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ARTICLE INFO ABSTRACT

Keywords: Paclitaxel (PTX) has a great clinical significance as an antitumor drug, although several side effects are strongly
Cancer dose-limiting. In this way, we prepared a PTX-loaded 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
Nanoparticles [methoxy (polyethylene glycol)-2000] polymeric micelles (PM/PTX) in an attempt to improve safety and
izf;:;i micelles effectiveness of conventional PTX formulation (CrEL/EtOH/PTX). In this study, we evaluated from both for-
Toxicity mulations: stability after dilution, hemocompatibility, cellular uptake, acute toxicity in healthy mice, antitumor

activity, and toxicity after multiple-dose treatment. PM/PTX appeared to be more stable than CrEL/EtOH/PTX
after dilution. PM/PTX did not exhibit hemolytic activity (values <1%), even at high concentrations. In vitro
cellular uptake study indicated that polymeric micelles were able to deliver more PTX (5.8 %) than CrEL/EtOH
(2.7 %) to 4T1 cells. In the acute toxicity evaluation in healthy mice, CrEL/EtOH/PTX (single dose of 20 mg/kg)
induced peripheral neuropathy, which was not observed in PM/PTX group. Similar results were observed after
tumor-bearing mice received a multiple-dose regimen (seven doses of 10 mg/kg). Worth mentioning, we also
evaluated vehicles, and CrEL/EtOH alone was not capable of inducing neuropathic pain. Besides, PM/PTX
exhibited a higher antitumor activity with an inhibition ratio approximately 1.5-fold higher than CrEL/EtOH/
PTX group. This study suggested that PM/PTX is safer than CrEL/EtOH/PTX, and was able to improve the
antitumor effectiveness in a 4T1 breast cancer model.

1. Introduction

Paclitaxel (PTX) is a chemotherapeutic agent with proven effec-
tiveness for the treatment of metastatic and non-metastatic breast can-
cer, ovarian cancer, non-small cell lung cancer, prostate cancer,
melanoma, esophageal cancer, and other types of solid tumors [1].
However, this drug has poor aqueous solubility, low bioavailability and
is often associated with dose-limiting toxicities, such as nephrotoxicity
and peripheral neuropathy (PN) [2,3]. The first commercial product
named Taxol® was approved by the Food and Drug Administration
(FDA) for clinical use in ovarian cancer in 1992. This product and its
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generic versions are micellar formulations prepared with ethanol and
Cremophor EL (CrEL), a synthetic and nonionic surfactant [4]. Even
though CrEL has been used as a vehicle for PTX, it is associated with
severe and sometimes fatal anaphylactic reactions, and pre-treatment
with corticosteroids and antihistamines is commonly required [5,6].

In recent years, pharmaceutical companies have heavily invested in
alternatives to carrier PTX [2]. In search of new PTX formulations,
nanoparticle albumin-bound PTX (nab-PTX), called Abraxane®,
emerged with advantages over Taxol®, such as higher maximum toler-
ated dose, and it has been taking much of the PTX market [7,8]. How-
ever, the therapy with Abraxane® is also associated with a high
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incidence of PN, which is dose-limiting, painful, and cumulative, often
interfering with the continuity of PTX treatment [9].

Therefore, the development of new and advantageous PTX formu-
lations is of great clinical and economic interest. At this time, there are at
least 18 companies focused on the pre-clinical or clinical development of
nanoformulations of this drug [10]. These PTX-nanocarriers may favor a
higher antitumor efficacy with fewer side effects due to a remarkable
enhanced permeability and retention (EPR) effect [11]. Among the
studied nanosystems, polymeric micelles (PM) have shown as a prom-
ising tool for cancer therapy. These nanostructures with size ranging
from 5 to 100 nm are formed by block or graft copolymers with a
biphasic composition, consisting of an inner hydrophobic core and an
outer hydrophilic shell [12]. Structural characteristics of PM can pro-
vide important pharmacodynamic and pharmacokinetic advantages,
which lead to an increased blood circulation time, a passive targeting in
the tumor region, and/or a sustained release of the drug, properties that
bypass free PTX drawbacks [13]. PM made up of 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy  (polyethylen
eglycol)-2000] (DSPE-PEGygq) are one of the most studied micelles
worldwide due to their biocompatibility, biodegradability, and other
advantageous properties [14-16]. Our research group has recently
developed a kit formulation of PM composed of DSPE-PEGoggo con-
taining PTX. This formulation showed tumor targeting and enabled the
theranostic use in a solid tumor by 99rnTc—radiolabeling [17]. At this
moment, the in vivo effectiveness and the ability of this system to reduce
PTX side effects remain to be investigated. Thus, in this study, we aimed
to examine the ability of PTX-loaded PM to treat a murine breast tumor
model. Furthermore, toxicity was investigated by evaluating and
comparing hemolysis, acute histopathological changes, and PN induced
by PTX-loaded PM and conventional formulation.

2. Material and methods
2.1. Material

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (DSPE-mPEGy0) was acquired from Li-
poid GmbH (Ludwigshafen, Germany). PTX with purity greater than 97
% was supplied by Quiral Quimica do Brasil S/A (Juiz de Fora, Brazil).
Cremophor® EL was acquired from Sigma-Aldrich Co (Missouri, USA).
Ultra-pure water was obtained using Milli-Q® distillation and deion-
ization equipment (Millipore, USA). Technetium-99 m was obtained
from an alumina-based **Mo/?*™Tc generator from the Institute of En-
ergy and Nuclear Research (IPEN, Sao Paulo, Brazil). All other reagents
were acquired from Sigma-Aldrich Co (Missouri, USA).

