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Abbreviations: 
• ALOX5  Arachidonate 5-lipoxygenase 
• 5-DTAF  5-8[4,6-dichlorotriazin-2-yl]amino)fluorescein hydrochloride 
• AE  Association efficiency 
• ALDH1A1 Aldehyde dehydrogenase 1 
• CMT  Critical micellar temperature 
• DAPI  4’,6-diamidino-2-phenylindole 
• DD  Degree of deacetylation 
• DLS  Dynamic light scattering 
• DM  Direct Dissolution method 
• EO  Ethylene oxide 
• EPR  Enhanced permeability and retention effect 
• ERK  Extracellular signal–regulated kinases 
• FACS  Fluorescence-activated cell sorting 
• FBS  Fetal bovine serum 
• FGFR  Fibroblast growth factor receptors 
• FH  Thin-film hydration 
• GADPH  Glyceraldehyde 3-phosphate dehydrogenase 
• GFP  Green fluorescent protein 
• MTT  3-(4,5-dimethythiazol-2-yl)-2,5 diphenyl tetrazolium bromide 
• PDI  Polydispersity index 
• PO  Propylene oxide 
• qRT-PCR Quantitative real time polymerase chain reaction 
• ZP  Zeta potential 
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Abstract 
The search for an ideal gene delivery system is a long and laborious process in which several factors 
from the first idea to final formulation, including main challenges, peaks and troughs, should be deeply 
taken into consideration to ensure adequate biological safety and in vivo efficacy endpoints. 
Arachidonate 5-lipoxygenase (ALOX5), a crucial player related with cancer development and in 
particular with cancer stem cells malignancy. In this work we describe the process behind the 
development of a small interfering RNA (siRNA) delivery system to inhibit ALOX5 in cancer stem 
cells (CSC), as a model target gene. We started by screening chitosan polyplexes, among different types 
of chitosan in different complexation conditions. Due to the low silencing efficacy obtained, chitosan 
polyplexes were combined with Pluronic®-based polymeric micelles with recognized advantages 
regarding gene transfection. We tested different types of polymeric particles to improve the biological 
efficacy of chitosan polyplexes. Nevertheless, limited transfection efficiency was still detected. The 
well-established polyethylenimine (PEI) cationic polymer was used in substitution of chitosan, in 
combination with polymeric micelles, originating PEI-siRNA-Pluronic® systems. The presence of 
Pluronic® F127 in the formulation showed to be of utmost importance, because not only the silencing 
activity of the polyplexes was improved, but also PEI-associated toxicity was clearly reduced. This, 
allowed to increase the amount of PEI inside the system and its overall efficacy. Indeed, different types 
of PEI, N/P ratios and preparation methods were tested until an optimal formulation composed by PEI 
10k branched-based polyplexes at an N/P ratio of 50 combined with micelles of Pluronic® F127 was 
selected. This combined micelle presented adequate technological properties, safety profile and 
biological efficacy, resulting in high ALOX5 gene silencing and strong reduction of invasion and 
transformation capabilities of a stem cell subpopulation isolated from MDA-MB-231 triple negative 
breast cancer cells.  
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Rationale and Purpose 
The design and development of a nanoparticle-
based drug delivery system is a long and 
complex process that is often not reflected in 
the literature. There are years of backstage work 
and a wide collection of negative results that are 
considered not publishable. However, this data 
gives crucial information for moving forward in 
the proper direction. Moreover, the publication 
of negative results, although not usual, is of 
great importance for time and resources 
optimization, by avoiding the repetition of 
similar errors by other research groups and, 
more importantly, by redefining the work plan 
priorities. Described in this work is the rational 
design and experimental sequence beyond the 
development of a nanocarrier system for siRNA 
intracellular delivery, with the negative results 
and the consequent modifications and 
improvements. The ultimate goal is the 
development of a new nanotechnology-based 
approach for cancer treatment. 

Introduction  
Despite of considerable number of advances 
achieved in the past decades, clinical use of 
nucleic acids as gene-based antitumor therapy 
is still precluded, mainly because of their poor 
cellular uptake, vulnerability to enzymatic 
degradation, and rapid renal clearance. Until 
now, most gene therapy strategies rely on the 
use of viral vectors, even though their use 
frequently raises important safety issues, 
challenging their clinical standardization as 
gene delivery vectors. Further, several 
limitations have also been identified in some 
non-viral vectors, such as low specificity, 
cellular toxicity, and limited transfection 
efficiencies (1, 2). Therefore, successful 
clinical application of gene therapy in the 
oncology field urgently demands the 
emergence of new and safer vehicles to first, 
enable oligonucleotides (OGN) to be 
effectively delivered into tumor target cells, and 
second, to overcome the well-known 
drawbacks of current vehicles (1, 3-6). 
Moreover, the design of a new vehicle has to 
take into account that an ideal gene delivery 
system should be efficient, stable, cost 
effective, and able to avoid rapid hepatic and 
renal clearance. Safety issues such as 
biocompatibility, biodegradability and lack of 

immunogenicity are also critical, as well as the 
need of an appropriate balance between 
protection and release of the genetic material 
from the endosomes (e.g. proton-sponge effect) 
in order to ensure biological functionality (1, 7). 
Other characteristics such as particle size, 
surface charge, presence of moieties and also 
their interactions with the tumoral environment 
should be finely tuned in order to improve their 
biological behavior and efficacy (8, 9). 
Nanoparticles intended for gene delivery 
usually possess in its composition cationic 
polymers, such as chitosan (CS) and 
polyethylenimine (PEI) that condense 
negatively charged nucleic acids through 
electrostatic interactions (2, 10, 11). 

