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Nanomedical approaches are the major transforming factor in cancer therapies. Based on important previous works in the
field of drug delivery nanomaterials, recent years have brought a broad array of new and improved intelligent nanoscale
platforms that are suited to deliver drugs. In this context, the purpose of this study was to investigate the action of dif-
ferent nanoemulsions designed to encapsulate chloroaluminum phthalocyanine, a hydrophobic photosensitizer used in
photodynamic therapy, and doxorubicin, a well-known chemotherapeutic agent used to treat aggressive breast cancer
cells. The mean nanostructured system size ranged from 170.8 to 181.0 nm, and the nanoemulsions presented spherical
morphology. All formulations exhibited negative zeta potential values (—68.7 to —75.0 mV) and suitable polydispersity
values (0.20 to 0.28), explaining their colloidal stability up to three months. Murine breast cancer cells (4T1) were incu-
bated with nanoemulsions for three hours at various concentrations and were subjected to cell viability tests to find the
concentration dependence profile. Thereafter, the in vitro phototoxic effect was evaluated in the presence of the visible
laser light irradiation. Less than 10% of 4T1 viable cells were observed when photodynamic therapy and chemotherapy
were combined at a 1.0 J-cm2 laser light dose with 1.0 uM phthalocyanine and 0.5 uM doxorubicin. The cell death
assay and cell cycle arrest analysis confirmed the therapy efficiency demonstrating an increase in the apoptosis rate
and in the cell cycle arrest on G2. Additionally, 15 genes related to apoptosis and 25 target genes of anti-cancer drugs
were overexpressed. Four genes related to apoptosis and four target genes of anti-cancer drugs were downregulated in
4T1 cells after treatment with nanoemulsion with phthalocyanine and doxorubicin associated with photodynamic therapy.
Thus, the nanoemulsions loaded with phthalocyanine and doxorubicin presented appropriate physical stability, improved
photophysical properties, and remarkable activity in vitro to be considered as promising formulations for photodynamic
therapy and chemotherapeutic use in breast cancer treatment.
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INTRODUCTION

Breast cancer is the second most frequently diagnosed
cancer worldwide and the leading cause of cancer death
in the female population."? Breast cancer mortality rates
remain high in Brazil, although it is considered a relatively
good prognosis cancer whether diagnosed and treated
timely. Additionally, survival is lower among women with
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a more advanced stage at diagnosis. Considering the
whole spectrum and diversity ol the population, the 5-year
relative survival rate is 99% for localized disease, 85%
for regional disease, and 26% for distant-stage disease.’
Demonstrating its great medical concern, 57,960 new cases
of breast cancer were expected in 2016 with an estimated
risk of 56.20 cases per 100,000 Brazilian women.*
Generally, breast cancer is treated with surgery, radio-
therapy, and chemotherapy, which are complex therapeu-
tic resources considered invasive and potentially capable
of promoting serious short- and/or long-term side effects.’®
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Furthermore, there are unsatisfactory aesthetic results that,
consequently, imply social and psychological impairment
of the patient due to mutilations originated from the
breast resection.>® For all the reasons mentioned above,
other therapeutic designs and new protocols are sought
to reverse the poor life quality and relieve the collateral
damage, improving the conventional and current treatment
strategies.

In this context, photodynamic therapy (PDT) is pre-
sented as a promising approach for various oncologi-
cal diseases.”" The technique involves the topical or
systemic administration of a photosensitizer followed by
illumination of the tumor with visible light in a wave-
length range matching the absorption spectrum of the
photosensitizer.'®'® The PDT efficacy can be improved
using photosensitizer molecules that strongly absorb red
light above 650 nm, where tissue exhibits optimal trans-
parency. Thus, several new classes of potential sensitizers
for PDT have been developed; among these, phthalocya-
nines have been found to be highly promising because
of their high absorbance coefficient in the region of
650-680 nm.!%20

Phthalocyanines can be chelated with various metals,
usually aluminum and zinc because these diamagnetic
metals enhance their phototoxicity.?! Chloroaluminum
phthalocyanine (ClAIPc) is a photosensitizer with ade-
quate photophysical properties for PDT.?*» Unfortunately,
ClAIPc is insoluble in water and biologically compati-
ble solvents, rendering its systemic administration prob-
lematic and restricting possible medical applications.?
To overcome this limitation, phthalocyanines have been
associated with different nanostructured systems, such as
nanoemulsions.?

PDT can also be used either before or after chemother-
apy, radiotherapy or surgery without compromising these
therapeutic modalities. None of the clinically approved
photosensitizers accumulate in the cells’ nuclei, limiting
DNA damage that could be carcinogenic or lead to the
development of resistant clones. Moreover, the adverse
elfects of chemotherapy or radiation are absent, and radio-
or chemoresistance do not imply scnsitivity to PDT.?
Thus, an interesting approach is to combine two therapeu-
tic modalities, such as chemotherapy and photodynamic
therapy, to enhance the treatment cfficacy and take advan-
lage ol each care handling method.

For this, anthracyclines, particularly doxorubicin
(DOX), is the cornerstone of chemotherapy for breast can-
cer. However, the use of this agent is limited by dose-
related cardiotoxicity, myelosuppression and a range of
toxicities such as alopecia and fatigue, which, while not
life-threatening, reduce the therapeutic index of conven-
tional anthracyclines in the palliative setting, especially for
older patients.?® 2’ Thus, much attention has been focused
on the design of an alternative delivery system for DOX,
and the emergence of nanotechnology has been beneficial
to this particularly research.
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Nanoemulsions (NEs) are capable of delivering high
concentration of chemotherapy drugs to cancerous tis-
sues without affecting cells and organs in the systemic
circulation. Formulations of lipophilic anticancer drugs in
oil/water NEs have proven to be highly promising because
they offer the advantages of a unique size, drug solubi-
lization, passive targeting by enhanced permeability and
retention effect, controlled drug release, and further mod-
ification for long circulation in vivo, escape from reticu-
loendothelial system, and tumor-specific targeting.

Therefore, in this study, we developed and characterized
nanoemulsions of oil-water to contain chloroaluminum
phthalocyanine (CIAIPc) to deliver doxorubicin (DOX),
using its nanotcchnological propertics in photobiological
studies and an in vitro model to assess the PDT response
in the biological environment.