Murine mammary carcinoma cell line (4T1) was purchased from the
American Type Culture Collection (Rockville, USA). Female BALB/c and
Swiss mice were purchased from the Bioterism Center of Federal Uni-
versity of Minas Gerais (CEBIO-UFMG) and Faculty of Pharmacy of the
UFMG, respectively. All mice were 6-8 weeks old and weighed 20 + 2 g.
The mice were housed in cages in a controlled environment with a
temperature set at 25 + 2 °C, humidity range of 30-70 %, a 12 h light-
dark cycle, and free access to food and water. In vivo studies were con-
ducted under the approval of the local Ethics Committee on Animal Use
(CEUA) following the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

2.2. Paclitaxel dispersion preparation

A micellar dispersion of PTX (CrEL/EtOH/PTX) was prepared by
dissolving 30.0 mg of the drug in 5.0 mL of a mixture of CrEL™:dehy-
drated ethanol (1:1 v/v) under vigorous stirring. Before intravenous
injection, this dispersion was diluted in NaCl 0.9 % (w/v) solution at a
concentration of 0.6 mg/mL.
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2.3. Preparation of PM

PM formulations were prepared using a solvent evaporation method
[18,19]. For DTPA-functionalized PM, DSPE-PEGyp00-DTPA was syn-
thesized according to the method described previously [20]. Chlor-
oformic solutions of DSPE-mPEGogg9 and DSPE-PEGoggo-DTPA 99:1
(w/w), respectively (10 mmol/L final concentration), and PTX (0.6
mg/mL) were transferred to a round bottom flask. The solvent was
completely removed under reduced pressure. The thin film formed was
hydrated with NaCl 0.9 % (w/v), in a water bath at 40 °C for 5 min,
followed by vortexing at 1500 g for 3 min. Then, the formulations were
transferred to amber and cryo-resistant vials containing glucose as a
cryoprotectant in a sugar:polymer ratio of 2:1 (w/w). Vials were frozen
in liquid nitrogen and lyophilized in a 24-h cycle using a Modulyo
lyophilizer (Thermo Electron Corporation, USA). After the lyophiliza-
tion cycle, vials were sealed under vacuum, stored sheltered from the
light and kept at —20 °C.

At the time of use, the freeze-dried PM was reconstituted by adding
ultra-pure water, and after 15 min, the preparation was filtered in 0.22
pm polycarbonate membranes to remove non-encapsulated PTX.

2.4. Physicochemical characterization

Mean diameter was determined by dynamic light scattering (DLS)
and zeta potential was evaluated by DLS associated with electrophoretic
mobility. Both were investigated at 25 °C and an angle of 90°, using a
Zetasizer NanoZS90 instrument (Malvern Instruments, England). For
these analyzes, all the samples were diluted 15-fold in NaCl 0.9 % (w/v)
solution previously filtered on a 0.45 pm pore membrane.

The content of PTX encapsulated in the formulation was evaluated
by high-performance liquid chromatography (HPLC) using a previously
validated analytical method [21].

2.5. Formulations stability after dilution

This study was conducted according to the dilution method proposed
by De Barros et al. [22]. An aliquot of 92 pL of the PM/PTX or CrE-
L/EtOH/PTX was incubated in 1.0 mL of pH 7.4 saline-phosphate buffer
(PBS) at 37 °C under stirring at 500 bpm (Dubnoff Metabolic Bath
MA-95/CF Marconi, Brazil). After 5, 15, 30, 60, 120, 240, 360, 480, and
1440 min, vials (n = 4) were centrifuged at 24,000 g for 15 min to
remove released PTX. The amount of remaining encapsulated PTX pre-
sent in the supernatant at different times (Qr), as well as the initial
amount of drug encapsulated (Qp), were determined. PTX in Qr and Qg
was extracted from PM/PTX using isopropyl alcohol and quantified in
HPLC. The release profile was calculated indirectly by the percentage of
PTX retained within micelles over time and calculated using Eq. 1.

oTr

Released PTX (%) = 100 — (@XIOO) 1)

2.6. Cellular uptake

Cellular uptake was investigated according to the protocols previ-
ously described in the literature [23,24] Briefly, PM-DTPA/PTX and
CrEL/EtOH/PTX were radiolabeled with °™Tc as reported by our group
[20,25]. 4T1 cells (1.5 x 10° cells), in the culture medium, were incu-
bated with 0.021 pmol of each **™Tc-labeled formulation at 37 °C under
stirring (Metabolic Bath Dubnoff MA-95/CF Marconi, Brazil). At
different times (15, 30, 60, and 120 min) after incubation, the samples
were centrifuged at 500 g for 5 min at room temperature. The super-
natant was removed, and the pellet was washed with 1.0 mL of PBS to
remove the non-uptaken micelles. Then, the radioactivity presented in
both (pellet and supernatant, n = 5) was quantified in a gamma counter.
The percentage of uptake was calculated by using Eq. 2:
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radioactivity pellet

Uptake (%) = 10
prake (%) radioactivity pellet + radioactivity supernatantx

(2

The amount of PTX associated with 4T1 cells was quantified by
HPLC. After quantifying the radioactivity, 1.0 mL of acetonitrile was
added to the pellet and the preparation was taken to the ultrasonic bath
for 5.0 min to lyse the cells and precipitate the protein. The samples
were centrifuged at 3100 g for 15 min at room temperature, and an
aliquot of the supernatant was used for quantifying PTX (PTX sample).
The percentage of PTX uptake was calculated by using Eq. 3:

