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Introduction
Paclitaxel (PTX) or Taxol® is a chemotherapy drug that 
is used to treat a variety of cancers, including breast 
cancer, the most common type of cancer in women.1 This 
drug acts by binding to cell microtubules and stabilizing 
them as a result of depolymerization inhibition, with 
subsequent cell cycle arrest at the G2/M phase, which 
ultimately leads to apoptosis.2-4 Treatment by PTX is 
associated with (i) a lack of specificity, which results in 

significant adverse effects (e.g. neuropathic pain and 
hypersensitivity reactions),5 and (ii) side effects related to 
the commercial preparation of PTX (Taxol®) and its poor 
water solubility (<0.1 µg/mL). Consequently, alternative 
formulations for PTX have been developed,6 as is the case 
with Cremophor® EL free formulations.7 However, they 
can produce acute hypersensitivity reactions and systemic 
immunostimulation.8 Therefore, new strategies are 
required to enhance the efficiency and specificity of PTX.

*Corresponding author: Consolación Melguizo, Email: melguizo@ugr.es

 © 2022 The Author(s). This work is published by BioImpacts as an open access article distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of the work are 
permitted, provided the original work is properly cited.

ccess
PPuubblliisshh  FFrreeee

PRESS

TUOMS
BioImpacts

B
PRESS

TUOMS

BioImpacts

B

Abstract
Introduction: Paclitaxel (PTX) is a cornerstone in the 
treatment of breast cancer, the most common type 
of cancer in women. However, this drug has serious 
limitations, including lack of tissue-specificity, 
poor water solubility, and the development of drug 
resistance. The transport of PTX in a polymeric 
nanoformulation could overcome these limitations.
Methods: In this study, PLGA-PTX nanoparticles 
(NPs) were assayed in breast cancer cell lines, breast 
cancer stem cells (CSCs) and multicellular tumor 
spheroids (MTSs) analyzing cell cycle, cell uptake (Nile Red-NR-) and α-tubulin expression. In 
addition, PLGA-PTX NPs were tested in vivo using C57BL/6 mice, including a biodistribution 
assay.  
Results: PTX-PLGA NPs induced a significant decrease in the PTX IC50 of cancer cell lines (1.31 
and 3.03-fold reduction in MDA-MB-231 and E0771 cells, respectively) and CSCs. In addition, 
MTSs treated with PTX-PLGA exhibited a more disorganized surface and significantly higher 
cell death rates compared to free PTX (27.9% and 16.3% less in MTSs from MCF-7 and E0771, 
respectively). PTX-PLGA nanoformulation preserved PTX’s mechanism of action and increased 
its cell internalization. Interestingly, PTX-PLGA NPs not only reduced the tumor volume of treated 
mice but also increased the antineoplastic drug accumulation in their lungs, liver, and spleen. In 
addition, mice treated with PTX-loaded NPs showed blood parameters similar to the control mice, 
in contrast with free PTX.
Conclusion: These results suggest that our PTX-PLGA NPs could be a suitable strategy for breast 
cancer therapy, improving antitumor drug efficiency and reducing systemic toxicity without 
altering its mechanism of action.
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patterns of estrogens receptors) and breast epithelial cell 
line (MCF-10A) were purchased and grown following 
American Type Culture Collection (ATCC, Manassas, VA) 
recommendations.27 The E0771 mouse breast cancer cell 
line was provided by Robin Anderson (Peter MacCallum 
Cancer Center, East Melbourne, Australia) and was 
grown in a similar way. Previous developed PTX-loaded 
PLGA system by a modified nanoprecipitation method.28 
Briefly, PLGA was dissolved with Span® 60 in acetone 
until reach 1.5% (w/v) concentration and 5mL of this 
solution were added to 15 mL of an aqueous solution of 
Pluronic® F-68 (0.5% w/v). PTX was added into de PLGA 
organic solution (5, 10, and 15% w/w) and also Nile red 
by adding 100 μL of an acetonic solution (10mM). After 
the evaporation of the organic solvent, the NP suspension 
was centrifuged (10 000 rpm, 30 minutes, 4°C), washed, 
re-suspended in a trehalose solution (5% w/v) and 
lyophilized (Cryodos freeze-drier, Telstar Industrial 
S.L., Spain). The morphology of the nanoformulation 
(Scanning Electron Microscopy, Philips XL30, Philips, 
GER) and size, mean diameter, size distribution, and zeta 
potential (ZP) (Zetasizer Nano ZS, Malvern Instruments, 
UK) were investigated. The PTX loaded and released 
from the nanoformulations were measured by HPLC as 
described previously.28 

PTX-loaded PLGA was assayed in breast cancer cells to 
determine its antiproliferative effect. Cell lines were seeded 
in 24-well plates (1.5×103 for MCF-7 and E0771, 13×103 
for MDA-MB-231, and T47D, and 20×103 for MCF-10A 
and SK-BR-3) in 400 µL of culture medium, incubated 
overnight, and then exposed to PTX-loaded PLGA NPs, 
blank PLGA NPs, and free PTX (from 0.1 to 100 nM 
during 4 days) with a renewal of the culture medium 
and the treatments at 48 hours. A colorimetric modified 
assay of sulforhodamine B (SRB) was performed29 
and the optical density (OD) of the dye was measured 
with a Titertek multiscan colorimeter (Flow, Irvine, 
California) at 492 nm. The percentages of proliferation 
(Pf %) and cytotoxicity (Ct %) were calculated with Eq.1. 
Pf%= (sample OD/negative control OD)×100 and Eq. 2. 
Ct%=100-Pf%. 