EXPERIMENTAL REAGENTS

AND INSTRUMENTS

Preparation of the Nanoemulsions

Four different nanostructured systems were synthesized:
nanoemulsions containing chloroaluminum phthalocya-
nine (NEPc), nanoemulsions with doxorubicin (NEDOX),
nanoemulsions containing both drugs (NEPcDOX) and
empty NEs without any drugs. Nanoemulsions were
obtained using a spontaneous emulsification process as
previous described by Tabosa do Egito® with some
modifications.?

Briefly, for the NEPc, the organic phase (acetone)
was prepared containing medium-chain-triglycerides, nat-
ural soy phospholipids (Liposoid S100, Lipid Co, Brazil)
and CIAIPc (Sigma-Aldrich, USA), at 55 °C. Subse-
quently, this organic solution was added into the aqueous
phase containing an anionic surfactant, and poloxamer 188
(Sigma-Aldrich, USA) under magnetic stirring. Finally,
the organic solvent was fully removed by rota-evaporation
under reduced pressure at 60 °C.

Regarding NEDOX, the nanoemulsion was similarly
prepared, except for the addition of the photosensitizer,
and doxorubicin was added to the aqueous phase instead.
Additionally, for NEPcDOX, both drugs were added to
the final formulation. The formulations without drugs were
prepared under the same conditions, to be used as a refer-
ence for subsequent tests. All samples were prepared under
aseptic conditions and in the absence of contaminants and
chemical interference.

Characterization of the Nanoemulsions

All of the prepared nanoemulsions were characterized
for size, homogeneity, shelf-life stability (supplementary
material), residual charge and morphology. The average
diameter and the polydispersity index (PdI) of the colloidal
formulations were determined by photon correlation spec-
troscopy at 25 °C with a 173 scattering angle in a Nano
Zetasizer® ZS analyzer (Malvern PCS Instruments, UK).
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Samples were obtained by diluting 10 pL of nanoemul-
sion in 1 mL of ultrapure water. The zeta potential of the
NEs was measured by electrophoretic mobility also using
a Zetasizer® Nano ZS equipment. The analyzes were con-
ducted at 25 °C, and samples were appropriately diluted
(1/100) in 0.1 M KCI solution. The values are shown as
the means =+ standard error of three different batches of
each colloidal dispersion.

For the morphology analyses, the images of the for-
mulations were acquired at 25 °C, without the need (o
cover the sample, using a Scanning Probe Microscope
model machine SPM-9600 (Shimadzu, Japan) and SPM
Online software provided by Shimadzu. The samples of
cach formulation (5.0 uL) were deposited on a mica sur-
face, spread and dried on a drop of argon jet. The images
were obtained using the intermittent contact mode with
a cantilever 124 mm in length, operating at a resonance
frequency with a range of 324-369 KHz, a stiffness of
34-51 N/m and constant force. Dimensional results were
processed using the soltware from the microscope, and
at least ten images of each sample were analyzed to ensure
reproducible results.

Drug Encapsulation Efficiency

Encapsulation cfficiency (EE%) of AICIP and Dox in
nanoemulsions were determined by the fluorescence
method previously validated for AICIPc and Dox as
described by Siqueira-Moura et al.? The content of AICIP
and Dox were analyzed with fixed excitation at 615 nm
and 480 nm (Fluorolog-3 Spectrofluorimeter, Horiba, New
Jersey, USA) and fixed emission at 674 nm and 560 nm
respectively. The free AICIPc content and free Dox were
determined by evaluating the unincorporated drug present
in a clear ultrafiltrate obtained by separating the aque-
ous phasc using an ultrafiltration/ultracentrifugation pro-
cedure (Ultracel Microcon YM-100, Millipore, Ireland) at
12857x g for 1 hat4°C (Eppendorf, Centrifuge 5810 R,
Hamburg, Germany). The encapsulation efficiency for cal-
culation as follows Eq. (1):

E.E.% = TPc — LPc¢/TPct x 100 (1)

Where, TPc represents a total drug concentration in the
nanoemulsion formulation, LPc¢ is the concentration of free
drug present non-supernatant of the nanoemulsion sample
subjccted to ultracentrifugation/ultrafiltration for total sep-
aration of the aqueous phase and TPt is the theoretical
concentration of drug.

Determination of the Singlet Oxygen

Quantum Yield

The detection of singlet oxygen was performed by an indi-
rect spectrophotometric method. 1,3-Diphenyl-benzofuran
(DPBF) was used as a probe.’® Samples were prepared
immediately at the time of the experiment. Solutions con-
taining the samples were prepared in 2.0 mL of acetoni-
trile, so that the absorption in the 660 nm region of these
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solutions were close to 0.3. A stock solution of DPBF
(8.00 mmol/L) was also prepared 10.0 uL of the stock
solution of DBPF was transferred to the 2.0 mL solution
of the sample with acetonitrile, and the initial electronic
absorption spectrum of that solution was measured. The
solution was irradiated at 20 mW at a wavelength of
660 nm in a quartz cuvette, with constant magnetic stir-
ring for 1-second time intervals. At each irradiation, the
absorption spectrum was measured again. The experiment
was performed in triplicate, at room temperature and dark
room. The laser used was the Eagle diode laser, and the
absorption spectra were obtained through a UV-visible GE
Ultrospec 7000 spectrophotometer. After extraction with
DMSO, absorption measurements were performed in ace-
tonitrile medium on a GE Ultrospec 7000 spectropho-
tometer in the 300 to 800 nm wavelength range. The
fluorescence emission spectra were performed on a Horiba
Jobin Ivon-Spex Fluorolog-3 spectrofluorimeter (New Jer-
sey, USA), adjusted with a fixed excitation at 615 nm and
fluorescence emission in the 650 and 750 nm range.

Cell Culture

The murine breast cancer cell line (4T1) acquired from
ATCC was cultured in Roswell Park Memorial Insti-
tute medium (RPMI1640) (GIBCO-BRL, Life Technolo-
gies, USA) supplemented with 10% fetal bovine serum
(FBS) (Cultilab, Brazil), 100 U/mL penicillin (GIBCO-
BRL, Life Technologies, USA), and 100 pg/mL strepto-
mycin (GIBCO-BRL, Life Technologies, USA). The cells
were maintained in a humidified 5% CO, incubator and a
constant temperature of 37 °C.

