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ABSTRACT: The need of pharmacological strategies to preclude breast cancer development motivated us to develop a non-
aqueous microemulsion (ME) capable of forming a depot after administration in the mammary tissue and uptake of interstitial fluids
for prolonged release of the retinoid fenretinide. The selected ME was composed of phosphatidylcholine/tricaprylin/propylene
glycol (45:5:50, w/w/w) and presented a droplet diameter of 175.3 + 8.9 nm. Upon water uptake, the ME transformed successively
into a lamellar phase, gel, and a lamellar phase-containing emulsion in vitro as the water content increased and released 30% of
fenretinide in vitro after 9 days. Consistent with the slow release, the ME formed a depot in cell cultures and increased fenretinide
IC, values by 68.3- and 13.2-fold in MCF-7 and T-47D cells compared to a solution, respectively. At non-cytotoxic concentrations,
the ME reduced T-47D cell migration by 75.9% and spheroid growth, resulting in ~30% smaller structures. The depot formed in vivo
prolonged a fluorochrome release for 30 days without producing any sings of local irritation. In a preclinical model of chemically
induced carcinogenesis, ME administration every 3 weeks for 3 months significantly reduced (4.7-fold) the incidence of breast
tumors and increased type II collagen expression, which might contribute to limit spreading. These promising results support the
potential ME applicability as a preventive therapy of breast cancer.

KEYWORDS: microemulsion, in situ gelling, fenretinide, breast cancer, chemoprevention, sustained release.

1. INTRODUCTION incidence of the disease, there is an overdue need for new,
safer, and acceptable pharmacological strategies for prevention
of breast cancer in high-risk population.

Motivated by this challenge, a delivery system capable of
prolonging the release of the retinoid fenretinide within the
breast tissue was developed in this study. Fenretinide (4-HPR)
is a synthetic retinoid, derived from vitamin A, and displays
apoptotic activity by multiple pathways, including caspase-3

Breast cancer is the most common type of neoplasm in women
worldwide, second only to non-melanoma skin cancer,
representing approximately 25% of all cancer cases.”” Current
strategies for prevention include mammographic screening
(including mammography and breast ultrasound), preventive
mastectomy, and oral chemotherapy with selective estrogen
receptor (ER) modulators or aromatase inhibitors.”~> Apart
from the mammographic screening, the other prevention
strategies are not well accepted. Mastectomy causes important
psychological impact and pain, while adherence to oral
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chemotherapy, represented by tamoxifen, raloxifene, and
anastrozole, is low even in women at high risk of developing
the disease, mainly due to the systemic adverse effects
associated with these drugs.‘?”(’*9 Considering the high
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activation; suppression of the expression of NF-kB; elevation
of reactive oxygen species levels; and, like other retinoids,
regulation of the expression of proteins that mediate cell
proliferation, differentiation, and apoptosis, due to its binding
to retinoid receptors (RAR and RXR).""~"* The drug has been
considered a promising candidate for breast cancer prevention
due to its improved safety profile compared to other retinoids
and preferential accumulation in the mammary tissue.'>'® To
the best of our knowledge, the first report on the breast
accumulation of fenretinide dates from the 1970s: fenretinide
and its metabolite N-(4-methoxyphenyl)retinamide (4-MPR)
were found in the breast tissue of rats fed with fenretinide for 6
months, while accumulation in the liver and its associated
toxicity were not evident.'” In a limited clinical study, Mehta et
al. reported fenretinide and 4-MPR preferential accumulation
in the breast tissue of patients,"® which was corroborated by a
subsequent study demonstrating S-fold greater fenretinide
concentrations in the breast tissue than in plasma when
administered at 200 mg/ day.19 Consistent with these data, the
nipple discharge concentration of fenretinide was approx-
imately 13 times higher compared to plasma levels.”

Despite these pieces of evidence, there are no mechanistic
studies that justify drug preferential accumulation in the breast
tissue. Fenretinide is very lipophilic (log P = 6.31) and has a
long terminal half-life of 13 h.*' It has been reported to bind
with high affinity to several proteins (including kinases) and
tissues (including the buccal and subcutaneous tissue), and its
non-specific binding has been related to interactions with cell
membrane phospholipids.”” Its accumulation in the mammary
tissue might be attributed to its solubility in the fat
compartment of the tissue, which constitutes a large portion
of the breast."” The modification in the polar terminal group of
the parent retinoid to produce fenretinide has also been
suggested to impact the molecule in vivo distribution and
breast accumulation.'”

Fenretinide has been described to be cytotoxic against ER-
positive and ER-negative breast cancer cells. The lack of
preventive strategies for ER-negative tumors highlights one
more advantage of this drug. This cytotoxicity supports the
drug ability to destroy pre-existing tumor cells'” while
preventing the further development of lesions, enabling a
“preventive therapy”. In fact, fenretinide effectiveness for
chemoprevention has been demonstrated in phase III clinical
trials." >

However, fenretinide high lipophilicity, low oral bioavail-
ability, and the consequent need for high daily doses (that
increase the risk of adverse effects) make its incorporation in
pharmaceutically acceptable formulations very challenging and
hinder its clinical application.'”**** To overcome these
limitations while exploring fenretinide potential for breast
cancer preventive therapy, we developed a non-aqueous
microemulsion (ME) capable of undergoing phase trans-
formation and gelling upon mammary administration and
uptake of local fluids to provide prolonged fenretinide release
in the breasts. To the best of our knowledge, delivery systems
capable of increasing fenretinide concentrations in the
mammary tissue in a prolonged manner as a preventive
strategy for breast cancer have not been proposed. This study
aims at filling this gap.

We acknowledge that part of the drug may be absorbed into
the circulation, as observed after intramuscular administration
of fenretinide suspension and PLGA microparticles (which
produced systemic drug levels beyond 2 weeks) as well as
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subcutaneous administration of fenretinide implants,”” but by
administering the drug in close proximity to the mammary
tissue, we aim at taking advantage of its preferential
accumulation at the site where it is supposed to exert its
effects. The strategy proposed here finds support in previous
evidence. First, as mentioned, fenretinide has high lipophilicity
and tissue binding properties.”” Second, previous studies
demonstrated that topical drug administration to the breast
skin (thus, in close proximity to the mammary tissue) resulted
in similar breast distribution compared to oral administration
but lower plasma levels.”® Finally, subcutaneous administration
of fenretinide-loaded PLGA implants placed alongside of oral
squamous cell carcinoma tumors inhibited tumor xenographs
with local controlled release, supporting the applicability of
local fenretinide administration for chemoprevention.

In this study, a phosphatidylcholine (PC)-based non-
aqueous ME was developed as a precursor formulation for
injection. The reasons for this selection are three-fold: first, PC
is considered a biocompatible phospholipid capable of forming
liquid crystals of the lamellar type upon contact with water,
described to provide slower drug release compared to solutions
but not as slow as the hexagonal or cubic phases.””~>" The
lower viscosity of this phase compared to other liquid crystals
and implants has been associated with less discomfort to the
patient.”” Second, replacing water with propylene glycol (PG)
and obtaining a non-aqueous ME improve fenretinide (a very
lipophilic compound) solubilization.”> MEs, generally de-
scribed as isotropic dispersions of two non-miscible liquids
in combination with a surfactant blend, have other advantages,
including low cost, thermodynamic stability, and easy obtain-
ment.”*”> Third, due to the low viscosity, parenteral
administration of MEs is less problematic compared to gels.*®

In the first part of this study, the characteristics and phase
behavior of the precursor ME, in vitro swelling kinetics,
spreadability, and fenretinide release were characterized. In the
second part, the in vitro effects of the fenretinide-loaded ME on
breast cancer cell viability, migration, and proliferation were
studied. The in vivo transformation, local irritation, and ability
to sustain the release of a fluorophore were subsequently
evaluated, and as proof of concept, the formulation efficacy at
reducing breast cancer incidence was demonstrated using a
preclinical model of chemical carcinogenesis.

2. MATERIALS AND METHODS

2.1. Materials. Tricaprylin was kindly supplied from Abitec
Corporation (Janesville, WI, USA). Soy PC was obtained from
Avanti Polar Lipids (95%, Alabaster, AL, USA), and PG was
purchased from Synth (Sio Paulo, SP, Brazil). Fenretinide was
obtained from Cayman Chemical (Ann Harbor, MI, USA).
Evan’s blue, phosphate-buffered saline (PBS), dimethyl
sulfoxide (DMSO), tetrazolium dye 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), and 4’-6-diami-
dino-2-phenylindol (DAPI) were purchased from Sigma (St
Louis, MO, USA). Other specific reagents (such as the ones
employed in cell culture) are described along with the
respective methodology. Ultrapure water was employed unless
stated in the methodology employed at specific sections.

