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A B S T R A C T   

Paclitaxel (PTX), a drug widely used in lung cancer, has serious limitations including the development of pe
ripheral neurotoxicity, which may lead to treatment discontinuation and therapy failure. The transport of PTX in 
large cationic liposomes could avoid this undesirable effect, improving the patient’s prognosis. PTX was 
encapsulated in cationic liposomes with two different sizes, MLV (180− 200 nm) and SUV (80− 100 nm). In both 
cases, excellent biocompatibility and improved internalization and antitumor effect of PTX were observed in 
human and mice lung cancer cells in culture, multicellular spheroids and cancer stem cells (CSCs). In addition, 
both MLV and SUV with a polyethylene glycol (PEG) shell, induced a greater tumor volume reduction than PTX 
(56.4 % and 57.1 % vs. 36.7 %, respectively) in mice. Interestingly, MLV-PEG-PTX did not induce either me
chanical or heat hypersensitivity whereas SUV-PEG-PTX produced a similar response to free PTX. Analysis of PTX 
distribution showed a very low concentration of the drug in the dorsal root ganglia (DRG) with MLV-PEG-PTX, 
but not with SUV-PEG-PTX or free PTX. These results support the hypothesis that PTX induces peripheral neu
ropathy by penetrating the endothelial fenestrations of the DRG (80− 100 nm, measured in mice). In conclusion, 
our larger liposomes (MLV-PEG-PTX) not only showed biocompatibility, antitumor activity against CSCs, and in 
vitro and in vivo antitumor effect that improved PTX free activity, but also protected from PTX-induced painful 
peripheral neuropathy. These advantages could be used as a new strategy of lung cancer chemotherapy to in
crease the PTX activity and reduce its side effects.   

1. Introduction 

Lung cancer is the most common and lethal cancer worldwide, being 
responsible for one out of every five cancer-related deaths [1]. Its high 
incidence and poor response to treatment, especially in advanced stages 
where the disease is usually disseminated, make it necessary to improve 
existing therapies [2,3]. Currently, non-resectable and/or metastatic 
lung cancer is treated using platinum and etoposide as first-line treat
ment. Topotecan and anthracyclines are usually applied as second-line 
therapies [4], but paclitaxel (PTX) and docetaxel are being increas
ingly used to improve patient response and prognosis [5–7]. PTX, a 

diterpene that stabilizes microtubule polymerization by binding to 
β-tubulin, blocks cells in the G2/M phase of the cell cycle, leading to cell 
apoptosis [8–10]. However, this drug has significant limitations that 
may hinder patient recovery, including the development of resistance by 
tumor cells or low specificity for tumor tissues. Moreover, PTX can cause 
undesirable side effects such as reversible alopecia, myelosuppression, 
arthralgia/myalgia, gastrointestinal effects, asthenia, hypersensitivity 
reactions or peripheral neurotoxicity (one of the main limitations 
associated with PTX treatment) [8,11]. 

In this context, PTX vehiculization using lipid-based nano
formulations represents a potential strategy to overcome the above- 
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mentioned limitations and improve its effectiveness. These formulations 
enhance the bioavailability of drugs by preventing their degradation and 
elimination in the body, and also increase drug internalization and 
reduce the development of resistance in tumor cells [12,13]. Resistance 
to PTX has been overcome with the use of liposomes that allow its direct 
release into the mitochondria, causing apoptosis in resistant cells. For 
instance, the use of liposomes led to an 86 % reduction in tumor volume 
in mice bearing PTX-resistant tumors [14]. 

In recent years, several lipid formulations have been developed and 
approved for clinical use (e.g. Doxil®, Myocet® and Lipo-DOX®), and 
others are currently undergoing different phases of clinical trials (e.g. 
Lipusu®, NCT02996214), which proves their therapeutic potential. 
However, these nanoformulations showed a similar or even higher 
incidence of undesirable side effects in comparison with free PTX, 
particularly peripheral sensory neuropathy [15]. Therefore, novel ap
proaches for the development of alternative formulations for PTX are 
needed to overcome the limitations of current liposomes. Cationic li
posomes showed an enhanced ability to be incorporated into the cells by 
endocytosis, and their pegylation prolonged the circulation times of 
nanovesicles, avoiding capture by the reticuloendothelial system (RES) 
[16,17]. The first aim of this study was to assess the in vitro and in vivo 
biocompatibility and the antitumor effect of PTX encapsulated in com
mercial cationic liposomes formulated without and with polyethylene 
glycol (Lipo-Cat-PTX and Lipo-Cat-PEG-PTX, respectively). Experiments 
were conducted using two lung cancer cell lines (A549 and LL2) and one 
non-tumor lung cell line (L132). Moreover, different variables of these 
liposomes were evaluated, including their effect on the cell cycle profile, 
their intracellular pharmacokinetics in vitro and their biodistribution in 
vivo. 

As previously mentioned, one of the most frequent and limiting side 
effects of PTX is peripheral neurotoxicity, which can lead to the devel
opment of painful peripheral neuropathies [18]. Patients treated with 
PTX report sensory symptoms such as paresthesia, dysesthesia, numb
ness, electric shock-like sensation and neuropathic pain in a 
stocking-glove distribution. These symptoms significantly compromise 
the quality of life of patients and may lead to a dose reduction or even 
chemotherapy suppression [19,20]. Although much effort has been 
made at the preclinical and clinical levels, no effective therapies are 
currently available to treat or prevent this peripheral neuropathy [21]. 
The pathogenesis of PTX-induced neuropathy has been only partially 
elucidated [22]. For instance, the concentration of PTX is known to be 
higher in the dorsal root ganglia (DRG) than in the rest of the nervous 
system, which is protected by the blood-brain barrier [23–26]. The 
accumulation of PTX in the DRG, which contain the somas of the pe
ripheral sensory neurons [27], can be explained by the presence of 
endothelial fenestrations (EFs) in the rich network of capillaries that 
vascularize the DRG [28]. The second aim of this work was to measure 
the size of the EFs in the DRG and to vehiculate PTX in cationic lipo
somes of different sizes in order to modulate its pass through the EFs. 
Hypothetically, this would reduce the incidence of painful neuropathies 
without affecting -or even improving- the antitumor activity of PTX. 

The results presented in this work show that both PTX nano
formulations were able to improve the pharmacological properties of 
PTX without the need to use solvents such as Cremophor® EL. In fact, a 
significant increase in both the in vitro and in vivo antitumor activity of 
PTX was observed in lung cancer models with these nanoformulations. 
Interestingly, the use of MLV-PEG-PTX did not induce peripheral neu
ropathy in mice whereas SUV-PEG-PTX produced a response similar to 
that of free PTX. These findings could be explained by the inability of 
large liposomes to pass through the EFs of the DRG, subsequently pre
venting PTX from reaching the DRG. Thus, these nanoformulations, and 
more specifically MLV-PEG-PTX, represent a new therapeutic option for 
the treatment of lung cancer that may improve the antitumor efficacy of 
PTX and prevent the development of painful peripheral neuropathy, 
which is one of its main side effects. 

2. Materials and methods 

2.1. Materials 

Pegylated and non-pegylated cationic liposomes were obtained using 
the ready-to-use formulations Pronanosome Lipo-Cat-PEG phosphati
dylcholine, cholesterol, stearylamine and DSPE-PEG2000 (P90:CHO: 
Stearylamine:PEG, 1:1:0.18:0.11 M ratio) and Lipo-Cat (P90:CHO: 
Stearylamine:, 1:1:0.18 M ratio), respectively (Nanovex Bio
technologies, Spain). Liposomes were prepared at a concentration of 
70 mg/mL. PTX was obtained from LC Laboratories (Woburn, MA, USA) 
and was dissolved in a solution of 50 % Cremophor® EL (Sigma-Aldrich, 
Madrid, Spain) and 50 % absolute ethanol (Scharlau, Barcelona, Spain). 