Cytotoxicity Assay

Cytotoxicity was assessed using the MTT assay, which is
a nonradioactive, colorimetric assay. The 4T1 cells were
seeded into 96-well plates (10* cells) (TPP, Switzerland)
previously for 24 hours and were incubated at 37 °Cin a
chamber with 5% CO,.

The cells were treated with the nanoemulsions NEPc
(0.5, 1.0 and 2.0 uM), NEDOX (0.25, 0.5 and 1.0 uM),
NEPcDOX (1.0 uM CIAIPc and 0.5 uM DOX), and
the empty NE (no drug) was used as the control of the
experiment. All NEs were incubated for three hours, and
then, the incubated solution was removed and the cell
culture medium was added to the cells. The assay was
performed after 24, 48 and 72 hours of incubation with
the nanoemulsions, associated or not. After these peri-
ods, the medium containing nanoemulsions was replaced
with 100 L of MTT (Sigma-Aldrich, USA) (1 mg/mL)
diluted in RPMI1640 medium, and the plates were incu-
bated for 30 minutes at 37 °C. Finally, the supernatant
solution was aspirated, and 100 uL/well of DMSO added.
The absorbances were read using a plate reader (Safire 2,
Tecan Group Ltd., Austria) at a wavelength of 570 nm.
All experiments were performed in triplicate, and in three
independent events.
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The obtained values were normalized with control cells
that were subjected (o the same test conditions and without
the addition of nanoemulsions under study, expressed as a
cell viability percentage value with the standard error, and
calculated according to Eq. (2) as follows:

Viable cells = (mean OD sample/mean control OD)
x 100% )

Where O.D. indicates optical densily.

Cellular Uptake of the Nanoemulsions
Chloroaluminum phthalocyanine and doxorubicin are nat-
urally fluorescent in the visible spectrum. To analyze
the intracellular uptake of encapsulated CIAIPc and DOX
nanoemulsions, 3 x 10* 4T1 cells were plated on glass
coverslips allocated at the bottom of 24-well plates (TPP,
Switzerland), allowing growth at subconfluent levels, Next,
the cells were incubated with 1.0 MM NEPc, 0.5 uM
NEDOX, or 1.0 uM CIAIPc/0.5 #M DOX in NEPcDOX
(selected concentrations from the MTT assay previously
described in item 2.4). Untreated cells, without NEs, were
used as a negative control,

Following three hours of incubation, cells were washed
with PBS and were fixed with 4% paraformaldehyde for
20 minutes at room temperature. Subsequently, the cells
were washed again with PBS and then were incubated
for five minutes with PBS containing 100 mM glycine
(Sigma-Aldrich, USA) and were permeabilized with Tri-
ton X-100 0.1% diluted in PBS (Sigma-Aldrich, USA) for
seven minutes at room temperature, Next, the coverslips
were washed with PBS and mounted on glass slides, using
ProLong® reagent (Life Technologies, USA) containing
DAPI (4’,6-diamidino-2-phenylindole).

The slides were observed under a confocal microscope
TCS-SP8 (Leica Microsystems, Germany). CIAIPc was
detected at the emission/excitation of 610/675 nm, DOX
was detected at 480/560 nm, and DAPI was evaluated at
360/460 nm.

Cell Viability and Phototoxicity

Next, the effect of photodynamic therapy in the 4T1 cel]
line in the presence of nanoemulsions was studied. Based
on the cytotoxicity studies, the working conditions for
the application of PDT were established. Given that the
concentration of 1.0 uM chloroaluminum phthalocyanine
and the concentration of 0.5 #M doxorubicin encapsu-
lated showed low toxicity in the dark, these values were
adopted for the tests with photostimulation. Furthermore,
from the cell viability studies in the absence of the laser,
we proposed two forms of treatment of breast cancer to
be combined in the presence of the laser: the first one
using the nanoemulsion containing CIAIPc associated with
DOX (NEPcDOX), and the second using ClAIPc¢ sepa-
rately from DOX, which was based on combined treatment
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in which the NEPc incubation is followed by incubation
with NEDOX 24 hours later.

After confluency was established in the cultivation bot-
tles, the cells were trypsinized and seeded at a density
of 10* cells in 24-well plates. The next day, the culture
medium containing 10% FBS was replaced with medium
containing 3% FBS and nanoemulsions (NEPc or NEPc-
DOX), followed by incubation for three hours at 37 °C, 5%
CO, and protected from light. Next, the incubated solution
Was removed, and then the cells were washed with PBS,
and phenol red-free culture medium was added (Cultilab,
Brazil) without FBS for the application of monochromatic
laser light at 675 nm. For both treatments, photoactivation
was carried out following incubation with the photosensi-
tizer drug in nanoemulsion (NEPc or NEPcDOX).

Cells were irradiated using a laser Eagle 2 W-630 nm
(Quantum Tech, Brazil) operating at 60 mW power with
irradiation times adjusted to obtain cnergy densities of 100,
500 and 1000 mJ-cm=2. After irradiation, the medium
without phenol red was replaced with culture medium
containing 10% FBS, and cells were again incubated for
24 hours in the case of treatment with NEPcDOX. How-
ever, for the combined therapy, a subsequent step was
added after photoactivation of the cells incubated with
NEPc. After 24 hours, the cells were subjected to incu-
bation for three hours with NEDOX. After replacing this
solution with nanoemulsion, the cell culture medium con-
taining 10% FBS was added to the cells, which were incu-
bated for the next 24 hours until analysis.

Finally, the standard cell viability assay MTT was per-
formed. In this experiment, the control was established as
cells without photosensitization and irradiation. The results
were expressed as the mean values of the cell viability
*standard error of experiments in triplicate and in three
independent events.

Cell Death Upon Treatment

To evaluate the effect of photodynamic therapy on possi-
ble cell death, the 4T1 cells were seeded at a density of
4 x 10" in 24-well plates. The following day, incubation
and treatment protocols proceeded as described in item
cell viability and phototoxicity. However, cell death anal-
ysis was performed 24 hours after the end of treatments
only, because significant differences could not be found
between the times of 24, 48 and 72 hours from the cell
viability assay. Thus, 24 hours after the end of treatment
with the associated nanoemulsion (NEPcDOX) or com-
bined therapy (NEPc and NEDOX), at the concentrations
of the drugs previously selected by the MTT assay, viable,
apoptotic and necrotic cells were determined.

