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Abstract

Lapachol (LAP) is a natural compound with various biological properties, including anticancer
activity. However, its clinical application is limited due to the low aqueous solubility and potential
adverse side effects. Nanoemulsions are drug delivery systems that can assist in the administration
of hydrophobic drugs, increasing their bioavailability and protecting from degradation. Thus,

this study aimed to prepare a LAP-loaded nanoemulsion (NE-LAP), and evaluate its antitumor
activity. For this purpose, the nanoemulsion was prepared using a hot homogenization method
and characterized morphologically by cryogenic transmission electron microscopy (cryo-TEM).
Mean diameter, polydispersity index, and zeta potential was evaluated by DLS, encapsulation
efficiency was measured by HPLC. Moreover, the short-term storage stability, the drug release
and hemolysis /n vitro was determined. Additionally, pharmacokinetic, toxicology and toxicity
properties of%MTc-NE-LAP were evaluated in a breast cancer (4T1) tumor model. The cryo-
TEM showed spherical globules, and the physicochemical characterization of NE-LAP showed a
homogeneous stable nanoemulsion with a mean diameter of ~170 nm, zeta potential of around
—-20 mV, and encapsulation greater than 85 %. /n vitro studies validated that encapsulation did
not impair the cytotoxicity activity of LAP. The nanoemulsion was successfully radiolabeled

and 99MTc-NE-LAP showed prolonged blood circulation and tumor affinity was confirmed by
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tumor-to-muscle ratio. Moreover, NE-LAP showed higher antitumor activity than the free drug
and the treatment did not result in any signs of toxicity. Therefore, these findings suggest that
NE-LAP can be considered an effective strategy for cancer treatment.
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1. Introduction

Cancer is the second leading cause of death worldwide, behind only cardiovascular diseases
[1]. Breast cancer is the most common tumor in women, with an incidence of 11.6 %

and a mortality rate of 6.6 % [2]. Although chemotherapy is used as one of the main
strategies for breast cancer treatment, several drawbacks including, multidrug resistance,
adverse side effects, and low tumor cell specificity, often result in poor treatment efficacy
[3,4]. Therefore, many approaches have been explored in an attempt to overcome these
disadvantages. Strategies includes developing novel tumor-specific bioactive compounds or
designing drug delivery systems to improve properties of FDA approved drugs with known
biological activity [5,6].

Lapachol (LAP), a natural compound of the class of naphthoquinones, has several

biological activities described, among them: antibacterial, trypanomicide, leishmanicide, and
antitumor. LAP has been tested /n vitro against several cancer cell lines and /7 vivoin

some animal models [7,8]. However, the occurrence of adverse side effects, such as anemia,
nausea, and vomiting, along with its poor water solubility and low bioavailability have
limited the clinical use of this drug [9].

Nanometer-scale drug delivery systems are promising alternatives to increase the antitumor
efficacy of drugs and to reduce their adverse side effects [10]. Nanoemulsion is a dispersion
of two immiscible liquids, typically water and oil, on a nanometer scale (20-200 nm),
stabilized by surfactants [11-13]. It is an attractive delivery platform since it can encapsulate
hydrophobic drugs, allowing high payloads in a low concentration of oil [14]. The use

of nanoemulsions have shown favorable data in drug stability, cellular uptake, and blood
circulation time, in both /in vitroand in vivo tumor models [15-18]. Regarding LAP, some
studies reported the encapsulation of the drug as a strategy to overcome its limitations,
nevertheless, none of them are used for intravenous application or antitumor evaluation
[19-23]. Thus, this study aimed to evaluate the antitumor activity of nanoemulsion loaded
with LAP (NE-LAP). To achieve this purpose, the system was characterized as the mean
diameter, polydispersity index, zeta potential, encapsulation efficiency, and drug release. In
addition, NE-LAP was radiolabeled with technetium-99 m for evaluating the ability of the
system to reach the tumor site. Moreover, the antitumor efficacy and toxicity was evaluated
in 4T1 breast tumor model in BALB/c mice.
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2. Material and methods

Ethoxylated sorbitan monooleate (SuperRefined ™ Polysorbate™ 80; Tween 80™), soybean
oil, glycerol, lapachol, and SnCl,-2H,0 were purchased from Sigma-Aldrich (Steinheim,
Germany). RPMI 1640 Medium, fetal bovine serum, penicillin, streptomycin, and trypsin
EDTA 0.25 % were purchased from Gibco-Invitrogen (Waltham, MA, USA). 9°MT¢ was
obtained from an alumina-based 9%°Mo/%°™MTc¢ generator (IPEN, S&o Paulo, Brazil). Xylazine
solution (Dopaser® 2 %) was purchased from Hertape Calier (Juatuba, Brazil). Ketamine
hydrochloride solution (Dopalen® 10 %) was supplied by Vetbrands Agroline (Campo
Grande, Brazil). All other chemicals were of analytical grade. The sub-cutaneous tumor
model was established in 8-week female BALB/c mice purchased from CEBIO-UFMG
(Belo Horizonte, Brazil). All animal studies were approved by the Institutional Animal Care
and Use Committee (CEUA/UFMG) under protocol # 06/2018.

