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ARTICLE INFO ABSTRACT

Keywords: Doxorubicin (DOX) loaded liposomes have been used and studied in the last decades due to the significant
CytOtOXiFiFY decrease in DOX induced cardiac and systemic toxicity relative to administration of free drug. Therefore, new
Doxorubicin strategies are sought to improve DOX delivery and antitumor activity, while avoiding side effects. Recently,
i;ﬁz;z;f::pmr folate-coated pH-sensitive liposomes (SpHL-Fol) have been studied as a tool to enhance cellular uptake and

antitumor activity of paclitaxel and DOX in breast cancer cells expressing folate receptor (FR+). However, the
elucidation of folate functionalization relevance in DOX-loaded SpHL (SpHL-DOX-Fol) in different cell types
(MDA-MB-231, MCF-7, and A549), as well as, the complete safety evaluation, is necessary. To achieve these
objectives, SpHL-DOX-Fol was prepared and characterized as previously described. Antitumor activity and acute
toxicity were evaluated in vivo through direct comparison of free DOX verses SpHL-DOX, a well-known formu-
lation to reduce DOX cardiotoxicity. The obtained data are crucial to support future translational research. Li-
posomes showed long-term stability, suitable for biological use. Cellular uptake, cytotoxicity, and percentage of
migration inhibition were significantly higher for MDA-MB-231 (FR+) treated with SpHL-DOX-Fol. In addition,
SpHL-DOX-Fol demonstrated a decrease in the systemic toxic effects of DOX, mainly in renal and cardiac pa-
rameters evaluation, even using a higher dose (20 mg/kg). Collectively these data build the foundation of
support demonstrating that SpHL-DOX-Fol could be considered a promising drug delivery strategy for the
treatment of FR+ breast tumors.

Acute toxicity

1. Introduction

Doxorubicin (DOX) is an anthracycline widely used in the front-line
treatment of breast cancer. The mechanism of action of DOX is primarily
attributed to the inhibition of topoisomerase I and II activity. However,
DOX treatment also leads to DNA damage and the formation of reactive
oxygen species (ROS). These mechanism(s) of cell injury and death are
nonspecific and occur through the activation of p53-dependent
apoptosis pathways and autophagy processes in healthy and cancer
cells. For this reason, the use of DOX in cancer therapy is limited by its
toxic effects, mainly, cardiotoxicity [1-4]. To overcome these effects,
improved drug delivery systems have been explored. Liposomes were
the first nanoscale drug approved for clinical use as a strategy to reduce
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DOX systemic toxicity due to the modification of DOX pharmacokinetics
by passive tumor targeting [5-8].

Modifications in liposome composition are emerging technologies
with the goal of improved pharmacokinetics and reduced toxicity. For
instance, PEGylated and pH-sensitive liposomes (SpHL) have been
studied in recent years to improve specificity, mainly in combination
with active targeting molecules [9-11]. Previous studies performed by
our research group showed that the encapsulation of therapeutic and
diagnostic molecules, including DOX, into SpHL showed an advantage to
improve tumor uptake with proper pharmacokinetics and safety profile
even in comparison to non-pH-sensitive Doxil®-like liposomes [12-19].
The tumor-targeted delivery leads to cellular uptake of SpHL through
endocytosis. The low pH of endosomes (~ pH 6-5) triggers the drug
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release from the SpHL, which transposes the endosome barrier, and
quickly reaches the site of action [20,21]. This pH responsiveness is
attributed to dioleoylphosphatidylethanolamine (DOPE) in association
with a stabilizing agent, such as cholesteryl hemisuccinate (CHEMS).
When combined, these lipids can organize spontaneously in the lipo-
somal form at physiological pH. However, in acidic conditions, the
lamellar structure is destabilized, and the drug is released [12,15,22].

To optimize tumor specific uptake, several ligands could be added to
the liposomes based on overexpressed molecules on the cell cancer
surface, to promote specific cell uptake [23]. As an example, many
tumor types, including breast cancer, have overexpression of the Folate
Receptor (FR). As such, folate (Fol) is a promising molecule to coat li-
posomes and other nanosystems to enhance selective cancer cell binding
and endocytosis in FR+ tumor cells [24-28]. Previous studies demon-
strated that Fol-coating active targeting and pH-sensitive combination
properties in paclitaxel-loaded Fol-coated SpHL (SpHL-Fol) led to
enhance drug uptake and antitumor activity [29-31].

We previously reported the development of innovative and prom-
ising Fol-coated DOX-loaded pH-sensitive liposomes (SpHL-DOX-Fol).
Using a murine 4T1 breast cancer model (FR+), we showed that SpHL-
DOX-Fol increased the DOX antitumor activity and reduced the occur-
rence of electrocardiographic alterations, typical of DOX cardiotoxicity
[32]. These results built the foundation to investigate the antitumor
activity potential of this new liposomal formulation against cancer
human models and the evaluation of its systemic toxicity as requirement
for potential translational study in the future. Therefore, this study aims
to elucidate the efficacy of SpHL-DOX-Fol antitumor activity in FR+
breast and lung (FR-) cancer by in vitro cell uptake and cytotoxicity as-
says. Additionally, the long-term stability of SpHL-DOX-Fol was deter-
mined to validate its suitability for biological analysis. The pre-clinical
acute toxicity was evaluated by histological and laboratory analysis in
healthy BALB/c mice, to investigate and understand the complete safety
profile of these new liposomes.