2.2. Synthesis and characterization of liposomes 

Precise amounts of PTX and Pronanosome Lipo-Cat or Pronanosome 
Lipo-Cat-PEG were dissolved using chloroform to obtain PTX-loaded 
liposomes. Then, the chloroform was removed under reduced pressure 
in a rotary evaporator (Heidolph Hei-VAP Precision) (Heidolph, Ger
many). The dried film was hydrated for 45 min at 60 ͦC using a buffer 
composed by KCl (1.35 mM), NaCl (68.50 mM), KH2PO4 (0.75 mM) and 
Na2HPO4. Finally, the sample was homogenized (SilentCrusher Ho
mogenizer, Heidolph, Germany) at 11,000 rpm for 8 min to obtain 
MultiLamellar Vesicles (MLV) cationic liposomes. A part of the sample 
was separated to obtain Small Unilamellar Vesicles (SUV) from MLV 
using a 750 W sonicator (Sonics, USA) for 10 s (pulsed sonication 1:1, 20 
% amplitude). All samples were filtered with filters <0.45 μm. 

The size of the liposomes and the polydispersity index (PDI) of the 
sample were determined via dynamic light scattering (DSL) using a 
Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK). Three independent 
samples were taken from each formulation, and measurements were 
performed three times for each sample at room temperature (RT) with a 
1:100 dilution. The Z-potential of the liposomes was determined by 
Mixed Mode Measurement-Phase Analysis Light Scattering (M3-PALS) 
also using a Zetasizer Nano ZS90. In addition, the particles were 
observed by transmission electron microscopy (TEM) (LIBRA 120 PLUS 
de CARL Zeiss SMT, Oberkochem, Germany) using diluted dispersions 
(≈ 0.1 %, w/v) and placing drops on copper grids with formvar film. The 
grids were then dried at 25.0 ± 0.5 ◦C in a convection oven. In order to 
determine the entrapment efficiency of PTX in liposomes, the entrapped 
PTX was removed by centrifugation and dialysis. A gentle centrifugation 
at 4000 rpm for 20 min was carried out prior to dialysis purification. 
Then, a 2 mL sample was placed into a SnakeSkin dialysis tubing (10k 
MWCO) (ThermoFisher, USA), immersed in 1000 mL of deionized water 
at RT, and stirred at 500 rpm for 6 h. Dialyzed and non-dialyzed samples 
were diluted 1:25 (v/v) with methanol to facilitate rupture of the vesicle 
membranes and to extract PTX from liposomes. Then, PTX was analyzed 
by chromatography (RP-HPLC) (Shimadzu, Japan). 

2.3. Hemolysis assay 

Erythrocytes from human blood (25 mL) (healthy donors from the 
Andalusian Public Health System Biobank) were obtained following our 
protocol [29]. The erythrocytes were then diluted (1:50), and 190 μL of 
the resulting solution (pH 7.4) were added to each well of a V-bottomed 
96-well plate. Unloaded liposomes were also added in a volume of 10 μL 
per well. Positive and negative controls were 20 % Triton X-100 (10 μL) 
and phosphate buffer (PB), pH 7.4 (10 μL), respectively, also processed 
following our protocol [29]. The percentage of hemoglobin released 
from the erythrocytes was determined with a Titertekmultiscan color
imeter (492 nm) (Flow, Irvine, California) using the formula: 

Hemolysis (%) =
abs. of the sample − abs. of the negative control

abs. of the positive control
x 100  
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Optical microscopy images of the erythrocytes treated with the different 
formulations were taken at the highest dose used (500 μg / ml) to 
analyze morphological modifications. 

2.4. Cell culture 

The human lung adenocarcinoma cell line A549and the murine lung 
carcinoma cell line LL2 were purchased from the American Type Culture 
Collection (Rockville, MD, USA). The non-cancer lung cell line L132 was 
obtained by the Instrumentation Service Center (CIC, University of 
Granada, Spain). All cell lines were grown in Dulbecco’s Modified Ea
gle’s Medium (DMEM) (Sigma-Aldrich, Madrid, Spain) supplemented 
with 10 % heat-inactivated fetal bovine serum (FBS) (Gibco, Madrid, 
Spain) and 1 % penicillin and streptomycin antibiotics mixture, and 
maintained in an incubator at 37 ◦C and 5 % CO2 humidified 
atmosphere. 

2.5. In vitro cytotoxicity assays 

Cells were seeded at densities of 5.5 × 103 cells/well in A549, 
2.5 × 103 cells/well in LL2, and 8 × 103 cells/well in L132 in 24-well 
plates with DMEM, incubated overnight at 37 ◦C, and treated with 
increasing concentrations (0.1–55 nM) of free PTX and PTX-loaded and 
unloaded liposomes for 96 h, with renewal of culture medium and drugs 
at 48 h. A sulforhodamine B (SRB) assay was carried out following our 
procolol [29]. Finally, the optical density (OD) at 492 nm was measured 
in a spectrophotometer EX-Thermo Multiskan. Cell survival (%) was 
calculated according to the following equation: 

Cell survival (%) =
Treated cells OD − blank

Control OD − blank
x 100 

In addition, the IC50 was calculated (GraphPad Prism 6 Software, La 
Jolla, CA, USA) and a measure of improvement between two treatments, 
the therapeutic index (TI), was determined according to the following 
equation: 

TI (therapeutic index) =
IC50PTX

IC50 NPs − PTX  

2.6. Intracellular pharmacokinetics 

The cells (A549, L132 and LL2) were seeded in 6-well plates (4 × 105 

cells/well) in DMEM to determine PTX incorporation using a modifi
cation of the protocol described by Li et al. [30]. Then, they were 
exposed to different treatments (free PTX and PTX-loaded liposomes) at 
500 nM for 0.5, 1, 2, 4 and 6 h. After two PBS washes, cells were incu
bated for 5 min in a lysis buffer composed by 0.1 M Tris-HCl pH 7.5, 
0.1 M EDTA pH 8, 0.5 % SDS and 0.1 M NaCl (800 μL), and sonicated for 
5 min to facilitate their complete disruption and extraction of intracel
lular PTX. Methyl tert-butyl ether (MTBE) (500 μL) and an internal 
standard (docetaxel) (15 μL) were added to the samples which were 
incubated for 5 min (vortex agitation) and centrifuged at 16,000xg for 
5 min. The organic phase (with PTX) was collected and evaporated as 
described by Fernández-Peralbo et al. [31] for ultraperformance liquid 
chromatography analysis (WatersT, Acquity H Class model) coupled to a 
triple quadrupole mass spectrometer (Waterrs, XEVO TQ-S model) 
(UPLC-MS/MS). 

2.7. Flow cytometry cell cycle analysis 

All cell lines were seeded in 6-well plates at a density of 6 × 104 cells 
per well. After 24 h, the culture medium was removed and a free-serum 
culture medium was added to arrest the cell cycle. The culture medium 
was changed to DMEM with serum and the treatments (free PTX and 
formulations of liposomes unloaded and loaded with PTX) were 
administered after 24 h using the IC50 of PTX of each cell line. After 

48 h, cells were fixed (70 % ethanol in agitation) at 4 ◦C (1 h) and 
washed (twice) with PBS. The pellets were processed using the PI/ 
RNASE Solution Kit (Inmunostep, Spain). Samples were analyzed with a 
FACScan flow cytometer (Becton Dickinson, San Jose, USA) using 
FlowJo software. 