2.1. Nanoemulsion preparation

Oil-in-water (O/W) nanoemulsions (NE) were prepared using the hot homogenization
method. The composition of the nanoemulsion in the oily phase (Soybean oil, 400 mg;
Polysorbate 80, 115 mg), and the aqueous phase (Glycerol, 224 mg; ultrapure water, 10
mL) were heated, separately, to 80 °C. With the temperature maintained at 80 °C, aqueous
phase was gently dropped onto the oily phase under constant agitation, at 8000 rpm, with
an Ultra Turrax T-25 homogenizer (Ika Labortechnik, Germany). The formed emulsion was
immediately submitted to a high-intensity probe sonication for 10 min (CPX 500 model,
Cole-Palmer Instruments, USA). After this period, the formulations were cooled down

to room temperature with manual agitation and the volume was adjusted to 10 mL with
ultrapure water. The pH of the NE was adjusted to 7.0 with a solution of NaOH (0.1 mol
L ~1) and the formulations were stored at 4 °C. For NE-LAP, the drug was added to the
oily phase at different concentrations (0.05 %; 0.075 %; 0.1 %) and the same method of
preparation was used.

2.2. Particle size, polydispersity index (PDI), Zeta potential

The mean particle diameter and PDI were measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS90 (Malvern Instruments, UK). Zeta potential measurements were
carried out by DLS associated with electrophoretic mobility. The samples were diluted
100-times in ultrapure water.

2.3. Encapsulation efficiency (EE)

NE-LAP was purified by 0.45 um filtration. By using this strategy, encapsulated LAP
freely pass through the membrane while non-encapsulated LAP remains in the filter. For
EE quantification, samples of total LAP (before filtration) and purified LAP (after 0.45

um filtration) were dispersed in THF:Methanol (4:6) mixture and the drug concentration
was determined by HPLC (Waters, 515 isocratic pump, 717 plus automatic injector, and
UV-Dual A 2487 detector, Milford, EUA) using methanol: 5 % acetic acid (80:20 (v/v))

as mobile phase, Innoval reversed-phase C1g column, (5 um, 4.6 x 150 mm) (Agela
Technologies, Tianjin, China); flow 1.0 mL/min; 25 °C, 20 pL injection volume and column
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oven at 40 °C, with UV detection in A = 278 nm [24]. Then, the %EE was calculated by the
formula:

Ep ap % 100

%EE =
’ TLAP

Where: T|_ap = total LAP concentration in NE, E| ap = Encapsulated LAP concentration.

2.4. Morphological analysis

Transmission electron cryo-microscopy (cryo-TEM) (Tecnai G2-12-FEI SpiritBiotwin 120
kV) were used to study the morphology of NE-LAP. The samples were prepared by plunge
freezing technique, by spreading the sample into a thin film across an EM grid and then
rapidly submerging it in liquid ethane. Mean diameter was determinated by the analyses of
100 nanoparticles, using Image J software.

2.5. Short-term storage stability

Immediately after preparation, NE-LAP at concentrations of 0.5, 0.75, and 1.0 mg/mL were
stored at 4 °C, protected from the light. At 3, 7, 15, and 30 days post-preparation NE-LAP
were evaluated as mean diameter, zeta potential, and encapsulation efficiency.

2.6. Colloidal stability

2.7. Polariz

The stability of the NE-LAP was investigated in different biological fluids to predict the

in vivo behavior of the drug delivery system. NE-LAP was diluted 4-times in NaCl (0.9 %
wi/v), PBS buffer (pH 7.4), Dulbecco Modified Eagle Medium (DMEM) or murine plasm.
The resulting solution was kept at 37 °C under agitation of 150 RPM, for 24 h [25]. At
pre-determined time points aliquots of each solution were collected and mean diameter was
measure by DLS.

ed light microscopy (PLM)

The presence of LAP crystals in the nanoemulsion dispersion was evaluated by an optical
microscope (Zeiss Axio Imager.M2, Carl Zeiss, Germany) coupled with polarized light
and equipped with an AxioCam digital camera (Model ERc 5S, Carl Zeiss, Germany).
The samples were prepared in microscope slides (undiluted). The detection of LAP crystal
indicates the presence of non-encapsulated LAP, and therefore, lack of stability.