Cell culture and cytotoxicity study in CSC
Cancer stem cells (CSCs) tumorspheres from MCF-
7 cells were obtained using the protocol published 
previously by our group.27 Briefly, cells were cultured in 
6-well plates precoated with 1% agarose to create a low 
attachment surface in 2 mL of the induction medium: 
DMEM/Nutrient Mixture F-12 Ham (Sigma Aldrich) 
with B27 (1X) (Gibco, Spain), 1% of an antibiotics mixture 
(penicillin-streptomycin), Heparin (4 μg/mL), bFGF (20 
ng/mL) and EGF (20 ng/mL) (Sigma Aldrich). Every 48 
hours optical microscopy images of the cells were taken 
and 1/3 of the culture medium was replaced with a new 
induction medium. When the CSC tumorspheres were 
formed (two weeks) we use the qPCR to determine cell 

In recent years, new strategies for breast cancer 
treatment have been investigated using nanoparticles 
(NPs) as drug carriers. These molecules have been shown 
to improve drug solubility and cell internalization, avoid 
multidrug resistance mechanisms (e.g. P-glycoprotein) 
and enable surface functionalization for specific targeting 
to tumor cells.6,9-13 In addition, the accumulation of NPs 
in tumor tissues is higher than in healthy tissues. This 
differential behavior can be explained by the small size 
and physicochemical properties of NPs, as well as by the 
enhanced permeability and retention (EPR) effect, or 
passive targeting. This increased EPR in tumors has been 
related to inefficient lymphatic drainage and the presence 
of fenestrated and more permeable blood vessels.14-16 

Currently, different nanodrugs for breast cancer 
treatment have been developed17 and approved by the Food 
and Drug Administration (FDA) (Abraxane®, Doxil®, and 
Lipusu®), and some others are currently under research 
(LEP-ETU®, EndoTAGR®-I, and NK105).17-21 In this 
context, some of the most commonly assayed degradable 
polymers for cancer treatment include polylactic acid 
(PLA), polyglycolic acid (PGA), and their copolymer 
poly (lactic-co-glycolic acid, PLGA). These polymers are 
biodegradable, biocompatible and non-toxic, and provide 
controlled and sustained release profiles after parenteral 
administration.22–24 In addition, they are internalized 
into cells via clathrin-mediated endocytosis and liquid 
phase pinocytosis, escaping rapidly to the cytoplasm and 
initiating a sustained drug release.22,25 However, PLGA 
NPs also have some problems that need to be solved, such 
as low stability after compound preparation and poor drug 
loading (≈1%). The latter limitation significantly hinders 
their clinical use, making it necessary to administer a large 
number of NPs to achieve therapeutic doses. Finally, PLGA 
NPs show a fast-initial release followed by a sustained 
release of the drug (biphasic release), probably caused by 
drug adsorption on the surface of the NPs. Therefore, only 
a proportion of the drug can reach the tumor site22,24,26 to 
produce its antitumor effect.

This work aimed to test a previously synthesized PTX-
loaded PLGA system to improve breast cancer treatment. 
This Cremophor® EL-free nanodrug was tested in tumor 
and non-tumor cells from breast epithelium to compare 
the relative inhibition of cell proliferation in comparison 
with free PTX. In addition, the modulation of the 
mechanism of action of PLGA-PTX and its internalization 
were determined by quantitative and qualitative cellular 
uptake studies and cell cycle analyses. Finally, in vivo 
studies with breast tumor-bearing mice were conducted 
to determine tumor volume modulation, mouse survival, 
PTX biodistribution, and possible treatment toxicity.

Materials and methods
Cell culture and cytotoxicity study
The human breast cancer cell lines MCF-7, MDA-
MB-231, SK-BR-3 and T47D, (with different expression 
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population markers. The cell markers used previously 
were CD133, CD44, OCT4, DNMT1 and SOX2 to identify 
CSCs phenotype whose increase in expression is related 
to cell aggressiveness and invasiveness. This a method 
frequently used for the induction and characterization 
of CSC.30-34 CSCs tumorspheres were collected after two 
weeks, trypsinized, grown in 96-well plates (5000 cells/
well) and treated with PTX, PLGA-PTX and PLGA blank 
NPs. After 72 hours, cell proliferation was determined 
with Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, 
Kumamoto, Japan) following the manufacturer protocol. 

Cell cycle analysis
Cell lines were seeded (1 × 105 cells/well) in 6-well 
plates with 2 mL of culture medium. After 24 hours, the 
medium was replaced overnight with a volume of 2 mL 
of serum-free culture medium to induce cell cycle arrest 
and allow the cells to start from the same phase of the 
cycle. Cells were treated with a half-maximal inhibitory 
concentration (IC50) dose of free PTX and PTX-loaded 
PLGA NPs for 48 hours of incubation. Cell cycle analysis 
was performed by flow cytometry with propidium iodide 
(PI) and RNase solution (PI/RNase) from Immunostep 
(Salamanca, Spain). Cells were collected and then fixed 
with 70% ethanol-PBS for 30 minutes at 4ºC. Then, cells 
were centrifuged (5000 rpm, 5 minutes) and the pellet was 
resuspended and incubated in 500 µL of PI/RNase solution 
for 15 minutes at room temperature. The suspension was 
analyzed with FACScan (Becton Dickinson, San Jose, 
USA). 

Immunofluorescence microscopy analysis 
MCF-7, MDA-MB-231, E0771, and MCF-10A cell lines 
were grown on 8-well chamber slides, and after arresting 
the cell cycle (see previous sections), were treated with 
PTX, PLGA-PTX, and blank PLGA NPs (IC50 and 100 
nM). Elapsed 48 hours, cells were washed three times 
with PBS, fixed with 4% paraformaldehyde (20 minutes at 
room temperature) and washed three times with 10× pH 
7.4 Tris-buffered saline solution (TBS; Fisher Scientific, 
Madrid, Spain) with 0.1% Tween-20 (TBST) and one 
time with TBS with 0.1% Triton X-100. Subsequently, 
blocking buffer (TBST, 0.1% Triton X-100 and 0.5% goat 
serum) was added (1 hour) and cells were incubated with 
monoclonal anti-α-tubulin antibody (clone DM1A, ascites 
fluid, Sigma-Aldrich) (1:500) 1 hour at room temperature 
and washed with TBST. Next, goat anti-mouse IgG, Alexa 
Fluor® 488 (Thermo Fisher Scientific, San Jose, CA, 
U.S.A.) (1:500) was added 1 hour at room temperature 
and washed with TBST, cell nucleus was stained with 
Hoechst 33258 (Sigma-Aldrich) (5 μg/mL for 5 minutes). 
Cells were observed in a fluorescence microscope (Nikon 
eclipse 50i).