2. Materials and methods
2.1. Materials

Doxorubicin hydrochloride (DOX) was donated by Eurofarma®
(98,6 % of purity) (Sao Paulo, Brazil). Dioleylphosphatidylethanolamine
(DOPE), distearoylphosphatidyl ethanolamine coupled with poly-
ethyleneglycolaggp (DSPE-PEG2000) were purchased from Lipoid GmbH
(Ludwigshafen, Germany). Polycarbonate membranes were purchased
from Millipore (Billerica, USA). DSPE-PEGygoo functionalized with
folate (DSPE-PEG2000-Fol) was purchased from Nanosoft Polymers
(Winston-Salem, USA). Cholesteryl hemisuccinate (CHEMS) was ac-
quired from Sigma-Aldrich (Sao Paulo, Brazil). High-performance liquid
chromatography (HPLC) methanol and isopropyl alcohol were obtained
from Tedia Company (Ohio, USA). Dubelcco’s Modified Eagles Medium
(DMEM) culture medium was acquired from Sigma-Aldrich (Sao Paulo,
Brazil). Antibiotic PSA (penicillin, streptomycin, and amphotericin B)
and trypsin were purchased from Invitrogen (Thermo Fisher Scientific -
Sao Paulo, Brazil). Fetal bovine serum (FBS) was acquired from Gibco
(Sao Paulo, Brazil). Xylazine solution (Dopaser® 2 %) was purchased
from Hertape Calier (Juatuba, Brazil). Ketamine hydrochloride solution
(Dopalen® 10 %) was purchased from Vetbrands Agroline (Campo
Grande, Brazil). All other reagents and chemicals were acquired in
analytical grade. MDA-MB-231, MCF-7, and A549 cell lines were ob-
tained from American Type Culture Collection (ATCC® - Manassas,
USA).

2.2. Preparation and physicochemical characterization of liposomes
Liposomes were prepared using the thin lipid-film hydration method

and characterized by mean diameter, polydispersity index (PDI), and
zeta potential as described previously [19,32].
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Chloroform aliquots of DOPE, CHEMS, DSPE-PEG2000 (5.8:3.7:0.5
molar ratio, respectively; 20 mM total concentration of lipids) or DOPE,
CHEMS, DSPE-PEG2000, and DSPE-PEG2000-Fol (5.8:3.7:0.5 molar
ratio, respectively; 20 mM total concentration of lipids) were transferred
to a round flask and the solvent was removed at 25 °C and low pressure
(~100 bar) to obtain the thin lipid films of SpHL or SpHL-Fol. The lipid
film was hydrated with 300 mM ammonium sulfate solution and 0.1 M
NaOH solution, under vigorous stirring using a vortex, and at room
temperature. The volumes of 300 mM ammonium sulfate and 0.1 M
NaOH solutions were determined to reach the initial lipid concentration
and ionize all CHEMS molecules, respectively. The size of the blank li-
posomes was calibrated by extrusion using polycarbonate membranes.
Extrusion was performed in pressurized nitrogen flow using membranes
with 0.4 um, 0.2 ym, and 0.1 um of pore size (5 cycles per membrane).
The non-encapsulated ammonium sulfate was removed from SpHL and
SpHL-Fol by ultracentrifugation (Ultracentrifuge Optima® L-80XP,
Beckman Coulter, Brea, USA) at 150,000 x g, 4 °C, for 120 min. The
pellets were redispersed using 0.9 % (w/v) NaCl solution maintaining
the initial lipid concentration. Afterward, DOX powder in sufficient
amount to reach 2 mg/mL was added to the blank SpHL or SpHL-Fol
liposomes dispersion and incubated for 2 h at 4 °C to promote the
DOX encapsulation by ammonium sulphate gradient method [33]. The
non-encapsulated DOX was removed by ultracentrifugation at 150,000 x
g, 4 °C, for 120 min and the pellets were resuspended again with 0.9 %
(w/v) NaCl solution to obtain the final dispersion of SpHL-DOX and
SpHL-DOX-Fol.

For the characterization, mean diameter and polydispersity index
(PDI) were determined by dynamic light scattering (DLS) at 25 °C and an
angle of 90°. Electrophoretic mobility associated with the DLS was used
to obtain the zeta potential. The measurements were performed using a
Zetasizer NanoZS90 equipment (Malvern Instruments, Worcestershire,
UK). All samples were diluted in 0.9 % (w/v) NaCl solution at a ratio of
1:100 and the measurements were performed in triplicate.

2.2.1. Determination of DOX content in liposomes

Quantification of DOX was measured by high performance liquid
chromatography (HPLC) as previously reported [32]. The mobile phase
was a mixture of methanol:phosphate buffer pH 3.0 (volume ratio
65:35). The elution time was 8 min at a flow rate of 1.0 mL/min, once
the retention time of DOX is close to 4 min. The analysis was performed
on a model 515 pump, a model 717 Plus autoinjector, and fluorescence
detector model 2475 (Waters Instruments, Milford, MA, USA) with
excitation and emission wavelengths of 470 nm and 555 nm, respec-
tively. The column (ACE® C8, 25 cm x 4.6 mm, 5 ym - Merck, Darm-
stadt, Germany) was maintained at room temperature, and the injection
volume was 20 pL. For quantification of DOX into SpHL-DOX and
SpHL-DOX-Fol, the lipid membrane was opened with isopropyl alcohol
(volume ratio equal to 1:10), and then the preparation was diluted
appropriately in the mobile phase to reach 40 ng/mL concentration
(range of calibration curve is 20-80 ng/mL). The DOX concentration
was determined in triplicate before (non-purified liposomes) and after
the final ultracentrifugation (purified liposomes), and the DOX encap-
sulation percentage (EP) was calculated according to Eq. (1):

[DOX]  purified liposomes
[DOX]non — purified  liposome

EP(%) = ( )x100 )

2.2.2. Liposomes stability

2.2.2.1. Storage stability. To determine the shelf-life of SpHL, SpHL-Fol,
SpHL-DOX, and SpHL-DOX-Fol, the liposomes, in aqueous medium,
were prepared and maintained at 4 °C and aliquots were collected after
0, 7, 14, 30, 60, 120, and 180 days of preparation. Mean diameter, PDI,
and zeta potential were measured as aforementioned. At the same time
interval, aliquots were collected for EP determination. To separate the
aqueous phase (containing released DOX) from the liposomes, the
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aliquots were submitted to an ultrafiltration method using centrifugal
devices Amicon® Ultra — 50 kDa (Merck S.A., Darmstadt, Germany) pre-
treated with Tween 20 5 % (v/v) solution for 24 h [34]. The released
DOX (aqueous phase), as well as SpHL-DOX and SpHL-DOX-Fol before
ultrafiltration (non-purified liposomes) were collected, diluted, and the
concentration of DOX was measured by HPLC as described above. The
EP was calculated as Eq. (2) and the measurements were performed in
triplicate.