2.8. Alpha-tubulin immunofluorescence assays 

Cells were seeded in 24-well plates at a density of 2 × 104 cells per 
well in A549 and LL2 and 3 × 104 cells per well in L132. For the cell 
cycle assay, synchronization of cell cycles was induced using medium 
without serum for 24 h after cell adhesion. Then, culture medium with 
serum was renewed and drug treatments were administered at the 
highest dose used in the cell proliferation assay. After 24 h, cells were 
fixed (cold 70 % methanol) for 30 min at -20 ◦C, permeabilized (0.1 % 
Triton X-100) and blocked with a goat serum solution for 60 min. Then, 
they were incubated with the primary anti-α-tubulin antibody 1:300 (v/ 
v) (Sigma Aldrich, Spain) (one hour at RT), washed (three times) with 
PBS-0.1 % Tween, and incubated with an Alexa-Fluor 488-conjugated 
secondary antibody 1:500 (v/v) (Cell Signaling Technologies, Spain) 
for 60 min at RT in the dark. Hoechst dye (1:2000) was used to stain the 
nuclei. The cells were observed by fluorescence microscopy (Leica 
Microsystems, Wetzlar, Germany). 

2.9. Multicellular tumor spheroids (MTS) assays 

MTS assays were performed following a modification of the protocol 
described by Prados et al. [32]. First, 50 μL of agar (1 %) was added in 
96-well flat bottom plates. After solidification (30 min), 250 and 400 
cells/well of A549 and LL2, respectively, were seeded. Plates were 
centrifuged at 1,000×g for 10 min to induce MTS formation. After 96 h, 
MTS were exposed to the treatments (free PTX and PTX-loaded and 
unloaded liposomes) at the IC50 (11.1 nM to A549 and 27.6 nM to LL2). 
Untreated MTS were used as negative control. MTS growth was moni
tored every 2–3 days with optical microscopy images, and the largest 
and smallest diameter (LD and SD, respectively) were measured using 
ImageJ software (National Institute of Health, USA) to determine the 
spheroid volume (V, μm3) with the formula: 

V =
LD*SD2*π

6 

In addition, a TUNEL assay was performed to determine MTS 
apoptosis. After exposure to the treatments (96 h), in a similar manner 
as described above, MTS were fixed with 4% paraformaldehyde (3 h) 
and processed according to the instructions of the TUNEL kit manufac
turer (Roche, Mannheim, Germany). Cell nuclei were counterstained 
with Hoechst (1:2000) and fluorescence images were captured using 
confocal microscopy (Nikon A1, Nikon Corporation, Tokyo, Japan). 

2.10. Cancer stem cells characterization and proliferation assays 

A549 cancer stem cells (CSCs) were isolated and characterized 
following the method described by Leiva et al. [29]. Accordingly, A549 
cells were seeded in 6-well plates (1 × 105 cells/well) pre-coated with 1 
% agarose (w/v). After 14 days in the presence of induction medium 
supplemented with hormone mixture B27, growth factors (EGF, bFGF) 
and heparin, RNA extraction was carried out (RNeasy Mini Kit, Qiagen, 
MD, EEUU) to analyze the expression of CSC specific markers (SOX2, 
OCT4, Nanog, CD133 and HPRT housekeeping gene) by Real-Time PCR 
(Supplementary Table S1) [33]. For proliferation assays, CSCs were 
disaggregated with Trypsin/EDTA (1:2), seeded into 96-well plates 
(1 × 103 cells/well) and treated (free PTX and PTX-loaded liposomes) 
with a concentration range of 1–100 nM of PTX for 72 h. Cell viability 
was determined by adding 10 μL of Cell Counting Kit-8 (Dojindo Labo
ratories, Kumamoto, Japan) to each well for 4 h at 37 ◦C. Absorbance at 
450 nm was measured with a Titertek Multiskan colorimeter (Flow). 
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Cell survival (%) was calculated as described in Section 2.5. 

2.11. In vivo tumor growth inhibition and survival analysis 

All the animals used in this work were housed in colony cages with 
free access to water and food prior to the experiments. The animals were 
kept in rooms with controlled light and temperature (22 ± 2 ◦C, and 
12 h light-dark cycle) and the behavioral experiments were conducted 
during the light phase (from 8:00 a.m. to 3:00 p.m.). Animal care was in 
accordance with institutional (Research Ethics Committee of the Uni
versity of Granada, Spain; 24102019/177) and international standards 
(European Communities Council Directive 2010/63). 

Immunocompetent female C57BL/6 mice (20− 25 g) (Charles River, 
Barcelona, Spain) were injected subcutaneously on the right flank with 
5 × 105 LL2 cells resuspended in 100 μL of PBS (day 0). When the tu
mors were palpable, the animals were randomly divided into 6 groups of 
12 mice (n = 12) and treated intravenously (vein of the tail) with free 
PTX, Cremophor® EL (vehicle of PTX), MLV-PEG and SUV-PEG (blank 
liposomes), and MLV-PEG-PTX and SUV-PEG-PTX. One group was 
treated with saline solution (negative control). The treatment (10 mg/kg 
of PTX) was applied every three days for a total of four doses. Further
more, every three days the weight of the mice was monitored and di
mensions of the tumor were measured with a digital caliper. The tumor 
volume (V, mm3) was calculated using the LD and SD with the formula 
(4) (see above). The end point of the experiment, when the animals were 
sacrificed, was day 39 from the day of cell inoculation. 

2.12. In vivo assay of PTX biodistribution 

Lung tumor-bearing C57BL/6 mice were induced from LL2 cells as 
described above. When the tumors reached approximately 200 mm3, the 
animals were randomly divided into 3 groups of 20 mice. Each group 
was treated intravenously with free PTX, MLV-PEG-PTX and SUV-PEG- 
PTX (10 mg/kg of PTX). Four mice from each group were sacrificed at 
0.5, 1, 6, 12 and 24 h, and blood and tissue samples (brain, lung, heart, 
liver, spleen, kidneys, tumor and 6 DRG of the lumbar vertebrae) were 
collected, weighed and resuspended in a 0.9 % NaCl solution (volume 
equal to twice the weight) [31]. Then, the samples (except DRG and 
blood) were homogenized (high-speed homogenizer IKA T10 Basic 
ULTRA-TURRAX, Germany). The DRG were sonicated in 200 μL of 0.9 % 
NaCl solution for 5 min in cycles of 30 s. Blood samples were collected in 
tubes with EDTA and plasma was collected after centrifugation at 1200 g 
for 12 min. Then, samples of each tissue, DRG and plasma (200 μL) were 
incubated for 5 min in an ultrasonic bath and MTBE (500 μL) and 
docetaxel (15 μL) were added (final concentration of 150 ng/mL). Each 
sample was vortexed for 1 min, incubated for 5 min at RT and then 
vortexed again for 5 min to favor the extraction of PTX. After centrifu
gation at 16,000 g for 5 min, the supernatant was collected and the 
samples were evaporated under vacuum for analysis by ultra
performance liquid chromatography (UPLC-MS/MS) as described 
above. The results were expressed in graphs in ng PTX/g tissue and ng 
PTX/mL in the case of plasma, and in ng PTX/6 in the case of DRG. 

2.13. Animal model of paclitaxel-induced painful neuropathy 

Experiments were performed on female CD-1 mice (Charles River, 
Barcelona, Spain) weighing 26− 32 g each. Free PTX solution was 
diluted in sterile physiological saline (NaCl 0.9 %) to a final concen
tration of 1.4 mg/mL just before administration. The vehicle for free 
PTX was diluted at the time of injection with saline in the same pro
portion as the free PTX solution. In addition, PEG-liposomes (SUV-PEG- 
PTX and MLV-PEG-PTX) with the same PTX concentration (1.4 mg/mL) 
as the free-PTX solution (the liposomes were not diluted) were tested. 
Mice were anesthetized with 2 % isoflurane (IsoVet®, B. Braun, Barce
lona, Spain), and free PTX (7 mg/kg), PTX vehicle, SUV-PEG-PTX 
(7 mg/kg), MLV-PEG-PTX (7 mg/kg) and both unloaded liposomes 

(SUV-PEG and MLV-PEG) were administered intravenously (i.v.) once 
per day for 5 consecutive days (the cumulative dose of PTX was 35 mg/ 
kg in free PTX and both PTX-loaded liposomes). The day of the first 
administration is considered day 0. To elucidate the time course of PTX- 
induced pain hypersensitivity in mice, behavioral responses were tested 
before the treatment (baseline) and on days 3, 7, 10, 14 and 17 after the 
first PTX administration (n = 8–13 mice/group). Each mouse was 
evaluated by means of two nociceptive tests to study the development of 
mechanical allodynia and heat hyperalgesia induced by PTX. All 
behavioral evaluations were recorded by a treatment-blinded observer. 