CS is a natural cationic polysaccharide 
composed of glucosamine and N-acetyl 
glucosamine, whose ability to interact with 
negatively charged OGN depend, among other 
factors, on its Molecular Weight (MW) and 
Deacetylation Degree (DD). Whereas high DD 
enables better interaction with genetic material, 
high MW improves stability of the complexes, 
while low MW ameliorates intracellular release 
of OGN (12-14). Accordingly, DD and MW of 
CS should be adequately considered in order to 
ensure an appropriate balance between 
protection and release of OGN. In order to 
improve transfection efficiency of CS-based 
carriers, different chemical modifications as 
well as the use of the water-soluble salt forms 
of CS have been investigated (12, 13, 15-21). 
Regarding PEI and despite its high transfection 
efficiency, its use as a delivery vehicle is 
hampered because of its high cationic charge 
density (22-24). In fact, the transfection 
efficiency and cytotoxicity of these polymers 
are highly dependent on their linear versus 
branched structure, their branching degree and 
their MW (23, 25-28). PEI branched forms 
present higher transfection efficiencies than 
linear forms. Furthermore, higher MW PEI are 
frequently associated with higher buffering 
capacity, higher transfection efficiencies and 
also with increased cytotoxicity. An adequate 
ratio between the nitrogen content of the 
polymer and the number of phosphate groups 
from the OGN (N/P ratio) should be optimized 
for each formulation in order to find an 
equilibrium of charges and to achieve maximal 
efficacy with minor toxicity (23, 25, 27, 29). 
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Many different strategies have been explored in 
order to improve the efficiency of PEI 
transfection by reducing cytotoxicity, avoiding 
aggregation, and decreasing nonspecific 
interactions. Among them, grafting PEI with 
polyethylenglycol (PEG) has become one of the 
most popular ones (30, 31).  

In this study, both CS and PEI polycations have 
been used in combination with poloxamers 
(Pluronic®) based micelles (PM) in order to 
achieve an improvement of their transfection 
efficiency and toxicity profile, as well as their 
efficacy against cancer cells. Poloxamers are 
amphiphilic polymers consisting in ethylene 
oxide (EO) and propylene oxide (PO) chains 
arranged in an a-b-a triblock structure (EO-PO-
EO) (32, 33). They have been included in the 
formulation due to their recognized ability to 
enhance transfection of genetic material (33-
36). Because of  their PEGylated surface, 
poloxamers offer stealth properties to the 
system and can be easily functionalized with 
different targeting moieties (37). Moreover, 
these polymers are approved for human 
administration due to their optimal water-
solubility, biodegradability, and biocompati-
bility, as well as their low immunogenicity 
profile, which makes them a simple and safer 
approach for in vitro and in vivo gene 
transfection (38, 39). Several conditions and 
combinations have been tested to better define 
those which show the highest transfection 
efficiency and good antitumor efficacy in 
bioluminescent breast cancer models. Indeed, 
among the big challenges in cancer therapy are 
the avoidance of the metastatic spread of the 
disease, the appearance of multidrug resistance, 
and tumor recurrence as those features which 
are mostly related to the presence of CSC 
within a tumor (40). Arachidonate 5-
lipoxygenase (ALOX5) silencing was selected 
as a candidate target due to its recognized key 
role in CSC survival and self-renewal (41). Our 
data show that poloxamer-PEI combinations 
with ALOX5-siRNA were effective in 
silencing ALOX5 in breast CSC and showed 
great therapeutic potential as anticancer 
treatment, significantly reducing cell malignant 
transformation and CSC invasion. 

Materials and Methods 
Materials 
Different types of CS with DD of ∼86% 
(Protasan Ultrapure) were gently provided by 
NovaMatriX (USA), namely, glutamate-CS 
low (G113 - 160 kDa) and high (G213 - 470 
kDa) MW, and hydrochloride-CS low (CL113 
- 110 kDa) and high (CL213 - 270 kDa) MW. 
Glycol-CS was purchased from Sigma Aldrich 
(Madrid, Spain). Pluronic® F68, F108 and F127 
were kindly provided by BASF (Ludwigshafen, 
Germany), while 10k branched and 25k 
branched PEI were provided by Alfa Aesar 
(Thermo Fisher GmbH, Karlsruhe, Germany) 
and Sigma-Aldrich (Madrid, Spain), 
respectively. siRNA against gree fluorescent 
protein (GFP-siRNA) and the scramble 
sequence (siC) were provided by 
LifeTechnologies (Spain). The sense anti-
ALOX5 siRNA sequence used was 5’-
CUGAGCGCAACAAGAAGAATT-3’, while 
a non-specific sequence, 5’-
UUCUCCGAACGUGUCACGUTT-3’, was 
used as negative control. MDA-MB-231 
(ATCC number HTB-26) cell line was obtained 
from American Type Culture Collection 
(ATCC, LGC Standards, Barcelona, Spain), 
and RXO-C colon cancer cells expressing GFP 
were generously provided by Dr. Diego Arango 
(CIBBIM-Nanomedicine). RPMI medium, 
phosphate buffered saline (PBS), and fetal 
bovine serum (FBS) were purchase from Lonza 
(Barcelona, Spain). Penicillin-streptomycin, L-
glutamine, non-essential amino acids, sodium 
pyruvate, 0.25% Trypsin-EDTA, 
Lipofectamine® 2000, 4′,6-diamidino-2-
phenylindole (DAPI), and LysoTracker® Red 
were brought from Life Technologies Ltd. 
(Madrid, Spain). Other reagents used were 
methanol, ethanol, dimethyl sulfoxide 
(DMSO), 3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), gelatin, 
paraformaldehyde, Triton X-100, and 5-([4,6-
dichlorotriazin-2-yl]amino)fluorescein 
hydrochloride (5-DTAF) from Sigma-Aldrich 
(Madrid, Spain), and Type 1 ultrapure water 
(18.2 MΩ.cm at 25 ºC, Milli-Q®, Billerica, MA, 
USA). 
Methods 
Polyplex Preparation 
Polymer-siRNA complexes were prepared by 
simple complexation, adding the polymer 
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solution dropwise to an equal volume of siRNA 
solution. The mixture was quickly vortexed 
during few seconds and incubated at room 
temperature for 30 minutes. CS-siRNA 
complexes were prepared at different N/P ratios 
calculated according to Equation 1 (mass per 
charge of phosphate = 330 g/mol and mass per 
charge of Nitrogen = 160 g/mol) and at different 
conditions (Table 2). 

 
Equation 1 

For the PEI-based polyplexes, two types of 
branched PEI, namely 10k and 25k, were used. 
Different N/P ratios were tested ranging from 5 
to 75 (Table 4) and calculated according to 
Equation 1 (Considering mass per charge of 
phosphate = 330 g/mol and mass per charge of 
nitrogen = 43 g/mol).  