DOX|aqueous phase
[ q p

EP(%) = 100 — ( )x100 2

[DOX|non — purified  liposome

2.2.2.2. In vitro biological stability. SpHL-DOX and SpHL-DOX-Fol were
added in phosphate saline buffer (PBS) pH 7.4 or DMEM culture media
supplemented with 10 % (v/v) of FBS to estimate liposomes behavior in
biological assays (in vitro and in vivo). The liposomes were diluted in PBS
or DMEM (volume ratio 1:4) and incubated at 37 °C for 24 h. An aliquot
was collected before incubation and after 24 h to measure the mean
diameter, PDI, and zeta potential, as previously described.

2.3. Cell Culture

The MDA-MB-231 (FR+) and MCF-7 (FR+) human breast cancer
cells, and A549 (FR-) human lung cancer cells were grown in DMEM
supplemented with 10 % (v/v) of FBS and 1 % (v/v) of PSA. The cell
lines were kept at 37 °C and 5 % of CO; in a humidified atmosphere
[29].

2.3.1. Cytotoxicity assay

MDA-MB-231, MCF-7, or A549 tumor cells were seeded in 96-well
plates (1 x10* cells/well) at 24 h before treatment. Cells were
exposed to serial concentrations (2500-40 nM), DOX, SpHL-DOX, and
SpHL-DOX-Fol for 48 h. The percentage of cell growth control was
calculated using the sulforhodamine B (SRB) assay in well and plate
triplicate [35]. The cells were fixed with 10 % (w/v) trichloroacetic acid
(TCA) after the treatment time and dyed with SRB. To remove unbound
SFB, cells were washed with 1 % (v/v) acetic acid. The complex
protein-SRB was solubilized with 10 mM Tris(thydroxymethyl)amino-
methane (Tris-base) solution and the resulting optical density was read
at 510 nm in a Spectra Max Plus 384 microplate reader (Molecular
Devices — Sunnyvale, USA). The inhibitory concentration (ICso) was
calculated [36].

2.3.2. Migration assay

To evaluate the bi-dimensional cell migration, MDA-MB-231, MCF-7,
or A549 tumor cells were seeded in 12-well plates (3 x10° cells/well)
and incubated at 37 °C for 24 h to produce a cell monolayer. A linear
wound was created in individual wells (n = 3) with a 10 pL pipette tip
and images were acquired using a microscope AxioVert 25 connected to
an Axio Cam MRC camera (Zeiss, Oberkochen, Germany). These images
(t = 0) were used as control. After obtaining the wounds, the wells were
supplemented with 1 mL of fresh DMEM with 1 % (v/v) FBS containing
500 nM of DOX, SpHL-DOX, or SpHL-DOX-Fol. The plates were incu-
bated at 37 °C for 24 h and new images were obtained (t = 24 h). This
analysis method was chosen to reduce the variation between different
wells once the same scratch was photographed and the areas were
calculated before and after treatment. Wound areas were obtained using
the MRI Wound Healing Tool plugin for the free version of Image J 1.45
software (National Institutes of Health, Bethesda, USA). The wound
healing percentage was calculated according to Eq. (3).

treated d
Migration(%) = 100 — ( ;"ea e wound areas

%100 3

"control” wound areas

2.3.3. Cellular uptake of DOX
HPLC was used to quantify the cellular uptake of DOX from SpHL-
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DOX and SpHL-DOX-Fol while its intracellular uptake was visualized
by confocal microscopy. To quantify DOX cellular uptake, MDA-MB-
231, MCF-7, or A549 tumor cells were plated in 12-well plates
(5 x10° cells/well) and incubated for 24 h. Cells were treated (n = 3)
with 1 mL of fresh DMEM containing 5 uM of DOX, SpHL-DOX, or SpHL-
DOX-Fol for 1 and 4 h. Briefly, after treatment, the cells were removed
from the plates, washed with PBS to remove the non-internalized drugs
and centrifuged (500 x g, 5 min). Pellets were resuspended in 0.5 mL
isopropyl alcohol and 0.5 mL methanol and the samples were trans-
ferred to the ultrasonic bath to promote the cell lysis and DOX extrac-
tion. The lysed cells were centrifuged at 3000 x g for 15 min and an
aliquot of the supernatant was used for quantifying the intracellular
DOX by HPLC as described in Section 2.2.2.2. The DOX cellular uptake
was calculated by Eq. 4.
_ [DOX]extracted  from cells

Cell Uptake(%) = DOXJroral x100 (€))

To visualize cellular uptake, confocal microscopy was used. MDA-
MB-231 tumor cells were seeded in 6-well plates with sterile cover-
slips (3 x10° cells/well) 24 h before treatment. Cells were exposed to
5 uM of DOX, SpHL-DOX, or SpHL-DOX-Fol for 1 and 4 h. Drug was
removed with PBS buffer. Cells were fixed with 3.7 % (v/v) formalde-
hyde solution for 10 min at room temperature and permeabilized with
0.1 % (v/v) Triton X-100 solution for 10 min at room temperature [37].
Nuclei were labeled with fluorescent probe Hoechst 33258 (Thermo
Fisher Scientific - Waltham, USA). The coverslips were washed with PBS
puffer and slides were assembled using Prolong Gold Antifade Reagent
(Thermo Fisher Scientific - Waltham, USA). Cells were analyzed in the
Centro de Aquisi¢ ao e Processamento de Imagens da Universidade Federal de
Minas Gerais (CAPI/UFMG - Belo Horizonte, Brazil) using the LSM 880
confocal microscope with Airyscan detector (Zeiss - Oberkochen, Ger-
many). Images were acquired at 63x using a Diode 405 nm (excitation of
Hoechst 33258) and Argonium 488 nm (excitation of DOX) [32]. The
images were processed using the ZEN Blue Edition software version 2.3
lite (Zeiss - Oberkochen, Germany).