Nile red-loaded PLGA NPs cell uptake 
PLGA NPs cell uptake was analyzed in MCF-7 cells 

seeded in 6-well plates (1 × 105 cells/well) in 2 mL of 
culture medium. After 24 hours, cells were incubated with 
free Nile Red (NR) (0.5 μM) and NR-loaded PLGA NPs 
for 0.5, 1, 2, 4, and 6 hours. Then, cells were washed with 
PBS, trypsinized, and centrifuged (5000 rpm, 5 minutes) 
and the supernatant was discarded. After two washes with 
PBS, cells were resuspended in 200 µL of PBS. FACScan 
(Becton Dickinson, San Jose, USA) was used to measure 
NR fluorescence. Simultaneously, cells were observed at 
the same exposure times in the fluorescent microscope 
Leica DM IL LED (Leica Microsystems S.L.U., Barcelona, 
Spain). In addition, a confocal microscopy analysis (Leica 
TCS-SP5 II) of the uptake of PLGA NPs was carried out 
in MCF-7 cells seeded (1 × 105 on a sterile coverslip into 
6-well plates) and treated with NR and NR-PLGA NPs 
at 0.05 µM (0.5, 1, 2, and 4 hours) and fixed with a 4% 
formaldehyde solution (20 minutes, room temperature, in 
darkness). The cell nucleus was stained with 5 μg/mL of 
Hoechst 33258 (Sigma-Aldrich). 

PTX-loaded PLGA NPs cell uptake
To verify if there are differences in the intracellular 
concentration of the free drug and the drug-loaded in 
PLGA NPs, we followed the modified procedure of Leiva 
et al and Li et al.27,35,36 Briefly, the cell lines MCF-7, MDA-
MB-231, E0771, and MCF-10A were grown in 6-well 
plates in a volume of 2 mL of culture medium and treated 
with 500 nM of PTX, PLGA-PTX, and blank PLGA NPs 
for 0.5, 1, 2, 4, and 6 hours. After two washes with PBS, 
cells were lysed (800 μL of a lysis solution in each well) 
and by sonication. Afterward, 500 μL of Methyl tert-butyl 
ether (Sigma-Aldrich) and 15 μL of docetaxel (internal 
standard) were added to the cell lysate. The mixture was 
vortexed and incubated (5 minutes). Then, the samples 
were centrifuged, and the organic phase was collected and 
left to dry. The dry residue was resuspended in methanol 
and analyzed with a triple quadrupole mass spectrometer 
analyzer (triple-quad) (WATERS, XEVO TQ-S) and ultra-
high-pressure liquid chromatography (UPLC) (WATERS, 
ACQUITY H CLASS) (UPLC-MS/MS) following the 
premises of Fernández-Peralbo et al.35 Part of the cell 
lysate was used to analyze the protein concentration of the 
samples by the Bradford method.

Multicellular tumor spheroid assays
MCF-7 and E0771 multicellular tumor spheroids (MTSs) 
were generated using our previously described protocol37 
and treated with PTX, PTX-PLGA and PLGA NPs (6.3, 
12.7, 25.4 and 50.8 nM for MCF-7; 74.6, 150, 300 and 600 
nM for E0771). Equivalent concentrations of PLGA NPs 
were used in both cell lines. A group of MTSs without 
treatment was used as a negative control. Growth of the 
MTSs was monitored every 2 days using an inverted phase-
contrast microscope to obtain a median relative volume 
(V, µm3) with the formula Eq. 3. V(mm3)= (a × b2 × π)/6, 
where “a” is the longest diameter and “b” is the shortest 
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diameter.38 Spherocytes (25×103 of cells in the case of 
MCF-7) were also used to compare the proliferation rate 
of treated MTSs with respect to negative controls using 
Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, 
Kumamoto, Japan). The percentage of proliferation 
(Pf%) was calculated using the formula in the section 
"Cell culture and cytotoxicity study". Finally, a TUNEL 
kit (Roche Mannheim, Germany) was used to determine 
apoptosis in MTSs after treatments. MTSs were fixed with 
4% paraformaldehyde at room temperature (3 hours) and 
the TUNEL kit was applied following the manufacturer’s 
protocol. Cell nuclei were stained with Hoechst 33258 
(Sigma-Aldrich) (5 μg/mL for 10 minutes). MTSs were 
observed by confocal microscopy (Nikon A1, Nikon 
Corporation, Tokyo, Japan).

In vivo treatment 
To induce breast subcutaneous tumors, five groups (13 
mice in each group) of the immunocompetent C57BL/6 
mice were inoculated with half-million E0771 mice 
breast tumor cells subcutaneously in the right hind flank 
in a total volume of 200 µL of PBS. After 14 days, each 
group was treated every three days, for a total of four 
times by intravenous administration through the tail 
vein, with a dose of 10 mg/kg of PTX, PTX-PLGA NPs 
and the equivalent concentrations of PLGA blank NPs, 
Cremophor® EL and saline solution for the negative 
control group. Besides, the mice's survival, weight, and 
tumor volume were measured. The following formula was 
used to calculate the tumor volume: Eq.3. V(mm3) = (a × b2 
× π)/6, where “a” is the largest diameter of the tumor, and 
“b” is the largest diameter perpendicular to the previous. 
After the administration of four doses of the different 
treatments, blood samples from four randomly selected 
mice were obtained in 1.5 mL EDTA-coated Eppendorf 
tubes and blood populations were analyzed (Mythic 22CT 
C2 Hematology Analyzer, Orphée SA, Switzerland). The 
final point of the experiment was 34 days from the initial 
inoculation of tumor cells. 