2.2. Non-aqueous ME Development and Phase
Behavior in the Presence of Water. Non-aqueous MEs
were obtained using tricaprylin (T) as the oil phase, propylene
glycol (PG) as the polar phase, and PC as the surfactant. PG
was selected as the polar phase because it modulates viscosity
and is miscible with water, which enables phase transformation

https://doi.org/10.1021/acs.molpharmaceut.1c00319
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upon uptake of aqueous body fluids. They were macroscopi-
cally characterized as single phase, transparent, isotropic, and
fluid formulations.”*” The selection of tricaprylin was based
on its ability to dissolve lipophilic drugs like fenretinide and
the acceptable safety profile.”’ In addition to its ability to form
liquid-crystalline phases, PC was selected due to its
bioc;(ln%patibility, which implicates in low irritation poten-
tial.”

PC and tricaprylin (T) (9:1, w/w) were vortex-mixed
(Genie 2, Scientific Industries, Bohemia, NY) and heated at 50
°C in a water bath. Subsequently, PG was added to the PCT
mixture at 40 and 50%, forming two MEs: ME 9:1—40% and
ME 9:1-50% were composed of PC/T/PG at 54:6:40 and
45:5:50 (w/w/w), respectively. Subsequently, water was added
at 1—80% to assess its influence on the phase behavior of the
MEs and the formation of gels. The resulting formulations
were visually inspected for transparency, phase separation, and
fluidity, and visualized under a polarized light microscope
(Carl Zeiss, Oberkochen, Germany).

2.3. Formulation Selection and Characterization.
2.3.1. Droplet Size of the Precursor Formulation. Based on
the viscosity and phase behavior, the ME composed of PC/T/
PG at 45:5:50 (w/w) was selected for further characterization.
Size and polydispersity index (PDI) were determined by using
Zetasizer NanoZS90 equipment (Malvern, UK) after diluting
the ME in PG (1:100 v/v)* to avoid phase transition.

2.3.2. Influence of Water on the Internal Structure and
Rheological Behavior of the Formulations. To confirm the
results from polarized light microscopy concerning phase
behavior and predict characteristics of the systems that might
be formed in vivo upon contact with interstitial fluids, the MEs
prior and after addition of water at various contents were
analyzed using small-angle X-ray scattering (SAXS) and a
rheometer.

For SAXS analysis, water was added at 5, 10, 30, 50, and
80%, and after equilibration for 1 day, samples were analyzed
using a Bruker AXS Nanostar SAXS camera with a microfocus
Genix 3D system (source of copper Ka radiation, A = 0.15418
nm plus focusing mirrors), two scatterless slit sets for
collimation, and a 2D Vantec-2000 detector. The systems
were placed in glass capillary sample holders. The acquisition
time of each scattering curve was 15 min at room temperature.
The intensity measurements were performed as a function of
the scattering vector q (q = 47 sin 6/4, where 6 is half of the
scattering angle). The sample—detector distance was 667 mm,
which provided a g-range of 0.01—0.35 A™'. The scattering
from the sample holder was subtracted from the scattering of
each sample, the results were corrected by the detector
response, and the SAXS data were normalized to take into
account the transmission for each case.

The rheological behavior of the selected ME and its
counterparts formed after addition of water at final
concentrations of 20 and 80% was investigated using an R/S
Plus controlled stress rheometer with the RC75-1 geometry
(Brookfield Engineering Laboratories, Middleboro, MA) and a
water bath circulator for temperature control (25 °C). The
experiments were performed with shear rates varying up to 500
sh

2.4. Evaluation of the In Vitro Swelling Rate and
Spreading of the Formulation. The experiments described
in this section had three main objectives: to assess the rate of
uptake of aqueous fluids, how fast the liquid-crystalline phase
would be formed upon contact with these fluids, and if the
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selected ME would spread on the tissue immediately after
administration or would be contained due to its fast
transformation in the semi-solid system.’®*’

To study phase transition due to water uptake, precursor
MEs were placed in cell culture inserts (Cell Culture Insert
353103—Falcon, USA, 1.0 ym pores) in contact with 3%
alginate gel and incubated at 37 °C (to mimic the biological
temperature). The use of a gel instead of water solutions was
based on its ability to better mimic the subcutaneous and
mammary tissues since water in tissues does not act like bulk
water (it is not freely available) but is mostly associated with
cell components."”*" Aliquots of the formulations in the
inserts were collected and visualized at 2—24 h under a
polarized light microscope to assess when the lamellar phase
would be formed.*” To monitor the rate of water absorption
and determine the swelling kinetics, a parallel set of
experiments was conducted, in which the cell culture inserts
containing the formulation and placed in contact with a 3%
alginate gel at 37 °C were weighed at regular intervals between
3 and 48 h.*” A cellulose dialysis membrane (MW cutoff 1000
Da) was placed between the gel and the cell insert to prevent
adhesion of the gel on the inserts (which would hinder the
accurate insert weighing). The results of the amount of water
absorbed as a function of time were expressed graphically. The
data were analyzed using first-order [In W/ (W, — W) = kt]
or second-order [t/W = 1/(kW?) + t/W,] kinetic equations,
where W, is the maximum amount of water absorbed by the
formulation as a function of time (t), Wy, — W is the amount
of water not absorbed, and k is the proportionality constant.*”

To anticipate how much it could spread in the tissue after
administration, the selected ME (100 L) was stained with
Evan’s blue dye to facilitate visualization and placed on the top
of a layer of sodium alginate gel (3%, 3 mL)." The area that
the formulation occupied on top of the gel was measured from
30 s to 21 h (Image] software, USA) and compared to a PG
control solution of the dye, which did not have the ability to
transform into gels but whose viscosity was closer to that of the
selected ME.

2.5. Short-Term Physical-Chemical Stability and
Fenretinide Incorporation and Release. Fenretinide was
dissolved in the oil phase of the selected ME by vortex mixing
to obtain final concentrations varying between 1 and 5% (w/
w). The formulations were analyzed macroscopically and
under polarized light microscopy to identify the presence of
drug crystals dispersed/suspended in the formulation.
Subsequently, water was added at 1-80% (w/w), and the
resulting formulations were visualized under polarized light
microscopy to assess the influence of drug concentration on
phase transition.

To assess fenretinide release, the formulations were placed
in small dialysis bags (a 14,000 Da cutoff, Sigma-Aldrich, St.
Louis, MO, USA) and placed in the receiver compartment of
Franz diffusion cells (PBS buffer, pH 7.4, 1% polysorbate 80, 7
mL) maintained at 37 °C under stirring (200 rpm). The
volume of receptor phase displaced when the dialysis bag was
introduced in the receptor compartment of the diffusion cell
was assessed by measuring the weight of the diffusion cell with
and without the dialysis bag. Polysorbate 80 (1%) was included
in the receptor phase to increase drug solubility (to
approximately S00 pg/mL). For comparison with ME and to
assess whether the membrane limited drug diffusion, a drug
solution in PG was used as a control. Aliquots of the receptor
phase were withdrawn (0.2 mL) at predetermined times (2 h

https://doi.org/10.1021/acs.molpharmaceut.1c00319
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to 9 days) for drug quantification by spectrophotometric
analysis at 365 nm (SpectraMax Plus 384, Molecular
Devices).”* The method was linear in the range of 5—100
ug/mL. To ensure the absence of interference of formulation
compounds on the analytical method, unloaded MEs (without
fenretinide) were placed in the dialysis bags, and the receptor
phase was assayed at 365 nm at 24 h and 9 days. No
interference was observed.

To assess the release kinetics, the amount of drug released
was represented following the zero-order kinetics, represented
by the equation Q; = Q, + Kt; Higuchi kinetics, represented
by Q = K,t"% and first-order kinetics, represented by

Kt
logQ, = -3

amount of drug released in t (time in hours), Q, is the initial
amount of drug in the solution, K; is a zero-order kinetic
constant, and Kj, is the Higuchi dissolution constant.”

A short-term, preliminary assay to assess the physical—
chemical stability of the ME for 30 and 60 days was performed.
Unloaded and fenretinide-loaded MEs (two batches each)
were maintained at room temperature (25 °C maintained by
air conditioning) in conical tubes protected from light.
Subsequently, they were macroscopically assessed for phase
separation and microscopically analyzed for the presence of
drug crystals or changes in the ME isotropy. No macroscopic
alterations, presence of drug crystals, and changes on the
isotropy were observed during the studied period, suggesting
that the main characteristics of the formulation were
maintained in the presence of fenretinide.

