mecha-
nism of action has recently gained much attention as a new
trend in the field of nanomedicines.>

A promising strategy points to the use of surgical hyper-
thermia (HPT) protocols, being HPT a therapeutic procedure
that firstly exposes tumor sites to magnetic nanoparticles
(MNPs) for subsequent application of an external AC magnetic
field, the latter causing a small rise in the tumor temperature
(say 2 to 4 °C) triggering the cancer cell death by activating the
apoptotic pathway.”” The principle relies on the fact that small
changes in the cell tumor temperature can halt tumor
progression and destroy the tumor cells.?® At the cell membrane
level, HPT promotes changes that reduce transmembrane
transport and destabilize the membrane potential.>*>*°

Zaki et al. examined mechanisms of action of anticancer
silver and gold complexes were not DNA they act mainly by
targeting mitochondrial membrane of a cancer cell or by
inhibiting through thiol-containing proteins/enzymes, such as
thioredoxin reductase.*

The combination of HPT with radiation and anticancer
agents has been used clinically and has shown positive results
to a certain extent.*> To Ahmed et al. the clinical results of HPT
treatment alone have been only partially satisfactory. Cell death
following HPT treatment is a function of both temperature and
treatment duration.*

HPT is known to induce apoptosis in cancer cells.** Blocking
of this defense mechanism promotes aberrant cell proliferation
and accumulation of genetic defects, which eventually result in
tumorigenesis.”” In the apoptotic mechanism, the caspases
have central and essential functions. There are three pathways
for the activation of caspases: the intrinsic or mitochondrial
pathway, the extrinsic pathway or the death receptor, and the

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26105a

Open Access Article. Published on 30 January 2017. Downloaded on 1/27/2026 3:51:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

newly described but less understood endoplasmic reticulum
pathway.**

Although heat shock has been studied for decades, the
precise mechanism of HPT-induced apoptosis has not yet been
fully elucidated.*

Studies in a rat glioma model have successfully established
that HPT is safe and efficient.*® Indeed, the use of the HPT to
treat tumors like GBM may reduce tumor size and stop the-
progression of the GBM levels III and IV. This approach could
improve the way for safer surgical procedures to extract the
tumor mass within a more restricted area, thereby damaging the
surrounding healthy tissue minimally. Furthermore, with the
surgical field open (during surgery) the surrounding healthy
tissue, impregnated with photosensitizing (PS) molecules, could
be efficiently treated using photodynamic therapy (PDT). This
therapeutic approach involves three essential components,
namely a PS-drug (already impregnated into the tissue), exposure
the area to specific visible light, and oxygenation (usually O,
dissolved in the tissue) to activate the drug.*® The PDT pathways
would generate a cascade of events including apoptotic and
necrotic cell death in both the tumor and the neovasculature,
leading to a permanent lesion and destruction of the GBM cells
that remained in the healthy tissue.”® Dereski et al. found that the
effects were greater than additive when HPT was given post-
PDT.** Hyperthermic temperatures were found to inhibit repair
of sub-lethal damage thereby making hypoxic cells more sensi-
tive to PDT. Using a murine mammary adenocarcinoma model
Chen et al. showed that the combination of PDT and HPT
produced a synergetic tumor response.** Hirschberg et al
examined synergistic effects of 5-aminolevulinic acid-mediated
PDT and HPT concurrently on human and rat glioma spher-
oids.* The results showed that when administered separately
PDT and HPT were not very effective. However, concurrent
administration of the two treatment modalities (HPT and PDT)
resulted in significant toxicity enhancement. Therefore, we
envisage that the combination of these two approaches could
become a valuable tool to work synergistically to treat GBM with
minimal side effects. It could promote significant tumor regres-
sion while extending the lifetime of patients with a high level of
glioma progression. In this context, the present study describes
the development of an innovative magnetic nanoemulsion
loaded with citrate-coated maghemite nanoparticles and
chloroaluminum-phthalocyanine (Fig. 1) and the in vitro studies
using glioblastoma, bone marrow mesenchymal stem cells and
fibroblast murine cell lines while combining the use of HPT and

Organic phase
(ClAIPC)

Solvent
extraction

Magnetic fluid -
a

e

Emulsification

Fig. 1 Schematic representation of MNE/CIAIPc preparation.
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PDT therapies. Worth mentioning that citrate-coated maghemite
nanoparticles have been reported as biocompatible.*®