The supernatant culture medium was removed from
each well, and the plate was transferred to the properly
identified tubes. Subsequently, the cells were trypsinized
and homogenized, and they were also transferred to the
tubes. Subsequently, the tubes were centrifuged for five
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minutes at 4 °C and 1000 rpm. Part of the supernatant
was discarded, leaving 100 pL of the initial solution.
To each sample was added 100 pL of Guava Nexin®
reagent (Millipore, USA), which contains Annexin V-PE
and 7-AAD, and the tubes were incubated for 20 min-
utes at room temperature in the dark. Finally, the con-
tents of the tubes were transferred to 96-well round-bottom
plates (Corning, USA), and the analysis was performed for
5,000 events using a Guava Easycheck 8HT flow cytome-
ter (Millipore, Germany).

The results were analyzed using the software of the
equipment and were expressed as mean values of the
percentage of viable cells (negative for staining with
Annexin V and 7-AAD), early apoptotic cells (posi-
tive only for Annexin V), late apoptotic cells (positive
for Annexin V and 7-AAD) and necrotic cells (positive
only for 7-AAD) #standard error of the experiments in
triplicate.

Cell Cycle Evaluation

Similarly, cell death was assessed resulting from the treat-
ments, and possible cell cycle arrest was also evaluated.
For this, 4T1 cells were seeded at a density of 4 X 10*
in 24-well plates. The incubation and treatment protocols
were followed as described in item cell viability and Pho-
totoxicity, and the analyses were performed only 24 hours
after the end of treatments.

The protocol for the removal of the culture medium
plates, trypsinization of the cells and centrifugation of the
tubes was carried out similarly to that in Section Cellular
Uptake of the Nanoemulsions. Subsequently, the super-
natant was completely discarded, and the cells were fixed
with 200 pL of cold 70% ethanol. The samples were incu-
bated at 4 °C for 24 hours and then centrifuged for five
minutes at 4 °C and 1000 rpm. The supernatant was dis-
carded, and the cells were washed with PBS and incubated
for 20 minutes in the dark with 200 L of Guava Cell
Cycle® reagent (Millipore, USA), containing propidium
jodide. For analysis, the contents of the tubes were trans-
ferred to 96-well round-bottom plates (Corning, USA),
and 5,000 events were acquired using the Guava EasyCyte
8HT flow cytometer (Millipore, Germany).

The results were analyzed using GuavaSoft™ software
and were expressed as the mean values of the percentage
of cells in the G1 interphase, G2 or subG1 %standard error
of experiments in triplicate.

RNA Isolation, cDNA Synthesis and Amplification
Total RNA from 4T1 cells after six hours of treatment with
NEPcDOX associated with photodynamic therapy and 4T1
cells without treatment were isolated using the RNeasy
mini kit following the manufacturer’s instructions (Qiagen,
Germany). Total RNA (2 ug) from each group of 4T1 cells
was reverse transcribed using the first-strand cDNA syn-
thesis kit (Qiagen, Germany), following the manufacturer’s
instructions.
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PCR Arrays

The amplified cDNA was then diluted with nuclease-free
water and was added to the RT> qPCR SYBR green
Master Mix (Qiagen, Germany). The experimental cock-
tail (25 pL) was added to each well of the mouse
Cancer Drug Targets RT Profiler PCR array (Qiagen,
Germany) or mouse ApOptosis RT Profiler PCR array
(Qiagen, Germany). Real-time PCR was performed on
the Applied Biosystems 7300 Real-Time PCR System
(Applied Biosystems, USA) and was used for SYBR
green detection using the following thermal profile: seg-
ment 1-1 cycle: 95 °C for 10 minutes, segment 240
cycles: 95 °C for 15 seconds followed by 60 °C for one
minute, segment 3 (dissociation curve) —95 °C for one
minute, 55 °C 30 seconds, and 95 °C for 30 seconds.
The RT2 Profiler PCR array Data Analysis version 3.5
(Qiagen, USA) (hllp://pcrdalaanalysis.sabiosciences.com/
pcr/arrayanalysis.php) was used to analyze the differential
expression of genes between the two groups of 4T1 cells
(treated and untreated).

Statistical Analysis

The data were analyzed using GraphPad Prism 5 software,
and the statistical significance of ditferences between the
results was determined by analysis of variance (ANOVA)
followed by post-test Tukey f-test for multiplc compar-
isons. The probability of p < 0.05 was considered as sig-
nificant in this study.

RESULTS AND DISCUSSION

Physicochemical Properties and

Morphology of the Nanoemulsions

The formulations were characterized by determination of
the particle size (hydrodynamic diameter), polydisper-
sity index and zcta potential by scattered light in the
absence and presence of the photosensitizer (ClAIPc) and
chemotherapeutic compound (DOX).

The results in Table I indicated a distribution of
particles with an average size of 170.8 nm (£1.0),
178.0 nm (£2.0), 181 nm (&£0.7) and 180.1 nm (£0.7)
for empty NEs, NEPc, NEDOX, and NEPcDOX, respec-
tively. These results demonstrated no significant influ-
ence of the photosensitizer agent and chemotherapeutic
drug nanoencapsulation on the size of colloidal particles.

Table I. Size, polydispersity and zeta potential for the
nanoemulsions in the presence or absence of the photosensi-
tizer CIAIPc and chemotherapeutic agent DOX.

Nanoemulsion  Size (nm) Polydispersity  Zeta potential (mV)
Empty NE 170.8+1.0 0.25 —69.0+£0.20
NEPc 178.0%2.0 0.24 —72.5+0.20
NEDOX 181.0+0.7 0.20 —68.7+0.15
NEPcDOX 180.1+0.7 0.28 —75.0£0.12

J. Biomed. Nanotechnol. 14, 994-1008, 2018
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Figure 1. Atomic force microscopy images producing a three-dimensional view of (A) empty NE, (B) NEPc (C) NEDOX and
(D) NEPcDOX spherical nanostructures spread on mica. Scan sizes are described below each NE.