2.6. Cellular Effects of the Formulation. To assess
whether and how the incorporation of fenretinide in the
formulation affected cell viability, migration, and proliferation,
2D cultures of MCF-7 and T-47D obtained from ATCC
(Manassas, VA, USA), were maintained at 37 °C in a humid
atmosphere with $% CO, in 25 cm? flasks with the Dulbecco’s
modified Eagle’s medium (DMEM) GlutaMAX culture
medium supplemented with 10% fetal bovine serum (FBS)
(Gibco/Invitrogen, USA), SO pg/mL penicillin, SO pg/mL
streptomycin, and 0.5 pg/mL amphotericin B. These cell lines
were selected because MCF-7 and T-47D are hormone-
dependent (ER+) lines widely used as models for in vitro
studies as they mimic between 79 and 84% of breast cancer
cases worldwide.*® Furthermore, one of the fenretinide
proposed mechanisms to induce apoptosis is through
caspase-3;'” these two cell lines differ in caspase-3 expression
(MCE-7 cells lack the protein while T-47D express it),”” hence
enabling us to assess the influence of this characteristic on the
formulation cytotoxic and antimigratory effects.

2.6.1. Effects of the Formulation on Cell Viability. Upon
reaching approximately 80% confluence, the cells were treated
with trypsin (0.25%, Gibco/Invitrogen, USA) and transferred
to 96-well plates at a density of 5000 cells/well. The cells were
subsequently treated with the selected unloaded ME (2.5—100
mg/mL), ME containing fenretinide (ME-F, 2.5-100 mg/mL,
fenretinide at 63.9—-2557.5 uM), or the drug solution (0.01—
255.40 uM) for 72 h. Since our goal was to mimic the in vivo
scenario, predetermined amounts of the ME were carefully
added dropwise close to the border of the well to enable the
formation of a depot and avoid mixing with the culture
medium. Supporting Information Figure S1 depicts an image
of the setup when the highest ME amount employed was
added to the well. This is a relevant difference from the
experimental setup employed in previous studies in which MEs

+ log Q, in which Q, represents the absolute
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were mixed with the cell culture medium prior to treat-
ment.””**

At the end of the treatment, the medium was aspirated and
the cells were incubated at 37 °C in the medium containing 0.5
mg/mL MTT. After 3 h, the medium was replaced with
DMSO, followed by determination of absorbance at 595 nm in
a Multiskan FC Microplate Photometer 51119000 plate reader,
from Thermo Fisher Scientific (Waltham, MA, USA).

The values of the concentration necessary to reduce cell
viability to 85% (or reduce viability by 15%, referred to as
ICys), 70% (or reduce viability by 30%, referred to as ICs),
50% (or reduce viability by 50%, referred to as ICs), and 30%
(or reduce viability by 70%, referred to as IC,,) were
determined and guided the formulation concentrations
employed in subsequent experiments.

2.6.2. Effects of the Formulation on Cell Migration. The
formulation effects on cell migration were investigated using T-
47D cells placed in migration inserts (a density of 1 X 10* cells,
Nunc, Thermo Fischer Scientific, Waltham, MA, USA)
containing 300 uL of FBS-free DMEM GlutaMAX. In each
well of the 24-well culture plates, 600 pL of the medium with
10% FBS was added for the chemoattractive role."’

On the day of the experiment, each insert was either
untreated (maintained with the FBS-free medium) or treated
(as described above) for 24 h with the unloaded ME or ME
containing fenretinide (1%, ME-F) at the concentration
equivalent to ICs for 24 h. After treatment, the migration
inserts were collected, and cells that were unable to migrate
through pores and remained in the upper part of the
membrane were gently removed with cotton swab.*” Cells
that migrated through the pores were fixed for 10 min in cold
methanol 100% and stained in a dark environment with
Fluoroshield solution with DAPI. Using a fluorescence
microscope, all the quadrants of each insert containing the
cells were photographed. The images were then analyzed in the
Image] (National Institutes of Health, Bethesda, Maryland,
USA) software for cell counting.

2.6.3. Effects of the Formulation on Cell Proliferation. The
effect of the selected ME (at non-cytotoxic concentrations) on
cell proliferation was assessed by measurement of the Ki-67
proliferation pathway on T-47D cells using flow cytometry and
the anti-Ki-67 FITC marker (BD Bioscience, San Jose, CA,
USA).>® The cells were plated at 1 X 10° cells per Petri dish
(60 x 15 mm) and treated for 48 h with the unloaded or
fenretinide-loaded ME at IC,;. Treatment with ME at IC,, was
employed as an additional control to ensure that a reduction in
Ki-67 could be observed at cytotoxic concentrations. After
treatment with trypsin, cells were fixed with 70% ethanol and
stored at —20 °C for 24 h. Then, the staining protocol was
performed following the standardized protocol by the
manufacturer, and subsequent analysis on the FACScalibur
Flow Cytometer (BD Biosciences) was conducted.

2.7. Assessment of Formulation Efficacy in 3D
Models. To better mimic the morphological and functional
characteristics of in wvivo tissues, T-47D spheroids were
employed as a 3D model of breast cancer. Spheroids were
produced using the liquid overlay technique,”" which does not
allow cell adhesion to the plate surface. Thereunto, 96-well
microplates were prepared by the application of 50 uL of 1%
agarose solution to each well prior to the addition of T-47D
cells (S X 103 cells/well). After centrifuging (262.4Xg, 7 min),
the plates were incubated at 37 °C in a 5% CO, atmosphere.

https://doi.org/10.1021/acs.molpharmaceut.1c00319
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Two assays were conducted. To evaluate the formulation
effects on spheroid viability, one set of plates was treated with
the loaded ME at IC5 and ICy, for 24 h after centrifugation.
As a control of the effects of the unloaded formulation, cells
were treated with ME (without fenretinide) at I1Cs; since no
significant reductions on spheroid viability were observed, the
smaller concentration of the unloaded ME was not assessed.
Treatment was maintained for 4 days, and viability was
assessed using the CellTiterGlo 3D kit, (Promega, USA).
Briefly, spheroids were collected along with 100 uL of the
culture medium and transferred to a white 96-well platelet.
Equivalent amounts (100 L) of the kit’s luminescent reagent
were placed, and the plate was shaken for 5 min for cell lysis in
an environment protected from light, and after 15 min, the
plate was read in a luminescence reader at 560 nm.

To evaluate whether the formulation interfered with
spheroid formation, a second set of plates was treated with
the unloaded and fenretinide-loaded ME at IC,s (since it did
not reduce spheroid viability) immediately after centrifugation.
Spheroid formation and growth were documented using
optical microscopy (EVOS AME-3302, USA) for 4 days, and
size measurements were made in the Image] software.

2.8. Evaluation of In Vivo Formation and Ability to
Prolong the Local Retention of a Fluorescent Marker.
2.8.1. Animals. Sprague-Dawley female rats (6 weeks) from
the Facility for SPF rat production at the Institute of
Biomedical Sciences, Animal Facility Network, at the
University of Sao Paulo were housed in the animal facility of
the Department of Pharmacology with food and water ad
libitum. The animal room was kept under a 12:12 h light—dark
cycle (lights on at 7:00 am), and the temperature was
maintained between 22 and 23 °C. The protocol was
conducted in accordance with guidelines issued by the
Brazilian Council for Control of Animal Experimentation
(CONCEA) and approved by the Animal Care and Use
Committee of the Institute of Biomedical Sciences at the
University of Sao Paulo (number 4906211117). After reaching
6 weeks of age, animals were anaesthetized with isoflurane in
oxygen (5% for induction and 2.5% for maintenance, Cristalia,
Itapira, Brazil), and the hair from the abdomen was shaved
using a depilatory cream applied for 50 s. The cream was
rinsed off, and the animals were treated according to the
experimental protocol. To ensure animal welfare, the rats were
weighed periodically and the endpoints for the animals to be
euthanized before the established 12 weeks were set: weight
loss above 30%, the appearance of ulcers or skin lesions,
palpable tumors above 50 mm® and behavioral changes that
could indicate pain.”

2.8.2. Local Retention of the Formulation. This experi-
ment aimed at assessing whether the selected ME formed a
local depot that prolonged the release of a fluorescent marker.
Alexa Fluor 647 was selected as the fluorescent marker because
its emission wavelength is above 650 nm and thus is not
subjected to interference of hair follicle autofluorescence.
The Alexa Fluor-loaded ME (0.05%, w/w) was obtained by
diluting the marker in the polar phase of the formulation. A
solution of the marker in PG (0.05%) was prepared as a
control. To ensure that fluorescence was related to the
presence of Alexa Fluor in the tissue, the unloaded ME was
also administered as a control.