2.14. Pain behavioral tests 

Mechanical allodynia was assessed using von Frey filaments ac
cording to the “up-down” method, with slight modifications [34]. On 
each day of evaluation, the mice were habituated for 120 min in indi
vidual transparent plastic boxes (7 × 7 × 13 cm) placed on wire mesh 
platforms. After the habituation time, filaments were applied to the 
plantar hind paws, pressed upward to cause a slight bend in the filament 
for 2–3 seconds. Calibrated von Frey monofilaments (Touch Test Sen
sory Evaluator Kit; Stoelting, Wood Dale, IL, USA), with bending forces 
that ranged from 0.02 to 2 g were applied using the up–down paradigm, 
starting with the 0.6 g filament and allowing 10 s between successive 
applications. The response to the filament was considered positive if 
immediate biting/licking, flinching or rapid withdrawal of the stimu
lated paw was observed. For each consecutive test, if there was a positive 
response, then a weaker stimulus was used; if there was no response to 
the filament, then a stronger stimulus was selected. Both hind paws were 
evaluated separately and mechanical threshold was calculated as the 
average of both paws in each animal. 

Heat hyperalgesia was assessed using the Hargreave’s method, as we 
previously described [35]. Mice were habituated for 120 min in indi
vidual Plexiglas chambers (9 × 9 × 22 cm) placed on a glass floor at 
30 ◦C. After habituation, a beam of radiant heat was focused on the 
plantar surface of the hind paw with a plantar test apparatus (IITC, CA, 
USA), until the mouse showed a withdrawal response. The latency of the 
paw withdrawal was measured with a stopwatch. Each mouse was tested 
three times on each hind paw and the latencies for both paws were 
averaged for each measurement time. At least 60 s were allowed be
tween consecutive measurements. A cut-off latency time of 20 s was 
used for each measurement to avoid skin injury and unnecessary 
suffering to the animals. 

2.15. Transmission electron microscopy analysis 

CD-1 mice (Charles River, Barcelona, Spain) were anesthetized with 
isoflurane (IsoVet®, B. Braun, Barcelona, Spain) and perfused intracar
dially with 20 mL of saline followed by 30 mL of a fresh solution of 2 % 
glutaraldehyde/1 % paraformaldehyde in 0.1 M PB, pH 7.4, for 15 min. 
After perfusion, L4 DRG from the mice were dissected and fixed with 2 % 
glutaraldehyde/1 % paraformaldehyde in 0.1 M PB, pH 7.2 overnight at 
4 ◦C. Afterwards, the fixation samples were transferred to sucrose 10 % 
in 0.1 M PB for 24 h at 4 ◦C, and subsequently fixed with 0.1 % osmium 
tetroxide in 0.1 M PB, pH 7.2, containing 1 % potassium ferrocyanide for 
1 h at 4 ◦C, dehydrated in a graduated series of alcohols and embedded 
in epoxy resin. Ultrathin sections were stained with uranyl acetate and 
lead citrate, and analyzed under a Zeiss LEO 906E TEM (Zeiss, Ober
kochem, Germany). ImageJ software was used to measure the diameter 
of pores in the fenestrated capillaries. 

2.16. Statistical analysis 

All results are expressed as the mean ± standard deviation of three or 
more replicates. In all in vitro experiments, Student’s t-test and two-way 
analysis of variance (ANOVA), followed by the Bonferroni test, were 
used to analyze the significance between two or more groups, 
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respectively. All in vivo results, i.e. pain behavioral studies, tumor vol
ume and mouse weight were analyzed by two-way repeated measures 
analysis of variance (ANOVA), followed by the Bonferroni test. All tests 
were performed with the Statistical Package for the Social Sciences 
(SPSS) v. 15.0 software, and differences were considered statistically 
significant at a p-value <0.05. 

3. Results 

3.1. Synthesis and characterization of liposomes 

Synthesis and characterization of the liposomes was performed by 
the company Nanovex Biotechnologies (Spain). The liposome size, 
polydispersity index (PDI) and zeta potential of the pegylated liposomes 
were analyzed (Table 1). Morphology was also analyzed (Fig. S1). The 
characterization of the non-pegylated liposomes is included in the sup
plementary material (Supplementary Table S2). 

As intended in the experimental design, the synthesis of nano
formulations with two very different sizes was achieved. MLV-PEG li
posomes showed a diameter greater than 180 nm. By contrast, SUV-PEG 
liposomes showed a diameter lower than 100 nm. PTX-loaded MLV and 
SUV liposomes showed a PDI around 0.38 (Table S2) while pegylated 
liposomes were characterized by a PDIs of 0.592 and 0.409 for MLV- 
PEG-PTX and SUV-PEG-PTX, respectively (Table 1). This range could 
be due to the presence of PEG in the nanoformulations and by the high 
concentration of lipids to encapsulate a greater amount of PTX. Finally, 
both formulations demonstrated a lower positive charge (+1.59 and 
+3.69 mV for MLV-PEG-PTX and SUV-PEG-PTX, respectively) because 
of the negative charge of the PEG polymer. Chromatographic analysis 
indicated a PTX entrapment efficiency greater than 80 % in all lipo
somes. The amount of PTX per unit mass of lipid in MLV-PTX and SUV- 
PTX was 22.4 and 20 μg PTX/mg, respectively. 

3.2. In vitro hemolysis assay 

Pegylated and non-pegylated blank liposome formulations (MLV, 
SUV, MLV-PEG and SUV-PEG) caused less than 2 % hemolysis. MLV-PEG 
caused the least rupture of erythrocytes (less than 1 %) at the highest 
dose. In addition, no morphological changes in erythrocytes were 
observed after exposure to different liposomes. These results indicate an 
excellent biocompatibility of the liposomes, which is an essential 
property for in vivo administration (Supplementary Fig. S2). 

3.3. Cytotoxicity assays and intracellular pharmacokinetics 

MLV-PEG-PTX and SUV-PEG-PTX significantly reduced PTX IC50 in 
the LL2 cancer cell line (1.88 and 2.05-fold, respectively) (Fig. 1A). By 
contrast, no IC50 modulation was detected in the A549 cell line 
(Table 2). Interestingly, none of the formulations showed a slight in
crease in toxicity in the L132 cell line in relation to PTX (Table 2). In 
addition, cellular internalization assays were performed to determine if 
the improvement of the antitumor effect of the liposome-PTX was 
related to a greater incorporation of the drug into the cells. Pegylated 
liposomes (MLV-PEG-PTX and SUV-PEG-PTX) increased intracellular 
PTX in the first hours of exposure (~2.5-fold) in A549 cells compared to 

free PTX (Fig. 1B). On the contrary, no significant differences were 
observed between free PTX and PTX-loaded pegylated formulation in 
LL2 cells during the first 6 h (Fig. 1B). L132 cells showed a different 
pattern of PTX incorporation into the lung tumor cell lines, since a 
higher intracellular concentration of PTX was found after exposure to 
free PTX compared to PTX-loaded pegylated liposomes (Fig. 1B). 

Blank liposomes were not toxic for any of the cell lines tested, which 
demonstrates their safety and biocompatibility (Supplementary Fig. S3). 
Results of the cytotoxicity and cellular internalization assays with the 
non-pegylated formulations are included in the supplementary material 
(Supplementary Fig. S4 and Table S3). 