The nanometer design introduced in the pharmaceuti-
cal technology a wide range of options to improve the
encapsulation of different compounds in these systems,
in which conventional therapies often present limita-
tions due to undesirable effects in the administration of
drugs. -3

It was noted that the average particle size is in the
desired operating range, and the polydispersity index
remained in the range of 0.2 to 0.28 (Table I), demon-
strating a low consistent heterogeneity with the expected
distribution type, a finding that is in accordance with a
previous report.34

The surface charges formed by ionic interaction with
counter ions in solution were evaluated based on the
zeta potential measurement, which is the theoretical elec-
tric potential between the aqueous environment and a
diffused region of the opposite predominant load sur-
face in the Stern layer. The results in Table I indi-
cated that the zeta potential of the systems are of
the order of —69.0 mV (£0.20), =72.5 mVv (£0.20),
—=68.7 mV (£0.15) and —75.0 mV (£0.12), for the

J. Biomed. Nanotechnol. 14, 994-1008, 2018

empty NE, NEPc, NEDOX, and NEPcDOX, respectively.
These values showed a mostly negative surface potential,
the balance result of the surface charges of poloxamers
and phospholipids. The results were within the stability
range for this physicochemical parameter, which covers
results higher than +30 mV and smaller than —30 mV,
since in this potential region has greater stability, bal-
ance results between repulsive and attractive phenom-
ena of the loads, namely, stability factors governed by
electrostatic.

Atomic force microscopy is a technique with a reso-
lution of 1-100 A that allows the visualization of par-
ticles without sample handling. Using this technique, it
is possible to characterize features of the particle such
as shape and structure.3® % [p the three-dimensional anal-
ysis, shown in Figure 1, all the nanoemulsions showed
a spherical shape and low polydispersity, demonstrating
that most of the particles had similar sizes. These find-
ings corroborate those results from particle size deter-
mined by the diffusion method using photon correlation
spectroscopy.
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Table . Encapsulation efficiency rate (E.E.%) of AICIPc in
various formulations of nanoemulsions.

Formulations E.E. %
NEPCAICI 100
NEDOX 96
NEPCAICIDOX 83

Drug Encapsulation Efficiency

The Table II shows the encapsulation efficiency for all
formulations. The means of E.E. were between 83% and
100%, that is, all formulations were able to encapsulate the
drugs satistactorily, even when associated. It was observed
a slight decrease in the encapsulation efficiency of AlCIPc
when associated with DOX, but without statistically sig-
nificant diflerence.

Lipophilic compounds can be encapsulated at rates of
70% or more.”® The encapsulation efficiency observed
for the formulations studied is in accordance with that
described in the literature.

Determination of the Singlet Oxygen

Quantum Yield

As shown in Table III and in Figures 2 and 3, it was
possible to obtain the quantum yield values of singlet oxy-
gen production for the samples studied. The phthalocya-
nines metallized with zinc and aluminum in their free form
presented values of 0.56 and 0.61 respectively, confirm-
ing their high potential for the production of this reac-
tive species in homogeneous organic medium. The AICIPc
encapsulation strategy induced a slight decrease in yield
to 0.41, resulting in a reduction of only 33%. The yields
obtained for phthalocyanine are in agreement with the
literature.? The NEPc were consistent with that found in
the literature.** The polymeric chemical environment char-
acteristic of a colloidal drug delivery system may affect
the diffusional process of this reactive species. However
the value found is sufficient for induction of biologi-
cal processes requirements for the photodynamic effect.
Thus, it may be suggested that the NEPc formulation has
potential for use in future procedures that seek photody-
namic evaluation for treatment of tumor models in vivo
assays.

Table lll. Singlet oxygen quantum yield by the relative 1,3-
diphenyl benzofuran method (DPBF).

Sample Quantum yields (®,)
ZnPc* 0.56
AlCIPc* 0.61
NE/AICIPc™ 0.41

Notes: *Photosensitizers free in acetonitrile medium; **AICIPc after entrap-
ment in nanoemulsion.
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Figure 2. UV-visible spectra for different samples: Pc = free
phthalocyanine in organic medium; NEPc = phthalocyanine-
containing nanoemulsion; NEPcDOX = phthalocyanine-
containing nanoemulsion 4 doxorubicin.

Cell Viability

The main property of an ideal photosensitizer applicd
to PDT is its low level of dark toxicity—i.e., the pho-
tosensitizer drug should be non-toxic in the absence of
light irradiation.*'** Therefore, to determine the best dose-
response of nanoemulsions that would not affect 4T1 cells
in the absence of photoactivation, the MTT assay was car-
ried out for formulations containing a photosensitizer drug
or chemotherapeutic agent.

As shown in Figure 4, after incubation times of 24, 48
and 72 hours, there was no significant cytotoxic effect on
the cell line in the absence of light stimulation and at dif-
ferent concentrations of NEPc (p > 0.05). Cell viability
remained high, similar to percentages found in the exper-
imental control (4T1 cells incubated with only culture
medium) (Fig. 2). For analyses involving the formulation
NEDOX, it was found that it causes a significant decrease
in cell viability at a concentration above 0.5 uM for all
analyzed times (p < 0.05), with a reduction in the viable
cell percentage to 75.0% (#2.14) compared with untreated
cells (Fig. 5). Because the empty NE showed very low

:—; — NEPcDOX
o (R T . 2 NEPC
< - PC
=
]
e
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£
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Figure 3. Standardized fluorescence spectra for different
samples: Pc =free phthalocyanine in organic medium; NEPc =
phtha|ocyanlne-containlng nanoemulsion; NEPcDOX =
phtha|ocyan|ne-contalnlng nanoemulsion + doxorubicin.
A excitation = 615 nm; emission and excitation slits = 5/5 nm.
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Figure 4. Cytotoxicity assay in the murine breast cancer cell
line 4T1 incubated with nanoemulsions containing chloroalu-
minum phthalocyanine (NEPc) at different concentrations and
without photoactivation. Nanoemulsions without the photo-
sensitizer drug (empty NEs) were used as control. *Statistical
significance p < 0.05 compared with negative control cells
Incubated with culture medium.

cytotoxicity (p > 0.05), we could testify, therefore, that
the cell toxicity displayed in the trials are duc to drug and
not the reagents required for the synthesis of NEs, con-
firming the nanoemulsion biocompatibility (Figs. 4 and 5).
These results agree with earlier research stating that poly-
meric nanoemulsions can be biocompatible with tissue and
cells when they are synthesized from biocompatible or
biodegradable materials.?: 44