[PTX]sample

Uptake of PTX (%) = PTXtotal

x 100 3

2.7. Hemocompatibility evaluation

The hemolytic potential of PM was assessed according to reported in
the literature and compared to CrEL/EtOH formulation [26-28]. Fresh
blood was obtained from female Swiss mice (Ethics Committee on An-
imal Use - CEUA from UFMG, protocol number 148/2017). Blood
samples were collected in tubes containing 10 % w/v EDTA solution.
The red blood cells (RBC) were separated by centrifugation at 1100 g for
10 min at room temperature (Heraeus Multifage X1R Centrifuge, Ger-
many). RBC collected from the bottom were washed with NaCl 0.9 %
(w/v) until a colorless supernatant was obtained. The final pellet was
diluted with NaCl 0.9 % (w/v) solution to obtain a 2% (w/v) RBC
concentration. The formulations evaluated were MP/PTX and CrEL/E-
tOH/PTX at concentrations of 0.05 and 0.1 mg/mlL, and their respective
controls. The samples were added to 500 pL of 2% RBC suspension (n =
5), the volume was completed to 1 mL with NaCl 0.9 % (w/v), and then,
the samples were incubated for 1 h at 37 °C under agitation at 500 bpm
(Metabolic Bath Dubnoff MA-95/CF Marconi, Brazil). After the incuba-
tion time, the cell suspensions were centrifuged at 500 g for 5 min and
the amount of hemoglobin released to the supernatant absorbance was
measured in a spectrophotometer (Evolution 201 UV-vis Spectropho-
tometer Thermo Scientific, USA) at 540 nm. NaCl 0.9 % (w/v) was used
as a negative control (NC), while ultra-pure water was used as a positive
(PC) control. The percent hemolysis was calculated by using Eq. 4:

Sample Absorbance — NC Absorbance

1
PC Absorbance — NC Absorbance 00 “4)

Hemolysis (%) =

2.8. Acute toxicity

A single dose of PM/PTX or CrEL/EtOH/PTX (20 mg/kg) was
intravenously administrated into healthy BALB/c mice (n = 6). After
treatments, the animals were observed for 14 days and behavioral/
clinical modifications, body weight, morbidity, and mortality were
evaluated (OECD Guideline for Testing of Chemicals, 2001). After this
time, the mice were anesthetized with a mixture of ketamine (80 mg/kg)
and xylazine (15 mg/kg), and blood was collected by puncture of the
brachial plexus in tubes containing 10 % w/v EDTA solution (Ethics
Committee on Animal Use - CEUA from UFMG, protocol number 310/
2017). Hematological parameters such as hemoglobin (HGB), number of
red blood cells (RBC), hematocrit (HTC), platelets (PLT) total white
blood cells (WBC), granulocytes and non-granulocytes were evaluated
for each group. For biochemical analysis, blood was centrifuged (1100 g,
15 min) and the plasma obtained was frozen at —70 °C. The tests were
performed in the Bioplus BIO-2000 semiautomatic analyzer (Sao Paulo,
Brazil) using commercial kits (Labtest, Lagoa Santa, Brazil). Renal
function was evaluated by the measurement of urea and creatinine; liver
function by determination of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activity.

After collecting the blood, the mice were euthanized, and the liver,
spleen, and kidneys were removed for histopathological evaluation.
Organs were set in 10 % (v/v) buffered formalin, embedded in paraffin
blocks, and a 4-pm thickness tissue was placed onto glass slides and

Biomedicine & Pharmacotherapy 132 (2020) 110864

stained with hematoxylin-eosin. Images of cross-sections were obtained
for evaluation using a micro camera (Spot Insight Color, SPOT Imaging
Solutions, Sterling Heights, Michigan, USA) attached to a microscope
(Olympus BX-40, Olympus, Tokyo, Japan). SPOT software (version
3.4.5) was used for image analysis.

2.9. Peripheral neuropathy evaluation

PTX peripheral neurotoxicity was evaluated by measuring the paw
withdrawal threshold (PWT) according to a model previously described
[29]. PWT was evaluated at the right hind paw of female BALB/c mice
using an electronic von Frey apparatus (Model EFF 301, Insight, Brazil).
Initially, the mice were acclimatized at the experimental apparatus for 1
h per day for 2 days, and the basal PWT of each animal was determined
(mean of three measurements). Afterward, PM/PTX or CrEL/EtOH/PTX
(20 mg/kg) was administrated by the tail vein of mice (n = 6) and PWT
was evaluated every 2 days during 14 days after administration.

2.10. Antitumor activity

Aliquots of 100 pL containing 5 x 10% 4T1 cells in RPMI were
injected subcutaneously into the right flank of female BALB/c mice (6-
weeks old, 20.0 & 2.0 g). Tumor cells were allowed to grow for 7 days.
When the tumor volume reached approximately 100 mm?, animals were
randomly divided into five experimental groups, six animals per group
(saline 0.9 % (w/w); CrEL/EtOH, CrEL/EtOH/PTX, blank PM and PM/
PTX). Each treated animal received a cumulative dose of 70 mg/kg split
into seven administrations, or correspondent volume (control group),
via the tail vein, each other day. The first day of treatment was consid-
ered day zero (DO) of the study. Antitumor activity was evaluated over
16 days and was based on the tumor volume and the tumor growth in-
hibition ratio determination, tumor-to-muscle ratio using the *°™Tc-
radiolabeled polymeric micelles, and immunohistochemical of the
tumor tissue. This study was approved by the Ethics Committee on
Animal Use from UFMG with protocol number 205/2013.