3.4. Cell cycle and immunofluorescence analysis 

To determine the possible modulation of the mechanism of action of 
PTX caused by liposomes, we analyzed the cell cycle and alpha-tubulin 
expression. Cells treated with blank liposomes showed no modulation of 
the cell cycle profile compared to untreated control cells. By contrast, 
MLV-PEG-PTX induced a greater accumulation of cells in the subG1 
phase in both the A549 and LL2 cell lines compared to those treated with 
free PTX. However, no cell cycle modifications were observed with SUV- 
PEG-PTX. Finally, free PTX caused a greater subG1 accumulation and 
G2/M arrest than liposome formulations in L132 cells, while PTX-loaded 
liposomes induced a greater arrest in the S phase (Supplementary Fig. 
S5). In addition, an immunofluorescence assay using an anti-alpha- 
tubulin antibody was performed to corroborate that PTX encapsula
tion in liposomes does not affect G2/M phase arrest. First, the pattern of 
alpha-tubulin labeling was similar in the control cells and in the cells 
treated with blank liposomes in the three cell lines studied (Supple
mentary Fig. S6). Secondly, the cells treated with PTX and PTX-loaded 
liposomes showed a very similar labeling, with microtubules conden
sation in unstructured nuclei of the affected cells. These results suggest 
that PTX encapsulation does not affect its antimitotic mechanism of 
action in any of the cell lines. This profile could correspond to an irre
versible metaphase arrest causing the stop in phase G2/M, typical of this 
antimitotic drug. In some cells with this profile, spindle multi
polarization associated with PTX treatment can be observed (Supple
mentary Fig. S6). 

3.5. Multicellular tumor spheroids (MTS) assays 

Multicellular tumor spheroids (MTS) from A549 and LL2 cells, an 
experimental model that mimics tumors in vivo, were used to determine 
the penetrability and antitumor effect of PTX-loaded liposomes. PTX 
unloaded liposomes did not significantly modify the volume of MTS in 
either A549 or LL2 cells (Fig. 2A). By contrast, MLV-PEG-PTX signifi
cantly reduced A549 MTS volume with respect to untreated MTS, with a 
64.3 % decrease at day 8. In addition, this formulation induced a greater 
decrease in A549 MTS volume compared to free PTX, which only 
reduced the volume of A549 MTS by 48 % (Fig. 2A). However, treatment 
with SUV-PEG-PTX did not show MTS volume modulation in compari
son to PTX. On the other hand, in LL2 MTS, characterized by a rapid 
growth (from 0.02 to 0.5 mm3 at day 8), no significant differences were 
found with the use of pegylated nanoformulations in comparison to free 
PTX, which induced a 75 % decrease in MTS volume in relation to the 
control (Fig. 2A). In view of these results, a TUNEL assay was performed 
to determine the modulation of MTS apoptosis. The results showed a 
greater area of apoptotic cells in A549 MTS treated with MLV-PEG-PTX 
compared to free PTX. In contrast, the smaller formulations (SUV-PEG- 
PTX) induced an apoptotic labeling in MTS similar to that observed with 
free PTX (Fig. 2B). On the other hand, analysis of LL2 MTS revealed a 
similar apoptotic cell labeling with PTX-loaded liposomes and free PTX 
(Fig. 2B). Untreated MTS and those treated with unloaded liposomes 
(blank) did not show TUNEL labeling. These results supported the 
findings related to MTS volume and confirmed the increase in the 
antitumor effect of PTX when the drug was encapsulated in liposomes. 

Table 1 
Characterization of liposomes: size, polydispersity index (PDI) and zeta potential 
of PTX-loaded and unloaded MLV-PEG and SUV-PEG liposomes.  

Liposomes Size (nm) Polydispersity index (PDI) Zeta potential (mV) 

MLV-PEG-PTX 183 ± 29.1 0.592 ± 0.049 +1.59 ± 0.19 
MLV-PEG 186 ± 20 0.500 ± 0.009 +8.71 ± 1.8 
SUV-PEG-PTX 88.48 ± 19 0.409 ± 0.006 +3.69 ± 0.52 
SUV-PEG 91.37 ± 24 0.408 ± 0.005 +9.48 ± 0.55 

Data represent the mean value ± SD of triplicate experience. 
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MTS assays with the non-pegylated formulations are included in the 
supplementary material (Suplementary Fig. S7). 

3.6. Cancer stem cells proliferation assay 

Tumor spheres from A549 CSCs were observed from day 4 (around 
300 μm), and were isolated and characterized (see Methods) using 
specific markers (Fig. 3A). As shown in Fig. 3B, the concentration of PTX 
and PTX-loaded liposomes used against CSCs (1–100 nM) did not reach 
the PTX IC50 and the effect of the different treatments was equalized 
around 65–70 % of cell survival, except in A549 CSCs treated with SUV- 
PEG-PTX, where survival was not decreased by 80 %. Interestingly, 
MLV-PEG-PTX showed greater toxicity in CSCs, overcoming the effect of 
PTX in the range of concentrations between 5–75 nM. By contrast, SUV- 
PEG-PTX had the lowest antitumor effect on A549 CSCs, specifically 
with respect to free PTX and MLV-PEG-PTX at 50–100 nM. The CSC 
proliferation assay with non-pegylated formulations is included in the 
supplementary material (Suplementary Fig. S8). 

3.7. In vivo tumor growth inhibition 

C57BL/6 mice with induced subcutaneous lung tumors were treated 

with free PTX, PTX-loaded liposomes or PTX-unloaded liposomes. Both 
MLV-PEG-PTX and SUV-PEG-PTX induced a significantly greater tumor 
volume reduction than free PTX (31.5 % and 32.7 %, respectively), 
corroborating that PTX encapsulation improved the antitumor drug ef
fect (Fig. 6A). On the other hand, no differences were found in tumor 
growth between control group and groups treated with blank liposomes 
(Fig. 4A). In addition, no increase in PTX toxicity was observed with the 
use of MLV-PEG-PTX and SUV-PEG-PTX, since no significant weight loss 
was detected in the treated mice compared to the group treated with free 
PTX (Fig. 4B). 

3.8. PTX biodistribution in vivo assays 

Fig. 7 shows the study of PTX pharmacokinetics and biodistribution 
after treatment with free PTX or PTX-loaded pegylated liposomes. The 
pattern of distribution depends on the time, tissue and type of treatment 
considered. Free PTX reached higher concentrations in the plasma, heart 
and kidneys of mice compared to treatment with PTX-loaded liposome 
at short times (0.5 and 1 h) after administration. During the first 6 h, 
greater accumulation of MLV-PEG-PTX was observed in the liver, spleen 
and lungs, with concentrations similar to free PTX. By contrast, SUV- 
PEG-PTX increased drug bioavailability in comparison with free PTX 
and MLV-PEG-PTX at longer times (12− 24 h) after administration 
(Fig. 5A). When tissue type is considered, PTX concentration in the heart 
was lower with MLV-PEG-PTX than with the rest of treatments at all 
times considered; whereas PTX concentration in the lung was greater 
with SUV-PEG-PTX than with the rest of treatments at all times 
considered, except at 0.5 h (Fig. 5A). On the other hand, plasma analysis 
detected high concentrations of PTX during the first hour after free PTX 
treatment, but lower concentrations of the drug with the use of MLV- 
PEG-PTX or SUV-PEG-PTX (Fig. 5B). Interestingly, while the plasma 
PTX concentration showed a rapid decline 1 h after free PTX adminis
tration, SUV-PEG-PTX was able to maintain significantly higher levels of 

Fig. 1. Proliferation assay and intracellular pharmacokinetics in cell lines using PTX-loaded pegylated liposomes (MLV-PEG-PTX and SUV-PEG-PTX). A. Proliferation 
assay in lung cancer cell lines A549, LL2 and non-lung tumor cell line L132. Cells were exposed for 4 days to increasing concentration of free PTX or cationic li
posomes. Results were represented as % of cell survival. B. Intracellular pharmacokinetics of PTX-loaded liposomes. UPLC-MS/MS was used to determine PTX 
concentration at different times (0.5, 1, 2, 4 h) in the A549, LL2 and L132 cell lines after exposure to free PTX and PTX-loaded liposomes (500 nM). Data represent 
the mean value ± SD of triplicate. *Data with significant differences between the treatment with PTX-loaded liposomes and free PTX (p < 0.05). 