The precursor formulation was decontaminated by filtration
through a poly(tetrafluoroethylene) (PTFE) filter (0.22 pm
pore membranes, Pall, Acrodisc 4567) and administered in the
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mammary tissue, under the skin, in the inguinal region.
Retention of the marker at the injection site was monitored
using an in vivo image generation system (IVIS Spectrum, Core
Facility for Scientific Research—University of Sao Paulo) 1 h
and 3, 5, 14, 20, and 30 days after administration. The
following instrument settings were fixed for comparison among
groups: exposure time = 0.5 s, binning value = 8—2, excitation/
emission = 640/780 nm. The fluorescence intensity at the
injection site was determined by pixel counting using the IVIS
software.”® A selection tool from IVIS Spectrum software
enabled the outlining of the fluorescent area (region of
interest) to obtain the fluorescence intensity. The depot
formed upon formulation administration was obtained after 3 h
to assess whether lamellar phase formation occurred in vivo.

2.8.3. Local Irritation. To assess local irritation, the skin and
mammary tissues adjacent to the application site were removed
and embedded in paraffin, and histological sections were
obtained to evaluate morphological changes. The sections were
stained with hematoxylin and eosin for visualization of cell
infiltration inflammatory diseases and changes in tissue
architecture. The images were captured in a microscope
attached to a desktop (Leica Microsystems DMC 2900, SP,
Brazil) through the LAS V4.6 program (Leica Microsystems).

To further assess the formulation potential to cause local
inflammation, myeloperoxidase (MPO) activity was assessed.
MPO is an enzyme found in intracellular neutrophil granules,
and it plays a role as a marker of recruitment of neutrophils at
early time points.”* The tissue of animals subjected to
treatment for 3 h was removed and kept on dry ice for 30
min, and 100 mg of the sample was homogenized in Polytron
for 15 s with 2 mL of hexadecyltrimethylammonium bromide
buffer to obtain a homogenate that was then centrifuged for 10
min at 10,000g to collect 10 uL of the supernatant.
Subsequently, 200 uL of o-dianisidine dihydrochloride was
added to the supernatant, and absorbance was recorded at 460
nm every 15 s for 2 min at a UV—visible spectrophotometer.
The MPO activity unit is defined as the one capable of
degrading 1 umol of H,0, per minute at 25 °C.*? Considering
that the MPO unit is corrected by the amount of tissue sample
(mg protein) as a function of absorbance unit (AU) and that 1
umol of H,O, corresponds to 0.0113, the following calculation
results: MPO unit (U/mg) = change in absorbance (AU/
min)/0.0113.

In addition, blood samples of each animal were collected in
ethylenediaminetetraacetate tubes for white blood cell count in
order to verify the systemic influence of the formulation.

2.9. Evaluation of the Formulation Efficiency in NMU-
Induced Carcinogenesis Models. To assess the viability
and effectiveness of the ME containing fenretinide, a model of
chemically induced breast cancer in female Sprague-Dawley
rats was used. Animals (8 weeks old) received a single
intraperitoneal injection of 50 mg/kg of the N-nitrous-N-
methylurea (NMU) direct—acting carcinogen to induce
mammary tumors in the glands.”>>” In control animals, saline
was administered.

The animals were randomly divided into the following
groups: (i) control (non-induced and untreated, C), (ii)
induced but untreated (induced, I), (iii) induced and treated
with the unloaded formulation (50 mg per breast, totaling 200
mg per animal, U-ME), and (iv) induced and treated with the
fenretinide-loaded formulation (50 mg per breast, totaling 200
mg per animal, ME-F). Treatment was carried out as follows: 2
days before induction, the first treatment was performed by
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injecting the formulations as described in the item “Local
Retention of the Formulation”. The same treatment protocol
was conducted every 3 weeks until the 12th week, when the
animals were euthanized. Subsequently, the breast tissue was
removed and divided in three parts for (i) histological
evaluation, (i) evaluation of collagen expression, and (iii)
quantification of fenretinide.

The tissue subjected to histological evaluation was fixed in
4% formaldehyde for 8 h at room temperature, processed,
embedded in paraffin, and cut to 7 ym thick sections, which
were positioned in glass slides and stained with hematoxylin
and eosin. Histological changes in the duct structures
(hypertrophy or epithelial hyperplasia, the presence of
intraductal proliferation and desquamation of cells within the
lumen), alveoli (the presence of hyperplastic alveolar nodules,
with or without acidophilic secretion), and desmoplastic
reaction (increased presence of fibroblasts, collagen, and
cellular infiltrate) in the connective tissue around the ducts
were assessed.

To determine the treatment’s influence on the expression of
collagen type I (thick fiber, stained in red) and collagen type
III (thin fiber, stained in green) in cutaneous and mammary
tissues, specimens were cut to 7 ym thick sections and stained
with picrosirius red.

To establish relationships between the effect and fenretinide
levels at the end of the efficacy assay both in the mammary
tissue and in the plasma, the drug was quantified. Collected
blood was processed as follows: whole blood was centrifuged at
773.6g for 30 min in order to separate the plasma, which was
stored at —20 °C for a maximum of 3 days. The drug was
extracted from plasma samples with acetonitrile (1:1 v/v,
plasma/acetonitrile), followed by centrifugation at 3095xg for
15 min and filtration (PTEE filters, 0.4S pm pores) for HPLC
analysis. The HPLC analytical method was adapted from
Vaishampayan et al>* Briefly, the isocratic method uses a
Phenomenex C-18 column (150 X 4.6 mm) and a mobile
phase composed of acetonitrile/water/acetic acid (75:23:2, v/
v/v), with injection of 20 uL to a flow rate 1 mL/min. The
eluent was monitored at 365 nm for detection of the analyte.
Calibration solutions of fenretinide were prepared in
acetonitrile and plasma and demonstrated linearity within the
range of 100—0.05 ug/mL (for acetonitrile solutions) and 50—
0.5 ug/mL (for curves extracted from plasma). The limit of
quantification was 50 ng/mL, and the detection limit was 10
ng/mL. The concentration of fenretinide in the analyzed
tissues was determined based on the linear regression of the
standard curve.

2.10. Statistical Analyses. The results are reported as
means + standard deviation (SD) or means + standard error.
Data were statistically analyzed using the ANOVA test,
followed by the Tukey post-hoc test or t-test (session “Effects
of the Formulation on Cell Viability”) using GraphPad Prism
software (Sand Diego, CA). Values were considered
significantly different when p < 0.05.

3. RESULTS

3.1. Formulation Development and Characterization.
Macroscopic analysis and polarized light microscopy demon-
strated that several phases were formed upon addition of water
at 2—90% to the non-aqueous ME containing 40% of PG (also
referred to as 9:1—40%). Up to ~30%, Maltese crosses and oily
streaks were observed under the microscope, which are
characteristic of the lamellar phase®®” (Figure 1A,B).
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Figure 1. Formulation development and characterization. (A) Bar
diagram of the phases formed by the MEs containing 40 and 50% of
PG upon contact with water. Several phases were identified: (LP)
lamellar, (G) amorphous gel, and (E-LP) lamellar phase-containing
emulsion. As depicted, the lamellar phase exists over a narrower
aqueous range in the formulation containing S0% of PG. (B)
Representative images of polarized light optical microscopy of the
formulation in contact with water. 20X magnification, bar = 50 ym.
(C) SAXS patterns of unloaded formulations added or not with water
5% and up. (D) Viscosity of the ME (0% water) and its counterpart
formulations containing 20 and 80% of water.

Increases of water up to ~55% originated turbid gels without
specific textures under the polarized light microscope. Further
increases in the aqueous content led to the formation of
emulsion-like systems (milky and visually less viscous than the
gel) containing dispersed Maltese crosses, suggesting the
presence of the lamellar phase in the aqueous phase of the
system. This system was referred to as the lamellar phase-
containing emulsion (E-LP, Figure 1A,B).

Increasing the percentage of PG from 40 to 50% (pCc/T/
PG, 45:5:50, w/w/w) reduced viscosity. Similar phases to
those displayed by the 9:1—40% ME were observed as a
function of the aqueous content, although the aqueous range in
which the lamellar phase could be observed was reduced. This
was not unexpected since PG reduces surface tension and has
been described to influence the formation of liquid-crystalline
phases in a concentration-dependent manner.””~* " Similar
transitions were observed when this ME was incubated at
room temperature or 37 °C.