Furthermore, a preliminary in vitro test of magnetic nano-
emulsions loaded with citrate-coated iron oxide nanoparticles
and chloroaluminum-phthalocyanine using one cell line model
(human bone marrow stromal).”” However, in this preliminary
study the magnetic nanoemulsion was loaded with a very low
concentration of MNPs (0.15 to 1.50 x 10'® particle per mL),
which is three orders of magnitude lower than the present
report (0.15 to 1.50 x 10'° particle per mL). Finally, as described
in the next section, three different cell lines (BM-MSC, US7MG,
and T98G) were included the present study, including the
tumorigenic U§7MG, thus allowing a comprehensive evaluation
of the HPT and PDT therapies’ efficacy and their synergism.

Results and discussion

Nanoemulsification (o/w type) provides MNEs with superior
thermodynamic stability as pointed out by Primo et al. while
describing their physicochemical properties.”” The oil phase in
the NE's core offers an optimal chemical environment to host
phthalocyanine compounds with lipophilicity properties. The
NEs can also incorporate magnetic material at the desired final
concentration to produce MNEs precisely designed to perform
biological functions. Spectroscopy studies carried out under
steady-state condition showed ClAlPc absorption spectral
profiles almost unchanged after incorporation within the MNE/
ClAlPc samples (Fig. 2), in agreement with the picture of the
intramolecular interaction between the drug and the polymer
micro-heterogeneous environment of the formulation.” The
electrostatic repulsion between oil droplets explains the
enhanced colloidal stability of the as-produced samples while
preventing particle flocculation and coalescence.

Particle size analysis showed that all colloidal formulations
produced in the present study and containing NE/CIAlPc were
in the nanoscale size, with typical mean diameter around 220
+ 20 nm and size distribution value (PdI) of 0.25. TEM
micrographs of the NE/ClAlPc (0.025 mg mL™") sample

300 400 500 600 700 800
Wavelength. nm

Fluorescence

660 680 700 720 740
Wavelength, nm
Fig. 2 MNE/CIAIPc absorption spectrum in the UV-visible to 300-
800 nm range (A); and (B) MNE/CIAlPc fluorescence emission spec-
trum under excitation at 610 nm and emission at 675 nm (slits = 10
nm/ex, 10 nm/em; integral time = 0.1, 450 W).
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revealed approximate spherical shape with 250 nm mean
diameter (Fig. 3). Electrophoresis mobility measurements
allowed determination of the zeta potential with a mean value
of —56 mV. Formulations containing highly charged particles,
with positive or negative potential values (greater than +30 mV
or lower than —30 mV), are frequently acknowledged as stable.
The formulations were stored at 4 °C for 90 days. Our findings
demonstrate excellent physical and chemical stability of MNE
with a size less than 200 nm, exhibiting a narrow size distri-
bution (PI index less than 0.2) and the zeta potential higher
around |40| mV.

The LumiSizer® is a device that analyses these dispersions
and enables prediction of the stability (shelf life) of several
pharmaceutical formulations, such as suspensions and emul-
sions.”® Other researchers assessed a quite new method to
evaluate the colloidal dispersion of suspensions is through the
application of a centrifugal field. The analytical centrifuge is an
effortless and undemanding method that allows for estimating
the shelf life of suspensions A centrifuge field allows the
acceleration of the demixing phenomenon, evaluating the
change in concentration by detecting the transmission profiles
along the entire height of the sample.*® This technique can
measure the stability of formulations up to 2.300 times faster
than conventional tests.*®

ClAlPc nanocapsules formulations obtained from the facto-
rial design were submitted to storage stability test at 4 °C for
12 months. Both particle size and zeta potential as a function
of time were used as stability indices of colloidal systems during
this evaluation. These structural parameters of the particles are
closely associated with the onset of stability loss in dispersed
systems which may result in the following instability processes:
flocculation, creaming, molecular diffusive transfer (Ostwald
ripening), or coalescence.?®

The separation process of the nanoparticle systems was
previously evaluated by monitoring the changes in the profiles
caused by cremosity, sedimentation or flocculation. The trans-
mission profiles of empty formulations of NE/CIAIPc, not
associated and related to additives showed no substantial
changes in the transmission profiles as expected.®®

These results were indicating that the particles demonstrated
to be homogeneous over the entire experiment, and no

Fig. 3 Morphological analysis by TEM of NE/CIAIPc loaded at
0.025 mg mL~1. High-resolution at 70 kV and an increase of 44 000x.
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destabilization processes were observed. These results show the
formulations stability for a time period up to 6 months at 25 °C.