2.4. In vivo acute toxicity

The evaluation of in vivo acute toxicity followed OECD Guideline for
Testing of Chemicals 423 (2001) recommendations adapted to intrave-
nous drugs, as previously reported by our research group [19]. Animals
were obtained from the Centro de Bioterismo do Instituto de Ciencias
Biologicas da Universidade Federal de Minas Gerais (CEBIO/UFMG - Belo
Horizonte, Brazil). Healthy female BALB/c mice of 8-10 weeks and
approximately 18 g were used. All in vivo studies were previously
approved by the local ethics committee for animal use (CEUA/UFMG -
Protocol n° 110/20, approval date 19 Jun 2020).

A single dose of DOX, SpHL-DOX, or SpHL-DOX-Fol (20 mg/kg) was
administered intravenously, by the tail vein (n = 6/treatment group).
Previous studies with similar liposomal formulations did not show
toxicity related to the lipid components of vehicles and the evaluated
parameters were comparable with the saline-treated animals [12,19,
32]. Therefore, in this study, the mice of the control group received only
saline (NaCl) 0,9 % (w/v). Following treatment, animals were observed
for 7 days, to detect the peak of systemic toxic effects and 14 days, as
recommended by the OECD guideline. Behavioral/clinical modifica-
tions, body weight, morbidity, and mortality were evaluated during all
experimental protocols [38]. The weight variation is calculated by the
difference between the final and initial weight of the animals. To esti-
mate the maximum tolerated dose (MTD), the survival of all animals,
associated with a body weight loss below 15 % during the experiment,
was considered as the threshold for MTD. [39]. After 7 and 14 days, the
animals were anesthetized with ketamine (80 mg/kg) and xylazine
(15 mg/kg), and the blood was collected to the brachial plexus and
transferred to microtubes containing an EDTA 0,1 M solution as an
anticoagulant for hematological and biochemical dosages. The organs



J. de Oliveira Silva et al.
were collected for histopathological analysis.

2.4.1. Blood chemistry analysis

Hematological parameters, such as hemoglobin, number of red blood
cells (RBC), hematocrit (HCT), Red Cell Distribution Width (RDW), total
white blood cells (WBC), granulocytes, non-granulocytes, and platelets
were evaluated for each group. An automatic analyzer (HEMOVET
2300- Brasmed, Paulinia, Brazil) was used to measure the parameters.
For clinical chemistry analysis, blood was centrifuged (1100 x g, 15 min)
and the plasma obtained was frozen at — 20 °C until the tests. Analysis
were performed with Bioplus BIO-2000 semiautomatic equipment (Sao
Paulo, Brazil) using commercial kits (Labtest, Lagoa Santa, Brazil).
Kidney function was evaluated by the measurement of blood urea ni-
trogen (BUN) and creatinine concentrations; liver function was assessed
by alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activity; and heart injury by the dosage of creatine kinase - MB
(CK-MB) activity.

2.4.2. Histopathological analysis

For histopathological analysis, liver, kidneys, spleen, sternum, and
heart were collected. Tissues were fixed in 10 % (v/v) buffered form-
aldehyde solution for 24 h, dehydrated with alcohol in increased con-
centrations and included in paraffin blocks. Using a microtome, 4 pm
sections were obtained and the slides were stained with hematoxylin
and eosin (H&E) using a routine protocol. The stained tissues were
evaluated by trained pathologists and the images were captured by a
camera connected to an optical microscope (Olympus BX-40; Olympus,
Tokyo, Japan).

2.5. Statistical analysis

The obtained data were expressed as the mean + standard deviation
(SD). The normality of the variables was verified by D’Agostino test.
Differences between the experimental groups were calculated by
ANOVA analysis of variance followed by Tukey’s test. For all analyses,
the 95 % confidence interval was adopted, and the differences were
considered significant when the P-value was < 0.05 (P < 0.05). Data
were evaluated with GraphPad Prism software (version 5.00, La Jolla,
USA).

3. Results
3.1. Preparation and physicochemical characterization of liposomes

The characterization parameters of the liposomes (SpHL, SpHL-Fol,
SpHL-DOX, and SpHL-DOX-Fol) are shown in Table 1. Monodisperse
vesicles, with mean diameter close to 100 mn and neutral superficial
charge (zeta potential) were obtained, also all the formulation showed a
neutral pH after preparation (7.2 £+ 0.2). No significant (P > 0.05)

Table 1
Mean diameter, PDI, zeta potential, and encapsulation percentage of SpHL,
SpHL-Fol, SpHL-DOX, and SpHL-DOX-Fol.

SpHL SpHL-Fol SpHL-DOX  SpHL-DOX-
Fol
Mean Diameter 110 £ 4 108 + 4 108 £2 107 £ 4
(nm)
PDI 0.07 0.06 0.09 0.10 £+ 0.02
+0.03 +0.01 +0.03
Zeta Potential (mV) -2.8£0.7 -25+0.5 -24+£0.6 -2.6 £0.5
EP (%) - - 99.5 + 0.3 99.6 + 0.1
Drug Load (mg/mL) 1.92 1.97 £ 0.17
+0.35
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variations were observed between SpHL and SpHL-Fol in terms of mean
diameter, PDI, and zeta potential. An efficient encapsulation method
was used once the EP reached almost 100 % for SpHL-DOX and SpHL-
DOX-Fol. In addition, the DOX encapsulation and functionalization
processes did not affect any of the characterization parameters.

3.2. Liposome stability

Mean diameter, PDI, zeta potential, EP were evaluated to charac-
terize the stability (shelf life) of SpHL-DOX and SpHL-DOX-Fol as well as
the influence of functionalization in liposome physicochemical stability.
Long-term stability (6 months) for both liposomes was observed with
preservation of mean diameter, PDI, zeta potential, and EP (Table 2).
The final mean diameter remained at about 100-110 nm and a neutral
(—2 to —4 mV) superficial charge was observed for SpHL-DOX and
SpHL-DOX-Fol (Figs. 1A and 1B). In addition, no notable changes
(P > 0.05) were observed in PDI and EP, once the liposomes showed EP
~100 % and PDI < 0.1 after 6 months of storage at 4 °C (Fig. 1B)
(Table 2). In addition, pH remains stable throughout the study.