Because the ME containing PG at 50% was visually less
viscous, which could facilitate injection, this formulation was
selected for further studies. It displayed an average diameter of
1753 + 89 nm and a PDI of 0.106 + 0.061, indicating a
monodisperse sample (Supporting Information Figure S2).

To confirm the results from polarized light microscopy
concerning phase behavior, a more in-depth characterization of
the internal structure of the selected ME as a function of the
aqueous content was provided by SAXS. The formation of an
organized structure with S and 10% water was supported by
the presence of two strong intensity and narrow width SAXS
scattering peaks at the scattering curves, with q1/q2 of 1:2
being indicative of the lamellar structure®® (Figure 1 and Table
1). At 30—50% of water, only one wide peak was observed,
suggesting the formation of a disordered material, which
supports macroscopic and polarized light microscopy observa-
tions of a gel without a specific texture. It is not clear why these
gels were formed with ~30—50% of water, but the need for
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Table 1. SAXS of the Selected ME Containing Various
Water Amounts”

water (%) d (nm) hkl structure

0 4.83 (100) isotropic

N 5.89 (100) lamellar
2.94 (200)

10 6.75 (100) lamellar
335 (200)

30 8.58 (100) amorphous

50 6.9 (100) amorphous

80 6.4 (100) lamellar phase
323 (200)

#(100) and (200) refer to the Miller indices and designate the plane
of the crystallographic network.

longer times for equilibration, insufficient homogenization, and
coexistence of multiple phases as previously described for other
PC-based systems may have influenced the results.”>** At 80%
of water, two strong intensity and narrow peaks (q1/q2 of 1:2)
were again observed, suggesting the coexistence of lamellar
phases in the emulsion-like system.

3.2. Influence of the Aqueous Content on the
Rheological Behavior. To quantify differences in the
viscosity of the systems observed as the content of water
increased, the rheological behavior of formulations containing
0% (ME), 20%, and 80% of water was assessed. The ME
presented Newtonian behavior, characterized by a constant
viscosity at increasing rates of shear (Figure 1D). Its viscosity,
calculated as the average of values at individual rates of shear,
was 0.22 = 0.01 Pa-s. The viscosity of the system containing
20% of water, which was characterized as the lamellar phase by
polarized light microscopy and SAXS analysis, decreased with

the rate of sheer, demonstrating pseudoplastic behavior
(Figure 1D). At the lowest rate of shear employed, its viscosity
was approximately 40-fold higher than that of the ME, which is
consistent with its gel-like macroscopic appearance. A further
increase in the aqueous content to 80% decreased the viscosity
to levels similar to that of the ME, which is consistent with the
formation of the more fluid, emulsion-like formulation.

3.3. Characterization of the ME Swelling and Spread-
ing. Since the formulation undergoes phase transition upon
incorporation of water, its swelling kinetics was assessed using
3% sodium alginate gel as the water donor to better mimic the
environment of the nanomaterial in contact with the mammary
tissue. The results revealed that water uptake was fast, reaching
approximately 36.4% in 6 h; subsequently, a plateau was
maintained (Figure 2A). A gel-like system was observed within
2 h of contact with fluids, and Maltese crosses with oily streaks
were observed under a polarized light microscope, suggesting a
relatively fast formation of the lamellar phase. After 24 h, a gel
was observed macroscopically and only oily streaks (not
Maltese crosses) were observed upon microscopic inves-
tigation. Although longer time points were not investigated, we
anticipate reorganization of the system and the formation of
the emulsion-like system as demonstrated by polarized light
microscopy and SAXS analysis.

Percentages of water taken up by the formulation were fitted
with three different kinetic models, and the results suggest that
swelling can be better described by second-order kinetics (R* =
0.9995), which is similar to the results with liquid-crystalline-
based systems*®°>°° and indicates that swelling speed
decreases proportionally to its uptake capacity and to the
area that did not interact with the aqueous component.®”

To try to predict whether the ME would spread quickly and
widely when administered in vivo, we assessed the area
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Figure 2. Swelling and spreadability of the formulation in the alginate gel. (A) Percentage of formulation swelling in the alginate gel as a function of
time, shown as the mean + SD of four replicates. (B) Representative images of polarized light microscopy of the formulation in contact with the
alginate gel at 37 °C at 2—24 h. Magnification = 20X, bar: 50 ym. (C) Representation of the formulation (ME) spreading in the alginate gel (right)
in comparison to the control (C) composed of a solution of Evans blue in PG (left) for up to 21 h. (D) Changes on the area occupied by the
formulation as a function of time. Each point represents the mean + SD of four replicates. It is possible to observe the great spread of PG in relation

to the formulations.
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resulting from the formulation spreading on top of a sodium
alginate gel layer. We acknowledge the differences in the
organization and composition of biological tissues compared to
a flat layer of the gel, but this assay allowed us to study whether
formulation spreading in situ would be prevented. As can be
observed in Figure 2C, the Evan’s blue dye solution in PG
(employed as control) was capable of spreading throughout
the surface of the gel, occupying the whole surface after S min.
After contact of the selected ME with the gel, a noticeably
lower area (S.1-fold) was observed, which did not increase
after the initial 30 s. This demonstrates the ME ability to form
a gel quickly after contact with the alginate gel (Figure 2D)
and corroborates previous studies regarding the fast transition
of other MEs intended for parenteral drug delivery."’

3.4. Fenretinide Incorporation and Release. No drug
crystals were observed in the formulations when fenretinide
was incorporated in the range of 1—5%. Additionally, phase
transitions similar to those observed in the unloaded system
upon contact with water were observed in the presence of
fenretinide up to 5% (Supporting Information Figure S3).

Fenretinide release from the formulation increased with
time, and at 72 h, approximately 15% of the drug was released
(Supporting Information Figure S4). When a solution of the
drug was employed as a control, approximately 100% of the
drug was able to diffuse across the membrane in the same
period, indicating that the membrane did not preclude drug
release. On the last day of the experiment, approximately 30%
of the drug’s content was released. After data fitting and based
on the highest values of the coefficient of determination
obtained, release kinetics can be better described by the
Higuchi model (R* > 0.97).

3.5. Cellular Effects of the Formulation. 3.5.1. Effects
of the Formulation on Cell Viability. To evaluate whether
drug incorporation in the formulation affected its cytotoxicity,
the viability of MCF-7 and T-47D after treatment with the
selected ME was assessed. We obtained viability values
exceeding 100% only in wells treated with the lowest
concentrations of the unloaded ME or drug solution tested;
the single-sample t-test indicated that these values were not
different from 100%. Thus, we considered the maximum
viability range of 100—120%. Viability values exceeding 100%
have been reported for MTT, and the reasons include technical
factors and experimental variability.*®

The unloaded ME reduced the cell viability to values lower
than 50% when used at 100 mg/mL and higher for both breast
cancer cell lines (Figure 3A,B). Incorporation of fenretinide
increased the cytotoxicity of the ME against both tumor cell
lines, as evidenced by the shift of cell viability curves to the left
(Figure 3A,B) and by the reduction of the formulation ICs, in
comparison to the unloaded ME (Table 2).

Compared to the loaded ME, treatment of cancer cells with
the fenretinide solution resulted in greater decreases on cell
viability (Figure 3C,D). Because of the difference in the
fenretinide concentration range, insets showing the viability
curve resulting from treatment with the drug solution are
depicted in Figure 3C,D. As a result, IC;, values of fenretinide
solution in MCF-7 and T-47D were 68.3 and 13.2-fold lower,
respectively, compared to ME-loaded treatment. The higher
ICs, of the drug in the ME is consistent with the facts that (i)
the formulation was not mixed with the culture medium but
remained as a depot at the surface (as depicted in Supporting
Information Figure S1) and (ii) the formulation was able to
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Figure 3. Influence of the concentration of unloaded, fenretinide-
loaded ME, or fenretinide solution on the viability of MCF-7 and T-
47D cells. (A,C) MCEF-7 cells; (B,D) T-47D cells. (AB) shows
comparisons of the loaded and unloaded ME in MCF-7 and T-47D
cells, respectively. (C,D) shows comparisons of fenretinide-loaded
ME and the drug solution in MCF-7 and T-47D cells, respectively.
Cell viability after treatment with fenretinide solution is also
presented in the inset in (C,D) to enable better visualization of the
relationship between concentration and viability. Data are represented
as the mean + SD, n = 12—14 in 3—4 separate experiments (each with
2—4 wells/treatment). The concentrations of the drug and
formulation are presented in #M and mg/mL, respectively.