2.8. Invitro drug release

The release of LAP from NE was performed by the dialysis method using tubing cellulose
membranes with a cutoff size of 14 kDa and a diameter of 21 mm (cellulose ester
membrane; Sigma—Aldrich, St Louis, USA). Dialysis bags were filled with 1 mL of
formulation, sealed and incubated with 50 mL of PBS (pH 7.4) containing Tween 80 (2
%), at 37 °C, for 24 h, under magnetic stirring at 150 rpm. An aqueous solution of LAP (in
PBS containing 2 % Tween 80) was used as a control (concentration 0.46 mg/mL). At 15,
30, 60, 90, 120, 240, 360, and 1440 min, aliquots were withdrawn and LAP concentration
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was analyzed by HPLC. The same volume was replaced with the receptor liquid (PBS +
Tween 80). Values were plotted as cumulative percentage of drug release.

2.9. Radiolabeling of NE-LAP

Radiolabeling of NE-LAP was carried out in a sealed vial containing 1.0 mL NE-LAP and
100 pL SnCly-H,0 solution in 0.25 mol L ~IHCI (1.0 mg/mL). The pH was adjusted to 7.4
using NaOH (1 mol L 1), and vacuum was performed to the vial. An aliquot of 0.1 mL

of Na®®™MTcO, (3.7 MBq) was added to the vial and maintained at room temperature for 15
min.

Radiolabeling yield was determined by thin-layer chromatography (TLC-SG, Merck,
Darmstadt, Germany) using acetone as the mobile phase to quantify 99mTcOy . Radioactivity
was determined using a gamma counter (Wallac Wizard 1470-020 Gamma Counter,
PerkinElmer Inc., Waltham, Massachusetts, USA). 9MTcO, was removed from the
preparation using a 0.45 pm syringe filter [26].

2.10. Invitro radiolabeling stability

The radiolabeling stability of 99MTc-NE-LAP at room temperature in 0.9 % (w/v) NaCl and
in the presence of mouse plasma to simulate /77 vivo conditions were performed. Briefly, a
volume of 90 pL of99MTc-NE-LAP was incubated, under agitation, at 37 °C (Dubnoff Bath
MA-095/CF) with 1.0 mL of fresh mouse plasma. Radiolabeling stability was determined by
TLC-SG from samples taken at 1, 2, 4, 8, and 24 h after incubation, according as previously
described [27].

2.11. Blood clearance

The blood clearance was performed according to published procedures [27]. Aliquots of 3.7
MBq of 9MTc-NE-LAP were injected intravenously into healthy BALB/c mice. An incision
was made in the tail of the animals and blood was collected in pre-weighed tubes at times
of 1, 5, 10, 15, 30, 45, 60, 90, 120, 240, 480, and 1440 min after administration. The tubes
were weighed and their radioactivity determined by a gamma counter. These data were used
to plot a percentage of the dose injected per gram of blood (% 1D/g) versustime.

2.12. Cell culture

The breast cancer cell line (4T1) was grown in RPMI 1640 medium, supplemented with 10
% (v/v) of fetal bovine serum, penicillin (100 IU/mL), and streptomycin (100 ug/mL). Cells
were maintained in in 5 % CO5 at 37 °C. The cells were grown to confluence and harvested
by trypsinization.

2.13. Tumor cell inoculation

Aliquots of 1.0 x 10% 4T1 cells in RPMI medium (0.1 mL) was injected (SC) into the right
flank of female BALB/c mice. Mice were kept in an area with light control, with free access
to water and food. Tumor cells were allowed to grow /n vivo for 7 days, once the tumor
volume reached about 100 mm3,
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2.14. Tumor-to-muscle ratio

Aliquots of 3.7 MBq of 99MTc-NE-LAP were injected intravenously into tumor-bearing
BALB/c mice. At 1, 4, 8, and 24 h post-injection, the tumor and surrounding muscle were
removed, dried on filter paper, and weighed. The radioactivity in each tissue was determined
by a gamma counter. A standard dose containing the same injected amount was counted
simultaneously in a separate tube, which was defined as 100 % radioactivity. The results
were expressed as the tumor-to-muscle ratio in order to assess the tumor affinity of the
99MTc-NE-LAP.