The in vitro studies herein described using the MNE/CIAlPc
samples rely on the BM-MSC, U87MG and T98G biological
models. Fig. 4 illustrates the BM-MSC, U87MG and T98G cells in
the typical confluent stage (three days culture). Cells display
plastic adherent properties under normal culture conditions
and show fibroblast-like morphology (Fig. 4A and B). Glioblas-
toma (U87MG and T98G) shows epithelial morphology (Fig. 4C-
F), which underlines its high level of aggressiveness a highly
malignant lesion with poor prognosis. GBMs are characterized
by rapid cell proliferation and aggressive invasion and destroy
of the surrounding healthy brain tissue.*” In our tests, we found
that the cells internalized the MNE/CIAIPc samples after 3 h
incubation at 37 °C.*”

The results in Fig. 5 indicated that the cell uptake was kept at
the cytoplasmic level only because of the MNE/CIAIPc homo-
geneous distribution after the incubation. PS localizing in
cytoplasmic or mitochondria generally leads to the loss of
membrane permeability and release of pro-apoptotic media-
tors.*' Cytotoxicity assay (MTT test)*> was conducted with the
MNE/CIAIPc samples at the two distinct MNP concentrations
(0.15 and 1.50 x 10'® particle per mL) while keeping fixed the
ClAlPc concentration (0.5 umol L™'). The results showed in
Fig. 6 reveal the biocompatibility of the nanomaterial and the
absence of cell death. In vitro studies based on magnetic tar-
geting have been widely applied in biological investigations
including cell separation and enrichment, gene transfection
and cell population detection assays.*

Muehlmann et al. also showed that ClAlPc internalization
into cancerous and non-cancerous cells occurred in the cytosol

BM-MSc

U87MG

T98G

Fig. 4 Morphology of the cell lines obtained by phase contrast
microscopy under a Carl Zeiss microscope. BM-MSc, U87MG and
T98G cell controls in a-MEM and DMEM/FBS 10% at 72 h stage (A, C
and E) 10x and (B, D and F) 20x.
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Phalloidin / CIAlPc DAPI / CIAIPc Merge

US7TMG

T98G

Fig. 5 Confocal laser scanning microscopy regarding the in vitro
uptake of the photosensitive drug in the nanocarrier (MNE/CIAIPc).
BM-MSC cells: GFP (green fluorescent protein) — expressed consti-
tutively, UB7MG and T98G cells: Alexa Fluor 488 phalloidin labeling of
actin filaments; DAPI (blue) — tagging nuclear; CIAlPc (red) — tagging
the NE/CIAIPc. Scale bar 10 pm.
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Fig. 6 Viability of the cells lines incubated with the as-produced MNE/
ClALPc in the absence of HPT and PDT. Ctrl — control (cells in medium
at 3% serum). There was no statistical difference in the experiment. All
data were expressed as the mean + SEM of three independent
experiments.

of the cells.* This finding may represent an advantage as it
could trigger the HPT or PDT process in organelles like lyso-
somes or mitochondria while protecting the nucleus or muta-
genic side effects in healthy cells. It would also generate
a particular mechanism of cell death* for the remaining cancer
cells thereby protecting healthy tissue after tumor removal.
Worth mentioning that in our protocol, we used HPT at the
same time we employed the nanocarrier containing the PS for
photoactivation, allowing to activate the PS-drug in step
following HPT optically. The magnetic mobility and heating
capability of magnetic nanoparticles can also help to trigger
cellular events in vivo,* thus inducing an active immunological
response that may enhance the outcome of the whole process.
The fact that HPT combined with PDT-induced MSC cell death
(CSCs cell type) reinforced the idea the MNE/CIAIPc formulation

This journal is © The Royal Society of Chemistry 2017
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is potentially applicable to treat glioblastoma while avoiding
negative results of CSC.° It is well established that MNPs induce
cancer cell death and destroy the tumor tissue, but studies on
the use of HPT therapy in brain gliomas are scarce.*® Recent
studies have shown that MNEs can also be utilized for the
controlled delivery of therapeutic agents.>”