Table 2. IC,, Values of Fenretinide (4M, in Solution or in
the ME) and the Formulation (mg/mL, Loaded or
Unloaded) Determined in MCF-7 and T47-D Cells after 72
h of Treatment

cell type
treatment MCE-7 T-47D
control solution fenretinide (M) 6.0 324
fenretinide-loaded ME 410.0 4272
unloaded ME formulation (mg/mL) 66.8 77.0
fenretinide-loaded ME 19.8 20.8

prolong drug release, resulting in less free drug available in the
medium to elicit its effects.

Comparing the effects of the drug between the two cell
types, we observed that the ICs, of the fenretinide solution was
higher in T-47D cells compared to MCEF-7, suggesting that
MCEF-7 cells might be more susceptible to the effects of the
drug (Table 2). This difference was not observed when the
drug was incorporated in the ME, which again might result
from the slower release. Because of the similarity of the drug-
loaded ME effects on the two cell lines, we proceeded with T-
47D cells only in further experiments.

3.5.2. Effects of the Formulation on Cell Migration. To
evaluate the influence of the formulation on cell migration
while avoiding a reduction in cell viability, the ME was
employed at a concentration equivalent to the formulation
IC,s. Treatment with the drug-loaded ME reduced cell
migration by 75.9% (p < 0.0001) compared to untreated
cells (Figure 4A,B). It is worth mentioning that the unloaded
ME, employed at the same concentration of the fenretinide-
loaded ME, also reduced cell migration (28.6%, p < 0.01),
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Figure 4. T-47D cell migration and Ki-67 in response to the unloaded and loaded formulations compared to control (untreated) cells. (A)
Representative images of cells that migrated across the membrane after 24 h comparing untreated and treated cells with the unloaded formulation
or ME containing fenretinide at concentrations equivalent to IC ;. Images were obtained under a fluorescence microscope after staining the cell
nucleus with DAPL Bar = 50 ym. (B) Treatment influence on the number of migrating cells. Tukey’s statistical test (n = 4), where **p < 0.01 and
#kp < 0.001 compared to the control and p < 0.05 compared to the unloaded formulation. (C) Flow cytometry histogram comparing treatment
influence on the expression of the Ki-67 proliferation marker on T-47D cells. (D) Ki-67 fluorescence intensity. Data are represented as the mean =+
SD, n = 5. Tukey’s statistical test; **p < 0.05 compared to the control.
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Figure S. Influence of treatment on the spheroid formation, growth, and viability. (A) Spheroid viability. Tukey’s statistical test, *p < 0.05
compared to the untreated spheroids, #p < 0.05 compared to the unloaded formulation, n = 17—18. (B) Distribution of the number of spheroids
formed per well according to their respective treatments. Data are represented as the mean + SD, n = 13. Tukey’s statistical test, *p < 0.001
compared to the control, #p < 0.001 compared to loaded ME. (C) Spheroid size along 4 days. Data are represented as the mean + SD, n = 13—18.
Tukey’s statistical test, *p < 0.05 compared to the control.

although in a less pronounced manner. Nevertheless, this result not reduce spheroid viability, suggesting that the effect
is interesting and suggests that formulation components might depends on the presence of fenretinide. Two conclusions can
help to prevent cell migration. be drawn from these results: (i) fenretinide incorporation
3.5.3. Effects of the Formulation on Cell Proliferation. To increased the cytotoxic effect of the formulation and (ii) as
assess the ability of the formulation to interfere with expected, higher formulation concentrations were necessary to
proliferation pathways, the Ki-67 protein in treated cells was reduce spheroid viability compared to cells in the monolayer
evaluated by flow cytometry. The unloaded and loaded ME at since the ICg, determined in monolayers resulted in spheroid

IC;s did not present pronounced antiproliferative effects viability of ~65%.
compared to the untreated control (Figure 4C,D). A similar Subsequently, we investigated whether the selected ME
profile was also observed with fenretinide solution (employed disrupted spheroid formation. Only one spheroid was formed
at the IC,; determined for the solution). As a positive control in 62.5% of the wells treated with the unloaded ME (at the
for Ki-67 reduction, treatment with the formulation at the same amount employed in the ICs treatment, Figure SB).
cytotoxic concentration of IC,, resulted in a decrease of Since the method employed for spheroid production resulted
approximately 84% in the proliferation rates. in only one spheroid/well in ~61% of the wells in the absence
3.6. Assessment of Formulation Effects on Spheroid of any treatment, we considered that the unloaded ME did not
Viability and Formation. We next assessed the ME effects disrupt spheroid formation. On the other hand, treatment with
on the viability, growth, and formation of spheroids, employed the fenretinide-loaded ME resulted in one spheroid in ~20% of
as 3D models of cancer. Treatment with the fenretinide-loaded the wells and precluded the formation of spheroids (no
ME at ICy, but not at IC,;, significantly (p < 0.05) reduced spheroid formed) in 43.8% of the wells. In these wells, only
spheroid viability compared to untreated and unloaded ME- very small aggregates and loose cells were observed. Therefore,
treated samples (Figure SA). The unloaded formulation compared to the untreated control, the loaded ME at IC;
(employed at the same amount as in the ICy, treatment) did significantly increased (p < 0.001) the number of wells without
3409 https://doi.org/10.1021/acs.molpharmaceut.1c00319
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Figure 6. In vivo tissue retention of Alexa Fluor over 30 days. (A) Representative images of the fluorescence staining in animals treated with the
unloaded ME, Alexa Fluor-loaded ME (ME-Alexa), or Alexa fluor solution in PG at days 0 (3 h after administration) and 30. Zoom: administration
of Alexa fluor solution in the PG group resulted in tissue staining, suggesting that the fluorescent signal did not result from the presence of a
formulation capable of prolonging release, while no tissue staining was observed after ME administration. The arrows point to formulation residue
or tissue staining. (B) Changes in the intensity of fluorescence along 30 days after administration of the ME-Alexa or Alexa Fluor solution. It was
not possible to distinguish the fluorescence from the skin and breast tissue in whole animal images; the overall intensity, without discriminating the
skin and breast region, is depicted. Data are represented as the mean =+ SD, n = 3—4 animals. (C) Formation of a depot after 3 h and its observation

under polarized light microscopy.

spheroids and decreased (p < 0.001) the number of wells with
only one spheroid, indicating that the presence of the drug
affected the formation of these structures. Multiple (2—5)
spheroids were observed less frequently (<20% of the wells).

Spheroid growth along time was calculated as the ratio of
size at individual time points/sizes at 24 h. For this experiment,
only the wells containing one spheroid were employed. After 4
days, spheroids treated with the fenretinide-loaded ME at IC
displayed a lower size compared to those untreated or treated
with the unloaded ME (a reduction of approximately 28.3% in
size, p < 0.05) (Figure 5C). Treatment also appeared to reduce
the growth rate, as demonstrated by a 1.4-fold lower slope of
the growth curve of spheroids treated with fenretinide-loaded
ME (an angular coefficient of 4.3) compared to untreated
samples (6.3 and 6.0 for the control and unloaded ME,
respectively).

3.7. In Vivo Formation and Ability to Prolong the
Local Retention of a Fluorescent Marker. Formulation
retention in the tissue and the presence of a fluorochrome
(Alexa Fluor 647) over time were investigated using in vivo
imaging. Administration of the unloaded ME produced no
fluorescent staining, suggesting that any staining could be
attributed to the presence of the fluorochrome (Figure 6A).
ME loaded with Alexa Fluor (ME-Alexa) led to strong
fluorescent staining of the area consistent with the mammary
tissue, and despite the reduction of intensity and dimension of
this area over time, staining could be detected at 30 days post
application (Figure 6). As a control, a solution of Alexa Fluor
in PG was administered and resulted in a strong fluorescent
signal, even though no solution remained locally. This has been
attributed to fluorochrome adsorption in the animal skin,
which turned blue as shown in Figure 6. This retention was
previously observed.*® Although in whole animal fluorescence
images it was not possible to distinguish the fluorescence in the
breast tissue from that on the skin, administration of the Alexa-
loaded ME did not result in blue stains in the skin (Figure 6).
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These results suggest that the formulation prevents prolonged
adsorption to the skin, which is relevant to avert unwanted
pharmacological effects of compounds that accumulate in this
tissue. Of note, several lipophilic drugs tend to accumulate in
the skin and its appendages, such as terbinafine.””~”"

Although the selection of Alexa Fluor enabled us to avoid
interference of hair follicles, unlike fenretinide, it is hydrophilic.
Since lipophilicity has been described as one of the main
correlates of in vivo volume of distribution (V,), with V;
increasing with lipophilicity,”” it is reasonable to expect that
fenretinide might remain locally retained for longer periods of
time compared to Alexa Fluor. Additionally, with the
possibility of fenretinide slower dissolution in fluids in vivo,
its tissue binding and accumulation in the breast and
subcutaneous tissues support its longer retention.'***773

After 3 h of in vivo administration, it was possible to verify a
local depot formed at the site of administration (Figure 6C).
Under polarized light microscopy, it depicted a lamellar phase
texture, suggesting that phase transformation was fast. After 30
days, a very small depot without a specific texture under the
polarized light microscope was observed, which is consistent
with phase transformation into a more fluid formulation as
observed in vitro.