2.15. Cell viability

MDA-MB-231 and 4T1 cells were seeded in 96-well plates (1 x 10* cells/well and 5

x 103cells/well, respectively) 24 h prior to treatment. Cells were exposed to a series of
concentrations of buffered solution of LAP, NE-LAP, and blank NE, for 48 h. Cell viability
was assessed using the sulforhodamine B (SRB) assay as previously described [28]. Briefly,
after incubation, 10 % trichloroacetic acid (TCA) was added to each well to fix cells for
one hour. Plates were then washed with water to remove TCA and stained with SRB for 30
min. Afterward, the plate was washed with 1 % acetic acid to remove the unbound SRB.
Then, the protein-bound dye was solubilized in 10 mM of Tris-Base [tris (hydroxymethyl)
aminomethane] solution and optical densities (OD) were read at 510 nm on a microplate
spectrophotometer Spectra Max Plus 384 (Molecular Devices, Sunnyvale, CA, USA).

2.16. Hemolysis assay

Fresh mice blood (8 weeks, 20.0 £+ 2.0 g) was collected in tubes containing 10 % wi/v

EDTA solution. The red blood cells (RBC) were separated by centrifugation at 3000

rpm for 10 min at room temperature (Heraeus Multifuge X1R Centrifuge, Germany). The
RBC collected from the bottom were washed with NaCl 0.9 % (w/v) until a colorless
supernatant was obtained above the cell mass. The final pellet was diluted with NaCl 0.9

% (w/Vv) solution to obtain a 4 % (w/v) RBC concentration. NE-LAP of three different
concentrations of LAP were evaluated. The samples were incubated with an equal volume

of 4 % RBC suspension (n = 5) for 1 h at 37 °C under agitation at 500 bpm (metabolic

bath, Dubno ff ; MA-95/CF Marconi, Brazil). After the incubation, the cell suspensions were
centrifuged at 2000 rpm for 5 min and the absorbance of the supernatants was measured in

a spectrophotometer (Evolution 201 UV-vis Spectrophotometer Thermo Scientific, USA) at
540 nm. Deionized water and NaCl 0.9 % (w/v) were used as negative and positive controls,
respectively. The percent hemolysis was calculated for each sample by taking the absorbance
of positive control as 100 % hemolytic sample, using following equation:

Hemolysis(%) = [(Absorbance sample)/(Absorbance positive control)] x 100

2.17. Antitumor activity

For the antitumor activity assay only the 4T1 tumor model was used. On the 7th day after
4T1 cell inoculation, once the tumor volume reached ~100 mm3, the mice were randomly
assigned into three groups (n = 7 for each group): group 1: PBS-Tween 80 at 2 % (negative
control group); group 2: buffered solution of LAP; group 3: NE-LAP. For all treatments,
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the dose of LAP was 5 mg/kg, in a total of 5 administrations, every 2 days, injected by the
tail vein. Throughout the study, tumors were measured with a caliper every 2 days. Tumor
volumes were calculated from the formula:

V= ()% xdy x 0.5

Where d; and d, represent the smaller and larger diameter, respectively [29].

At the end of the experimental period (D10), the relative tumor volume (RTV), and the
tumor growth inhibition ratio (IR) were determined by the formulas:

_ Tumor volume on day10

RTV = Tumor volume on day 0

IR = Mean RTV from each treatment X 100
- Mean RTV from control group

At the end of the experiment, the animals were euthanized and the blood collected, in the
presence of EDTA, for toxicity evaluation [29].

2.18. Histological analysis

The liver and kidney were collected for histopathological analysis. Samples were fixed in
10 % buffered formalin for 48 h, dehydrated in alcohol and included in paraffin blocks. 4
um sections were obtained and stained with hematoxylin and eosin (H&E). The slides were
evaluated by a trained pathologist and images were captured by a camera connected to an
optical microscope (Olympus BX-40; Olympus, Tokyo, Japan).

2.19. Biochemical analysis

Blood was collected using EDTA as an anticoagulant and centrifuged at 5000 rpm for

10 min and plasma was obtained. Plasma was used to perform biochemical analyses such
as urea, creatinine, AST (aspartate aminotransferase), and ALT (alanine aminotransferase).
The biochemical tests were performed using commercial kits from Labtest® (Lagoa Santa,
Brazil) through Bioplus BIO-2000 semiautomatic analyzer equipment (Sao Paulo, Brazil).