Thus, the concentrations of 1.0 1M CIAIPc and 0.5 uM
DOX were selected to use as safe doses to ensure the
absence of toxicity due only to the formulations in sub-
sequent experiments. To observe whether the association
between the drugs could enhance the cell proliferation
inhibition mechanism, the MTT assay was performed
for 4T1 cells incubated with the formulation containing
1.0 uM CIAIPc associated with 0.5 MM DOX. In this
assay, there was not cytotoxicity for NEPcDOX at the
selected concentration for the times of 24, 48 and 72 hours
(p > 0.05) (Fig. 6). Thus, the cell viability assays in the
dark showed that the association of the photosensitizer
and chemotherapeutic drugs may be used as a therapeu-
tic modality for cancer cells studied at the experimental
times (such as 24 hours). It is also worth to notice that it

120-
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> 80 : B 0.5 M NEDOX
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Figure 5. Cytotoxicity assay In the murine breast cancer cell
line 4T1 incubated with different concentrations of nanoemul-
sions containing doxorubicin (NEDOX) and without photoac-
tivation. Nanoemulsions without the chemotherapeutic agent
(empty NEs) were used as the control. *Statistical significance
of p < 0.05 compared with negative control cells incubated
with culture medium.
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Figure 6. Cytotoxicity assay in 4T1 murine breast cancer
cells incubated with NEPcDOX (containing 1.0 uM CIAIPc and
0.5 uM DOX) and without photoactivation. “Statistical signif-
icance of p < 0.05 compared with experimental control cells
incubated with culture medium.

would not be desirable to use the formulation NEPcDOX
in higher concentrations for both drugs whose could cause
toxicity by itself, in the absence of light stimulation.

The biocompatibility, combined with adequate biodis-
tribution, leads to results that favor the use of these pro-
cesses in protocols in vivo. A low cytotoxicity is directly
related to the reduction of side effects caused after sys-
temic, topical or transdermal administration of the formu-
lations. Therefore, it was found that the formulations have
suitable biocompatibility, allowing the continuity of further
studies with laser application, discarding any interfering or
cell death in the absence of light stimulus.

Cell Uptake of the Nanoemulsions
After three hours of incubation, the analysis by confo-
cal microscopy confirmed the internalization of ClAIPc
derived from NEPc (Fig. 7). It was possible to observe
the intracellular distribution profile of the photosensitizer
being completely located in the cytoplasmic region of the
4T1 cells, as noted in the figures marked in red and encir-
cling the nuclei stained blue by the DAPI fluorescent label,
The results are in accordance with other studies, suggest-
ing the cell uptake was kept at the cytoplasmic level, once
CIAIPc internalization was concentrated in the cytosol of
cancerous and non-cancerous cells.*5-46 The incorporation
of CIAIPc by the cytoplasm could be explained by the
characteristic of the photosensitizer to preferentially accu-
mulate in organelles such as lysosomes and mitochon-
dria, for example."”* These results further suggest that
the cell internalization profile of the NEs is similar to
that proposed for liposomes-which are endocytosed and
undergo the action of lysosomes-, and other organelles. The
nanoparticles would then be endocytosed, and the polymer
chain would be degraded for later release of the drug 4950
It was also possible to qualitatively verify the ClAIPc
internalization (at a concentration of 1.0 ©M) when asso-
ciated with DOX (at a concentration of 0.5 M#M) (Fig. 7).
A plausible explanation for there being no alteration in
the permeation when the drugs were associated is that the
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Figure 7. Confocal laser scanning microscopy images of in vitro uptake of NEPc, NEDOX and NEPcDOX by 4T1 cells. Photomi-
crographs were taken after three hours of incubation with the formulations. Chloroaluminum phthalocyanine (CIAIPc) is marked
in red, green represents doxorubicin (DOX), and nuclei are labeled with DAPI in blue. Scale bar: 10 pm.

mechanism of action in cells would not be changed by the
NE binding to the cell membrane. Thus, DOX would not
compete for the internalization of the CIAIPc compound.

The cfficient internalization of DOX (marked in green)
by the 4T1 cells was displayed when incubated with
NEDOX and NEPcDOX (Fig. 7). Because the therapeu-
tic activity of doxorubicin is achieved by the interleav-
ing process with DNA, inhibiting topoisomerase II, and
preventing the synthesis of DNA and RNA, the intranu-
clear localization of this chemotherapeutic agent was
expected.™!

Effects of the Phototoxicity on 4T1 Cells
Once the ideal scanning time (24 hours), the biocompati-
ble drug concentrations of nanoemulsions (1.0 uM ClAlPc
and 0.5 uM DOX) and an efficient cell internalization
mechanism (CIAlPc located in the cytoplasm and DOX in
the nucleus) were verified, phototoxicity tests were per-
formed to determine the most effective treatment against
breast cancer cells. For this, two therapeutic approaches
were developed involving the photoactivation: the first
used a formulation containing ClAIPc associated with
DOX, and the second involved a ‘two-step’ treatment in
which a nanoemulsion containing only ClAIPc was first
used followed by a formulation containing only DOX.
For both proposed therapies, laser treatment at differ-
ent increasing light doses was used, varying the energies
among 100, 500, and 1000 mJ .cm™2,

The phototoxic effect is closely related to the photosen-
sitizer concentration, visible light dose applied and tissue
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oxygen level. To assess cell damage due to the irradiation
dose, different light doses were applied as described above.
A gradual decrease in the cell viability was observed due
(o the increased energy dose applied to the studied cell
line (Fig. 8). A light dose of 1000 mJ-cm™2 exerted a
maximum significant toxic effect on 4T1 cells (p <0.001).
The minimum cell viability reached was 10.3% for the
treatment with NEPcDOX (Fig. 8(A)) and 3.3% for the
‘two-step’ treatment (NEPc and NEDOX, Fig. 8(B)). This
represents an excellent phototoxic effect of CIAIPc asso-
ciated with another drug; consequently, PDT was signifi-
cantly effective in all of the suggested approaches. In a less
significant manner, there are other reports that observed a
similar or inferior therapeutic effect of PDT for the differ-
ent types of cancers as well as for breast cancer cells. ">

Thus, the phototoxicity studies indicated that photodam-
age was dependent on the energy dose applied to the 4T1
cell line (Fig. 8). The results showed that CIAIPc asso-
ciated with DOX, both used at low concentrations and
in combination with irradiation with visible light of low
intensity, induced a substantial decrease in cell viability,
indicating that these new formulations are a potential alter-
native for breast cancer treatment, and a great incentive
for future studies with PDT application.