The mean diameter, PDI, and zeta potential of the liposomes were
evaluated again after incubation in buffer solution (PBS) or biological
medium (DMEM) supplemented with 10 % (v/v) of FBS. SpHL-DOX and
SpHL-DOX-Fol showed suitable stability in simulated biological condi-
tions (pH, temperature, and protein content) for 24 h after incubation.
Any significant changes (P > 0.05) were observed in mean diameter,
zeta potential (Fig. 2), and PDI, which remained below 0.1. Therefore,
liposomes could be considered suitable for in vitro and in vivo assays.

3.3. Cytotoxicity evaluation

Cytotoxicity of DOX, SpHL-DOX, and SpHL-DOX-Fol was evaluated
in FR+ breast cancer cells (MDA-MB-231, MCF-7) and FR- lung cancer
cells (A549). Dose-dependent cytotoxicity was observed for the free-
drug (DOX) and drug-loaded liposomes (SpHL-DOX, and SpHL-DOX-
Fol) (Fig. 3). For MDA-MB-231, the cytotoxicity was higher (P < 0.05)
for SpHL-DOX-Fol in comparison with DOX and SpHL-DOX (Fig. 3A).
The ICsy values for DOX, SpHL-DOX, and SpHL-DOX-Fol treatments
were 518 + 105 nM, 450 + 115 nM, and 387 + 157 nM, respectively.
In contrast, no differences (P > 0.05), in percentage of control cell
growth, were observed among DOX, SpHL-DOX, and SpHL-DOX-Fol for
MCF-7 and A549 (Figs. 3B and 3C). SpHL and SpHL-Fol did not show
cytotoxicity (~100 % of cell viability) or any other effects on cells,
confirming that the vehicle was not toxic or active, as described previ-
ously (data not shown) [32].

3.4. Migration assay

Figs. 3D, 4 and S1 show the migration profile for cell lines MDA-MB-
231, MCF-7 and A549. The wound-healing migration assay has been
used to predict the influence of drug treatments on cell motility. In
cancer research, this motility could be related to the metastasis process

Table 2
Physicochemical characterization of SpHL, SpHL-Fol, SpHL-DOX, and SpHL-
DOX-Fol after 180 days.

SpHL SpHL-Fol SpHL-DOX  SpHL-DOX-
Fol
Mean Diameter 112+1 110+ 4 103 +£2 98 +3
(nm)
PDI 0.06 0.07 0.08 0.07 + 0.02
+0.03 +0.02 +0.03
Zeta Potential (mV) -3.5+0.6 -3.8+04 -2.8+0.7 -3.7+ 0.6
EP (%) - - 98.4 + 0.4 99.5 + 0.5

Data are expressed by the mean (n = 3) + standard deviation of the mean. All
data were analyzed by one-way ANOVA analysis of variance followed by
Tukey’s post-test.

Data are expressed by the mean (n = 3) + standard deviation of the mean. All
data were analyzed by one-way ANOVA analysis of variance followed by
Tukey’s post-test.
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related to Day 1 for SpHL-DOX or SpHL-DOX-Fol.
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Fig. 2. Liposomes mean diameter (A and B) and zeta potential (C and D) after incubation in PBS or biological media DMEM supplemented with 10 % (v/v) of FBS for
24 h. Data are expressed by the mean (n = 3) + standard deviation of the mean. All data were analyzed by one-way ANOVA analysis of variance followed by Tukey’s

post-test.

in vivo, and treatments with great potential for cell motility inhibition
are desirable [40]. For MDA-MB-231, SpHL-DOX-Fol was highly effi-
cient to inhibit cell motility. After 24 h, only 12.8 £ 8.2 % of the wound
area has been healed (Figs. 3D and 4) for SPHL-DOX-Fol compared to
more than 30 % for DOX and SpHL-DOX treated cells. In MCF-7 cells, a
similar behavior was observed, however, the inhibition was less pro-
nounced. In contrast, there was no statistical difference (P > 0.05) in
cell migration in the lung cancer cells (A549) observed at 24 h after
treatment with DOX, SpHL-DOX, or SpHL-DOX-Fol (Figs. 3D and S1).

3.5. Cellular uptake

The intracellular uptake of DOX from the treatments in MDA-MB-
231, MCF-7, and A549 human tumor cells as well as their intracellular
location in MDA-MB-231 are shown in Fig. 5. Here we show a dose-
dependence increase in cellular update following exposure in MDA-
MB-231for all formulations. However, there was a significant increase
(P < 0.05) in DOX uptake from SpHL-DOX-Fol (30.1 + 2.7 %). These
data underscore the importance of active receptor target in cellular
uptake of nanosystems, once the uptake of SpHL-DOX is the same or
lower than the free drug (Figs. 5A and 5B). Additionally, Fig. 5C showed

the nuclear DOX localization following cellular uptake. The purple color
indicates the merging of DOX and DNA staining for all drug-treated cells
(DOX, SpHL-DOX, SpHL-DOX-Fol) and suggests efficient DOX delivery.
The nuclear localization is crucial given the primary mechanism of ac-
tion of DOX is mediated through inhibition of DNA synthesis [41]. In
contrast, the relative analysis using the free DOX as a comparison
showed that for MCF-7 and A549 the presence of Fol on the liposome
surface did not affect the uptake profile (Fig. 5A).

3.6. In vivo acute toxicity

3.6.1. Body weight, clinical parameters, and mortality

Changes in body weight following drug exposure is shown in Fig. 6A.
Significant (P < 0.05) weight loss was observed for all drug-treated
groups and weight gain for control mice. At day 7, DOX-treated mice
showed weight loss of around 20 %. The pronounced weight loss was
consistent with the maximum tolerated dose as led to death (Fig. 6B).
For animals that received SpHL-DOX and SpHL-DOX-Fol, the weight loss
was significantly (P < 0.05) lower than DOX-treated animals on day 7
(11 % and 14 %, respectively), and the loss was attenuated until day 14.
Mortality was not observed in mice treated with SpHL-DOX-Fol and only
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Fol for 24 h. Images are representative of four independent experiments. Amplification of 5x.

one animal died in the SpHL-DOX group (Fig. 6B).