2.20. Statistical analysis

Data are expressed as mean + SD. Statistical analyses were performed using GraphPad
PRISM, version 5.00 software (GraphPad Software Inc., La Jolla, CA, USA). The difference
between the experimental groups was tested using one-way analysis of variance (ANOVA),
followed by the Tukey test, or T test, when the number of groups evaluated was equal

to two. All data showed normal distribution and homoscedasticity, when necessary. The
differences were considered statistically significant when the P values were <0.05.
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3. Results

3.1. Characterization

Blank NE and NE-LAP at different concentrations of LAP, were characterized as mean
diameter, PDI, zeta potential, %EE, and the results are summarized in Table 1. All blank

and LAP formulations showed a mean diameter of ~ 175 nm, with low polydispersity index
values (< 0.2), indicating monodisperse size distribution. These values are in agreement
with what is recommend for intravenous administration [30]. Particles with sizes between
100 and 200 nm are favorable for intravenous administration, as they are large enough to
prevent absorption in the liver and small enough to avoid filtration in the spleen [30,31].
Moreover, nanosystems with a size smaller than 200 nm are advantageous since they may
reduce opsonization and consequently the uptake by the cells of the mononuclear phagocytic
system [32,33].

The highly negative zeta potential is a good indication of stability since high values, in
module, may inhibit droplet fusion by charge repulsion. Encapsulation content was high

to all formulations, as expected in nanoemulsion systems, due to the hydrophobic nature
of LAP. The encapsulation value decreased as the drug concentration increased, suggesting
saturation of the system [34-36].

Representative cryo-TEM image is shown in Fig. 1. Images showed good sample
preparation and dispersion. It can be observed nanoparticles as round globules, with smooth
surface and, an average size of approximately 165 nm, which is consistent with DLS data.

3.2. Short-term storage stability

NE-LAP at different concentrations of LAP were prepared and stored at 4 °C. The storage
stability over time was evaluated as demonstrated in Fig. 2.

As observed in Fig. 2A and B, the mean diameter and PDI did not change over time
indicating the stability of the NE-LAP up to 30 days. Importantly, the average size

of particles remains in the range of 200 nm, which is compatible with intravenous
administration, and PDI showed values always lower than 0.3 indicating particles
homogeneously distributed [31]. Moreover, a negative zeta potential value (~20 mV) was
achieved throughout the whole experiment (Fig. 2C).

The encapsulation stability was also evaluated within 30 days and results are shown in Fig.
2D. NE-LAP at concentrations of 0.75 mg/mL and 1.0 mg/mL showed low stability over
time, resulting in significant drug release after 7 and 3 days, respectively. Both NE-LAP
released more than 50 % of the drug at the end of the experiment. NE-LAP at 0.5 mg/mL
showed excellent stability within 30 days of storage.

Stability was assessed by polarized light microscopy. Fig. 3 shows a representative image
on the day of the instability of each formulation or day 30 if no instability was observed.
Therefore, crystals were present for NE-LAP at 1.0 mg/mL at day 3 (Fig. 3A) and for
NE-LAP at 0.75 mg/mL at day 7 (Fig. 3B). In contrast, no crystals were observed in
NE-LAP at 0.5 mg/mL even after 30 days of storage (Fig. 3C). Altogether, the stability
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studies indicate that 0.5 mg/mL is the optimum concentration for achieving a more stable
nanoemulsion. Therefore, NE-LAP at 0.5 mg/mL was used for further /n vitroand in vivo
assays.

3.3. Colloidal stability

The colloidal stability of the NE-LAP was investigated in different media, such as NaCl (0.9
% wi/v), PBS, DMEM, mice plasma. The evaluated parameters are summarized in Fig. 4. It
was found that NE-LAP showed excellent stability, independently of the media, without any
significant change in the particle mean diameter in 24 h.

3.4. Invitro drug release

Fig. 5 shows the release profile of free and encapsulated LAP. Here we showed that the
free LAP reached 100 % release within approximately 1.5 h. In contrast, NE-LAP at 0.5
mg/mL showed a more sustained release, reaching 100 % after six hours. Nanoemulsions
are characterized by a gradual release of the drug, and other authors have shown controlled
release of the drug from nanoemulsion in a similar manner [37].

3.5. Radiolabeling yield and stability

Following radiolabeling, impurities were quantified. The radiolabeling yield of 9™Tc-
NE-LAP was 94.5 + 1.3 %, which is superior to that recommended by the American
Pharmacopoeia [38]. The results of radiolabeling stability are presented in Fig. 6. 9MTc-
NE-LAP was highly stable up to 24 h with than 90 % of the radiometal remaining in the
nanoparticles. This finding is extremely important to guarantee that animal studies data will
reflect the nanoparticles’ fate instead of the 99™Tc itself [27].