Micelles Preparation through the Direct 
Dissolution Method (DM) 
The amphiphilic polymer was dissolved 
overnight (O/N) under agitation in aqueous 
solution, and added dropwise to the polyplexes 
solution, previously prepared. After vortexing, 
the mixture was left to incubate for 30 minutes 
and filtered through a 0.22 μm syringe filter. 
Micelles Preparation through the Thin-
Film Hydration (FH) Technique 
The amphiphilic polymers were individually 
weighted and dissolved in a mixture of 
methanol:ethanol=1:1. This mixture of solvents 
was chosen because the polymers are insoluble 
in ethanol alone (Class 3 solvent), but soluble 
in methanol (Class 2 solvent). By mixing both 
solvents it was possible to solubilize the 
polymers and reduce the use of methanol, as 
previously described. Then, the solvent was 
removed under vacuum and the formed film 
was left to dry at room temperature to eliminate 
any remaining solvent. Afterwards, the film 
was hydrated with PBS for empty micelles or 
with the previously prepared polymer-siRNA 
polyplexes and vortexed for 1 minute. The 
obtained dispersion was filtered through a 0.22 
μm syringe filter to remove possible 
aggregates.  

Association Efficiency (AE) 
The non-associated siRNA present in the 
aqueous phase of the polyplexes was separated 
by centrifugation with filtration (10,000 rpm, 
10 minutes) using a 100K membrane 
(Nanosep® Centrifugal Devices, Millipore, 
USA) and measured by spectrophotometry 
(Nanodrop NP-1000, Thermo Scientific, USA). 
AE was calculated according to Equation 2, and 
also assessed by agarose gel electrophoresis. 
Polyplexes were loaded onto 1% agarose gel 
with 6X loading buffer. The mixture was 
separated in 0.5X Tris/Borate/EDTA (TBE) 
buffer at 100V for 25 minutes. siRNA bands 
were visualized using an ultra violet imaging 
system (Uvidoc, UVItec Ltd, Cambridge, UK).  
 

 
Equation 2 

 

Particles Physicochemical Characterization 
Particles mean hydrodynamic diameter (md) 
and polydispersity index (PDI) were measured 
by dynamic light scattering (DLS). Zeta 
potential was assessed by laser Doppler micro-
electrophoresis using NanoZS (Malvern 
Instruments, UK). For each formulation, at least 
three batches were produced and analyzed. 
Particle shape and morphology were observed 
by transmission electron microscopy (external 
services from IBMC, University of Porto, 
Portugal). 
Serum Stability 
To assess the stability of formulations in the 
presence of serum, particles were incubated in 
a proportion of 1:1 with 50% FBS culture 
medium. Mean diameter was measured by DLS 
at 0, 6, 12, and 24 hours.  
Cell Lines Culture Conditions 
RXO-C and MDA-MB-231 breast cancer cell 
lines were cultured in RPMI medium 
supplemented with 10% FBS, 1% penicillin-
streptomycin, 1% L-glutamine, 1% non-
essential amino acids and 1% of sodium 
pyruvate. CSC subpopulation from MDA-MB-
231 cell line was isolated using a model 
previously validated by our group (42). Briefly, 
the model is based on the expression of 
tdTomato under the control of a CSC specific 
promoter (ALDH1A1), which allows the 
separation of CSC among the bulk tumor cells 
population and the study of the biological 

N

P
ratio=

Mass of polycation

Mass per charge of Nitrogen
Mass of siRNA

Mass per charge of Phosphate

AE=
Total amount of SiRNA-Free siRNA in filtrate

Total amount of SiRNA
 x 100
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efficacy of the developed therapeutic system in 
this subpopulation of cells. Blasticidin (0.5 
mg/mL) was used as a selective antibiotic for 
ALDH1A1/tdTomato cell lines. All cell lines 
were kept at 37ºC under 5% CO2 saturated 
atmosphere. Cell medium was changed every 
other day and, upon confluence, cells were 
harvested from plates with 0.25% trypsin-
EDTA 
Cell Transfection  
Different siRNA formulations were transfected 
into cells according to the conditions shown in 
Table 1. For silencing experiments, the medium 
was changed after 4 hours of incubation with 

polyplexes and PM-polyplexes. For the toxicity 
assays, cells were left 24 hours in contact with 
formulations, while for internalization assays, 
cells were incubated over 4 hours. Cells were 
harvested 24 to 72 hours after transfection. For 
internalization experiments, particles were 
diluted at a ratio of 1:10. Lipofectamine® 2000 
was used as positive control for transfection 
according to suppliers’ protocols and in order to 
obtain a final siRNA concentration in the well 
of 200 nM. For all experiments, cells were 
transfected at the same conditions using a 
scrambled siRNA sequence (siC). 
 
 

Table 1. Transfection Conditions for the Different Experiments 

 Day 0: before transfection Day 1: during transfection time (4 hours) 

Plates Cells seeded 
(cells/well) 

Volume of medium 
(µl) 

Volume of 
medium 

(µl) 

Volume of 
formulation 

(µl) 

Final siRNA 
concentration 

(nM) 
96 well 5.0×103 100 50 50 200 
24 well 5.0×104 1000 100 100 200 
6 well 2.0×105 2000 250 250 200 

 
 
GFP Reporter Gene Silencing Assay 
RXO-C cancer cells expressing GFP were used 
as a model to assess the silencing efficacy of the 
different nanosystems. Polyplexes and micelles 
prepared using a GFP-siRNA and different 
cationic polymers were transfected to cells 
previously seeded in 96 well plates. Complexes 
formed between Lipofectamine® 2000 and 
GFP-siRNA were used as positive controls. The 
expression of GFP in cells after transfection 
was assessed with fluorescence microscopy 
(Olympus, USA). The intensity of cells 
fluorescence was also measured using an 
FLX800 Fluorescent Microplate Reader 
(BioTek, Germany). 
In vitro Cytotoxicity Assay  
The cytotoxicity of different components was 
assessed in MDA-MB-231 breast cancer cells 
using the MTT assay. Briefly, cells previously 
seeded in 96-well plates were incubated in the 
presence and absence of increasing 
concentrations of polymers/formulations for 24 
hours. After the incubation time, medium was 
changed, and cells left for additional 72 hours. 
Complete medium was used as negative control 
and 10% DMSO as positive control of toxicity. 