Fig. 7 indicates the effect of HPT only and the combined
result of HPT and PDT therapies on the biological response of
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Fig. 7 Viability of cell lines incubated at 3 hours with different MNE
containing equal contents of encapsulated CIAIPc (0.5 mg mL™Y). Ctrl:
control (cells in 3% serum medium); (A) — Al: BM-MSc; A2: U87MG and
A3: T98G; HPT: hyperthermia treatment; HPT-1. 1 MHz/40 Oe +
sample containing 0.15 x 10'® magnetic nanoparticle per mL; HPT-2: 1
MHz/40 Oe + sample containing 1.54 x 106 magnetic nanoparticle per
mL. (B) — B1: BM-MSc; B2: U87MG and B3: T98G; only evaluation of
photodynamic therapy (700 mJ cm™2). (C) — C1: BM-MSc; C2: US7MG
and C3: T98G; PDT: photodynamic therapy (700 mJ cm~2); HPT-1 +
PDT: sample containing 0.15 x 106 magnetic nanoparticle per mL +
700 mJ cm~%; HPT-2 + PDT: sample containing 1.54 x 10 magnetic
nanoparticle per mL + 700 mJ cm™2. Statistical analysis was performed
by one-way analysis of variance (ANOVA) and Tukey test. All data were
expressed as the mean + SEM of three independent experiments.
Statistical significance for this study was considered at *p < 0.05.

RSC Adv., 2017, 7, 9115-9122 | 9119


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26105a

Open Access Article. Published on 30 January 2017. Downloaded on 1/27/2026 3:51:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

different cells. We found that while applying the HPT treatment
using the MNE/CIAIPc formulation the cell viability is slightly
reduced in all the biological models employed regardless the
MNP concentration, as shown in Fig. 7A (columns A1/HPT-1
and A1/HPT-2; A2/HPT-1 and A2/HPT-2; A3/HPT-1 and A3/
HPT-2). Differently, while using the MNE/CIAIPc formulation
(containing 0.15 x 10"® and 1.50 x 10'® magnetic particle per
mL) in the PDT treatment (see Fig. 7B) we found (compared to
the control group) an average 52% of cell death. There was no
significant difference compared between the two concentra-
tions of the formulation. Finally, compared with the data shown
in Fig. 7A and B the data illustrated in Fig. 7C clearly evidenced
the synergism of the combined HPT and PDT treatments,
revealing an increase of up to 70% in cell death. The results
have not been shown. However, the light only does not cause in
cell death. Silva et al. using the glioblastoma grade IV (U87MG)
cell line demonstrated that the laser irradiation did not result in
cell death.®® Despite the excellent synergism achieved while
combining HPT and PDT treatments we found that in the range
of our experiment, the therapeutic outcome did not depend
strongly upon the MNP content within the MNE/CIAlIPc samples
(see Fig. 7C). Nevertheless, the cell death increased on the basal
level of the control (BM-MSCs, U87MG, and T98G) while
increasing the MNP content within the MNE/CIAIPc samples
from 0.15 x 10® to 1.50 x 10° particle per mL. Compared with
the control (see Ctrl column in Fig. 7) and considering the
combined HPT and PDT treatments we found that the mito-
chondrial activity is strongly correlated with the activation of
cell death mechanisms. Moreover, the treatment of the assayed
cells with the MNE/CIAIPc samples enabled in vitro cell imaging
and monitoring of the MNE/CIAIPc uptake by the cell lines with
confocal microscopy while allowing simultaneous monitoring
of the magnetic material. The precise localization of the tumor
using the fluorescent properties of ClAlPc would guide not only
the surgical procedures but also allows the use of the PDT by
visible light activation to induce apoptotic and/or necrotic
action on the remaining glioma cells. Furthermore, in clinical
applications it also offers an extra safety margin after the
surgery, thus providing for instance a more comprehensive
brain cancer treatment. The approach regarding the combina-
tion of HPT and PDT, with its synergistic outcome, could be
more efficient in a successful treatment of glioblastoma.