3.6. Blood clearance and tumor-to-muscle ratio

Pharmacokinetic properties were evaluated in tumor bearing mice. Blood clearance for
99mMTC-NE-LAP is shown in Fig. 7A. 9°MTc-NE-LAP decays in a biphasic manner showing
a a-half-life of 3.8 min and a p-half-life of 117.3 min. The area under the curve (AUC) was
2918 %ID.min 1,

It is important to underscore that®®™Tc-NE-LAP showed better parameters when compared
with previous studies of 99MTc-LAP reported by our group [27]. There was a large
increase in the p-half-life from 50 to 117.3 min and a considerable increment in the AUC
from 1909 to 2918 % ID.min ~1 [27]. These results clearly showed the contribution of

the nanoemulsion in prolonging blood circulation time of the drug, which is of pivotal
importance to enhance tumor accumulation and consequently a high antitumor efficacy.

A biodistribution study was performed in order to evaluate specific tumor uptake of %MTc-
NE-LAP. Fig. 7B shows the tumor-to-muscle ratio, which is an important parameter to
identify the tumor affinity compared with the surrounding tissue. Tumor-to-muscle ratio
increases over time reaching the maximum after 24 h (6.49). These data indicate that

the 99MTc-NE-LAP accumulates preferentially in the tumor than the surrounding muscle.
It is important mentioning that the tumor-to-muscle ratio for ©°™MTc-NE-LAP was higher
than that previously reported for 99MTc-LAP [27]. The preferential tumor accumulation of
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NE-LAP is a relevant parameter to guarantee the proper access to the target tissue in a tumor
treatment protocol.

3.7. Cell viability

Cell viability was assessed using the sulforhodamine B (SRB) assay against a human

and a murine breast cancer cell line, 4T1 and MDA-MB-231, respectively. Half-maximum
inhibitory concentration (ICsp) for LAP and NE-LAP were obtained and are shown in

Table 2. No differences were found between treatments suggesting that encapsulation did
not impair the cytotoxicity of the drug. NE-blank did not impair on cytotoxicity, at all

the evaluated concentrations the cell viability was close to 100 %. Therefore, it was not
possible to calculate an 1C50 value for this group, showing the absence of cytotoxicity of the
nanocarrier.

3.8. Hemolysis assay

The hemolytic activity profiles of different concentrations of NE-LAP are shown in Fig. 8. It
is possible to observe that hemolysis is dose-dependent, reaching a maximum of 4.88 % for
NE-LAP at 10 pg/mL (10 NE-LAP). Components with hemolysis values below 10 % can be
considered as non-hemolytic [39]. Therefore, NE-LAP proved to be hemocompatible for the
intravenous administration.

3.9. Antitumor activity

Fig. 9A shows the 4T1 tumor growth for all the evaluated groups over time. It can be
observed that LAP (free and encapsulated) was more effective at controlling tumor growth
when compared to the control group. In addition, NE-LAP was statistically different from
control and LAP groups, indicating higher efficiency in antitumor activity. Values of RTV
and IR (Table 3) corroborate the data found in the tumor growth curve, indicating higher IR
and lower RTV for the NE-LAP group.

3.10. Toxicity

Toxicity was evaluated through changes body weight and blood chemistry parameters that
assess liver and kidney damage. The body weight was monitored over the treatment, Fig.
9B. It can be noted that the control group had a decrease in weight; meanwhile, the other
groups had gained weight. This result indicates that LAP-treated groups showed no signs of
potential gut toxicity in this protocol.

Table 4 shows the biochemical analysis of blood from 4T1 tumor-bearing mice treated with
free LAP and NE-LAP. Creatinine and urea were performed for kidney function evaluation,
while alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were dosed for
checking liver function. Comparing to the control group, neither treated groups show any
alteration in biochemical parameters, demonstrating a lack of potential dose-limiting organ
toxicity. These data were confirmed by histological analysis, since no significant alterations
were observed for liver or kidneys slides (Fig. 10).
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4. Discussion