Table 2 
Determination of the IC50 of lung cell lines exposed to free PTX and pegylated 
PTX-loaded MLV and SUV nanoformulations.  

Cell 
line 

PTX (nM) MLV-PEG-PTX 
(nM) 

IT SUV-PEG-PTX 
(nM) 

IT 

A549 10.5 ± 0.9 7.7 ± 1 1.36 9,6 ± 2.15 1.09 
LL2 27.65 ± 0.8 14.7 ± 3.2 1.88 13.45 ± 1.3 2.05 
L132 4.85 ± 1.1 4.23 ± 0.3 1.14 4.5 ± 0.4 1.08 

Data represent the mean value ± SD of triplicate experience. 
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Fig. 2. Multicellular tumor spheroids (MTS) 
assays. A. Representative images of A549 MTSs 
and LL2 MTS after treatments (day 8) (magni
fication, 4X). Graphics represent the monitori
zation of MTS volume (mm3). Untreated MTS 
and MTS treated with the unloaded liposomes 
were used as control. Data represent the mean 
value ± SD of 8 replicates. *Data with signifi
cant differences between the treatment with 
SUV-PEG-PTX and free PTX (p < 0,05). #Data 
with significant differences between the treat
ment with MLV-PEG-PTX and free PTX 
(p < 0,05). B. Analysis of apoptosis by TUNEL 
assay. Representative fluorescence images of 
A549 and LL2 MTS untreated (control) and 
treated with free PTX and different liposomes 
unloaded and loaded with PTX. Apoptosis (red) 
induced by exposure for 4 days to the treat
ments. The nuclei (blue) were stained with 
Hoechst. Scale bar =100 μm (For interpretation 
of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article).   

Fig. 3. Isolation and proliferation assays of 
cancer stem cells (CSCs). A. Representative mi
croscopy images of A549 CSCs isolation (day 1 
to 15) with characteristic formation of cellular 
aggregates (magnification, 4X). B. Proliferation 
assay of CSCs after exposure (72 h) to free PTX 
and PTX-loaded liposomes (1–100 nM). Un
treated CSCs were used as negative control. 
Results were represented as % of cell survival. 
Data represent the mean value ± SD of eight 
replicates. *Data with significant differences 
between the treatment with PTX-loaded lipo
somes and free PTX (p < 0.05).   
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PTX in the plasma at 6, 12 and 24 h (Fig. 5B). Lumbar DRG tissue was 
also analyzed. It was observed that, while free PTX and SUV-PEG-PTX 
treatments induced PTX accumulation, no PTX was detected in these 
neurological structures after the first hour of MLV-PEG-PTX treatment 
(Fig. 5C). Finally, when tumor PTX concentration was measured, it was 
found that free PTX administration yielded a higher concentration than 
liposomes up to 6 h, whereas SUV-PEG-PTX treatment allowed a greater 
PTX accumulation in the tumor tissue at 24 h compared to free PTX and 
MLV-PEG-PTX. (Fig. 5D). This fact could explain that SUV-PEG-PTX 
treatment induced a greater tumor suppression rate than PTX treatment. 

3.9. In vivo paclitaxel-induced painful neuropathy 

To determine the modulation of paclitaxel-induced painful neurop
athy by liposomes, we compared the mechanical- and heat- 
hypersensitivity induced by 7 mg/kg of PTX administered as SUV- 
PEG-PTX, MLV-PEG-PTX or free PTX in CD-1 mice. The baseline re
sponses to the von Frey and Hargreave’s tests before any treatment were 
not significantly different between all groups (Fig. 6A and B). Mice 
injected with free PTX, SUV-PEG and MLV-PEG (control PTX-unloaded 
liposomes) did not significantly modify post-administration responses 
in both behavioral tests. However, free PTX induced mechanical allo
dynia (Fig. 6A) and heat hyperalgesia (Fig. 6B), manifested as a reduc
tion of threshold forces for paw withdrawal following mechanical 
stimulation, and decreased latencies to paw withdrawal after heat 

stimulation, respectively. Treatment with SUV-PEG-PTX induced a 
pattern of development of painful neuropathy similar to that of free PTX; 
whereas MLV-PEG-PTX did not induce either mechanical (Fig. 6A) or 
heat hypersensitivity (Fig. 6B), as these mice showed post- 
administrations responses similar to those treated with MLV-PEG. 
Therefore, these results show that it is possible to prevent the develop
ment of PTX-induced painful neuropathy by modifying the size of the 
liposome in which this chemotherapeutic is administered. 

3.10. Transmission electron microscopy analysis of capillaries in the DRG 

Fig. 7 illustrates the ultrastructural characteristics of capillaries from 
L4 DRG, which showed the presence of continuous and fenestrated 
capillaries. Continuous capillaries were characterized by an uninter
rupted endothelium and a continuous basal lamina (Fig. 7A). Fenes
trated capillaries in L4 DRG were characterized by an interrupted 
endothelium with pores measuring 80− 100 nm in diameter, and a 
continuous basal lamina (Fig. 7B and C). 

4. Discussion 

Paclitaxel (PTX) is a cytotoxic drug with several properties that make 
it suitable for the treatment of lung cancer. However, it has significant 
drawbacks including low therapeutic efficiency, drug resistance, poor 
solubility and, especially, toxicity –i.e. neurotoxicity-. The use of ex
cipients such as Cremophor or Tween 80 have facilitated the solubili
zation of PTX for clinical treatments. Nevertheless, these substances 
have many drawbacks, including neurotoxicity and hypersensitivity 
reactions [15,36–39]. In this work, cationic liposomes with different 
sizes (i.e. MLV, >180 nm; and SUV, <100 nm) were combined to PTX in 
order to improve its pharmacological properties and reduce its side ef
fects. In addition, a PEG coating was incorporated to enhance its prop
erties in vivo. 

Liposomes have been traditionally considered to have good 
biocompatibility properties because their design is based on phospho
lipids generally present in biological membranes. Nevertheless, the 
modification of chemical groups on the surface of the nanoformulation 
can influence its hemoreactivity. In fact, commercial liposomes with 
PEG coatings, such as Doxil®, can cause a hypersensitivity syndrome 
known as ‘complement activation-related pseudoallergy’ [40]. Other 
liposomes, composed of phosphatidylcholine (PC) and phosphatidyli
nositol (PI) and combined with lipophilic prodrugs, showed hemolysis 
rates below 1 % [31]. Furthermore, Nie et al. [41] synthesized liposomes 
with different zeta potentials and observed that liposomes with a PEG 
coating had less impact on rabbit erythrocytes than non-pegylated li
posomes. Conversely, our formulations showed excellent in vitro 
biocompatibility in both tumor and non-tumor lung cell lines and in 
human erythrocytes, either with or without PEG coating. 