After 72 hours of incubation, 0.5 mg/mL of 
MTT was added to each well. Plates were 
incubated for additional 4 hours at 37ºC, the 
medium discarded, and the formazan crystals 
produced by mitochondrial succinate 
dehydrogenase dissolved with DMSO. The 
absorbance of each well was read on a 
microplate reader (ELx800 absorbance reader, 
BioTek, Germany) at 590 nm and cell viability 
calculated accordingly. Cell viability data were 
used to determine IC50 value by nonlinear 
regression of the dose-effect curve fit, using 
Prism 6.02 software (GraphPad Software, Inc., 
CA, USA). 
Conjugation of F127 with 5-DTAF  
F127 was fluorescently conjugated with 5-
DTAF in an aqueous medium via nucleophilic 
aromatic substitution by an addition-
elimination pathway, as previously described.44  
Briefly, a stock solution of 20 g/L 5-DTAF in 
DMSO was diluted in 0.1M sodium bicarbonate 
(pH 9.3) and added to a 6% (w/v) F127 solution 
in 0.1M sodium bicarbonate (pH 9.3) to a final 
molar ratio of 1:2 (F127:5-DTAF). The reaction 
was left overnight in the dark, at room 
temperature. Unreacted 5-DTAF was washed 
out by dialysis (12,000–14,000 MWCO 
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Spectra/Por® membrane from Spectrum Europe 
BV, The Netherlands) against type I ultrapure 
water. Dialyzed polymer solutions were 
lyophilized and stored in closed containers 
protected from light (Virtis Benchtop Freeze 
Dryer, SP Scientific). 
Internalization Assays 
Flow cytometry and confocal microscopy were 
used to assess quantitatively and qualitatively 
the internalization capacity of the nanosystem 
into MDA-MB-231 breast cancer cells. For 
quantitative Fluorescence-activated cell sorting 
(FACS) assays, 2×105 cells were seeded in 6 
well plates and incubated for 24 hours. After 
incubation, 5-DTAF-labelled micelles were 
added to cells and incubated for 4 hours, and 
washed with 1× PBS, detached with 0.25% 
trypsin-EDTA, and re-suspended in PBS 
supplemented with 10% FBS. Cells were then 
stained with DAPI (1 μg/mL). Plates were 
analyzed in a Fortessa cytometer (BD 
Biosciences, San Jose, California, USA). Data 
were analyzed with FCS Express 4 Flow 
Research Edition software (De Novo Software, 
Los Angeles, USA). Contaminants were 
removed by forward and side scatter gating. For 
each sample, at least 10000 individual cells 
were collected to measure mean fluorescence 
intensity. For qualitative confocal microscopy 
assay (Spectral Confocal Microscope 
MFV1000 Olympus, USA), cells were cultured 
in 0.1% gelatin-treated coverslips at a density 
of 2.5×105 cells per well in 6 well plates. After 
24 hours, cells were incubated with 5-DTAF 
labelled-PM for 4 hours, and further incubated 
for 30 minutes with LysoTracker® Red. 
Subsequently, cells were fixed using 4% 
paraformaldehyde. Finally, nuclei were stained 
with DAPI (0.2 mg/mL) for 5 minutes in the 
dark and further visualized. 
Cell sorting 
FACS was used to sort CSC and non-CSC 
subpopulations from a heterogeneous 
population MDA-MB-231 cells. For cell 
sorting, a starting amount of 5×106 cells was 
used. Cells were detached with 0.25% trypsin-
EDTA and re-suspended in PBS supplemented 
with 10% FBS and DAPI (1 μg/mL) used for 
vital staining. Cells were sorted according to 
tdTomato expression and DAPI staining in a 
FACS Aria cell sorter (BD Biosciences, 
Madrid, Spain). Sorted cells were collected in 

complete medium without antibiotic and 
stored.44 
RNA Extraction and Quantitative RT-PCR 
(qRT-PCR)  
Total RNA was extracted from cells using 
RNeasy Micro Kit (Qiagen, Madrid, Spain). 
RNA was reverse transcribed with High 
Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Madrid, Spain) 
according to manufacturer instructions. The 
cDNA reverse transcription product was 
amplified with specific primers for ALOX5 
(hALOX5 F: 
 5’ AGAACCTGGCCAACAAGATTGT A 3’; 
hALOX5 R: 
 5’ TCTGGTGGACGTGGAAGTCA 3’) 
GADPH (hGADPH F: 5’ ACC CAC TCC TCC 
ACC TTT GAC;  
hGADPH R: 
 5’ CAT ACC AGG AAA TGA GCT TGA 
CAA 3’) and  
Actin (hActin F: 
 5’ CAT CCA CGA AAC TAC CTT CAA CTC 
C 3’;  
hActin R:  
5’GAG CCG CCG ATC CAC AC 3’) by qPCR 
using the SYBR Green method. The reaction 
was performed in triplicate in a 7500 Real-Time 
PCR system (Applied Biosystems, Madrid, 
Spain). Actin and GADPH, were used as 
endogenous controls. Relative mRNA levels 
were calculated using the comparative Ct 
method (2e- ΔΔCt). 
 
Cell Transformation Assay (Anchorage-
Independent Growth Assay) 
Anchorage-independent growth of the different 
breast cancer cell lines was assessed by 
CytoSelect™ Cell Transformation Assay Kit 
(Cell Biolabs, San Diego, CA, USA). A 
semisolid agar media was prepared according 
to manufacturer prior addition of PM-siALOX5 
or PM-siC to each well. After 6–8 days of 
incubation, colonies were observed under 
optical microscopy and viable transformed cells 
counted using trypan blue.  
Invasion Assay 
Cells invasiveness was assessed using 
CytoSelect™ Laminin Cell Invasion Assay Kit 
(Cell Biolabs, San Diego, CA, USA) 
accordingly to manufacturer instructions. 
Briefly, inserts were placed in 24 well plates 
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and 2.5×104 cells previously transfected (24 
hours before) with PM-siALOX5 and PM-siC, 
added to the upper chamber. After 48 hours 
incubation, invasive cells were dissociated 
from the membrane, lysed, and quantified with 
CyQuant® GR Fluorescent Dye using an 
FLX800 Fluorescent Microplate Reader 
(BioTek, Germany). 

Statistical Analysis 
At least three batches from each polyplex and 
PM were produced and characterized, and 
results expressed as mean±standard deviation 
(SD). For biological studies, at least 3 
replicates, each involving at least two technical 
replicates, were involved. Final results were 
also expressed as mean±SD. Statistical analysis 

was performed in Microsoft Office Excel™ 
2010 using unpaired Student's t-test. 
Differences were considered as statistically 
significant when p-values were smaller than 
0.05. 
Results 

CS-Based Systems 
Due to known advantages of CS and its 
derivatives for gene delivery, a screening for 
the best CS polyplexes with optimal 
transfection conditions was performed. GFP 
silencing efficacy of different conditions and 
combinations were also tested (Table 2). For all 
CS showing high AE in vitro cytotoxicity was 
also assessed.  