The tumor volume (V) was evaluated twice a week by the mea-
surements of two orthogonal diameters (d1 and d2) with a slide caliper
(Mitutoyo, MIP/E-103), where d1 and d2 were the smallest and the
largest perpendicular diameters, respectively, and it was calculated as
follows: v = d1%x d2 x 0.5 [27]. Tumor growth was monitored before
the treatment (DO) and the administration of each dose. Mice body
weight was also monitored at the same time. At the end of the experi-
mental period (D16), the relative tumor volume (RTV) and the inhibi-
tion ratio (IR) for each experimental group were determined by using
Egs. 5 and 6, respectively.

Tumor volume on D16

R =
v Tumor volume on DO ©)

_ mean RTV from each treatment

IR (%) = 100 (6)

mean RTV from control group o

Ex vivo tumor-to-muscle ratio was also determined to evaluate viable
tissue in the tumoral area. For this, at D16 mice received, intravenously,
37 MBq of *™Tc-DTPA-PM. At 4 h post-administration, mice were
anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (15
mg/kg) and euthanized. After euthanasia, muscle of contralateral flank
and tumor were collected, weighed, and taken to an automatic scintil-
lation apparatus to determine the radioactivity. Results were expressed
as the percentage of injected dose per gram (%ID/g) of tissue.

2.10.1. Immunohistochemistry

After quantifying the radioactivity, the tumor tissue was fixed in
formalin (10 % w/v in phosphate-buffered saline, pH 7.4) and
embedded in paraffin blocks. Sections with 4 pm thickness were placed
onto glass slides, and CDC47 and caspase-3 immunolabeling were per-
formed in tumor sections subjected to heat-induced antigen retrieval in a
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water bath with citrate buffer pH 6 (DakoCytomation, Carpinteria, CA,
USA) at 98 °C for 20 min. Endogenous peroxidase activity was blocked
with 3% hydrogen peroxidase in methanol. Slides were then washed and
incubated with primary antibodies (CDC47, 1:300, clone 47DC141 or
caspase-3, polyclonal, both from Neomarkers, Fremont, CA). CDC47
expression index was determined by estimating the percentage of posi-
tive cells in 500 tumor cells [30], while caspase-3 expression by
counting the number of positive neoplastic cells in 10 fields, thoroughly
enclosing the histological section with a 40x objective.

2.11. Treatment toxicity evaluation

It was observed behavioral/clinical modifications, body weight, and
peripheral neuropathy during treatment. At the end of treatment, a
laboratory investigation was performed (hematological and biochem-
ical) in the blood samples.

2.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.0 soft-
ware. The normality and homogeneity of the variance analysis were
verified by D’Agostino-Pearson’s and Bartlett’s tests, respectively. The
difference among experimental groups was tested using the one-way
analysis of variance (ANOVA), followed by the Tukey’s test. The he-
molytic activity data were transformed as cubic root (variable). Differ-
ences were considered significant when p values were lower or equal to
0.05 (p < 0.05).

3. Results
3.1. Physicochemical characterization

The physicochemical characteristics of PM are presented in Table 1.
No significant differences were observed among blank PM, PM/PTX, and
PM-DTPA/PTX in mean diameter and zeta potential. Size distribution
analysis of all formulations showed that over 99 % of particles presented
less than 20 nm, indicating uniformity in the particle size. The encap-
sulation was about 100 % of drug content (around 0.6 mg/mL) in both
formulations containing PTX.

3.2. Stability of PTX in PM after dilution

The amount of PTX released from PM was analyzed to evaluate the
stability after dilution in comparison with the CrEL/EtOH/PTX formu-
lation (Fig. 1). The data indicated that PM was able to control drug
release overtime. From 30 min, the release of PTX from PM was signif-
icantly lower (p < 0.05) than CrEL/EtOH/PTX. Besides, after 6h, PM/
PTX released around 16 % of the drug, while approximately 66 % was
released from the PM. Thus, these data suggest that the studied PM is
more stable after dilution than the micellar dispersion for CrEL/EtOH.

3.3. Cellular uptake of DTPA-PM/PTX and CrEL/EtOH/PTX

The results of the cellular uptake of **™Tc-radiolabeled nanosystems
and the drug content are shown in Fig. 2. A higher uptake (p < 0.05) of
99mr. CrEL/EtOH/PTX formulation at incubation times of 15 (2.4 + 0.6

Table 1
Physicochemical characterization of PM formulations.
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Fig. 1. Evaluation of PTX released from PM/PTX and CrEL/EtOH/PTX for-
mulations overtime after dilution in PBS pH 7.4. Circles and squares represent
PM/PTX and CrEL/EtOH/PTX, respectively.

* Represents a significant difference when compared to the PM/PTX at the same
time (p < 0.05). Data were plotted as the mean + SD (n = 4).
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Fig. 2. Cellular uptake studies. (A) Technetium-99 m radiolabeled formula-
tions were incubated with 4T1 tumor cells and the radioactivity quantified in a
gamma counter. (B) PTX associated with 4T1 cells and quantified by HPLC.
Black and gray bars represent CrEL/EtOH/PTX and PM-DTPA/PTX, respec-
tively.

*Represents a significant difference when compared with PM/PTX in the
respective time (p < 0.05). Data were expressed as the mean + standard de-
viation, n = 5.