The most relevant clinical signs of toxicity were observed in mice
treated with free drug/DOX (prostration, intense piloerection, and
diarrhea). For SpHL-DOX treated mice moderate piloerection was
observed in all animals and moderate to intense ascites were observed in
two animals. Interestingly, the animals that received SpHL-DOX-Fol
treatment showed moderate piloerection as observed for SpHL-DOX,
however, just discrete ascites were observed in two. According to

these results, the maximum tolerated dose (MTD) estimated for DOX was
< 20 mg/kg and for liposomes (SpHL-DOX and SpHL-DOX-Fol) were
close to 20 mg/kg.

3.6.2. Hematologic analysisO

A complete blood count was performed to evaluate the impact of
drug treatment on hematologic factors. Blood cells parameters for the
Saline, DOX, SpHL-DOX, and SpHL-DOX-Fol groups are shown in
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Table 3. The analysis of erythrocytes parameters - RBC, hemoglobin
levels, HCT, RDW - were similar for all the groups at 7 and 14 days.
Leukopenia was observed in all groups treated with DOX, SpHL-DOX, or
SpHL-DOX-Fol on day 7 (P < 0.05). This alteration was characterized as
a significant reduction in the non-granulocytes [19]. However, even
though WBC levels for SpHL-DOX and SpHL-DOX-Fol were comparable
to the control after 14 days of treatment, significant lymphopenia still
was observed. Thrombocytosis occurred in DOX-treated mice on day 7.

Blood chemistry analysis was performed to assess organ toxicity
(liver, kidney and heart). Biochemical parameters indicative of renal
(urea and creatinine), hepatic (ALT and AST), and cardiac (CK-MB)
toxicity is shown in Table 4. A significant (P < 0.05) increase in creat-
inine and urea levels was observed in animals receiving DOX on day 7.
However, animals receiving SpHL-DOX or SpHL-DOX-Fol did not show
signs of organ damage. This observation was similar in AST and CK-MB
analysis. AST activity was significantly (P < 0.05) higher in DOX-treated

DOX-Fol at the same time of analysis. “Represents statisti-
cal differences (P < 0.05) between SpHL-DOX or SpHL-
DOX-Fol at 7 and 14 days of analysis.

mice compared to saline as well as to SpHL-DOX and SpHL-DOX-Fol at
the same experimental time. Significant increase of CK-MB activity was
observed at day 7 in animals that received DOX, however, the cardiac
enzyme activity remained at normal levels in mice treated with SpHL-
DOX and SpHL-DOX-Fol. On the other hand, ALT activity is increased
in all treated groups.

3.6.3. Histological analysis

Spleen and sternal tissues were evaluated in order to observe the
toxic effects of treatments in hematopoietic organs. On day 7 after
treatment, was observed moderate reduction of spleen red pulp in DOX-
treated animals (Fig. 7B) and for animals that received SpHL-DOX or
SpHL-DOX-Fol few apoptotic foci were detected in white pulp (Figs. 7C
and 7D).

Histologic analysis is consistent with the complete blood count data
described above. In the sternal analysis, a reduction of bone marrow
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Table 3
Hematological parameters of BALB/c healthy female mice treated with Saline,
DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg).

7 Days 14 Days
Saline DOX SpHL- SpHL- SpHL- SpHL-
DOX DOX-Fol DOX DOX-
Fol

WBC 5.0 1.3 1.1 1.3 4.9 5.0
(cell/ + 0.6 +0.3% +0.2%¢ +0.4%¢ + 0.8 +1.5
mm® x
10%)

Non-Gran 3.5 0.6 0.6 0.6 2.3 2.5
(cell/ +0.6 +0.1%° +0.2%¢ +0.2% +0.4° +0.9%
mm3 X
10%)

Gran (cell/ 1.7 0.7 0.5 0.7 2.7 2.5
mm?® x +0.2 +0.2° +0.1% +0.2° +£0.4° +0.6°
10%)

RBC 6.3 6.7 6.2 6.2 6.2 6.1
(cell/ + 0.4 +0.2 + 0.2 +0.3 +0.1 +0.3
mm3 X
109

HGB (g/dL) 12.9 14.1 12.5 12.6 12.3 11.9

+0.8 + 0.6 + 0.6 +1.0 + 0.4 + 0.6

HCT (%) 31.8 33.9 30.9 30.7 30.2 29.6

+1.6 + 0.7 +0.8 +1.7 +0.8 +1.4

RDW (%) 15.2 16.1 15.5 15.2 14.2 14.1

+0.9 +0.8 + 1.0 +0.5 + 0.6 + 0.4

PLT 415 633 499 507 510 519
(cell/ + 86 +70% + 94 + 26 + 34 + 31
I'[lIl’l3 X
10%)

Data are expressed by the mean (n = 6) + standard deviation of the mean. All
data were analyzed by one-way ANOVA analysis of variance followed by
Tukey’s post-test. “Represents statistical differences (P < 0.05) between Saline
and DOX, SpHL-DOX or SpHL-DOX-Fol. "Represents statistical differences
(P < 0.05) between DOX, SpHL-DOX, or SpHL-DOX-Fol at the same time of
analysis. “Represents statistical differences (P < 0.05) between SpHL-DOX or
SpHL-DOX-Fol at 7 and 14 days of analysis.

Table 4
Biochemical parameters of BALB/c healthy female mice treated with Saline,
DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg).

7 Days 14 Days
Saline DOX SpHL- SpHL- SpHL- SpHL-
DOX DOX- DOX DOX-
Fol Fol
Creatinine  0.39 0.64 0.34 0.32 0.37 0.34
(mg/dL)  +0.08  +0.08%°  +0.04 +0.04 +0.02 +0.07
Urea 5447 179 50+4 514+13 47 46 +7
(mg/dL) + 378 +13
ALT (U/L) 34+3  724+25° 65+9° 69 75 51
+15° +172 +11*
AST (U/L) 8148 198 102 114 106 86+ 18
+ 69 +24 +24 +18
CK-MB 38+8 91 43+8  47+6 35+8  40+7
(U/L) + 382

Data are expressed by the mean (n = 6) + standard deviation of the mean. All
data were analyzed by one-way ANOVA analysis of variance followed by
Tukey’s post-test. “Represents statistical differences (P < 0.05) between Saline
and DOX, SpHL-DOX or SpHL-DOX-Fol. "Represents statistical differences
(P < 0.05) between DOX, SpHL-DOX, or SpHL-DOX-Fol at the same time of
analysis. “Represents statistical differences (P < 0.05) between SpHL-DOX or
SpHL-DOX-Fol at 7 and 14 days of analysis.

parenchyma was observed for all treated groups (DOX, SpHL-DOX, and
SpHL-DOX-Fol) at day 7 (Figs. 8B, 8C, and 8D), characterized by
replacement of functional cells for adipose tissue. It is important to note
that all toxic effects described for spleen and bone marrow for SpHL-
DOX or SpHL-DOX-Fol-treated animals were reversible, once the histo-
logical features of these animals at day 14 are comparable to the healthy
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animals (Figs. 8A, 8E, and 8F).