Apoptotic cell death is known as “programmed or
active” controlled by intracellular and extracellular fac-
tors, resulting in a sequence of morphological, biochemical
and cnergetic changes-, morc specifically, cell shrinkage,
nuclear condensation and fragmentation. Necrosis, on the
other hand, is an aggressive, rapidly cell degeneration,

J. Biomed. Nanotechnol. 14, 994-1008, 2018
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and 0.5 uM DOX) and (B) the combined test with 1.0 KM NEPc under photoactivation of 100, 500 or 1000 mJ - cm-2 followed by
0.5 M NEDOX. *Statistical significance of p < 0.05 compared with experimental control cells incubated with culture medium.

characterized by cytoplasmic swelling, organelle destruc-
tion and disruption of the plasma membrane, leading to
the release of intracellular content and inflammation, 6. 57

The main factors that determine the type of cell death
after the application of PDT are the cell type, type of
photosensitizing agent and subcellular localization and
light dose applied during treatment.® The scientific lit-
erature reports that PDT application leads to cell death
mostly by apoptosis. Hydrophobic photosensitizing drugs
are located in the mitochondrial membrane, and this sub-
cellular localization of the photoactive molecule is primor-
dial in the photodynamic process because it determines the
site of primary damage. Therefore, photosensitizing com-
pounds located in mitochondria rapidly induce apoptosis.*’

The analyses of cell death assay involving NEPcDOX
or NEPc/NEDOX therapeutic approaches are similar to
those observed in the literature and described below, with
an increase in the amount of apoptotic cells after the use
of a laser at a dose of 1000 mJ-ecm™2, compared with
that NEPcDOX before and after photoactivation (p < 0.05)
(Fig. 9(A)). Additionally, according to the results, there
was a decrease in the viable cell number that was less
remarkable in the combined therapy (p > 0.05) (Fig. 9(B)).
Finally, necrotic cells (7-AAD stained) have not under-
gone significant change over the test (p > 0.05), thereby
demonstrating that cell death resulting from PDT was sub-
stantially characterized by apoptosis.

A crucial factor for development and tumor growth is
the balance between proliferation and cell death. Because
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the decrease in cell viability can be directly related to
increased apoptosis/necrosis and cel] cycle arrest, studies
involving all of these parameters can be useful for predict-
ing tumor behavior in the initial phase of carcinogenesis.
Thus, to verify why there was a significant decrease in
cell viability (MTT assay) without a remarkable increase
in cell death (flow cytometry), cell cycle analysis was per-
formed for the 4T1 cell line treated with the two therapeu-
tic approaches proposed.

A very small amount of cells was observed in G1 and S
in all situations, particularly after photoactivation, but the
cell number was slightly higher when they were incubated
with only NEPcDOX (Fig. 10). There was a significant
increase in the percentage of cells in subG1 (p < 0.05)
following treatment with a dose of 1000 mJ-cm~2 for both
NEPcDOX and NEP¢/NEDOX therapies, reaching 95%
and 80% of cells, respectively (Fig. 10). Therefore, the
decrease in cell viability is directly related to the increase
in cells in subGl. In addition, cell cycle data for NEPc-
DOX without photoactivation corroborated the MTT cyto-
toxicity assay results, indicating that almost 23% of cells
were in subG1 (referring (o cell viability of approximately
80% after 24 hours analysis) (Fig. 10).

Due to doxorubicin cell cycle arrest in G2, there was
an increased amount of cells in the checkpoint when cells
were treated with the combined therapy but in the absence
of photoactivation (Fig. 10(B)), featuring a repair mecha-
nism damage by the cells. In addition to the mechanisms
mentioned above, DOX may exert its antitumor activity

c
]

NEPc + NEDOX

Figure 9. Effects of treatment with (A) NEPcDOX (containing 1.0 uM clAIPc and 0.5 uM DOX) and (B) the combined test with
1.0 M NEPc, with or without photoactivation of 1000 mJ.cm=2, followed by 0.5 1M NEDOX on the percentage of 4T1 cells
positively stained for Annexin V-PE and/or 7-AAD. Necrosis, apoptosis (initial and late), and viable cells are highlighted. Different
letters indicate significant ditference between groups according to each type of treatment (p < 0.05).
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Figure 10. Cell cycle test in the murine breast cancer cell line 4T1 incubated with (A) NEPcDOX (containing 1.0 uM ClAIPc and
0.5 M DOX) and (B) the combined test with 1.0 uM NEPc, under photoactivation 1000 mdJ-cm-2 or not, followed by 0.5 M
NEDOX. Cells in G1, S, G2 and subG?1 are shown in the graph. Different letters denote the significant difference between groups

for each treatment (p < 0.05).

by intercalation into the DNA, leading to the inhibition of
macromolecular synthesis by binding to DNA and alkyla-
tion, by cross bridges and DNA intrastrands, interference
in the separation process of the double-stranded DNA by
interfering with the activity of the helicase, all mechanisms
directly related to cell cycle control

Therefore, CIAIPc and PDT would act as facilitators
for cell death, and DOX would act on a second front of
attack being responsible for cell cycle arrest in G2. This
would be the most powerful strategy that we assessed in
this work, proving that combining the two therapies is the
most successful option for cancer treatment and against
4T1 cell line.

Expression of Apoptosis-Associated Genes and
Target Genes of Anti-Cancer Drugs in 4T1
Cells Treated with NEPcDOX Associated with
Photodynamic Therapy
To identify possible apoptosis signaling pathways and tar-
get genes of anti-cancer drugs, the changes in the gene
expression profile of the 4T1 cells without treatment and
after treatment with NEPcDOX associated with photody-
namic therapy were analyzed by RT?2 Profiler PCR arrays.
Target genes of anti-cancer drugs with differential expres-
sion between 4T1 cells are listed in Table 1V.