Biodistribution assay 
A total of 33 C57BL/6 mice were inoculated with half-
million E0771 cells to induce subcutaneous breast tumors 
as described in the previous section. These mice were 
randomly divided into three groups. Two groups were 

treated intravenously through the tail vein with a single 
dose of 10 mg/kg of PTX and PTX-PLGA NPs. The third 
group was treated with saline as a negative control group. 
After 0.5, 1, 6, 12, and 24 hours, mice were sacrificed to 
collect different tissues: tumor, liver, spleen, kidneys, 
heart, lungs, and brain. All the tissues and plasma were 
stored at -80°C. A modified protocol35 was used to 
measure PTX in the samples by LC-MS/MS. Briefly, 0.9% 
NaCl aqueous solution was added to the tissues (twice the 
weight) before being homogenized (T10 Basic ULTRA-
TURRAX, Germany). A volume of 200 µL of each tissue 
was collected and the internal standard (docetaxel) 
was added to reach a final concentration of 150 ng/mL. 
After that, a volume of 500 µL of methyl tert-butyl ether 
(MTBE) was added. Samples were vortexed vigorously 
for 1 minute, and after 5 minutes of incubation at room 
temperature, they were vortexed again for 5 minutes and 
centrifuged at 16000 g, 5 minutes at room temperature. 
The upper phase is collected in a new 1.5 mL tube and left 
to evaporate in a vacuum. Finally, the dried residue was 
resuspended in 50 µL and analyzed by a triple quadrupole 
mass spectrometer (triple-quad) (WATERS, XEVO TQ-S) 
and ultra-high-pressure liquid chromatography (UPLC) 
(WATERS, ACQUITY H CLASS) (UPLC-MS/MS).

Statistical analysis
All the results were expressed as the mean ± standard 
deviation (SD). Statistical analysis was performed by the 
Student’s t test and the one-way ANOVA with post-hoc 
Tukey test (SPSS v.15, SPSS, Chicago, USA). Mice survival 
was evaluated with the Kaplan–Meier method. Finally, the 
logrank test was used to compare the proportion of living 
mice between groups. Values of P < 0.05 were considered 
significant.

Results
Antitumor activity of PTX-PLGA in breast cancer cells 
and breast cancer stem cells
Although both free PTX and PTX-loaded PLGA NPs 
showed a dose-dependent response, PTX-PLGA led to a 
significant increase in PTX cytotoxicity in all the breast 
cancer cell lines tested (P < 0.05) (Fig. 1, Table 1). In fact, 
PTX-PLGA was associated with a 1.74 and 3.03-fold 
reduction in the IC50 of PTX in human MCF-7 and mouse 
E0771 cells, respectively (Fig. 1A and F). PTX-PLGA 

Table 1. Half maximal inhibitory concentration of PTX and PLGA-PTX in breast cell lines from tumor and healthy tissues of humans and mice

Cell line PTX IC50 (nM) PLGA-PTX IC50 (nM) Sensitivity index (SI)*

MCF-7 9.13 5.24 1.74
MDA-MB-231 20.08 15.36 1.31

T47D 5.6 3.96 1.41

SK-BR-3 6.7 4.94 1.36

MCF-10A 8 3.6 2.23
E0771 74.6 24.6 3.03

*Times that PTX-loaded nanoparticles reduces the IC50 value of free PTX
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also reduced the IC50 of PTX in the MCF-10A human 
breast cell line (Fig. 1E). Analysis of the PLGA blank NPs 
showed no toxicity in the cell lines investigated (Fig. S1, 
Supplementary file 1). In addition, CSCs from MCF-7 
were exposed to PTX and PTX-loaded NPs to determine 
the cytotoxic effect using the CCK-8 assay (Fig. 1G and 
H). The IC50 of PTX in MCF-7 CSCs was higher (16.5 
nM) than in MCF-7 cells (9.13 nM), indicating a greater 
resistance of the latter cells to the cytotoxic action of PTX. 
However, as shown in Figure 1G, there were no major 
differences in the IC50 of PTX versus PTX-PLGA NPs in 
MCF-7 CSCs. Only at high doses (above 10 nM), PTX-
loaded PLGA NPs show a significantly greater cytotoxic 
effect compared to PTX (P < 0.05). Finally, no cytotoxicity 
was observed with PLGA NPs in these CSCs (Fig. 1G).

Modulation of the cell cycle by PTX-PLGA NPs 
As shown in Figs. 2 and 3 and Table 2 PTX-PLGA NPs 
induced a cell cycle arrest in the G2/M phase similar to 
that found with free PTX. In fact, only SK-BR-3 cells 
showed a higher percentage (26.7% more) of cells in the 
G2/M phase after treatment with PTX-PLGA NPs, as 
compared to free PTX. In addition, MCF-7 cells showed 
a mild increase (7.05%) in the proportion of cells in the 
G2/M phase after exposure to PTX-PLGA NPs while in 
T47D and SK-BR-3 cell lines treated with PTX-PLGA 
NPs, a slight increase in the subG1 phase was observed 
in comparison with free PTX (9.74% and 14.3% increase, 
respectively). Cells treated with blank PLGA NPs showed 
no significant differences in the cell cycle profile compared 
to non-treated (i.e., control) cells.

Fig. 1. PTX-loaded PLGA NPs proliferation assay. Cell lines MCF-7 (A), MDA-MB-231(B), T47D (C), SK-BR-3 (D), MCF-10A (E) and E0771 (F) were treated 
with PTX-loaded PLGA NPs and free PTX. Cell cultures without treatment were used as a control. The percentage of cytotoxicity was measured after 4 days 
of incubation with the treatments (0.1 to 100 nM). Data were represented as the mean value ± SD of triplicate cultures. In addition, CSCs from MCF-7 were 
treated with the same treatments (G). Data were represented as the mean value ± SD of sextuplicate cultures. Optical microscope analysis showed the tumor 
spheres formation during the induction of the CSCs at 3 (a),5 (b),7 (c), 10 (d) ,12 (e) and 14 (f) days in culture (10× magnification) (H). “*” represent significant 
differences.
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Table 2. Quantitative values of cell cycle analysis modulated by PTX-loaded PLGA NPs