In hepatic histology analysis, animals treated with DOX at day 7
presented multifocal hydropic degeneration, characterized by vacuoles
in hepatocytes with loss of liver architectural pattern (Fig. 9B). On the
other hand, alterations were not observed in SpHL-DOX and SpHL-DOX-
Fol groups at the same time interval (Figs. 9C and 9D). This is consistent
with blood chemistry analysis (ALT/AST). After 14 days, these groups
developed multifocal hydropic degeneration, however, without necrosis
evidence (Figs. 9E and 9F).

Figs. 10 and 11 shows heart and kidney photomicrographs. As ex-
pected, small foci of discreet vacuolization were observed in cardiac
muscle for all liposome-treated animals (Figs. 10C, 10D, 10E, and 10F).
For DOX-treated animals, extensive foci of vacuolization with occasional
areas of calcification were detected (Fig. 10B).

DOX induced kidney toxicity measured by urea and creatinine were
support in histologic analysis. In Fig. 11B, renal damage was observed
and depicted as accumulation of hyaline material in renal tubules (hy-
aline cylinders) along with glomerular sclerosis in different stages
(mesangial thickening to hyaline accumulation in glomerulus). As in
liver analysis, in liposome-treated the presence of toxic effects was time-
dependent. On day 7 after treatment, SpHL-DOX-treated animals pre-
sented areas of cylinders and after 14 days, there was an increase in the
affected area, associated with discreet mesangial thickening (Figs. 11C
and 11E). Interestingly, the renal toxic effects were less evident in ani-
mals who received SpHL-DOX-Fol. On day 7, the features were compa-
rable to saline-treated animals (Fig. 11D) and, on day 14, focal areas of
hyaline cylinders were observed, however, the glomerulus morphology
was preserved (Fig. 11F).

4. Discussion

Stability studies are relevant in liposome development due to the
potential for physical and chemical stability problems [42]. Fusion and
aggregation of vesicles are measured by the increase of the mean
diameter and PDI being typical signals of liposome instability. Avoiding
this phenomenon is highly desirable, once the fusion and aggregation of
particles can promote the release of encapsulated content and decrease
blood half-life [43]. PEG-coating liposomes have been the main strategy
for conferring liposomes in vitro and in vivo stability. The PEG chains will
produce a hydrophilic layer on the vesicle surface, impairing the
aggregation/fusion process by steric repulsion [44-46]. In this study,
PEGygpo-coated SpHL-DOX and SpHL-DOX-Fol were prepared and
characterized by robust and reproducible methods [32]. This function-
alization conferred storage stability for the formulations for 6 months in
terms of mean diameter, PDI, zeta potential, and EP. Additionally, these
liposomes were stable at simulated biological conditions and, therefore,
suitable for in vitro and in vivo assays.

Since the beginning of nano-scale drug application in cancer therapy,
strategies to promote drug accumulation into tumor cells with the pur-
pose of decreasing systemic toxicity and enhancing antitumor activity
have been investigated [47]. In this context, the Fol-coating nano-
systems have been described. Folate receptor (FR) expression is weak in
healthy tissues however, almost 50 % of breast tumors overexpress FR,
allowing the use of a specific targeting approach [27,48,49]. In this
study, we developed Fol-coated, pH-sensitive liposome (SpHL-DOX-Fol),
and the cytotoxicity, migration percentage, and DOX cellular uptake
were evaluated in different cell lines The effectiveness of Fol function-
alization was demonstrated previously by a competition assay using an
excess of free-FA. The presence of free-FA statistically reduced the
cytotoxicity of SpHL-DOX-Fol [32]. The human breast tumor cell lines
MDA-MB-321 (FR+) and MCF-7 (FR+), and the human lung tumor cell
line A549 (RF-) were used to evaluate the advantages of the Fol-coating
strategy [29,50-52]. The use of Fol-coated nanostructures aims to
enhance the specific endocytosis and intracellular drug delivery in
overexpressed-FR cells [27]. Cellular uptake, cytotoxicity, and inhibi-
tion of cell migration for SpHL-DOX-Fol were significantly higher in
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Fig. 7. Histological sections of spleen from BALB/c healthy female mice treated with Saline, DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg) stained by hema-
toxylin & eosin. (A) Saline spleen (B) DOX spleen on day 7. (C) SpHL-DOX spleen on day 7. (D) SpHL-DOX-Fol spleen on day 7. (E) SpHL-DOX spleen on day 14. (F)
SpHL-DOX-Fol spleen on day 14. White asterisk indicates red pulp hypoplasia. Black arrows indicate apoptosis. Amplification of 20x.

Fig. 8. Histological sections of sternum from BALB/c healthy female mice treated with Saline, DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg) stained by he-
matoxylin & eosin. (A) Saline sternum. (B) DOX sternum on day 7. (C) SpHL-DOX sternum on day 7. (D) SpHL-DOX-Fol sternum on day 7. (E) SpHL-DOX sternum on
day 14. (F) SpHL-DOX-Fol sternum on day 14. Black asterisks indicate adipose tissue area. Amplification of 20x.