Formulations Mean diameter (nm) Size distribution Zeta potential (mV) PTX content™ (%)
Blank PM 10.4 + 0.3 ~99 %, 7 to 18 nm -29+1.3 -

PM/PTX 10.7 £ 0.8 ~99 %, 7 to 16 nm -3.0+0.4 98 £ 5
PM-DTPA/PTX (99:1) 9.5+ 0.8 ~99 %, 6 to 16 nm —-2.4+1.2 99 +8

" PTX content is the percentage encapsulated from an initial concentration of 0.6 mg/mL. Data represent the mean + standard deviation (n = 3).
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%) and 30 (2.4 + 0.2 %) min when compared to *™Tc-DTPA-PM/PTX
(1.0 +£ 0.2 % and 1.2 + 0.1 %, respectively) was observed (Fig. 2A),
although no difference between them was found after 60 min. In
contrast, a higher amount of PTX (p < 0.05) in the 4T1 cells was
observed for PM/PTX throughout the study (Fig. 2B).

3.4. Hemocompatibility evaluation

Data from hemolytic studies of the PM/PTX and CrEL/EtOH/PTX, as
well as the vehicles, are shown in Fig. 3. The results were classified as
non-hemolytic (up to 2% hemolysis), moderately hemolytic (above 2%
and less than 5%) and hemolytic (more than 5%) as recommended by
the International protocol E2524—08 of American Society for Testing
and Materials [31].

The comparison of the hemolytic activity in the same concentration
showed that PM was significantly (p < 0.05) less hemolytic than CrEL/
EtOH, except at the smallest one. CrEL/EtOH/PTX was classified as
highly hemolytic (6% and 16 % for 0.05 and 0.10 mg/mL, respectively),
and the vehicle at the same dilution showed moderate hemolytic activity
(4% of hemolysis) at the concentration of 0.10 mg/mL. On the other
hand, incorporating PTX into PM, the hemolysis was remarkably
reduced to values lower than 0.5 % in both concentrations. The hemo-
lytic activity observed for blank PM at the same dilution was also less
than 0.5 %. Thus, the values obtained for PM containing or not PTX were
considered predictive of low toxicity.

3.5. Acute toxicity

Hematological parameters of healthy mice and mice treated with
PM/PTX or CrEL/EtOH/PTX are shown in Table 2. RBC and platelets
numbers, HGB concentrations, and HCT values were similar in both
groups and presented no significant difference (p > 0.05) when
compared to those of the control group (healthy mice). In addition, there
was no change in the leucocyte series for all groups.

Biochemical parameters indicative of renal (urea and creatinine) and
hepatic (ALT and AST) toxicity are also summarized in Table 2. Hepatic
parameters did not show significant changes among groups. CrEL/
EtOH/PTX group presented a significant increase in the urea levels
compared to PM/PTX and control group. The creatinine values in both
treated groups were significantly different from the control group. By
calculating the index urea/creatinine, the results suggest initial renal

- N
a o
r

e

Hemolytic activity (%)
B
T

N
N

a a
oLl |77 siim =
0.05 mg/mL 0.10 mg/mL

Paclitaxel concentration

Fig. 3. Hemolysis percentages measured after incubation of red blood cells
with PM/PTX (black bars) and CrEL/EtOH/PTX (gray bars) at concentrations of
0.05 and 0.10 mg/mL, and CrEL/EtOH (white bars) and PM (dashed bars).
Data were expressed as the mean + standard error mean, n = 5. * p-value <
0.05. *Represents a significant difference when compared to CrEL/EtOH/PTX at
the same concentration. ® Represents a significant difference when compared to
CrEL/EtOH/PTXO0.1 mg/mL.
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Table 2
Hematological and biochemical parameters of healthy mice and mice treated
with a single dose of PTX formulations.

Parameters Healthy mice CrEL/EtOH/ PM/PTX
PTX
RBC (x10° /uL) 6.8 +£0.2 6.4 +£0.3 6.5+ 0.3
HGB (g/dL) 13.4+ 0.5 12.6 +£ 0.9 12.4 + 0.9
HCT (%) 334+1.1 320+1.9 329+14
PLT (x10° /uL) 396.5 + 113.8 329.0 £ 63.1 316.8 + 30.1
WBC (x10° /uL) 6.2+ 1.3 6.6 £ 0.9 53+0.7
Granulocytes (x10° /uL) 23+0.2 28 +0.4 23+0.4
Non-granulocytes (x10° /uL) 39+1.1 3.7+ 0.6 3.0 + 0.4"
Urea (mg/dL) 33.4+3.7 51.8 + 6.0 *" 40.5 + 4.7
Creatinine (mg/dL) 0.38 + 0.07 0.22 + 0.05" 0.23 + 0.04"
Blood urea/creatinine 90.8 + 23.1 247.6 + 44.8°" 178.3 + 29.1°
ALT (U/L) 42.8 £ 3.8 35.1 +£3.7 358+7.8
AST (U/L) 95.7 £ 23.5 83.8 £ 22.9 87.4 £15.5

Evaluation of the hematological and biochemical parameters was carried out 14
days after treatment of mice with the PTX formulations. Results were expressed
as the mean =+ standard deviation.

@ Represents a significant difference when compared to PM/PTX group (p <
0.05).

b Represents a significant difference when compared to the healthy mice
group (p < 0.05). Abbreviations: HGB (hemoglobin), RBC (red blood cells),
(HTC) hematocrit, PLT (platelets), WBC (total white blood cells), ALT (alanine
aminotransferase), and AST (aspartate aminotransferase).

toxicity for the treated groups since it was about 2.7 and 2.0-fold higher
than the control group. However, the value obtained for the PM/PTX
group was significantly lower than that of CrEL/EtOH/PTX group. Be-
sides, no histological alteration was observed in the renal and hepatic
tissue of the mice treated with different formulations containing PTX
(Fig. 4)

Concerning the body weight, no significant variation over time was
observed in both groups (p > 0.05), as is shown in Fig. 5A. A slight
weight loss was observed in CrEL/EtOH/PTX group on the second day
after drug administration, but both groups presented a weight gain at
the end of the study. Neither mortality nor clinical toxicity signs such as
prostration and intense piloerection were observed in both groups.