cdkl and cdk7 genes, which presented low expression
in 4T1 cells after treatment, are members of the Ser/Thr
family and are essential for the G1/S and G2/M phase tran-
sitions of the cell cycle. Cyclin-dependent kinase control
cell proliferation by regulating cell cycle entry and pas-
sage and dysregulation of this family, either by increased
expression or mutation, is often associated with breast
cancer®62 Therefore, cyclin-dependent kinases, mainly
CDK7, have been considered as important targets for anti-
cancer treatments.%* The birc5 gene, which also presented
low expression in the treated 4T1 cells, is a member of
the apoptosis inhibitor family, which negatively encodes
regulatory proteins that prevent cell death by apoptosis.
This gene is expressed in several primary tumors and has
low cxpression in normal differentiated tissucs.®* Stud-
ies have shown that inhibitors of birc5 inhibited prolif-
eration and induced apoptosis in gastric cancer cells and
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necrosis in renal cancer cells.®% Another gene that pre-
sented low expression in the treated 4T1 cells was figf, also
known as VEGFD, is a member of the vascular endothelial
growth factor family and is active in angiogenesis, lym-
phangiogenesis and endothelial cell growth.” In addition,
some studies have indicated that VEGFD overexpression is
associated with a poor prognosis by promoting lymphatic
metastasis in breast cancer, lung adenocarcinoma, colorec-
tal carcinoma and gastric adenocarcinoma.®7

Table IV. Differential expression of target genes of anti-
cancer drugs in 4T1 cells after treatment with NEPcDOX asso-
ciated with photodynamic therapy.

Gene symbol Fold regulation p-value
Atf2 —2,0139 0,000759
Aurka —3,1095 0,000001
Aurkb —2,3295 0,000018
Bcl2 —2,3241 0,000007
Bircs —2,56257 0,000006
Cdk1 —2,214 0,000097
Cdk7 —3,0314 0,000014
Cdk8 —2,042 0,000013
Ctsd —2,4005 0
Esri —2,042 0,000008
Hdac2 2,3457 0,000011
Hsp90b1 —3,387 0,000006
Kras —2,4116 0
Nras —184,8229 0,012325
Parp1 —2,3674 0,00001
Parp2 —2,555 0,000005
Pdgfrb —3,0525 0,000541
Pik3c2a —3,8637 0,000004
Pik3c3 —2,2243 0,000002
Plk1 —3,234 0
Plk4 —2,434 0
Prkca —2,2191 0,000013
Tert —2,0186 0,000001
Top2a —2,3511 0,000003
Top2b —2,214 0,000008
Gusb —-3,891 0,000001
Kdr 5,3765 0

Pgr 3,8194 0,000003
Plk3 4,103 0,000037
Rhob 7,551 0
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Table V. Differential expression of genes related to apoptosis
in 4T1 cells after treatment with NEPcDOX and those associ-
ated with photodynamic therapy.

Gene symbol Fold regulation p-value
Aifm1 —3.1456 0.000129
Api5 —2.3511 0.000011
Bel2 —2.3241 0.000007
Bel2l11 —2.042 0.000011
Bircs —2.8219 0
Bnip2 —2.8415 0.000005
Dad1 —2.0139 0
Dapki —2.3729 0.000104
Fasl —2.1886 0.000013
Mapk1 —2.1685 0.000003
Naip2 —2.1287 0.000028
Ripk1 -2 0
Tnfrsf10b —2.1189 0.000001
Xiap —3.0738 0.000006
Gusb —4.0093 0.000001
Cd70 3.6385 0.000005
Gadd45a 24794 0
110 5.278 0.000001
Tnf 6.0769 0.000002

On the other hand, the Pi3 and Rhob genes, for
example, are highly expressed in the treated 4T1 cells
and are also involved in important cellular processes.
PLK3, a cytokine-inducible kinase, prevents cell cycle pro-
gression and tumorigenesis. In most studies, deregulated
expression of Plk3 results in cell cycle arrest, apoptosis
and growth suppression.”"”? RhoB is a tumor suppressor
because its expression is decreased in several tumor cell
types and its expression promotes apoptosis in epithelial
cancer cells and fibroblasts.”>75

The genes related to apoptosis with differential expres-
sion in treated 4TI cells are listed in Table V. One of
the genes with low expression in treated 4T cells is
Bcl2, which encodes a mitochondrial membrane protein
that blocks the death of some cells, 677 The genes Dadl,
Api5, Naip2 and Xiap also showed low expression, such
that the gene Dadl is a negative regulator of cell death,
The Api5 gene is an apoptosis inhibitor whose expression
prevents apoptosis after growth factor deprivation by sup-
pressing the apoptosis-induced E2F1 transcription factor,
the Naip2 gene belongs to a family of apoptosis-inhibiting
proteins, that can inhibit procaspase 9, and the gene Xiap
belongs to a family of apoptosis inhibitor proteins, inhibit-
ing at least two members of the caspase family, caspase-3
and caspase-7.78-81

One of the genes that presented high expression in
treated 4T1 cells is tnf, which belongs to a superfamily that
mediates the extrinsic apoptosis pathway, TNF is produced
by cells of the immune system, including activated natural
killer cells, T cells and activated monocytes/macrophages
and various cells, such as fibroblasts TNF/TNFR sig-
naling is involved in several cellular processes such as
apoptosis, cell differentiation and differentiation.?

J. Biomed. Nanotechnol, 14, 994-1008, 2018

CONCLUSION

In summary, empty NE, NEPc, NEDOX, and NEPcDOX
formulations can be synthesized with desirable morphol-
ogy, homogeneous diameter distribution and optimal resid-
ual charge, indicating that there was no formation of
agglomerates or physico-chemical destabilization of sam-
ples during their shelf life.

The nanoemulsions exhibited biocompatibility with the
evaluated murine breast cancer cells, because there was no
significant cytotoxicity at the doses and selected incubation
times. Furthermore, the hanostructured systems containing
chloroaluminum phthalocyanine and/or doxorubicin were
effective for the internalization into target cells. Therefore,
the in vitro trials demonstrated that CIAIPc, once encap-
sulated in nanoemulsion, could generate a good photody-
namic response leading to cell death, and showing great
potential to act as photosensitizer in a photodynamic ther-
apy system. Regarding DOX, it can contribute to cyto-
toxicity and cell cycle arrest when delivered efficiently
to cancer cells. Therefore, we suggest that the innova-
tive NEPcDOX should be considered an effective mate-
rial system for chemotherapeutic drug delivery and a PDT
inductor in antitumor therapy, and the combined approach
should be considered as a promising form of trcatment
for breast cancer that triggers cell apoptosis and alters the
expression of target genes to anticancer drugs, as well as
that of genes related o cell death and cell cycle regulation.
For this, the efficiency of the suggested treatments should
be further studied in vivo.
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