Interestingly, PTX encapsulation in both MLV and SUV liposomes 
significantly enhanced its antitumor effect in vitro in comparison with 
free PTX. Specifically, in the LL2 cell line, a PTX IC50 reduction of up to 2 
and 5 times was achieved with pegylated and non-pegylated liposomes, 
respectively. Similar studies using PTX-loaded liposomes against NCI- 
H460 lung tumor cells showed a less significant IC50 increase (less 
than two-fold) when comparing the lipid formulation (14 nM) with free 
PTX (21 nM) [42]. Zhang et al. [43] synthesized other liposomes loaded 
with PTX functionalized with a peptide that favors cellular internaliza
tion (PFV-Lip-PTX), with which they obtained greater antitumor efficacy 
in vitro in the MCF-7 breast tumor line compard to liposomes without 
peptide. These PFV-Lip-PTX liposomes presented an IC50 3.26 times 
higher than free PTX, although they achieved higher tumor volume 
reduction in vivo compared to free PTX. Likewise, the docetaxel-loaded 
liposomes synthesized by Hua et al. [44] increased cellular internali
zation of the drug in the PC-3 cell line. Similar results were observed 
using PTX-loaded albumin liposomes, which improved drug internali
zation in the MCF7 and B16F10 cell lines [45]. Cell cycle and 

Fig. 4. In vivo tumor growth inhibition and mice weight progress. A. Graphic 
representation of lung tumor volume growth in C57BL/6 mice. Mice were 
intravenously treated with free PTX and PTX-loaded pegylated liposomes. Un
treated mice and mice treated with unloaded liposomes and Cremophor were 
used as controls. Data are represented as the mean ± S.D. (n = 12). *Significant 
inhibition of tumor growth comparing MLV-PTX or MLV-PEG-PTX versus free 
PTX (p < 0.05). #Data with significant differences between treatment with 
SUV-PTX or SUV-PEG-PTX and free PTX (p < 0.05). B. Graphic representation 
of the monitorization of mice weight progress. Data are represented as the 
mean ± S.D. (n = 12). 
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immunofluorescence assays showed that MLV-PTX liposomes increased 
the SubG1 subpopulation compared to free PTX and induced metaphase 
arrest subsequently leading to G2/M phase arrest. Similar images of 
spindle multi-polarization in the nuclei have been described in prostate 
and breast cancer cells exposed to free PTX or PTX-loaded liposomes 
[46,47]. In addition, the improved antitumor activity of our liposomes 
can be explained by the increased internalization of PTX in the tumor 
cells. Interestingly, the internalization of free PTX in the non-tumor cell 
line L132 was greater than that of PTX-loaded liposomes, which could 
suggest a certain intrinsic specificity of the formulations for tumor cells. 

In order to analyze the penetrability of liposomes, we performed 
MTS assays that mimic in vivo tumors. Other authors such as Wang et al. 
[48] added cell-penetrating peptides to liposomes in order to improve 
their penetrability in tumor spheroids. However, this addition may 

reduce the biocompatibility and increase the systemic toxicity of the 
formulations. In accordance with cytotoxicity assays, MLV-PEG-PTX 
showed the greatest antitumor effect on A549 MTS. However, in LL2 
MTS, the non-pegylated liposomes achieved the greatest volume 
reduction, suggesting that pegylation could reduce PTX internalization. 
The different morphology and growth of the MTS assayed coul be related 
to their behaviour in relation to PEG-PTX. In fact, A549 MTS were 
smaller and less compact than LL2 MTS, enabling a greater penetrability 
of the formulations, and showed a lower growth rate (size from 
0.04 mm3 in A549 to 0.5 mm3 in LL2 at day 8). Our results are com
parable to those obtained by Pereira et al. [49] using PC3 spheroids 
treated with non-pegylated and pegylated docetaxel-loaded liposomes. 
Non-pegylated nanoformulations improved the penetration and anti
tumor effect of the drug after long exposure times (72 and 96 h) in 

Fig. 5. PTX biodistribution in vivo assays. PTX 
concentration (ng PTX/g tissue) was determi
nated at 0.5, 1, 6, 12 and 24 h in tissues of mice 
treated with a single dose of 10 mg/kg of free 
PTX and PTX-loaded liposomes (MLV-PEG-PTX 
and SUV-PEG-PTX). The tissues extracted for 
the determination of PTX were the brain, heart, 
kidneys, spleen, liver and lungs (A). PTX was 
specifically quantified in plasma (ng PTX/mL 
plasma) (B), in the DRG of the lumbar vertebrae 
(ng PTX) (C) and in the tumor tissue (ng PTX/g 
tissue) (D) at different times after administra
tion. Results were expressed as the mean value 
of five replicates ± SD. *Data with significant 
differences between the treatment with MLV- 
PEG-PTX or SUV-PEG-PTX and free PTX 
(p < 0.05).   

J. Jiménez-López et al.                                                                                                                                                                                                                         



Biomedicine & Pharmacotherapy 133 (2021) 111059

10

comparison with free docetaxel and pegylated docetaxel-loaded lipo
somes. A significant reduction of cell viability (30 %) was observed with 
non-pegylated liposomes as compared to the free drug and pegylated 
liposomes (60 %). 

Prior to performing the cytotoxicity assays on CSCs, these cells were 
isolated and characterized by their morphology and the expression of 
specific stem cell markers. The results of this characterization were 
similar to those reported by various authors [29,33,50–52], which 
confirmed the CSC phenotype. Once the phenotype of CSCs was verified, 
the cytotoxicity assay was performed, in which, interestingly, only 
MLV-PEG-PTX significantly decreased CSCs viability compared to free 
PTX. Other studies using CSCs (CD133+) from mouse sarcoma showed 
that treatment with pegylated liposomes loaded with epirubicin and 
metformin induced a greater antitumor effect than the free drugs [53]. 
In addition, Füredi et al. [54] showed that treatment with DOX-loaded 
pegylated liposomes was much more effective in DOX-resistant cells 
mediated by P-glycoprotein (i.e. a typical resistance mechanism in CSCs) 
than the free drug. The authors hypothesized that the use of liposomes 
might improve drug pharmacokinetics, requiring higher levels of 
P-glycoprotein to confer cellular resistance. In this context, our results 
suggest that larger liposomes could incorporate more PTX molecules 

which can offset the expulsion of drugs in CSCs through resistance 
mechanisms such as P-glycoprotein. In addition, MLV-PEG coating could 
favor evasion of the resistance mechanism of CSCs. Both hypotheses will 
require further studies to be verified. 

Based on the promising in vitro results of PTX-loaded MLV and SUV 
liposomes, an in vivo study was conducted in C57BL/6 mice to analyze 
the biodistribution, pharmacokinetics and antitumor activity of treat
ments with free PTX, MLV-PEG-PTX and SUV-PEG-PTX. First, the bio
distribution results showed that smaller liposomes (SUV-PEG-PTX) 
increased drug bioavailability in all tissues more than MLV-PEG-PTX, as 
discussed above, probably because its high size favors a faster systemic 
elimination through the RES. These results are supported by those ob
tained by Zhao et al. [55] using PTX-loaded of 500 nm size. These li
posomes were administered in dogs, showing a similar biodistribution 
pattern than free PTX at 2 and 12 h, with a greater drug accumulation in 
the liver, spleen, and lungs. Similarly, PTX was detected in tumor tissues 
in large quantities during the first 6 h in the mice treated with free PTX. 
However, at 24 h, the highest accumulation of PTX was observed with 
SUV-PEG-PTX liposomes. These results suggest that liposome formula
tions probably require a longer time in circulation to reach the tumor 
tissue. This hypothesis is supported by other studies in mice with 

Fig. 6. Time-course of the effects on mechani
cal and thermal thresholds of mice treated 
during 5 consecutive days with free PTX (7 mg/ 
kg), PTX vehicle, SUV-PEG-PTX (7 mg/kg), 
MLV-PEG-PTX (7 mg/kg) and both unloaded 
liposomes. The von Frey threshold (A) and la
tency to hind paw withdrawal in the Har
greave’s test (B) were recorded 1 day before 
(BL) and on days 3, 7, 10, 14 and 17 after the 
first intravenous administration. Each point and 
vertical line represents the mean ± SEM of the 
values obtained in 10-12 animals. Statistically 
significant differences in comparison to free 
PTX and the other groups of treatment: 
*p < 0.05 and **p < 0.01.   