Cell line Treatment SubG1 G0/G1 S G2/M

T47D

Control 40203 55761 76249 105131

PTX 36977 56203 76203 105663

PTX-PLGA 32976 55710 76902 105590

PLGA 45521 55840 76309 105114

MDA-MB-231

Control 23427 48999 66170 91676

PTX 27180 48529 67846 94191

PTX-PLGA 26763 48492 67187 95013

PLGA 28495 50269 66301 92974

E0771

Control 32411 50222 71399 94034

PTX 21685 50940 70262 95847

PTX-PLGA 20284 52649 72455 98878

PLGA 32089 44948 62482 84891

MCF-7

Control 23192 49192 66622 93186

PTX 28924 49647 66828 93171

PTX-PLGA 22022 50287 6705 94251

PLGA 29362 49462 66971 92871

SK-BR-3

Control 25323 48566 68547 92418

PTX 19904 49825 67849 94051

PTX-PLGA 27989 50979 68596 95047

PLGA 25082 49404 67312 93665

MCF-10A

Control 246648 51787 65132 98394

PTX 18515 47481 70504 89622

PTX-PLGA 29489 48628 67300 92321

PLGA 30883 49280 71769 93380

Results are expressed as fluorescence intensity (PI-A) in each cell cycle phase.

Fig. 2. Modulation of cell cycle analysis by PTX-loaded PLGA NPs. MCF-7 (A), MDA-MB-231(B), T47D (C), SK-BR-3 (D), MCF-10A (E), E0771 (F) cells were 
treated with free PTX, PTX-loaded PLGA NPs and blank PLGA NPs at a dose of IC50 value during 48 hours. Cell cultures without treatment were used as a 
negative control. Results are expressed as the percentage of labelled cells in each cell cycle phase. Data represented as the mean value ± SD of triplicate 
cultures.
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Immunofluorescence analysis of microtubules 
As in the case of the cell cycle, possible modulation of 
the mechanism of action of PTX-loaded PLGA NPs 
was investigated. As shown in Fig. 4, both free PTX and 
PTX-PLGA NPs induced an important accumulation 
of microtubules. The density of microtubules was 
particularly intense around the cell nuclei, which could 
be better observed using a higher concentration (100 nM) 
(Fig. 5). However, no significant differences were observed 
between free PTX and PTX-PLGA. Interestingly, in E0771 
cells, microtubule density was already increased at the IC50 
dose. Finally, blank PLGA NPs did not modify the pattern 
of microtubule density.

Cell uptake of PLGA and PTX-loaded PLGA NPs 
PLGA NPs loaded with NR were used to verify their 
internalization in breast cancer (MCF-7) cells. Flow 
cytometry analysis showed that cell uptake in MCF-7 
cells was very similar between NR and NR-PLGA NPs 
in short exposure times (0.5 hours), whereas the uptake 
of NR-PLGA NPs was higher after 1 hour of exposure 
(Fig. 6A and 7). Specifically, the uptake of NR-PLGA NPs 
increased by 24.5%, 62.5%, 70.1%, 63%, and 51.3% with 
respect to the uptake of free NR for exposition times of 

0.5, 1, 2, 4 and 6 hours, respectively. These results were 
corroborated by fluorescence microscopy (Fig. 6B) and 
by confocal microscopy (Fig. 6C), which showed a higher 
fluorescence intensity of cells treated with NR-loaded 
PLGA NPs at all exposure times and a similar cytoplasmic 
location of NR (Fig. 6B). 

Then, LC-MS/MS was used to detect differences in 
cellular internalization of free PTX versus PTX-loaded 
PLGA NPs. Cells were exposed to PTX and PTX-PLGA 
(500 nM) for 0.5, 1, 2, 4, and 6 hours. As shown in Fig. 
8, much higher cell uptake of PTX was detected when 
PTX-PLGA NPs were used, even after the first half-
hour exposure to the drug. The maximum intracellular 
concentration of PTX and PTX-PLGA in MCF-7 cells was 
0.2 and 2.24 µg PTX/mg cell protein, respectively. Similar 
differences were also observed in MDA-MB-231 (0.13 and 
0.37), MCF-10A (0.2 and 0.65) and E0771 (0.16 and 0.53) 
breast cancer cells.

Growth modulation of MTSs by PTX-PLGA NPs
To determine the effectiveness of PTX-PLGA NPs in a 
system that limits drug access to all tumor cells, MTSs 
were generated from MCF-7 and E0771 tumor cells. In 
comparison with free PTX, PTX-PLGA NPs induced a 

Fig. 3. Flow cytometry charts of the modulation of cell cycle analysis by PTX-loaded PLGA NPs. Cells were treated with free PTX, PTX-loaded PLGA NPs 
and blank PLGA NPs at a dose of IC50 value during 48 h. Cell cultures without treatment were used as a negative control. Results are expressed as the 
percentage of labelled cells in each cell cycle phase. Data represented as the mean value ± SD of triplicate cultures.
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significant reduction in cell proliferation in MCF-7 (27.9 
%) and E0771 (16.3%) from the first dose administered 
(P < 0.05) (Figs. 9B and 10B). Exposure of MCF-7 and 
E0771 MTSs to blank PLGA NPs was not associated with 
significant changes in cell viability. On the other hand, 
no significant differences in the volume of MCF-7 or 
E0771 MTSs treated with free PTX and PTX-PLGA were 

detected (Figs. 9A, C and 10A, C). However, analysis of 
the evolution of MTSs by light microscopy showed clear 
differences in the degree of surface compaction. In fact, 
MTSs treated with PTX-PLGA showed earlier surface 
disorganization (including greater disintegration) than 
MTSs treated with free PTX, which were characterized by 
a compact surface (Figs. 9C and 10C). In MCF-7 MTSs 

Fig. 4. Effect of free PTX, PTX-PLGA NPs and blank PLGA on microtubules in MCF-7, MDA-MB-231, MCF-10A and E0771 cell lines. The cells were treated 
with their respective IC50 drug dose  for 48 hours after a cell cycle synchronization and stained with an anti-α-tubulin antibody and Hoechst 33258 (see 
Material and Methods). Images at 20× of magnification. 