3.8. In Vivo Irritation. ME administration did not lead to
changes in the tissue architecture compared to untreated
animals or the appearance of inflammatory signals (such as
edema and infiltration of inflammatory cells) in the areas
surrounding the formulation, demonstrating that the character-
istics of the breast tissue around the administration site were
preserved (Figure 7A). In addition, the MPO activity
assessment in the treated tissue showed that the formulation
did not evoke irritating effects in the breast tissue; on the
contrary, the MPO activity was significantly lower (1.6-fold, p
< 0.05) than the control group (non-injected) (Figure 7B).
The total leukocyte count in circulating blood evaluated at
various time points after the injection did not reveal any
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MPO quantification. (A) Representative image of the untreated tissue
or after mammary administration of the unloaded ME obtained by
optical microscopy. Bar: SO um. (B) Influence of mammary
administration of the unloaded formulation on the MPO in units
per mg of total protein observed at 3 h post application. n = 3;
Tukey’s statistical test, ***p < 0.001.

significant changes resulting from the administration of the
formulation (Supporting Information Table S1).

3.9. ME Efficacy In Vivo in NMU-Induced Carcino-
genesis Models. No control animals (C, non-induced and
untreated) developed palpable/visible tumors, while induced
and untreated (induced) animals presented an average of ~4
tumors/animal. A significant reduction (p < 0.05) on the
number of tumors in the group treated with the fenretinide-
loaded ME (ME-F) compared to induced and untreated
animals (4.7-fold) and those treated with the unloaded ME
(U-ME, 3.4-fold) was observed (Figure 8A), suggesting the
efficacy of the loaded formulation to reduce tumor incidence.
No significant difference was observed in the number of
tumors comparing induced and untreated animals and those
treated with the unloaded ME, demonstrating that the
formulation effects can be attributed to fenretinide. A
comparison of the volume of tumors revealed no difference
among the groups (Figure 8B), suggesting that the formulation
impacts incidence but not tumor dimensions if they arise. No
animal presented a weight reduction superior to 9% along with
treatment, but the weight of animals that were induced and
untreated (induced) and treated with the unloaded formula-
tion (U-ME) was lower (p < 0.05) compared to the non-
induced group (C) (Supporting Information Figure SS); no
weight loss was observed in the group treated with the
fenretinide-loaded ME (ME-F).

The following characteristics were observed in the mammary
tissue of the induced and untreated animals: ducts with
hyperplastic stroma and desquamation of epithelial cells to the
lumen, dilated alveoli with acidophilic secretion and stromal
reaction, characterized by infiltration of immune cells and
replacement of fat cells with fibroblasts and collagen fibers, in
addition to cells in the process of cell death, indicating a
degenerative process (Figure 8C). These characteristics
support the ability of NMU to induce breast cancer. No
control animals presented histological changes, while animals
treated with fenretinide-loaded ME that developed tumors
presented some of these histological alterations. Despite the
presence of vacuoles, treatment with the drug-loaded ME
reduced the presence of pyknotic cell nuclei and the ductal
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Figure 8. Effects of treatment of the chemically induced carcino-

genesis in vivo model with the selected formulation. (A) Number of
visible tumors comparing control animals [non-induced and un-
treated, (C)], those induced and untreated (induced), those induced
and treated with the unloaded formulation (U-ME), and those
induced and treated with the fenretinide-loaded formulation (ME-F).
Data are represented as the mean + SD, n = 3—7. Tukey’s statistical
test, *p < 0.05 compared to the control and p < 0.05 compared to U-
ME. (B) Volume of visible tumors related to treatment. Data are
represented as the mean = SD, n = 3—7. (C) Histology of the breast
tissue. Bar = 100 pm.

epithelium appeared more organized compared to the induced
and untreated (I) group (Figure 8C).

Further insight into the impact of the fenretinide-loaded
formulation on tissue organization was provided by picrosirius
red staining. It revealed that animals that were induced and
untreated (I) or treated with the unloaded formulation (U-
ME) expressed lower type III collagen fibers in the cutaneous
tissue compared to control animals (21 and 30%, respectively,
p < 0.05) (Figure 9A,B), while in ME-F-treated animals, an
increase in collagen type III values in cutaneous and mammary
tissues was observed (p < 0.05 compared to C) (Figure 9A,C).
Collagen type I did not appear to change.

Slight lymphocytopenia (a decrease of 10 and 12% in the
number of lymphocytes approximately, related to the values
obtained in control animals) and monocytosis (an approx-
imately 2-fold increase of monocytes) were observed in the
animals that were induced but untreated (I) or treated with the
unloaded ME (U-ME) compared to control animals. This
difference was not observed when control animals were
compared to those treated with fenretinide-loaded ME
(Supporting Information Table S2). A previous study
hypothesized that the high level of monocytes might suppress
the antitumor functions of T-cells, enabling cancer pro-
gression.”* However, we found no supporting evidence of
this effect in animal models of NMU-induced tumors.

To investigate whether the drug could be measured
systemically in animals by the end of the treatment period,
fenretinide was assessed in the plasma and breast tissue of
animals. It is worth noting that we did not aim to perform a
comprehensive PK/PD study but only to assess whether
systemic levels were comparable to those in the mammary
tissue. No drug was measured in the animals treated with the
unloaded ME. Drug levels in the plasma of animals treated
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Figure 9. Influence of treatment on collagen type I and III in cutaneous and mammary tissues evidenced by picrosirius red staining. (A)
Comparison of collagen type I and III in tissues of control animals [non-induced and untreated, (C)], those induced and untreated (I), those
induced and treated with the unloaded formulation (U-ME), or those induced and treated with the fenretinide-loaded formulation (ME-F).
Representative images of cutaneous (upper row) and mammary regions (10X—middle; 40X—Dbottom row). (B) Percentage of collagen I and III in
the skin above the mammary tissue. Data are represented as the mean + SD, n = 3—7. Tukey’s statistical test, *p < 0.05 compared to the control
(C). (C) Percentage of collagen I and III in the mammary tissue. Data are represented as the mean + SD, n = 3—7. Tukey’s statistical test, *p <

0.05 compared to the control (C).

with the fenretinide-loaded ME were below the detection limit
of the method (which was 10 ng/mL), while an average of 1.3
+ 0.6 pg/mL of the drug was detected in the mammary tissue
of treated animals after 30 days. These results support previous
evidence that the drug can accumulate in the breast tissue and
the potential applicability of this strategy to local chemo-
prevention.

4. DISCUSSION

In this study, a ME capable of gelling upon mammary
administration to provide prolonged fenretinide release in the
breasts was developed. In the first part of this study,
development and characterization of the precursor ME, its
transformation upon contact with water, and the relationship
between composition and characteristics of the systems were
described. Although the effects of fatty acids on PC phase
behavior have been extensively studied, less attention has been
granted to the influence of triglycerides.”>”>’® Triglycerides
are minor participants in membranes compared to fatty acids,
but they have been reported to affect the physical properties of
phospholipid membranes. Pakkanen et al reported that
mixtures of PC and triolein coexist as three macroscopical
phases, a lamellar phase, a dilute vesicular phase, and an oil
phase, and that triolein induced unique alterations in the
membrane mechanical properties.”” In this study, the
formation of a lamellar phase in the presence of tricaprylin
and PG was observed at a low aqueous content, while it
coexisted with an emulsified system as the content of water
increased above 60—70%. We were not able to characterize the
structure of the gel observed between these two phases; the
need for longer times for equilibration, insufficient homoge-
nization, and coexistence of multiple phases as previously
described for other delivery systems might help to justify this
difficulty.>%*

When exposed to water, the selected ME underwent phase
transition and was able to slow down fenretinide in vitro
release; after 9 days, ~30% of the drug was released following
Higuchi’s kinetics, which is in line with previous observations
that assessed liquid-crystalline phases.””*””®””  Although
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unexpected, this slow release might result from the high
affinity of the drug to the formulation; even though the drug
content could be dissolved in the receptor phase, its high
lipophilicity and solubility in the formulation may have
hindered its partition into the receptor phase. Drug release
from liquid-crystalline systems and hydrogels may be
influenced by several factors, including the internal structure,
drug/matrix interactions, and physical—chemical character-
istics (such as viscosity).®* In addition to these factors, lipid-
based systems have been demonstrated to undergo enzymatic
degradation in vivo, affecting drug release. For example,
monoacylglycerol-based liquid crystals are susceptible to
lipolysis by a variety of enzymes, which attack the ester bond
present on the lipid chain that links the acyl chain to the
glycerol backbone, increasing drug release.”’ Considering that
phospholipid-based carriers are also susceptible to enzymatic
hydrolysis,®" it would be reasonable to suggest that in vivo drug
release from this formulation might be faster than in vitro;**5°
however, fenretinide tissue binding and high lipophilicity
(which has been suggested to delay its dissolution in vivo)”’
may further prolong its mammary tissue retention.