 
 

 
Figure 1. A, In vitro cytotoxicity of CS-siRNA polyplexes at different N/P ration in MDA-MB-231 cells. B, Polyplexes association 
efficiency. The graph represents the concentration of free siRNA detected in the supernatant by spectrophotometry after 
formulation filtration by centrifugation using different N/P ratios. Agarose gel electrophoresis for the CL213-based polyplex. 
1 – free siRNA; 2 – 1:10 ratio; 3 – 1:5 ratio; 4 – 1:2.5 ratio; 5 – 1:1 ratio. Free siRNA was observed in siRNA:CS ratio of 5:1 
(encircled).  

According to our data, all CS were able to 
efficiently complex with siRNA (Figure 1A). A 
decrease in the concentration of free siRNA 
was observed upon complexation with CS even 
at low ratios. Additionally, in the agarose gel 
assay, a small amount of free siRNA was only 
detected in CS:siRNA 1:1 ratio. Nonetheless, 
low N/P ratios are not enough to produce 
biological efficacy, thus higher N/P ratios were 

further tested in terms of cell toxicity. Figure 
1B demonstrates that CL113, G113, CL213 and 
G213 have a similar toxicity pattern, being an 
N/P ratio of 80 the maximum N/P ratio that can 
be used without causing severe toxicity. 
Glycol-CS causes higher toxicity even at lower 
N/P ratios.  
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Table 2. Summary of the Different Conditions Tested on CS-Based Polyplexes 

Tested Conditions Observations 

siRNA final conc. 
in the well 

50 nM No effect 
100 nM No effect 
200 nM Effective (at certain conditions) 

Polyplexes 

Glycol-CS Toxic (at ratios > 60) 
G113 No effect 

CL113 No effect 
G213 Effective (at certain conditions) 

CL213 Effective (at certain conditions) 

N/P ratios 

<10 No effect 
20 No effect 
30 No effect 
40 No effect 
60 No effect 

80 Knockdown detected (at certain 
toxicity) 

100 Toxicity 
>100 Highly toxic 

pH 4.5 (in acetate buffer) Higher efficacy 
7 (in water) Low effect 

Time-points 
24 hours No effect 
48 hours No effect 
72 hours Knockdown detected 

Micelles CL213 (N/P 80, pH 4.5) + F127 (1%) 
Time-point 72 hours Effect < than Lipofectamine® 2000 

 

 
As described in Table 2, the most promising 
polyplexes, such as those able to cause a visible 
decrease in the number of cells expressing GFP 
without promoting significant toxicity, were 
obtained with the following conditions: GFP-
siRNA at a final concentration of 200 nM per 
well, complexed with CL213 and G213 CS at a 
N/P ratio of 80 and pH 4.5, observed in a post-
transfection incubation time of 72 hours. 

Results depicting the silencing efficacy of 
CL213-based GFP-siRNA polyplexes 
produced at optimal conditions, are showed in 
Figure 2A. A partial silencing of the expression 

of GFP at 72 hours after transfection, was 
observed. Nonetheless, a significantly stronger 
silencing was observed in cells transfected with 
Lipofectamine® 2000. On the contrary, no 
decrease of GFP expression was observed in 
cells transfected with siC. Similar results were 
obtained with the polyplexes composed by 
G213. No significant silencing efficacy was 
observed with other types of CS tested. CS-
siRNA polyplexes produced with CL213-CS 
were further characterized resulting in 17nm 
size, positive charge (+ 15 mV) and spherical 
shape (Table 3).  

 
Table 3. Physicochemical Characterization of Polyplexes using CL213 CS 

 
Parameters CL113-CS polyplexes 
Md (nm) 16.6 ± 0.8 
PDI 0.19 ± 0.07 
Zp (mV) +15.2 ± 1.7 

 
Md = mean diameter; PDI = polydispersity index; Zp = Zeta potential. Md, PDI, and Zp values for Cs-siRNA 
polyplexes are expressed as mean±SD, n=3. 
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Table 4. Physicochemical Characterization of Different Pluronic®-Based Micelles  
 

Polymer Md (nm) PDI Zp (mV) IC50 (mg/mL) 
F68 228.6 ± 31.2 0.5 ± 0.2 2.9±1.0 n.d.  
F108 130.2 ± 18.4 0.4 ± 0.2 2.1±1.2 >10 
F127 68.5 ± 9.4 0.2 ± 0.1 2.7±1.8 >10 

 
Md=Mean diameter; PDI=polydispersity index; Zp=Zeta potential. Md, PDI and Zp values for polyplexes Cs-
siRNA are expressed as mean±SD, n=3. 
 
Different Pluronic®-based PM obtained by 
direct DM were tested with the objective to 
ensure protection of the siRNA sequence and to 
increase the biological efficacy of these 
polyplexes. All micelles presented sizes under 
250 nm (lower than 75 nm for Pluronic® F127) 
and nearly a neutral surface charge (Table 4).  
Due to high polydispersity and low 
reproducibility of micelles obtained with F68, 
this polymer was discarded from the further 
studies. Regarding cytotoxicity assessment, 
both Pluronic® F108 and F127 presented IC50 
higher than 10 mg/mL (Table 4). Because 
Pluronic® F127 micelles showed the smallest 

size and lowest polydispersity, it was selected 
to produce micelles combined with CL213-CS-
based polyplexes (CS-siRNA-Pluronic®). In the 
biological assessment, we observed better 
silencing of GFP expression from CS-siRNA-
Pluronic®-polyplexes compared to CS-
polyplexes (Figure 2B). Conversely, no 
silencing was noticed in cells transfected with 
siC. However, despite the improvement in gene 
silencing promoted by the presence of 
Pluronic® F127, silencing efficacy of this 
system is still lower than the one obtained using 
Lipofectamine® 2000, as positive control.   
 