Experimental
Magnetic nanoemulsions

Magnetic nanoemulsions (MNEs) loaded with magnetic nano-
particles (MNPs) plus photoactivated drugs, such as chlor-
oaluminum phthalocyanine (CIAlPc), were obtained through
a spontaneous emulsification process based on oil-in-water (o/
w) mixtures as described by Primo et al* which consists in
the formation of emulsification in two stages, initially by
the homogenization process by stirring the system, and subse-
quently reaching the final emulsification stage after removal
of the solvent under reduced pressure.”” The surface-
functionalized MNPs investigated in this study (citrate-coated
magnetite) were obtained by chemical condensation of
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aqueous ions (iron cations) in alkaline medium in a first step,
following surface-coating treatment with citric acid as described
in the literature.*® X-ray diffraction (XRD) data recorded from
the as-produced citrate-coated maghemite-based sample (not
shown here) confirmed the iron oxide phase (maghemite) and
revealed a mean particle size of 10.4 nm and have been exten-
sively used and previously characterize. Quantification of the
incorporated ClAlPc within the as-produced MNE/CIAlIPc
samples (nanoemulsions loaded with magnetic nanoparticle
plus chloroaluminum phthalocyanine).*”

In the o/w mixture the oil phase consisted of a mixed of
organic solvents (high purity grade) prepared from medium-
chain triglycerides at 0.75% m/v, natural soy phospholipids
(Lipoid S100, Lipid Co., Ribeirdo Preto, SP, Brazil) and the PS-
drug CIAIPc at 0.5 mg mL~" (Sigma-Aldrich Co., St. Louis, MO,
USA) while keeping the temperature set at 55 °C. Subsequently,
this organic solution was added into the aqueous phase con-
taining an anionic surfactant, poloxamer 188 (Sigma-Aldrich
Co., St. Louis, MO, USA) and different contents of MNPs (0.15
x 10'® or 1.50 x 10"® particle per mL) for each batch. In the last
step of the magnetic nanoemulsion (MNE/CIAIPc) preparation
the organic solvent was thoroughly removed by rota-evaporation
under reduced pressure, at 60 °C.

After preparation of the MNE/CIAIPc samples (0.15 x 10"° or
1.50 x 10'® MNP per mL) steady-state spectroscopic studies
were performed using the double beam Lambda 20 Perkin
Elmer spectrophotometer in the ultraviolet-visible (UV-VIS),
with an option for temperature control and magnetic stir-
ring.>” All optical spectra obtained in the photophysical studies
were exported and formatted using Igor-Pro® software (Wave-
metrics 3.16). To assess the mean hydrodynamic particle size,
size polydispersity index (PdI) and zeta potential the as-
produced MNE/CIAIPC samples were analyzed in the Zetasizer
model Nano ZS90 Malvern operating at 633 nm and set to detect
at a scattering angle of 90°.>”** The assessed data were
expressed as a mean =+ standard deviation from at least three
different batches of each formulation. The measurements were
performed at a constant pH of 7.1, as determined by the
instrument.

Morphological characteristics of the nanoemulsion

Morphological features of the as-prepared nanoemulsions were
evaluated by transmission electronic microscopy (TEM), using
a Morgagni 268E FEI instrument operating at 70 kV. First,
aliquots of the MNE/CIAIPC samples were prepared by ultra-
centrifugation at 20.000 rpm for 60 min and the pellets were
treated with cacodylate buffer at 1.0 mmol L™ *. The samples
were centrifuged again at 4.000 rpm and suspended in glutar-
aldehyde 2% and osmium 2%. Finally, the samples were fixed in
spurs and fractioned into microsections for TEM analysis.*® The
laminar material was deposited directly onto the microplates.

Cell cultures

The human mesenchymal stem cells derived from bone marrow
(BM-MSC) were cultivated in alpha-modified Minimum Essen-
tial Medium (a-MEM; Gibco BRL, USA). The human glioma cell

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26105a

Open Access Article. Published on 30 January 2017. Downloaded on 1/27/2026 3:51:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

lines (tumorigenic: U87MG and non-tumorigenic: T98G)
(American Type Culture Collection, ATCC, Manassas, VA) were
cultivated in Dulbecco’'s Modified Eagle's Medium-Low (DMEM-
LG; Gibco BRL, USA). All the cell lines were supplemented with
glutamine 2 mmol L™, penicillin 100 U mL ™", streptomycin
0.1 mg mL ™" and 10% fetal bovine serum (FBS; all from Sigma)
at 37 °C and 5% CO,. Cell micrographs were obtained using
a Carl Zeiss microscope Axiovert 40-CFL coupled with a digital
high-resolution camera model Axiocam MRC.