The prolonged drug release might help to justify the higher
ICs, of the drug when incorporated in the selected ME
compared to the drug solution, especially considering that the
formulation was not mixed with the medium. A similar effect
was observed by our group with alginate nanocarriers, which
increased the MIC of miltefosine.” Other authors reported
comparable effects of prolonged/controlled release systems,
such as polymeric and calcium phosphate nanoparticles and
liposomes, attributing increases of ICg, value to the reduced
availability of the encapsulated drug.**~"* Based on the in vitro
release results, we estimate that free drug levels at 72 h should
be approximately 15% of the total drug amount. Thus, if we
consider that it is the free portion of the drug that will be
available to exert cell effects, ICs, values would be lower.

Even with the increase in ICy, the formulation was still able
to prevent cell migration and interfere with spheroid formation
at non-cytotoxic concentrations. Migration is an important
factor in the development of cancer and its invasiveness.
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Antimigratory effects of fenretinide have been attributed to the
reduction of phosphorylation of FAK and AKT, proteins that
control cell proliferation, angiogenesis, and metastasis and
suppress the activation of NF-kB, an important transcription
factor for tumor development and metastasis.””~"* We also
observed an effect of the unloaded formulation on cell viability
and migration. Because the ME was placed above the cells for
gel formation in the medium (and not in direct contact with
the cells), we acknowledge the possibility of gel-related stress,
interference with gas exchange, and release of components in
the medium, affecting cell viability and migration. MEs have
been demonstrated to influence cell and tissue viability
depending on their composition since surfactants, lipids, and
cosolvents may affect membrane fluidity and integrity, interfere
with signaling pathways, and trigger the release of cyto-
kines,33°73948,59,99=103 Although less studied, nanocarrier
components might also affect cell migration. Short-chain
triglycerides have been suggested to reduce cell viability and
migration,'*'® while a study carried out by Shin et al.
demonstrated that liposomes inhibited the migration of SK-
BR-3 cells by approximately 16.5%."%°

The ability of fenretinide-loaded ME to reduce the number
of spheroids/wells suggests interference with cell aggregation
and supports previous observations that fenretinide disrupted
spheroid formation in two medulloblastoma cell lines above
250 nM, most likely due to a decrease in the levels of the
expression of CD133, ABCG2, Oct-4, and Sox-2, which are
associated with in vivo tumor formation and development.'””
In addition, fenretinide-loaded ME also interfered with the T-
47D spheroid growth rate, which is corroborated by Cuperus et
al. previous results on neuroblastoma cells. The authors
demonstrated that fenretinide at 1—10 M reduced the growth
rate and promoted cytostasis, possibly due to interference with
PARP and Ki-67 pathways.'**'% Another possible justification
is that the phenomenon is a consequence of modulation of cell
cycle-related factors, such as p16 and phospho-p38 MAPK.>

The increase in ICy, did not preclude in vivo efficacy as
demonstrated by the 4.7-fold reduction in the in vivo incidence
of tumors. This is consistent with previous clinical reports on
the reduction of the incidence of second breast tumors in
women''? and provides additional support to the limitations of
cell monolayers for efficacy studies. Additionally, the fact that
treatment increased collagen type III expression in the
mammary tissue further supports the formulation preventive
potential given that (i) collagen type III appears to limit breast
cancer progression and metastasis' ' and (ii) breast cancer is
the most common neoplasia that metastasizes throughout the
cutaneous tissue.''”""* Evidence of the formulation safety is
provided by the absence of changes on the tissue architecture
upon ME administration by the reduction on NMU-induced
weight loss and the absence of changes in the leukocyte count
compared to the control animals. Fenretinide selectivity
toward selected cancer cells may contribute to its overall
safety. For example, at § X 107° M, fenretinide induced
apoptosis and detachment of epidermoid carcinoma cells but
not of dermal fibroblasts."'* A reduction of the viability of the
carcinoma 3D structures without affecting dermal fibroblasts
was also demonstrated."'* The cutaneous tolerability of
fenretinide was further demonstrated in a clinical study:
patients evaluated during and after 42 months of fenretinide
oral intake at 200 mg/day showed mild signs of mucocuta-
neous dryness or skin atrophy, which are the main
dermatological side effects associated with retinoids. In terms
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of the fenretinide effect on mammary tissue structures, orally
treated rats showed a dose-dependent decrease in mammary
gland ducts after 21 days,115 decreased ductal branching, and
end-bud proliferation relative to control glands 182 days after
the first NMU injection,'” which have been associated with its
preventive effects. No longer-term studies detailing the effects
of fenretinide in the breast tissue were available, but the results
from a 15 year study suggest that oral fenretinide toxicity is
manageable, with diminished dark adaptation and mild
dermatological disorders as the main effects."

Considering the low aqueous solubility and high tissue
binding of the drug, a limitation of the present study is the
absence of an additional control, consisting of the drug
solution, in the in vivo efficacy study, which hinders a
comparison of the ME eflicacy to other conventional
formulations and a more in-depth discussion on the in vivo
prolonged release properties of the ME since drug tissue
binding and diffusion from its biological reservoirs may affect
its overall disposition.”” Additionally, we have not investigated
the distribution of fenretinide in the mammary tissue to
determine whether it reaches the whole tissue homogeneously.
Thorough tissue distribution of drugs locally delivered is
restricted by a limited tissue penetration distance,''® with
solubilizers and permeation enhancers being proposed to
increase tissue penetration.”” Although fenretinide tissue
distribution was not determined here, a previous study
demonstrated a similar relative distribution of telapristone
acetate across sampling sites in women breasts when
administered topically to the breast skin compared to its oral
administration,” with subcutaneous fat and deep (closer to
muscles) sites having the highest concentration. The authors
suggested that the fatty envelope of the breast might serve as a
reservoir for prolonged drug distribution aided by the
mammary lymphatic circulation. Despite differences in
fenretinide and telapristone acetate characteristics, this
previous study indicates that administration close to the
mammary tissue may enable a similar pattern of mammary
tissue distribution to oral delivery with lower systemic levels.
Future studies should evaluate fenretinide distribution in the
breasts.

Despite these limitations, the results presented here
demonstrated that the ME administration reduced the
incidence of breast cancer, which indicates the potential
applicability of this strategy. The fact that few tumors were still
observed in the ferentinide-loaded ME-treated animals points
to the benefit of optimizing dosage and administration
frequency so that we can maximize the treatment ability to
prevent tumor development with the least number of
applications, contributing to improve patient adherence to
treatment.

5. CONCLUSIONS

In this study, we developed a non-aqueous precursor ME
capable of phase transformation upon uptake of fluids to
provide prolonged fenretinide release. Despite the increased
ICs, value resulting from fenretinide incorporation, which we
attributed to the formation of a depot and slow release, the
formulation reduced cell migration and interfered with
spheroids formation in vitro, supporting preventive effects.
Consistent with these effects, the formulation reduced the
incidence of tumors in an in vivo chemical carcinogenesis
breast cancer model, without producing local irritation,
changes in the tissue architecture at the vicinity of the

https://doi.org/10.1021/acs.molpharmaceut.1c00319
Mol. Pharmaceutics 2021, 18, 3401-3417


pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

injection site, or systemic alterations in white blood cell count.
The benefits of the formulation were also demonstrated by the
prevention of weight loss in the treated animals and increases
in type III collagen expression in the mammary tissue, which
support its contribution to limiting the disease development
and spreading. With this study, we aimed at contributing to the
development of an effective, safe, and much needed preventive
strategy for breast cancer.
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