Fig. 5. Effect of free PTX, PTX-PLGA NPs and blank PLGA on microtubules in MCF-7, MDA-MB-231, MCF-10A and E0771 cell lines. The cells were treated 
with 100 nM drug dose for 48 hours after a cell cycle synchronization and stained with an anti-α-tubulin antibody and Hoechst 33258 (see Material and 
Methods). Images at 20× of magnification.
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in particular, early surface disintegration after PTX-
PLGA treatment (faster than with PTX treatment) could 
be related to the non-significant volume reduction and 
the decrease in proliferation previously observed. MTSs 
treated with PLGA and control MTSs are similar because 
the PLGA NPs were not toxic. However, light microscopy 
images showed that they are quite different from those 
MTSs treated with PTX and PTX-PLGA. The latter is 
considerably smaller especially at 96 hours with the edge 
of the sphere much more irregular than in the case of 
PLGA and control MTSs whose edge is much flatter and 
there is much less cellular debris around, especially when 
were compared to PTX-PLGA-treated MTSs. This is just 
one more piece of evidence of what happens in the cell 
proliferation experiment with CCK8: PTX and PTX-
PLGA were toxic for MTSs and reduced their volume 
compared to those treated with PLGA and untreated 

MTSs. Finally, the TUNEL assay showed an increased rate 
of apoptosis in E0771 MTSs treated with PLGA-PTX NPs 
versus free PTX, which was less evident in MCF-7 MTSs 
(Figs. 9D and 10D).

Antitumor activity and biodistribution of PTX-PLGA 
NPs in vivo 
As shown in Fig. 11, a reduction in tumor volume in 
mice treated with PLGA-PTX compared to free PTX 
was detected (Fig. 11A). Nevertheless, no significant 
differences were detected between the two treatments. 
In addition, no significant differences in weight or 
survival of mice were found (Fig. 11B and C). In addition, 
biodistribution analysis demonstrated that PTX-PLGA 
induced higher time-dependent concentrations of PTX 
in the spleen, lungs, and liver, in comparison with free 
PTX (Fig. 11D). Interestingly, blood analyses showed no 

Fig. 6. Cell uptake of NR-loaded PLGA NPs. Cell uptake was quantitatively measured by flow cytometry with MCF-7 cells treated with a solution of NR and 
NR-loaded PLGA NPs (0.5 μM) from 0.5 to 6 hours (A). Assay was performed in duplicate (mean value ± SD). Cell uptake was qualitatively measured by 
fluorescence microscopy in MCF-7 cell line (B) treated with free NR (b’) and NR-loaded PLGA NPs (b’’) (0.05 μM). The images showed were taken at 4 hours 
of exposition, at 20× of magnification. Confocal microscopy images of MCF-7 cells treated with NR-loaded PLGA NPs. MCF-7 cells were treated with NR-
loaded PLGA NPs and a NR solution (0.05 μM) at different times (from 0.5 to 4 hours) and their cell nuclei were stained with 5 μg/mL of Hoechst 33258 (0.05 
μM). The figure shows merged images of the treatments at different exposure times with NR or the NPs NR-PLGA and Hoechst 33258 (images with dark 
background) and also with the superposition of images taken in bright field (images with gray background) (bar scale: 10 μm) (C).
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significant differences between PTX-PLGA NPs and the 
control group (Table 3). On the contrary, mice treated 
with free PTX showed significantly higher percentages 
of lymphocytes and lower percentages of monocytes and 
neutrophils. Therefore, the in vivo treatment with PTX-
PLGA NPs did not significantly alter the anti-tumor 
properties of free PTX while leading to reduced blood 

toxicity, as reflected by non-significant alterations in the 
blood parameters (i.e. similar to the control group).

Discussion
We assayed PTX-PLGA NPs in breast cancer cell lines 
and breast cancer-bearing mice in order to (i) increase 
cell drug internalization in the tumor mass, (ii) avoid 

Fig. 7. Flow cytometry charts of MCF-7 cells treated with a solution of NR and NR-loaded PLGA NPs (0.5 μM) from 0.5 to 6 hours. Assay was performed in 
duplicate (mean value ± SD).

Fig. 8. PTX-loaded PLGA NPs cell uptake measured by LC-MS/MS. MCF-7 (A) MDA-MB-231 (B) MCF-10A (C) E0771 (D) cells were treated with 500 nM 
of PTX and PTX-PLGA NPs for 0.5, 1, 2, 4 and 6 hrs. After the exposition time, cells were lysed and the PTX was extracted and measured by LC-MS/MS 
to obtain the intracellular concentration of PTX (μg) in relation with cell proteins (mg). Data were represented as the mean value ± SD of triplicate cultures.
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the need to use toxic solvents, and (iii) improve drug 
efficacy in this type of tumor. Our results showed that this 
nanoformulation may represent an important advance in 
the current therapeutic arsenal for the treatment of breast 

cancer.
We used the PLGA polymer based on its biocompatibility, 

biodegradability, and physicochemical properties, which 
are especially useful for drugs with low solubility. In fact, 

Fig. 9. MTS from MCF-7 human breast cancer cell line treated with PTX-loaded PLGA NPs. Representative images of the volume evolution of MTS after 
treatment (drug dose of 36,5 nM) (Scale bar: 100 μm; 10×magnification) (A). Proliferation assay of the MTS after treatment. Non treated MTS were used as 
controls. Data represented as the mean ± SD octuplicate cultures (B). Progression of the tumor volume of the treated MTS (C). Confocal microscopy images 
of the MTS labeled (TUNEL kit) to detect apoptotic cells (red labeling) (Scale bar: 100 μm) (D). “*” represent significant differences.