Uptake of the photosensitive drug nanocarrier

For subcellular localization experiments, about 2 x 10* cells
were carefully added under glass coverslips (13 mm) previously
placed at the bottom of each well. The cells were cultured for
24 h (37 °C and 5% CO,) and then treated with the MNE/CIAIPc
samples while untreated cells were used as a control. Incuba-
tion with the MNE/CIAlPc samples lasted for about 3 h. Next, the
cells were washed twice with Hank's solution and fixed with 2%
paraformaldehyde diluted in PBS (Phosphate Buffered Saline) at
pH 7.4 (NaCl 137 mM L™ '; Na,HPO, 10 mM L™ !; KH,PO, 2 mM
L~ KCI 2.7 mM L") for 20 min. After fixation, the cells were
washed five times for 3 min with PBS containing glycine
100 mM and permeabilized with 0.1% Triton X-100 diluted in
PBS over a period of 10 min. After permeabilization, the cells
were washed five times for 5 min with PBS. Then, the coverslips
containing the adhered cells were removed out from the wells
and mounted onto glass slides containing ProLong Gold anti-
fade reagent containing DAPI (4',6-diamidino-2-phenylindole)
and mounting medium (Thermo Fisher Scientific, USA), fol-
lowed by incubation for 20 min. The slides were observed under
a Leica TCS-SP5 confocal laser-scanning microscope (Leica
Microsystems, Mannheim, Germany). The ClAlPc was detected
using a 633 HeNe laser with excitation/emission (641/780 nm),
GFP (green fluorescent protein) was detected with an Argon
laser (488/540 nm) whereas DAPI was detected with a diode
laser (358/461 nm).

Hyperthermia and photodynamic therapies

The equipment used to apply the external AC magnetic field
during the HPT studies operated at 1 MHz with 40 Oe magnetic
field amplitude and was developed at the Institute of Biological
Sciences, University of Brasilia (Brasilia, Brazil). The PDT
protocol used a typical diode laser set at 670 nm (Eagle Laser,
Quantum Tech, Sdo Carlos, Brazil) at a difference fluencies rate
from 100, 200, and 700 mJ cm > with a power density of 56, 7
mW cm 2. The spot where setup to 1.5 cm” to cover the hole cell
culture plate. For different treatments the cell viability was
assessed by the MTT test ([3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide]).**

Statistical analysis

Statistical analyses of the cell viability assays - MTT were
generated within the GraphPad Prism 6.0 (GraphPad Software,
Inc.) platform. Differences between control and treated groups
were evaluated using analysis of variance (ANOVA) followed by
Tukey test (significance was set at P < 0.05).
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Conclusions

The present study reports on the production of two formula-
tions of magnetic nanoemulsions (MNEs) with the average
mean size of around 200 nm, comprising encapsulation of
citrate-coated maghemite nanoparticles (XRD data: mean
particle size of 10.4 nm from) at 0.15 x 10'® or 1.50 x 10"
particle per mL plus chloroaluminum-phthalocyanine (0.05 mg
mL ™). Compared to previous formulations and studies the two
new formulations increased the content of both the magnetic
nanoparticle by three orders of magnitude and the
chloroaluminum-phthalocyanine by one order of magnitude.
Three different cell line models (BM-MSC, U87MG, and T98G)
were used to assess the cell viability (MTT test) while incubating
the cells with the two prepared formulations, as opposed to the
previous study using just one cell line, and thereby representing
a more comprehensive investigation. The in vitro studies were
conducted before and after performing hyperthermia (HPT: 1
MHz frequency, 40 Oe magnetic field amplitude) and photo-
dynamic therapy (PDT at 670 nm wavelength, 700 mJ cm >
energy density). From the present study we found that the HPT
treatment reduces the cell viability in to about 15%, regardless
the magnetic nanoparticle content within the MNE. An
enhanced cytotoxicity was observed while using both MNE
formulations to perform the PDT treatment, from which we
found the cell viability decreasing down to about 52%. However,
a superior reduction in cell viability of about 70% was found
while combining the HPT and PDT treatments. Moreover,
confocal microscopy images clearly indicated the cytoplasm
localization and active site of the as-prepared drug delivery
device. Therefore, we envisage that the combined treatment of
HPT and PDT represents a promising paradigm for brain cancer
intervention, such as glioblastoma.
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