PN was also evaluated in BALB/c mice after a single dose (20 mg/kg)
of PM/PTX and CrEL/EtOH/PTX (Fig. 5B). Mechanical allodynia,
characterized by a reduction of PWT, was already established two days
after the administration of CrEL/EtOH/PTX and lasted throughout the
experimental period of 14 days. By contrast, no significant (p > 0.05)
change of PWT was observed in PM/PTX group. These data suggest that
PM had a protective effect against the PN induced by PTX.

3.6. Antitumor activity

Antitumor efficacy data evaluated in 4T1 tumor-bearing BALB/c
mice after treatment with a total dose of 70 mg/kg of PTX are presented
in Fig. 6A. Although we have evaluated control groups for each treat-
ment formulations using empty formulations, no significant difference
among them could be observed; thus, only data from the saline group
was presented as the control group. Tumor growth data were also
evaluated by regression analysis. The best-fit models and the determi-
nation coefficients are shown in Table 3. The first-order mathematical
model was obtained for all groups; however, the intercept and inclina-
tion were significantly different in all groups, suggesting that the tumor
growth was altered by treatment. These data are in line with the IR data,
which showed that both treatments were able to reduce tumor growth
when compared to the control group; however, PM/PTX group pre-
sented a higher IR (approximately 1.5-fold) than CrEL/EtOH/PTX
(Table 3).

Besides, the ex-vivo tumor-to-muscle uptake ratio evaluation also
demonstrated the high efficacy of PM/PTX compared to CrEL/EtOH/
PTX. As can be seen in Table 3, a significant reduction of the uptake in
the tumor area could be observed for the PM/PTX group in comparison
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Fig. 4. Photomicrographs of renal (A and B) and hepatic (C and D) tissue from female mice treated with PM/PTX (A and C) and CrEL/EtOH/PTX (B and D). He-

matoxylin and eosin.

to CrEL/EtOH/PTX and control groups (p <0.05).

HE histological analysis of tumor tissue presented similar morpho-
logical characteristics among groups with central areas of necrosis and
proliferation of pleomorphic cells at the periphery infiltrated by leuko-
cytes (data not shown). Thus, we evaluated the levels of CDC-47 and
caspase-3 to investigate cellular proliferation and apoptosis in the tumor
tissue. The results are presented in Fig. 6B. As observed, the number of
positive CDC-47 (around 33 %) cells was significantly lower in PM/PTX
group than saline and CrEL/EtOH/PTX groups (44 and 46 %, respec-
tively). About apoptosis-related protein caspase-3, PM/PTX group also
demonstrated lower expression compared to CrEL/EtOH/PTX group;
however, there was no difference concerning the control group. Repre-
sentative photographs of the tumors removed from the mice after the
treatments can be seen in Fig. 6C. Tumors of the PM/PTX-treated group
were noticeably smaller than other groups.

In these experimental groups, we also evaluated the effect of the
treatment in the toxicity parameters. Animals of CrEL/EtOH/PTX group
presented more stressed than other groups. In addition, CrEL/EtOH/PTX
group presented a body weight loss until the 14th day of monitoring,
while the other groups showed an initial body weight reduction,
nevertheless, no significant difference at the end of the experiment was
observed (Fig. 6D). PN induced by repeated doses of PM/PTX and CrEL/
EtOH/PTX were also evaluated in tumor-bearing mice. Data presented
in Fig. 6E demonstrated that only CrEL/EtOH/PTX sensitized the ani-
mals, leading to a significant reduction of the PWT. Formulations ve-
hicles (blank PM and CrEL/EtOH) were also evaluated to verify if they
contribute to the sensitization. However, none of them affected mice
basal PWT, suggesting that the mechanical allodynia is indeed caused by
PTX. Thus, these data reinforce the hypothesis that PM had a protective
effect on the PN induced by PTX.

Finally, hematological and biochemical parameters of PM/PTX,

CrEL/EtOH/PTX, and saline groups are shown in Table 4. No significant
difference in hematological parameters was observed among groups.
However, the comparison of these data with those obtained from
healthy mice without treatment (Table 2) demonstrated a substantial
increase in WBC (around 6 x 10° cell/jL versus 100 x 10° cell/pL). By
contrast, no difference was observed in hepatic and renal function pa-
rameters (p > 0.05).

4. Discussion

PTX is one of the most successful drugs ever used to treat metastatic
breast cancer and other solid tumors either as a single agent or associ-
ated with other chemotherapeutic drugs [1]. The first marketed product
used in clinical therapy with effective antitumor activity was a
CrEL-based PTX formulation; however, it has considerable potential for
severe toxicity, including hypersensitivity reactions, myelosuppression,
and peripheral neuropathy [2]. Drug delivery nanosystems have been
widely studied as promising tools to overcome these issues, and
increased investments of pharmaceutical and biotech companies are
involved [10]. New nanotechnology-based PTX formulations were
approved for clinical applications, such as Abraxane™ (PTX
albumin-bound nanoparticle) and Genexol-PM™ (polymeric micelles
containing PTX) [32]. Enhanced cytotoxic activity against some cancer
cells has been reported; however, myelosuppression and sensory neu-
ropathy are still side effects often related to the use of these nano-
formulations [33,34]. Thus, the development of formulation with
reducing systemic toxicity, hypersensitivity reactions, and capable of
accumulating in the tumor region is still a challenge. Our group has
already described the lipid-polymer micelles composed of
DSPE-PEG2000 to carrier the PTX which showed tumor targeting in a
solid tumor model. In order to evaluate whether this finding may
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Fig. 5. Invivo evaluation of body weight (A) and paw withdrawal threshold (B)
changes in healthy BALB/c mice after administration of a single dose (20 mg/
kg) of PTX formulations. Circles and squares represent PM/PTX and CrEL/
EtOH/PTX, respectively.