Fig. 7. Transmission electron micrographs of continuous and fenestrated capillaries from L4 DRG of the CD-1 mice. (A) Cross-section of a continuous capillary; (B) 
Cross-section of a fenestrated capillary (C) High magnification of pores in the fenestrated capillaries which are bridged by a diaphragm (arrows). Scale bar: 5 μm (A, 
B), and 1 μm (C). 
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induced tumors (leukemia) in which cationic liposomes increased the 
concentration of the encapsulated drug (doxorubicin) in the tumor tis
sue at 24 h of treatment compared to the free drug [56]. Even more, 
some nanoformulations loaded with a fluorophore were not detected in 
the tumor tissue until 48–72 h after administration [57]. 

In vivo results showed that both liposomes (MLV-PEG-PTX and SUV- 
PEG-PTX) significantly reduced tumor growth and volume in compari
son with free PTX, mainly in the last days of the experiment (33–39 
days). These differences in tumor volume suggest that liposomes 
remained bioavailable for longer than free PTX and that they required 
more than 24 h to accumulate in the tumor tissue, as discussed above. 
Moreover, liposome treatment did not cause toxicity in mice, and a 
normal pattern of weight gain and growth was observed. Our results 
overcome those repored by Hua et al. [44] with docetaxel-loaded lipo
somes, which did not improve the in vivo antitumor activity of the drug 
in mice with PC-3-induced tumors. In addition, similar results were 
obtainted by Qi et al. [58] and by Yang et al. [59] using PTX-loaded 
pegylated liposomes in ovarian and breast cancer murine nude 
models. In both cases, the difference in tumor volume between both free 
PTX and liposome treatment was observed few days after treatment 
initiation. In our study, this difference was observed at a longer time. 
This could be attributed to the charge of the liposome surface since Yang 
et al. [59] used pegylated liposomes negatively charged, which decrease 
the RES uptake while increase penetrability. Our cationic pegylated li
posomes probably require a longer exposure to penetrate the tumor 
tissue, supporting the results of the biodistribution assay. 

Interestingly, the biodistribution analysis detected a very low PTX 
concentration in the DRG using large liposomes (i.e. MLV-PEG-PTX) in 
comparison with smaller liposomes (i.e. SUV-PEG-PTX) and free PTX. 
The DRG, where the cell bodies of the peripheral sensory neurons are 
located, have a rich vasculature [28] with EFs, making them particularly 
sensitive to neurotoxic agents [60]. In fact, PTX levels in the DRG have 
been previously associated with sensory neurotoxicity [27,61]. Trans
mission electron microscopy was used for the first time to measure the 
size of these EFs in mice, which showed a diameter of 80− 100 nm. This 
observation provides rationale for the hypothesis that PTX encapsula
tion in liposomes larger than the EFs of the DRG could prevent the entry 
of PTX into the DRG, subsequently reducing the development of pe
ripheral neuropathy. The administration of MLV-PEG-PTX did not 
induce either mechanical or heat hypersensitivity in mice whereas 
SUV-PEG-PTX produced a response similar to free PTX, supporting our 
hypothesis. Recently, Zang et al. [62] used pegylated liposomes (phos
phatidylcholine and cholesterol) loaded with PTX and observed that 
sensitivity to mechanical and heat stimulation did not increase with 
respect to free PTX in rats, preventing the development of peripheral 
neuropathy. The size of the pegylated liposomes (140 ± 13 nm) used in 
this study was similar to our MLV-PEG-PTX liposomes (183 ± 29.1 nm), 
supporting our results. Nonetheless, the size of the EFs in the rat DRG 
vasculature is unknown. According to our hypothesis, liposomes larger 
than the EFs of the DRG would not be able to enter the DRG and, thus, 
would not release PTX. Therefore, the neuronal cells therein located 
would not be damaged, preventing the development of peripheral 
neuropathy. These results emphasize the importance of MLV liposomes, 
since no previous studies have investigated the prevention of painful 
peripheral neuropathy with lipid formulations. 

The large size of MLV-PEG-PTX would limit its entry into the DRG, 
where PTX has been shown to activate TLR4, leading to higher expres
sion of MCP-1 by the DRG neurons. This increased expression would 
then lead to greater infiltration of the DRG by macrophages expressing 
inflammatory cytokines, resulting in loss of intraepidermal nerve fibers 
and eventual development of PTX-induced peripheral neuropathy [63]. 
Other pegylated liposomes have shown excellent clinical outcomes, as is 
the case with Doxil®, which transports the chemotherapeutic drug 
doxorubicin. This liposome formulation has been shown to have a higher 
antitumor effect and to reduce side effects of doxorubicin such as 
myelosuppression or cardiotoxicity in recurrent ovarian cancer, 

metastatic breast cancer and AIDS-related Kaposi’s sarcoma [64,65]. 
Although the pharmacokinetics of Doxil® may be similar to our nano
formulation, with a half-life in the bloodstream greater than 24 h [64], 
its small size (~100 nm) [66] does not make it suitable for preventing 
drug entry into the DRG. However, it has been demonstrated optimal 
pharmacokinetic properties of a nanoformulation are reached with a 
size of 100 nm or less [67]. We have succeeded in synthesizing pegy
lated liposomes of a considerably larger size that comply with our 
premise of not penetrating the pores of the DRG whilst retaining all the 
advantages of a smaller nanoformulation, including good bio
distribution, greater antitumor effect and the additional property of 
significantly reducing side effects related to PTX-induced peripheral 
neuropathy, which was our main goal. Similar nanoformulations which 
transport PTX such as Lipusu® have shown to reduce hypersensitivity 
reactions associated with Cremophor EL, which are mediated by 
increased histamine release and non-activation of the complement sys
tem [68], as well as bone marrow and heart toxicity [69]. However, its 
effect on PTX-induced peripheral neuropathy has not been described. 
Conversely, Abraxane® or nab-PTX, a nanoformulation based on human 
serum albumin with PTX, showed an increased risk of PTX-induced 
peripheral neuropathy compared to free PTX [70,71]. Consequently, 
the liposomal nanoformulations currently marketed do not solve or even 
aggravate the problem of peripheral neuropathy. It is therefore neces
sary to develop new nanoformulations optimized to avoid this serious 
side effect, like our MLV-PEG-PTX. 

5. Conclusions 

Two commercial cationic liposomes with different diameters based 
on the size of the EFs of the DRG were used in order to improve the 
pharmacological properties of PTX and to avoid peripheral neuropathy, 
one of the main side effects of this drug. Both MLV and SUV liposomes 
showed excellent biocompatibility with both human erythrocytes and 
cell lines and enhanced the antitumor effect of PTX, not only in cultured 
lung cancer cells, but also in lung CSCs and in MTS models. In addition, 
in vivo assays using mouse models with induced tumors also demon
strated that MLV-PEG-PTX and SUV-PEG-PTX can significantly reduce 
the tumor volume in comparison with free PTX. Interestingly, the dis
tribution analysis detected a very low concentration of PTX in the DRG 
of mice using large liposomes (MLV-PEG-PTX) compared to smaller li
posomes (SUV-PEG-PTX) and free PTX. These results were corroborated 
by pain behavioral tests in mice, supporting the hypothesis that the 
liposome size may be decisive to prevent the development of peripheral 
neuropathy. Therefore, our MLV liposomes could be a new option for 
chemotherapeutic treatment with PTX because, in addition to demon
strating numerous advantages such as biocompatibility, specificity for 
tumor cells, antitumor activity against CSCs and reduction of tumor 
volume in vivo, they could prevent the development of painful peripheral 
neuropathy, a property that has not been observed in previous studies 
using liposomes. 
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