MDA-MB-231 cells, and the intracellular percentage of DOX in this
group increases in a time-dependent manner. MDA-MB-231 is described
as a strongly overexpressing of FR cell line, while the
receptor-expressing is mild in MCF-7 cell surface and absent in A549.
These characteristics encourage the extensive use of these cell lines to
evaluate the Fol-coated nanostructure’s effectiveness [29,50,53-56] and
evidence the crucial role of FR expression for enhancing antitumor ac-
tivity of Fol-functionalized nanostructures, as SpHL-DOX-Fol.
pH-sensitive liposomes have been described as a feasible tool to
deliver DOX to the tumor with a suitable safety profile, reducing the
DOX cardiac and systemic toxicity [17-19]. Despite the FR’s low
expression in healthy cells, this is a constitutive receptor in several tis-
sues (kidney, spleen, bone marrow, bladder, thyroid, and colon) [48,
49]. Therefore, due to the important role of Fol in normal metabolism

[571, studies to determine the influence of liposome functionalization in
safety profile are desirable.

The most concerning DOX side effect is cardiotoxicity. The acute
cardiotoxicity of DOX is characterized by degeneration of car-
diomyocytes associated with electrocardiographic disturbs (QT and QTc
interval prolongation) and leakage of cardiac markers, such as CK-MB,
in the plasma after cardiomyocytes injury. [58,59]. SpHL-DOX and
SpHL-DOX-Fol prevented the increase in CK-MB levels despite discreet
cardiomyocytes vacuolization. These results corroborate with a previous
study performed by our research group that described a decrease in QT
and QTc alterations using SpHL-DOX and SpHL-DOX-Fol at the same
cumulative dose (20 mg/kg) in tumor-bearing mice model [32]. After
the DOX cardiotoxicity, myelotoxicity is the most common toxic effect in
therapies using chemotherapeutic agents, even in a liposomal form [3,
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Fig. 9. Histological sections of liver from BALB/c healthy female mice treated with Saline, DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg) stained by hematoxylin
& eosin. (A) Saline liver. (B) DOX liver on day 7. (C) SpHL-DOX liver on day 7. (D) SpHL-DOX-Fol liver on day 7. (E) SpHL-DOX liver on day 14. (F) SpHL-DOX-Fol
liver on day 14. Black arrows indicate hydropic degeneration areas. Amplification of 20x.

Fig. 10. Histological sections of heart from BALB/c healthy female mice treated with Saline, DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg) stained by hema-
toxylin & eosin. (A) Saline heart. (B) DOX heart on day 7 (Inset: cardiac calcification). (C) SpHL-DOX heart on day 7. (D) SpHL-DOX-Fol heart on day 7. (E) SpHL-
DOX heart on day 14. (F) SpHL-DOX-Fol heart on day 14. Black arrows indicate cardiomyocyte vacuolization area. Black asterisks indicate calcification. Amplifi-

cation of 40x.

58].

Accumulation of DOX in bone marrow after treatment with DOX,
SpHL-DOX, and SpHL-DOX might result in fast and intense medullar
depletion leading to a significant reduction of circulating WBC on day 7
[60]. However, for SpHL-DOX and SpHL-DOX-Fol, despite the persistent
lymphopenia, the effects of treatment in peripheral blood and bone
marrow were reversible. Persistent lymphopenia is an expected effect
after massive myelosuppression, once lymphocytes (main
non-granulocyte) are predominant in mice. Additionally, in mice, the
spleen remains as a hematopoietic organ in adults and the alterations in
this organ can contribute to the presence of cells in peripheral blood
[61].

DOX hepatotoxicity is described in acute and sub-acute doses due to
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partial hepatobiliary elimination and liver metabolization [62,63], and
when encapsulated into liposomes, the increase of DOX hepatotoxicity
may be monitored due to usual liposome uptake by the liver [14,30].
Liver injury can be observed in clinical, biochemical, and histological
evaluation [19,59,64]. In this study, liver toxicity was characterized by
ascites, persistent increase in aminotransferases, and hepatocyte
degeneration and was observed in DOX, SpHL-DOX, and
SpHL-DOX-Fol-treated animals.

Biochemical analysis showed a significant increase in creatinine and
urea plasmatic levels after DOX treatment, followed by extensive renal
tissue injury. DOX is a well-known inducer of kidney damage, charac-
terized by the progressive hyaline accumulation in the glomerulus
(glomerulosclerosis) with functional alteration, detected by an increase
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Fig. 11. Histological sections of kidney from BALB/c healthy female mice treated with Saline, DOX, SpHL-DOX, and SpHL-DOX-Fol (20 mg/kg) stained by he-
matoxylin & eosin. (A) Saline kidney. (B) DOX kidney on day 7 (Inset: hyaline accumulation in glomerulus). (C) SpHL-DOX kidney on day 7. (D) SpHL-DOX-Fol
kidney on day 7. (E) SpHL-DOX kidney on day 14. (F) SpHL-DOX-Fol kidney on day 14 (Inset: preserved glomerulus). Black arrows indicate hyaline cylinders.

Black arrowheads indicate mesangial thickening. Amplification of 20x.

in the plasmatic levels of creatinine and urea [65,66,67]. On the other
hand, animals receiving SpHL-DOX and SpHL-DOX-Fol developed
discreet nephrotoxicity signals in histology after 7 and 14 days, without
evidence of functional alterations. Bioactive molecules mainly elimi-
nated by renal pathway, such as DOX, have pharmacokinetics profile
strongly modified when entrapped into liposomes, decreasing the
free-drug renal injury occurrence even in high doses [12,17,19,68].

5. Conclusions

In this study, SpHL-DOX-Fol was prepared and characterized. The
long-term shelf-life and in vitro biological stability showed the suitability
of SpHL-DOX-Fol for biological studies. The folate-coating of liposome
presented a significant advantage when used in the MDA-MB-231 (FR+)
cell line, in comparison with DOX and SpHL-DOX, increasing the DOX
cellular uptake and consequently, reducing the tumor cell viability and
its migratory percentage in approximately 20 %. Furthermore, SpHL-
DOX-Fol showed dramatic alteration in free-DOX safety profile, due to
a decrease in morbimortality and hematological, cardiac, renal, and
hepatic toxicity, without evidence of exacerbation of toxicity compared
to SpHL-DOX. In conclusion, supported by present and previous results,
that showed proper pharmacokinetic profile and significant in vivo
tumor growth control and metastasis, SpHL-DOX-Fol could be a prom-
ising strategy to, safely, deliver DOX into FR+ breast tumors and
potentially reduce metastasis occurrence.
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