 
Figure 2. A, Silencing efficacy of CS-siRNA polyplexes at 72 hours after transfection in RXO-C cells expressing green fluorescent 
protein (GFP). Biological activity was assessed based on GFP expression reduction in cells transfected with CS polyplexes 
loaded with GFP-siRNA versus siC, using a fluorescence microscope. Lipofectamine® 2000-based complexes were used as 
positive control. B, GFP silencing efficacy of CS-siRNA-Pluronic® micelles 72 hours post-transfection, using siGFP and siC in 
RXO-C cells, respectively (results are expressed as mean±SD, n=3). 

 
PEI-based Systems: DM 
As cationic polymers, CS show advantages 
related with siRNA complexation efficiency 
and biological safety but fail in biological gene 
silencing efficacy. Therefore, the substitution 
of CS by PEI as cationic polymer was tested. 
Despite its potential cytotoxicity effects, PEI is 

also known for its endosomal membrane 
disruptive properties and high transfection 
ability. Pluronic® F127 PM were maintained as 
part of the formulation with the intention to 
reduce the required amount of PEI to obtain the 
desired biological effect, thus reducing PEI-
associated toxicity (Table 5).  
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Table 5. Summary of the Different Tested Conditions Regarding the Branched PEI-Based Systems 

Tested Conditions Observations 
siRNA final conc. in the 

well 200 nM Effective (at certain conditions) 

Polymers combinations 

PEI 10K Low effect 
PEI 25K Low effect 

PEI 10K + F127 (0.5%) Effect < than Lipofectamine® 2000 
PEI 25 K + F127 (0.5%) Effect < than Lipofectamine® 2000 
PEI 10K + F127 (1%) Effective (at N/P 50) 
PEI 25 K + F127 (1%) Effective (at N/P 25 and 50) 

N/P ratios 
PEI:siRNA 

5 No effect 
25 Effective only for PEI 25K 
50 Effective 
75 Toxic 

 
 
Formulations composed by PEI:siRNA 
polyplexes of N/P ratio 50 presented higher 
transfection efficacy than polyplexes with 
lower N/P ratios (Figure 3A). No significant 
differences were observed between both types 
of PEI (Figure 3A). The 10K branched PEI. was 
chosen as cationic polymer because of its lower 
toxicity profile.46,47 As observed for CS-
polyplexes, the presence of 1% Pluronic® F127 
in the formation of micelles (prepared by DM) 
improved significantly the transfection 
efficiency of PEI-polyplexes (Figure 3B). 
Moreover, Pluronic® F127 reduces the 
cytotoxicity of PEI-polyplexes (Figure 4B). 

Therefore, Pluronic® 127 micelles associated 
with PEI:siRNA polyplexes at a N/P ratio 50 
were selected for further studies, and 
characterized in terms of their internalization 
profile, physicochemical features and serum 
stability. The internalization of PEI-siRNA-
Pluronic® micelles was qualitatively assessed 
by confocal microscopy (Figure 4A). For that, 
MDA-MB-231 cells were incubated with 5-
DTAF-labeled micelles for 4 hours. 
Internalization of PM was observed after 
incubation time, as well as co-localization with 
cytoplasmic endosomal vesicles (Figure 4A). 

 
Figure 3. A, Green fluorescent protein (GFP) silencing efficacy of polyethylenimine (PEI)-siRNA polyplexes and PEI-siRNA-
Pluronic® micelles (obtained by DM) in GFP expressing RXO-C cells. Lipofectamine® 2000 was used as reference to determine 
differences on the intensity of GFP expression upon incubation with different formulations. GFP silencing values are 
normalized to Lipofectamine® 2000 as control. Results are expressed as mean±SD (n≥3). * p≤0.05 compared to the polyplexes 
without Pluronic® F127. B, Fluorescent microscopy of GFP silencing efficacy of PEI10K-siGFP-F127 formulation.  
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Despite the adequate association efficiency 
(>93%), cytotoxicity (IC50> 10mg/mL), and 
biological efficacy, the physicochemical 
characterization of this formulation showed 
increased polydispersity and aggregation over 

time, under storage. (Table 6). Moreover, 
serum stability studies showed an increase in 
the mean diameter of particles after the first 6 
hours of incubation, clearly indicating their 
opsonization by serum proteins (Figure 4C). 

 
Table 6. Physicochemical Characterization of PEI-siRNA-Pluronic® Micelles  

 
Sample Md (nm) PDI ZP (mV) AE (%) 

PM-siRNA 60.28 ± 8.65 0.51 ± 0.07 -0.21 ± 0.06 93.02 ± 0.12 

PM 73.22 ± 9.54 0.28 ± 0.078 3.81 ± 0.96  

AE=association efficiency; Md=mean diameter; PDI=polydispersity index; ZP=zeta potential. AE values are 
calculated by undirected method previously described. Results are expressed as mean±SD, n=3. 
 

 
Figure 4. A, Comparative cytotoxicity of formulations with and without Pluronic® F127, at different concentrations. B, Confocal 
microscopy analysis of labelled particles. Internalization after 4 hours of incubation showing DAPI stained nuclei (blue), 
nanoparticles labelled with DTAF (green) and endocytic vesicles (Lysotracker [DND-99] red). C, Serum stability of PEI-siRNA-
Pluronic® formulation. The graphic shows mean diameter values of micelles after incubation with serum at different time-
points. Results are expressed as mean±SD, n=3. DAPI = 4ʹ,6-diamidino-2-phenylindole; DTAF = ([4,6-dichlorotriazin-2-
yl]amino) fluorescein hydrochloride; PEI = polyethylenimine. 
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Based on these results, it is possible to conclude 
that even though the combination of polymers 
in optimized ratios could be promising, 
unfortunately, the production method of PM by 
direct dissolution did not generate nanoparticles 
with adequate physicochemical features. The 
production of micelles by thin-FH technique 
was evaluated as an alternative, in order to 
improve their physicochemical characteristics. 
PEI-based Systems for siALOX5 Delivery, 
as Model Gene: FH Technique 
Next, we generated a system for siRNA 
delivery combining (1) polyplexes formed by 
electrostatic interaction of negatively charged 
siRNA molecules and positively charged chains 
of PEI-10K, and (2) Pluronic® F127-based PM 
obtained by FH method, which yields better 

physicochemical characteristics (Figure 5A, 
Table 7).  
Table 7. MD and PDI of loaded and unloaded 
formulations, as well as a loaded formulation 
stored 30 Days at 4˚C. 
 