Several biological applications have been reported for LAP, including antitumor activity
[7,8]. However, its low water solubility, which results in low bioavailability, has limited the
use of this drug [9]. In this sense, many strategies to overcome these drawbacks have been
applied, such as the use of drug delivery systems [40-45]. The characterization of a new
nanosystem is essential for understanding the benefits of the proposed system, as well as
the possible toxicities [46]. In this work, we produce a LAP-loaded hanoemulsion stable
for 30 days with a compatible size, polydispersity index, and zeta potential, in addition

to a suitable encapsulation rate for intravenous administration. According to the American
Pharmacopoeia, injectable emulsions must have an average diameter of less than 500, with
Gaussian distribution, since large particles can get trapped in the lungs, being a risk to

the patients [47,48]. It is important to note that the physicochemical characteristics are
important parameters for determining the drug’s fate in a living organism, providing greater
drug concentration in the organ or target of interest to exert its pharmacological action.
Rodrigues et al., proposed a submicron emulsion of LAP as a promising delivery platform
for natural medicines [19]. Our system differs from this study mainly in the surfactant
concentration. The authors have evaluated increasing concentrations of surfactants, reaching
an optimum amount of 2.2 %, while we used only 1.5 % in the composition of NE-LAP,
with suitable parameters for /n vivo studies. It is well-known that high concentrations of
surfactants might be toxic and should be avoided in intravenous formulations [49,50]. In
addition, to the best of our knowledge this is the first report assessing biological behavior
and antitumor activity of nanoemulsion of LAP.

A high encapsulation percentage of LAP was achieved and might be related to its increased
solubility in the oily phase [51]. However, with the increase of LAP amount into the
nanoemulsion, a lack of stability was observed. This may be a result of the saturated system
that expels molecules of LAP to the external medium after storage [35,52,53].

NE-LAP radiolabeled studies were carried out to assess the /in vivo behavior of the system,
mainly its capacity of accumulating in the tumor region. It is important to note that the
99MT¢-NE-LAP showed B-half-life more than 2-times longer than free 99MTc-LAP, which
probably contributes to a tumor-to-muscle ratio greater than 2 over time and reaching

6 at 24 h post-injection. Recently, authors have demonstrated the effective nanoparticle
tumor accumulation through intracellular pathway preferentially than EPR effect. This
fact, along with the already known enhanced permeability of tumor vessels, which is still
slightly contributing to tissue accumulation, may represent the reasons for the success of
nanoparticles in the anticancer therapy [54]. In both uptake routes, a longer blood circulation
time is pivotal since high concentration of the drug is available in the bloodstream,
consequently, a high tumor accumulation is achieved.

In sequence, we evaluated if the encapsulation of LAP would impair its cytotoxicity against
amurine (4T1) and a human (MDA-MB-231) breast tumor cell lines. It is important to
mention that both tumor cells exhibit a triple-negative phenotype, which is considered a
very aggressive cancer with poor prognosis and not responsive to classic hormone therapies
[55,56]. Cytotoxicity studies reveal an ICsq for NE-LAP in the same range of the free
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drug, indicating the maintenance of antitumor activity even after encapsulation. It is already
known that LAP, as a naphthoquinone, might generate reactive oxygen species (ROS)
through oxidation by flavoenzymes [57,58]. When the damage caused by ROS is very
extensive and the cellular machinery cannot eliminate oxidative stress, the cell goes into
apoptosis [59,60].

Further /in vivo antitumor activity assay confirms the efficacy of NE-LAP in controlling
tumor growth. It is important to note that the treatment with NE-LAP leads to a big
improvement in the IR when compared to the free drug. This may be related to the improved
bioavailability and increased uptake in the tumor region. Similar results were observed by
Zhao, (2013) and Han, (2009), where they also obtained better out-comes by encapsulating
anticancer drugs in nanoemulsion [61,62]. Additionally, no sign of toxicity was observed

in hemolysis assay, biochemical and histological analysis, and body weight, indicating the
safety of this treatment.

5. Conclusions

NE-LAP was successfully prepared and characterized showing suitable parameters to
support intravenous administration. Short-term stability demonstrated that NE-LAP at 0.5
mg/mL remained stable for 30 days and drug release studies revealed a more sustained
release profile. Biodistribution and blood clearance studies confirm an increase in the blood
circulation time, which leads to a preferential tumor uptake. These improvements certainly
contributed to the higher antitumor activity observed for NE-LAP in contrast to LAP itself.
This favorable performance along with the absence of signs of toxicity leads us to indicate
NE-LAP as an effective strategy for cancer treatment.
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Fig. 1.
Cryogenic Transmission Electron Microscopy of NE-LAP, 100 nm scale bar.
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Fig. 2.

Storage stability of NE-LAP at different concentrations of LAP stored at 4 °C, for 30 days.
A) Mean diameter, B) PDI, C) zeta potential, D) Encapsulation Stability. (* Represents
statistical differences (P < 0.05) compared to day 0).
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Fig. 3.
Polarized light microscopy images of NE-LAP at different concentrations. Images were

taken on the day of the instability of each formulation or day 30 if no instability was
observed. A) NE-LAP, 1.0 mg/mL, at day 3; B) NE-LAP, 0.75 mg/mL, at day 7; C)
NE-LAP, 0.5 mg/mL, at day 30. 5X magnification.
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Fig. 4.