Fig. 10. MTS from E0771 mice breast cancer cell line treated with PTX-loaded PLGA NPs. Representative images of the volume evolution of MTS after 
treatment (drug dose of 300 nM) (Scale bar: 100 μm; 10×magnification) (A). Proliferation assay of the MTS after treatment. Non treated MTS were used as 
controls. Data represented as the mean ± SD octuplicate cultures (B). Progression of the tumor volume of the treated MTS (C). Confocal microscopy images 
of the MTS labeled (TUNEL kit) to detect apoptotic cells (red labeling) (Scale bar: 100 μm) (D). “*” represent significant differences.
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our blank PLGA NPs showed no significant toxicity in any 
of the breast cell lines investigated, probably due to their 
simple degradation to lactic and glycolic acids, which 
can be easily metabolized.22,39-41 As previously stated,28 
the PTX-PLGA NPs were homogeneous in size, with a 
mean diameter of 250 nm and coefficients of variation 
and polydispersity indexes of less than 15% and 0.3%, 
respectively. The surface charge was negative in the water 
(mean ζ value ~ −30 mV). Regarding PTX encapsulation 
and release, the encapsulation efficiency was from 85.0 ± 
10.7 to 91.6 ± 5.1, which is quite high compared to the 
PLGA nanoformulations described by Danhier et al42 
(70%), Duan et al43 (31.3 ± 2.3% and 32.3 ± 2.4%) and 

Venugopal et al44 (85.42 ± 2.6% and 85.58 ± 1.2%) which 
represented a notable advantage. When PLGA NPs were 
loaded with PTX, greater antitumor activity in breast 
cancer cell lines was observed, specifically 1.74 times 
higher than the free drug in MCF-7 cells. In a similar 
way, Parveen and Sahoo observed a decrease in the IC50 
of PTX in MCF-7 (10.2 and 0.8 ng/L with PTX and PEG/
chitosan-coated PTX-PLGA, respectively) after 5 days 
of treatment.45 A 2.2-fold reduction of the IC50 of PTX 
was also observed in MCF-7 cells using a copolymer of 
PLGA and dextran, being effective in MCF-7/Adr (7.8-
fold IC50 decrease as compared to free PTX) and not 
being associated with alterations in the expression of 

Fig. 11. Breast cancer xenografts treated with PTX-PLGA NPs. Graphical representation of the tumor volume progression after treatments with free PTX, PTX-
PLGA NPs, blank PLGA NPs and Cremophhor®EL (i.v. administration) into C57BL/6 mice bearing subcutaneous breast tumors (A). Body weight variation (B). 
Kaplan-Meier curve of mice survival rates (C). Data were represented as the mean ± S.D. (n = 13). PTX biodistribution in mice treated intravenously with PTX 
and PTX-PLGA NPs (D). Data were represented as the mean ± S.D. (n = 3).
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Table 3. Analysis of blood parameters in breast tumors-bearing mice treated with PTX, PTX-PLGA, PLGA, and Cremofor® EL

Blood parameters Control Cremofor® EL PTX PTX-PLGA
WBC (103/uL) 2.75±0.07 1.95±0.21* 1.8±0.53 2.13±0.06
RBC (106/uL) 2.47±0.09 7.65±0.39* 3.26±0.21 2.71±0.4
LYM (%) 83.55±1.2 97.5±2.26* 95.65±1.1* 84±5.07
MON (%) 7.25±0.21 0.3±0.05* 1.53±0.3* 5.6±1.45
NEU (%) 6.1±1.13 1±0.99* 1.53±0.6* 3.87±1.01
EOS (%) 0.38±0.17 0.2±0.05 0.43±0.25 0.27±0.21
BAS (%) 2.3±0.42 0.3±0.28* 1.4±0.00 4.8±1.98

WBC, white blood cell; RBC, red blood cell; LYM, lymphocyte; MON, monocyte; NEU, neutrophil; EOS, eosinophil; BAS, basophil. The data represent 
the mean value ± S.D. (n =4). * P ˂ 0.05 compared to control.

P-glycoprotein.46,47 With regard to other breast cancer cell 
lines such as MDA-MB-231, Vicari et al reported a 25% 
increase in PTX cytotoxicity using PTX-PLGA NPs.48 
Similarly to other studies, we detected an increase in the 
antiproliferative activity of PTX-loaded NPs when they 
were used in the non-tumor MCF-10A cell line. In fact, 
Zubris et al reported similar toxicity in MCF-10A with 
free PTX and PTX-loaded NPs,49 despite the fact that 
these nanoformulations had high anti-tumor activity in 
vivo due to the EPR effect.14-16,50 Interestingly, our PTX-
PLGA NPs also induced a significant decrease in CSC 
growth compared to PTX at high doses. CSCs have been 
associated with tumor recurrence due to their high drug 
resistance, self-renewal capacity, and aggressiveness 
in terms of metastasis formation.51 Thus, our results 
indicate that PLGA NPs can cause a greater cytotoxic 
effect in MCF7 CSCs, which are normally more resistant 
to chemotherapeutic drugs (PTX IC50: 16.5 nM in MCF7 
CSCs versus 9.13 in MCF7). The development of novel 
nanoformulations that allow the elimination of CSCs is 
a crucial step in achieving success in anticancer therapy. 
In this context, Das et al. demonstrated that PLGA NPs 
loaded with the antitumor drug wedelolactone improved 
CSCs’ uptake and enhanced drug cytotoxicity.52 These 
results show that PLGA NPs could be a good strategy to 
transport and release anti-tumor therapeutic drugs into 
CSCs.

On the other hand, analysis of the internalization of our 
NPs using NR revealed increased fluorescence intensity 
in cells treated with NR-PLGA NPs. This increase was 
detected even after short exposure times, indicating a 
high internalization efficiency that may be related to 
the physicochemical properties of the NPs investigated, 
particularly the surface charge. In fact, their positive charge 
could favor the interaction between the cell membranes 
and the NPs, and thus their internalization.22,25,40 In 
addition, LC-MS/MS confirmed a high degree of PTX 
internalization when it was loaded into PLGA NPs, 
even after the first half-hour of drug exposure. However, 
while free PTX showed a relatively linear pattern of 
internalization that increased over time, PTX carried in 
PLGA NPs showed a two-peak pattern: one during the 
first 2 hours of drug exposure, and another one after 4 