Data were expressed as mean =+ standard error mean. * and *** Represent a
significant difference when compared to PM/PTX group (p < 0.05 and p <
0.001, respectively), n=7.

improve the therapeutic efficacy of PTX-based treatment, in the present
study, we performed in vitro and in vivo investigations aiming to analyze
the advantages of this system to treat tumors as well as to reduce the
toxicity compared to a CrEL-based PTX formulation.

The PM/PTX proposed in this study for intravenous administration
presented a narrow size distribution of approximately 10 nm and neutral
zeta potential. These characteristics are important since they can favor
the increase of blood circulation time and lead to accumulation in the
tumor tissue by the EPR effect [35,36]. After dilution, PM/PTX exhibited
higher stability than CrEL/EtOH/PTX within 24 h. This fact was evi-
denced at 2 h after dilution since a rapid release of PTX from CrEL/EtOH,
around 4-fold higher than PM, was observed. This finding suggests that
the PM are suitable as a delivery system, and they are not disrupted after
a dilution typically observed after intravenous administration. Addi-
tionally, 4T1 uptake studies indicated that PM/PTX delivers a high
amount of drug to the cells. Although the nanoparticle uptake pathway
cannot be predicted in this study, our data suggest different pathways of
cellular internalization for CrEL/EtOH/PTX and PM/PTX, once they
present different uptake profiles over time. It is known that some
properties of the nanoparticles such as size, zeta potential, and compo-
sition are directly related to the cellular uptake mechanism of these
systems [37,38]. However, PM presented similar size (10 nm) of
CrEL-based micelles as previously described by Monteiro and coworkers
[25]. Therefore, probably the composition of the systems was the main
parameter that affected the uptake mechanism of each formulation.

Since the intravenous route is the main choice for the administration
of PTX due to its low oral absorption [39], we firstly evaluated the po-
tential of the PM/PTX to reduce hemolytic toxicity. It is well-described
that after administering pharmaceutical formulations by the intravenous
pathway, they unavoidably interact with RBC; thus the hemolytic

Biomedicine & Pharmacotherapy 132 (2020) 110864

activity study can be a good indicator for the toxicity of the developed
formulation [31,40]. This study evidenced that PM, containing or not
PTX, did not cause lysis of RBC, whereas CrEL/EtOH/PTX was classified
as hemolytic at the lower concentration evaluated, suggesting that PM is
safer as a PTX carrier than CrEL/EtOH. In vivo toxicity studies were also
performed in healthy mice after intravenous injection of a high and
single dose of PTX, and aggressiveness followed by weakness and
inability to move off the mice were observed after CrEL/EtOH/PTX
administration. Rabah has already reported similar behavior [41]. By
contrast, these effects did not occur in mice treated with PM/PTX. We
supposed that this behavior was due to the presence of the CrEL that can
cause many side effects, including tachycardia and hypotension [4].
Besides, the biochemical analysis indicated early nephrotoxicity in both
treated groups verified by an increase in the urea/creatinine index
compared to the control. This index is a good parameter to indicate early
renal damage when there is no apparent reduction in the glomerular
filtration rate, but there is some tubular damage, reflecting in an alter-
ation only in the urea levels. As kidney injury is a common toxicity of
PTX, it is interesting to note that the nephrotoxicity was more pro-
nounced in CrEL/EtOH/PTX group, evidenced by a significant increase
in urea levels compared to control and PM/PTX groups [41,42].

As PTX leads to axonal degeneration in peripheral sensory nerves
causing PN, which is a dose-limiting side effect, we also evaluated the
induction of neuropathic pain by mechanic allodynia after adminis-
trating of PTX in different formulations. PN markedly worsens the pa-
tient’s quality of life due to clinical manifestations such as painful
paresthesia or numbness, sensory ataxia, gait disturbance, and weakness
[9,43,44]. A reduction and maintenance of the tactile threshold for 14
days were observed for CrEL/EtOH/PTX group (Fig. 6E). These results
strongly suggest that PM formulations could prevent CIPN, one of the
main side effects of PTX [9].

To verify whether the incorporation of PTX in PM affects the anti-
tumor activity, 4T1 tumor-bearing mice were treated with repeated
doses of PTX formulations. Parameters of antitumor activity and toxicity
were evaluated. Regarding antitumor activity, PM/PTX were more
effective than CrEL/EtOH/PTX formulation in controlling tumor
growth. Besides, tumor-to-muscle uptake ratio showed a significant
reduction for PM/PTX compared to CrEL/EtOH/PTX, due to the smaller
tumor size, again suggesting higher efficacy. In agreement with these
results, immunohistochemistry analysis demonstrated a significant
reduction of the count of CDC47 positive cells compared to other groups,
although there was no difference in the presence of apoptotic cells
compared to the control group. As aforementioned, we have already
shown that DSPE-PEG PM exhibited the property to accumulate in the
tumor site [20]. Thus the set of results allowed us to hypothesize that
due to the superior stability after dilution and higher uptake by 4T1
cells, PM were capable of delivering more PTX inside the tumor than
CrEL micelles, resulting in higher effectiveness.