Sample Md (nm) ± 
SD PDI ± SD 

PM-Empty 23.93 ± 
0.65 

0.250 ± 
0.007 

PM-siALOX5 24.51 ± 
0.53 

0.276 ± 
0.035 

PM-siALOX5 (30 
days) 

27.72 ± 
1.16 

0.231 ± 
0.070 

Md=mean diameter; PDI=polydispersity index. 
Results are expressed as mean±SD, n=3. 
 

 
Figure 5. A, Physicochemical characterization of PM-siALOX5. B, Flow cytometry analysis of PEI-siRNA-Pluronic® 
internalization in MDA-MB-231 cells, after 4 hours of incubation with 5-DTAF labelled particles (green line). The black line 
corresponds to the negative control. C, ALOX5 downregulation in CSC population from the MDA-MB-231cell line after 
treatment with PM-siALOX5. ALOX5 expression was analyzed by qPCR. D, Invasion Assay: the number of invasive cells was 
quantified after 24 hours of incubation with PM-siC and PM-siALOX5 in MDA-MB-231 CSC. E, Transformation Assay: 
transformed cells were quantified after 8 days of incubation with PM-siC and PM-siALOX5 in MDA-MB-231-
ALDH1A1/tdTomato cell line. Pictures were taken at 10× in optical microscope and represent colonies formed within soft agar 
matrix after a 7 day of incubation. Results are expressed as mean ± SEM (n=3), *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05. 
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ALOX5, a gene involved in CSC homeostasis 
was chosen as a model gene to test our siRNA 
system (siALOX5). PM-siALOX5 showed a 
Md value of 24 nm and a low PDI (≤ 0.2). 
Moreover, after 30 days of storage no 
significant aggregation of particles was 
detected (Figure 5A, Table 7). Further, PM 
were easily internalized in MDA-MB-231 
breast cancer cells with more than 98% of 
positive cells, after 4 hours of incubation 
(Figure 5B).  
Biological efficacy of our system was also 
tested in breast CSC. PM-siALOX5 were 
transfected into CSC population isolated form 
MDA-MB-231 cell line. ALOX5 mRNA levels 
were quantified by qPCR. As shown in Figure 
5C an encouraging significant silencing of 
ALOX5 expression was achieved. 
Furthermore, the effects of PM-siALOX5 
transfection in CSC invasion and 
transformation capacity were also assessed. 
Accordingly, the invasive potential of breast 
CSC was significantly decreased (p≤0.001) 
after transfection with PM-siALOX5 (Figure 
5D), as well as their anchorage-independent 
growth ability (Figure 5E), showing that 
treatment with PM-siALOX5 reduced not only 
the number of transformed cells but also 
inhibits proper colony formation (Figure 5F). 
 
Discussion 
The present work aimed to develop an efficient 
and safe siRNA delivery system. Most gene 
delivery systems require the use of cationic 
components able to complex and condense 
genetic material, in order to facilitate their 
cellular internalization and biological effects 
(46-48). The use of cationic polymers however 
exhibit several drawbacks, particularly, 
exceeding levels of undesired toxicity. Because 
of this, different polymeric-based formulations 
were designed and tested overtime in order to 
select the best performing system with optimal 
characteristics for siRNA delivery. As a result, 
several formulations were discarded due to 
their toxicity and/or low biological efficacy. As 
shown, our first approach consisted in the 
complexation of siRNA in polyplexes 
composed by CS (CS-siRNA), a well-
established biopolymer with recognized 
advantages in terms of gene delivery (49,50). 
Using Lipofectamine® 2000 as positive control, 
different types of CS were tested at different 

conditions regarding concentration, pH and N/P 
ratio, in order to achieve the correct silencing 
efficacy/toxicity balance. RXO-C cells 
expressing GFP were used to test the silencing 
efficacy of polyplexes loaded with siRNA 
against GFP. Biological activity was assessed 
based on visual reduction of GFP expression in 
cells transfected with CS-siGFP versus CS-siC, 
using fluorescence microscopy. Regarding 
association efficiency of polyplexes, different 
polymer:siRNA ratios were also tested. As 
previously reported, our data also show the so 
well recognized capacity of CS to complex 
OGN, even at lower ratios (51, 52). Although a 
1:2.5 ratio showed to be enough to complex 
siRNA, GFP reporter silencing assays 
demonstrate that in order to promote endosomal 
swelling and to obtain biological efficacy, 
higher polymer concentrations are required. 
This highlights that complexation is not the 
unique condition for the existence of biological 
effect, despite being essential for proper 
delivery of genetic material. In fact, N/P ratio 
proved to be an essential factor affecting 
complexation efficiency of polyplexes. 
Moreover, complexes formed at low molar ratio 
in the range of 2-5 tend to aggregate due to 
hydrophobic interactions, thus hampering its 
efficient transfection. In contrast, higher N/P 
ratios reduce aggregation as a result of 
electrostatic repulsion of higher positive 
surface charges of the complexes (49, 50). In 
agreement with this, an N/P ratio of 80 was 
required to observe biological efficacy, despite 
the low ratios required to ensure siRNA 
complexation. 
According to our data, CS with higher MW 
presented the best results regarding transfection 
efficacy, which could be explained by its higher 
positive charge and capacity to better complex 
and protect siRNA. Similar data has been also 
provided by others using plasmids and siRNA 
(51-54). However, the biological efficacy 
observed with CS polyplexes showed to be 
insufficient. Although higher MW CS seem to 
better condense and protect siRNA for cellular 
delivery, it is possible that concurrent strong 
interactions of the system result in lower 
dissociation between CS and the genetic 
material after endosomal disruption, rendering 
low biological efficacy. As referred previously, 
it is of utmost importance to find a balance 
between MW and DD to efficiently complex 
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and protect genetic material, promote its 
endosomal escape, and allow cytoplasmic 
release of OGN (53, 54).  
In order to increase the biological efficacy, the 
most effective polyplex (CL213-CS) was 
posteriorly combined with Pluronic® micelles. 
This type of polymer has already been 
described as an enhancer of transfection of 
genetic material. Although not completely 
understood and explained, poloxamers interfere 
with cell membranes reducing their structure 
and microviscosity/fluidity and allowing 
escape from the endosomal compartment via 
membrane disruption and pore formation (55, 
56). Different Pluronic® (F68, F108, F127) 
were tested, with Pluronic® F127 being the one 
selected due to its better technological features. 
The smaller size and PDI of F127-based 
micelles can be explained by their lower critical 
micellar concentration (CMC), hydrophilic-
lipophilic balance (HLB) and critical 
micellization temperature (CMT) (24 ºC for 1% 
w/v solutions (57)), whereas F68 presents the 
highest CMC and CMT (54-56.21 ºC for 1% 
w/v solutions (58)) and consequently, higher 
diameter. Similar data has been reported 
previously (59). Further, poloxamers with 
intermediate HLB values like F127 (HLB=18-
23), have shown higher ability to interfere with 
membranes than poloxamers with higher HLB 
values like F68 and F108 (HLB>24) (60, 61). 
Thus, higher biological efficacy of the system 
containing Pluronic® F127 is expected.  
Although the silencing efficiency of CS-based 
polyplexes appears to improve with the 
presence of Pluronic® F127 in the formulation, 
it is still substantially lower than those obtained 
with Lipofectamine® 2000. Taking into account 
that the presence of Pluronic® improves the 
transfection efficiency of CS-based polyplexes, 
the substitution of CS for another cationic 
polymer, in this case PEI, was addressed. In 
order to rapidly screen different formulation 
compositions regarding their transfection 
efficiency, the reduction of GFP fluorescence in 
RXO-C/GFP expressing cells was quantified. 
Our data show that PEI-based polyplexes were 
able to reduce gene expression, being the 
transfection efficiency more significant for the 
polyplexes with an N/P ratio of 50 than N/P 
ratio 25. Because no significant differences in 
terms of biological efficacy were observed 
between both types of PEI, the 10K branched 