Colloidal stability assay in several biological fluids, NE-LAP were diluted three times. A)
NE-LAP; NE-LAP in NaCl (0.9 %); NE-LAP in phosphate-saline buffer (PBS). B) NE-LAP
in Fetal Bovine Serum (FBS); NE-LAP in Dulbecco Modified Eagle Medium (DMEM);
NE-LAP in murine plasma.
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Fig. 5.
In vitro drug release profile of LAP from nanoemulsion (NE-LAP) at 37 °C for 24 h (*

Represents statistical differences (P < 0.05) between LAP and NE-LAP).
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Fig. 6.
Radiolabeling stability of 99MTc-NE-LAP in the presence of 0.9 % (w/v) NaCl, at 25 °C or
mouse plasma, at 37 °C, as a function of time (n = 7).
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Fig. 7.

BI%od clearance and the tumor-to-muscle ratio of 9MTc-NE-LAP. A) Blood circulation
of%¥MTc-NE-LAP after intravenous administration in healthy BALC/c female mice. All data
are the mean percentage (n = 7) of the injected dose of per gram of blood, + the standard
deviation of the mean. B) Tumor-to-muscle ratio at 1, 4, 8 and 24 h after intravenous
administration of 9MTc-NE-LAP in 4T1 tumor-bearing mice (n = 7).

Biomed Pharmacother. Author manuscript; available in PMC 2022 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mendes Miranda et al. Page 24

100-
30-

& 604
=20
E 15
T 10
5
0 T
» 0&0.\. N Qooxﬁ°\5$$,\,§ Q§¢'\)8 Q$$»?3
$e%‘3‘“ Qo%‘\\ 3 5 A0
Concentration (ug/mlL)
Fig.s.

NE-LAP /n vitrohemolysis assay. Data are expressed as mean + sd (n = 5).
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Fig. 9.

A)gAntitumor effect of PBS-Tween 80 2 % (control), LAP, and NE-LAP on the growth

of 4T1 tumor-bearing BALB/c mice. Each treatment was intravenously administered five
times, every two days, at a dose of 5 mg/kg/day. Data are expressed by the mean + standard
deviation of the mean. Growth curves were analyzed by one-way ANOVA, followed by
Tukey'’s test. * Represents statistical differences (P < 0.05) between LAP and NE-LAP
treatments. *** Represents statistical differences (P < 0.001) between NE-LAP and Control
treatments. B) Body weight variation of 4T1 tumor-bearing mice after intravenous injection
of PBS-Tween 2 % (control group); buffered solution of LAP, and NE-LAP (* Represents
statistical differences (P < 0.05) between the treatments and control group).
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Fig. 10.
Histological sections of liver and kidney from breast tumor-bearing female BALB/C mice

treated with PBS + 2 %Tween (control), LAP and NE-LAP obtained and stained by
Hematoxylin & Eosin. A) Control, liver; B) LAP, liver; C) NE-LAP, liver; D) control,
kidney; E) LAP, kidney and F) NE-LAP, kidney. Amplification of 40x.
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Table 2

Half-maximum inhibitory concentration (ICsg) for LAP and NE-LAP against 4T1 and MDA-MB-231 tumor
cells (p < 0.05).

Treatment  4T1 (uM) MDA-MB-231 (uM)

LAP 8.29 +£3.07 6.60 3.1
NE-LAP 10.34+1.06 7.29+1.79
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Table 3

Relative tumor volume (RTV) and tumor growth inhibition ratio (IR) after the administration of LAP and
NE-LAP.

Group RTV IR

Control 6.96 -
LAP 5.51 30.68

NE-LAP  390%0 53710

a L . .
Represents significant difference as compared with the control group.

Represents significant difference as compared with LAP treatment. A-values less than 0.05 were set as the significance level (Tukey’s test). The
values represent the mean + SD (n = 7 mice/group).
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Biochemical parameters of 4T1 tumor-bearing mice after intravenous injection of PBS-Tween 2 % (control
group); buffered solution of LAP, and NE-LAP.

Control LAP NE-LAP

Creatinine (mg/dL)
Urea (mg/dL)

ALT (U/L)

AST (UIL)

0.35+0.10 0.29 £0.04 0.31+0.05
19.00 + 2.00 23.83+3.71 22.67 £3.01
25.32+9.88 25.03 £5.40 23.72+£3.29
185.05+51.84 142.75+24.77 139.09 +27.92
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