Additionally, PM/PTX still showed safer than CrEL/EtOH/PTX even
when repeated doses were given. Similarly to observe in the acute
toxicity, the mice treated with CrEL/EtOH exhibited more intense
distress signs following decreasing body weight were also attributed to
the toxic effect of the formulation. Even though the hematological and
biochemical parameters of PTX- treated groups did not differ from the
saline 0.9 % (w/v) group, especially the WBC count considerably differs
from healthy mice (Table 2). These alterations might be attributed to the
mammary 4T1 tumor experimental model. Some studies have shown
that tumors from the 4T1 cells are associated with an increased level of
granulocytes in the bloodstream, characterizing a leukemoid reaction
due to the tumor progression [45,46].

Again, effects induced by the formulations on the PWT were evalu-
ated to verify whether empty formulations or the tumor contribute to the
mice sensitization. All control groups (saline, CrEL/EtOH, and PM) did
not exhibit a PWT decrease, while this effect was observed in the CrEL/
EtOH/PTX group, indicating that PTX plays a major role in inducing the
mechanical allodynia. On the other hand, the absence of mechanical
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Fig. 6. (A) Tumor volume evaluated after
administration of each other day of saline
(black), CrEL/EtOH/PTX (green), and PM/PTX
(red) at a dose of 10 mg/kg in tumor-bearing
BALB/c mice. (B) CDC-47 and caspase-3 posi-
tive cells present in the tumor tissue evaluated
16 days after the administration of saline
(black), CrEL/EtOH/PTX (green), and PM/PTX
(red) in 4T1 tumor-bearing BALB/c mice. (C)
Body weight and (D) paw withdrawal threshold
changes evaluated after treatment in 4T1
tumor-bearing BALB/c mice. (E) Representative
Caspase-3 photographs of the tumors after dissection. Ar-
rows in panel A indicate the days of treatment.
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Table 3

Parameters of the antitumor evaluation of PTX treatments in 4T1 tumor-bearing BALB/c mice.
Group Regression model R? RTV IR (%) Tumor-to-muscle ratio
Saline 0.9 % (w/v) Y =124.8X - 882.4 0.8486 16.3+1.4 - 1.97 £+ 0.40
CrEL/EtOH/PTX Y = 62.26X - 387.7 0.8822 11.7 £ 1.2 29 1.81 + 0.50
PM/PTX Y = 45.23X - 264.9 0.9284 9.5+ 1.3 42 1.05 + 0.22%

Data were expressed as mean + standard deviation.

@ Represents a significant difference when compared to other groups (p < 0.05). Abbreviations: RTV - Relative Tumor Volume; IR - Inhibition Ratio.

allodynia in the PM/PTX group corroborates the hypothesis that PM, as
a carrier for PTX, prevents the PN, the most limiting side effect induced
by this chemotherapeutic agent. Despite the advantages reported by
using a PTX nanoformulation, such as AbraxaneTM], this side effect still
limits the therapy [10,44,47]. Therefore, PM/PTX showed better per-
formance than CrEL/EtOH that was evidenced by the high effectiveness
associated with the complete absence of peripheral neuropathy. These
findings could result in a better therapeutic response for antitumor
therapy approaches.

5. Conclusion

Our results showed that PM/PTX were more efficacious and less toxic
than a conventional formulation. Physically, it proves itself more stable
than CrEL/EtOH/PTX after diluting, indicating that PM will not disas-
semble immediately once in the bloodstream, thus increasing the
probability of drug delivery to the tumor site by EPR effect. Due to the

Table 4
Hematological and biochemical parameters of tumor-bearing BALB/c mice
treated with cumulative doses of PTX formulations.

Parameters Saline 0.9 (w/ CrEL/EtOH/ PM/PTX
v) PTX
RBC (x10° /uL) 6.5+ 0.5 54+1.0 5.8+0.8
HGB (g/dL) 13.3+ 1.5 11.3+ 2.8 12.0 + 2.2
HCT (%) 31.7 +£ 2.8 28.1 +£5.5 30.1 + 4.5
PLT (x10° /ulL) 453.0 +112.3 363.2 +£159.1 3933 +
158.6
WBC (x10° /uL) 94.4 + 26.3 113.5 + 5.4 106.2 + 6.2
Granulocytes (x10° /ulL) 85.8 + 26.3 101.1 + 15.4 100.5 + 5.3
Non-granulocytes (x10° 8.6 £1.9 6.2 +£0.8 5.8+ 1.0
/uL)
Urea (mg/dL) 48.1 + 8.2 53.5 +12.1 45.0 + 3.0
Creatinine (mg/dL) 0.36 + 0.05 0.36 + 0.06 0.32 + 0.04
ALT (U/L) 36.3 £ 6.4 33.0+7.2 32.5+55
AST (U/L) 142.9 + 11.2 147.3 £ 15.3 178.5 + 26.7

Data are expressed as mean + standard deviation.
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high stability of PM/PTX, the drug would be less available to induce
unspecific effects, reducing the toxicity, particularly the PN. Besides
that, PM/PTX exhibited higher antitumor activity than CrEL/EtOH/
PTX. In this way, we can infer that this nanocarrier has great potential to
be clinically used to reduce well-known dose-limiting toxicity induced
by PTX.
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