PEI was chosen due to its recognized lower 
toxicity profile (44). Interestingly, the presence 
of 1% Pluronic® (w/v) in the form of micelles 
improves significantly the transfection 
efficiency of the polyplexes as observed both, 
quantitatively and qualitatively by a higher 
GFP gene expression inhibition. The 
formulation where PEI 10k was complexed 
with siRNA at an N/P ratio of 50 and further 
incorporated into 1% (m/v) Pluronic® F127-
based PM, presented similar transfection 
efficacy and GFP silencing than 
Lipofectamine® 2000. Contrarily to the need of 
complex chemical modifications proposed by 
other studies (62, 63), in this work we used a 
simple association of PEI-based polyplexes 
with Pluronic® F127-based PM. The micelles 
prepared by DM present the great advantage of 
being prepared by a simpler method, 
importantly avoiding the use of organic 
solvents. This is a relevant issue in terms of 
future translatability to the clinical practice. 
Unfortunately, higher sizes and polydispersity 
were shown, as well as lower reproducibility 
and stability, suffering aggregation in the 
presence of serum and also under storage. To 
overcome these technological drawbacks, we 
changed to the FH technique as production 
method (64). This method allowed the 
production of micelles with better 
physicochemical features (lower size (<30nm) 
and PDI, as well as neutral zeta potential). A 
better control and more effective formation of 
micelles and association of PEI-polyplexes 
might explain this. Further, the importance of 
nanoparticles design for gene therapy is not 
only related with the condensation of genetic 
material but also with the prevention of its 
potential degradation. In our case, the particles 
obtained using the FH method present higher 
storage stability (64).  
Oncology is certainly one of the fields that is 
most benefiting from the application of 
nanotechnology to drug and gene delivery. As 
a result of their malignant phenotype and 
resistance to conventional therapies, special 
attention has been given to CSC and to their 
specific targeting. An anti-CSC therapy, with a 
delivery system able to effectively reach them, 
is highly desirable. Otherwise, a reservoir of 
resistant CSC can cause recurrence and 
metastatic growth of a more aggressive form of 
cancer. In this work we used a CSC model we 
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previously validated both in vitro and in vivo 
(42). To specifically target CSC, we selected 
siRNA against the gene ALOX5 as model gene. 
It has been shown that inhibition of ALOX5 is 
a promising strategy to hamper tumor 
development, due to its recognized role in CSC 
survival (41, 65, 66). Our data show that PM-
siALOX5 were quickly and effectively 
internalized in breast cancer cells and did not 
present significant toxicity in vitro for the 
working concentrations. We also confirmed 
that the presence of F127 was essential to 
reduce PEI-related cytotoxicity. 
Downregulation of ALOX5 after treatment 
with PM-siALOX5 was studied by qPCR. A 
significant reduction of ALOX5 mRNA 
expression was observed. To study the effects 
of PM-siALOX5 on the metastatic potential of 
isolated CSC, functional assays were 
performed. Interestingly, a significant 
impairment of CSC invasion capacity and 
anchorage-independent growth ability was 
observed. Cell neoplastic transformation and 

invasive potential are two important hallmarks 
for CSC aggressive behavior, thus the strategy 
of silencing ALOX5 using PEI10K-siALOX5-
F127 could be a promising and successful 
future antitumor therapy, particularly in 
advanced cancers.   
In vivo toxicity of this formulation was tested 
through a maximum tolerated dose assay, and 
any change of body weight or any adverse 
effect was detected (64). This formulation was 
able to extravasate from blood circulation to the 
tumor mass (64). Moreover, with a F127 based 
delivery system with similar physicochemical 
features we assessed the biodistribution of the 
formulation in a breast cancer model and we 
obtained high percentages of tumor 
accumulation (10 to 15%) mainly due to the 
enhanced permeability effect associated with 
the small size of the micelles (data not shown), 
which demonstrates the potentiality of these 
delivery systems in the field of cancer 
treatment. 
 

Conclusions 
In this work different cationic polymers were tested for the production of polyplexes and different 
polymeric systems. The choice of PM composed by Pluronic® F127 was based on their capacity to 
improve transfection efficiency of polyplexes and reduce toxicity. The amphiphilic properties of the 
system opened the possibility to design a multifunctional-targeted particle for combined therapies, such 
as a combination of gene- and chemotherapies in one single nanoparticle formulation. Two different 
PM preparation methods were also compared. The DM technique was the easiest and less time-
consuming method to prepare micelles and avoid organic solvents; however, it had important 
disadvantages regarding the technological features when compared with micelles obtained by the FH 
technique. Finally, a promising vehicle with adequate physicochemical and biological properties for 
gene delivery (siRNA-ALOX5) was selected after screening different formulations. Following the 
concept of precision nanomedicine, the effective gene silencing of our system opens the door to design 
better gene delivery strategies to specifically target cancer genes, and therefore, benefit specific groups 
of patients according to their cancer type or genetic profiles.  
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