hours. Other authors reported maximum intracellular 
PTX concentrations at 2 hours of treatment.36,53 Li et al 
found that cells not only capture the PTX loaded into 
PLGA NPs but also the extracellular free PTX present 
in the medium, persisting even when the internalization 
of NPs decreases.36 This may indicate that the uptake of 
NPs and drugs is carried out through two independent 
processes, although they must be considered at the same 
time. We hypothesize that at high doses (500 nM) of 
PTX-PLGA, some cells die after the first cell uptake (i.e., 
the first peak in the graph), showing a decrease in the 
intracellular concentration of PTX (i.e., after the first peak 
in the graph). Then, the PTX released into the medium 
by the dead cells would be internalized by the cells that 
remain alive (second peak). Complementary studies 
showed no significant differences between cells treated 
with PTX and PTX-PLGA NPs in their cell cycle profiles. 
Only SK-BR-3, T47D, and MCF-7 showed a slight increase 
in the percentage of cells in the G2/M or subG1 phases, a 
behavior that was also demonstrated in other studies.54-57 In 
addition, immunofluorescence images revealed a similar 
tubulin pattern in cells treated with PTX and PTX-PLGA. 
Increased microtubule density was detected only in E0771 
cells. Overall, these results indicate that the mechanism 
of action of the internalized drug was preserved and even 
improved, similarly to what other authors have verified 
using other PTX-loaded nanoformulations.58,59

The in vitro studies were completed with analyses of 
the effect of PTX-PLGA on three-dimensional models of 
tumor cells (MTSs), which allowed a closer approximation 
to its behavior in in vivo models. The surface area of MTSs 
is more exposed to the drug, generating an inner gradient 
of oxygen, nutrients, and catabolites, analogous to primary 
tumors inserted into the tissue.60,61 We observed greater 
disorganization of the spherocytes treated with PTX-PLGA 
in comparison with those treated with PTX, which were 
smaller and more compact in the early stages of treatment. 
This phenomenon could be due to the death of cells on 
the MTSs surface (first exposed), allowing drug entry into 
inner areas of the MTSs and thus facilitating its diffusion 
into the structure.62,63 Moreover, cell death rates were 
higher in MTSs treated with PTX-PLGA, as demonstrated 
by the CCK-8 test. Lee et al found that co-administering 
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What is the current knowledge?
√ Paclitaxel has many limitations in its administration in 
patients.
√ PTX-PLGA NPs have been designed as a Cremophor® EL 
free formulation

What is new here?
√ NPs were tested in breast cancer tumor models. 
√ NPs increase the antitumor effect of PTX without modifying 
its mechanism of action.
√ PLGA-NPs improve drug internalization into tumor cells.
√ NPs treatment reduce tumor volume in breast cancer-
bearing C57BL/6 mice.

Research Highlights

DOX and PTX in multilayer PLLA/PLGA microparticles 
with poly(1,6-bis(p carboxyphenoxy) hexane) (PCPH) 
resulted in a lower cytotoxic effect in 3-D tumor 
spheroids.64 In addition, PTX-loaded NPs of trimethylene 
carbonate showed poor results in glioblastoma MTSs from 
the U87-MG cell line, which could only be improved (i.e., 
leading to spherocyte disintegration) with the use of a 
specific peptide for integrin-rich tumors.38 

In vivo assays showed that both PTX-PLGA and free 
PTX achieved similar results in terms of mouse survival 
and variations in mouse weight. In addition, PTX-PLGA 
clearly induced a greater tumor volume reduction than 
free PTX (with no significant differences). Interestingly, 
mice treated with PTX-PLGA showed higher PTX 
concentrations in the spleen, lungs and liver, and similar 
PTX concentrations in tumor tissues in comparison with 
a previous study in mice with subcutaneous lung tumors.28 
Hence, this could represent a therapeutic advantage 
considering the frequent presence of metastases derived 
from breast cancer in some of these organs. On the other 
hand, although we observed a reduction in breast tumor 
volume, this was lower than in lung cancer. The dissimilar 
results in tumor volume progression could be due to 
different tissue architecture between breast and lung 
tumors. In fact, the accumulation of NPs in the tumor 
occurs passively due to the EPR effect. Thus, variations 
in the distribution of blood vessels could affect the 
retention of macromolecules within the tumor. Moreover, 
breast tumors were larger than lung tumors and more 
heterogeneous, with a central region having no EPR effect. 
It has been demonstrated that tumors larger than 2 cm 
have fewer vascularized areas and thus a greater number 
of necrotic areas.65-67 In this line, specific strategies to 
improve the EPR effect in NP-based therapy have been 
proposed, such as vasodilation of tumor blood vessels 
using nitric oxide or blood pressure elevation.66,68-70

Finally, the side effects of PTX included alterations in 
hematological parameters.71-73 In particular, free PTX 
was associated with significantly higher percentages of 

lymphocytes and lower percentages of monocytes and 
neutrophils as compared to the control mice. By contrast, 
our PTX-PLGA NPs improved drug side effects, obtaining 
blood parameters similar to the control mice. This could 
be explained by rapid PTX tissue accumulation when the 
drug is transported in the NPs, reducing its neutropenic 
effect. Other PTX-loaded nanoformulations such as 
nab-PTX74 were also associated with fewer side effects 
(neutropenia and hypersensitivity) compared to the free 
drug.75 Therefore, the use of PLGA NPs to transport PTX 
could help reduce the side effects of this drug.

Conclusion
In conclusion, our PTX-PLG NPs were able to increase 
the internalization and antitumor activity of PTX in in 
vitro models of breast cancer. In addition, PLGA NPs 
were shown to be a safer and biocompatible alternative 
for the administration of PTX, avoiding the use of toxic 
solvents (e.g., Cremophor® EL). Moreover, in vitro 
experiments revealed that PTX-PLGA did not alter the 
mechanism of action of PTX. In vivo experiments showed 
a similar antitumor effect of PTX-PLGA in comparison 
with the free drug, which could be related to the lack 
of vascularization and the EPR effect within the tumor. 
However, this nanoformulation was able to reduce the side 
effects of PTX in mice. Therefore, our NPs could be a good 
strategy for the treatment of breast cancer, based on the 
reduction of drug toxicity and subsequent decrease in side 
effects. Nevertheless, further studies would be desirable to 
analyze their behavior in large tumors that lack the EPR 
effect or to explore their functionalization for active drug 
targeting. 
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