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Small interfering RNA (siRNA) has received increased interest as a gene therapeutic

agent. However, instability and lack of safe, affordable, and effective carrier systems

limit siRNA’s widespread clinical use. To tackle this issue, synthetic vectors such as

liposomes and polymeric nanoparticles have recently been extensively investigated.

In this study, we exploited the advantages of reduced cytotoxicity and enhanced

cellular penetration of chitosan-phthalate (CSP) together with the merits of lecithin (LC)-

based nanoparticles (NPs) to create novel, ellipsoid, non-cytotoxic, tripolyphosphate

(TPP)-crosslinked NPs capable of delivering siRNA efficiently. The resulting NPs were

characterized by dynamic light scattering (DLS) and transmission electron microscopy

(TEM), and were found to be ellipsoid in the shape of ca. 180 nm in size, exhibiting novel

double-layer shells, with excellent stability at physiological pH and in serum solutions.

MTT assay and confocal fluorescence microscopy showed that CSP-LC-TPP NPs are

non-cytotoxic and efficiently penetrate cancer cells in vitro. They achieved 44% silencing

against SLUG protein in MDA-MB-453 cancer cells and were significantly superior to a

commercial liposome-based transfection agent that achieved only 30% silencing under

comparable conditions. Moreover, the NPs protected their siRNA cargos in 50% serum

and from being displaced by variable concentrations of heparin. In fact, CSP-LC-TPP

NPs achieved 26% transfection efficiency in serum containing cell culture media. Real-

time wide-field fluorescence microscopy showed siRNA-loaded CSP-LC-TPP NPs to

successfully release their cargo intracellularly. We found that the amphoteric nature of

chitosan-phthalate polymer promotes the endosomal escape of siRNA and improves

the silencing efficiency.

Keywords: Chitosan nanoparticles, ellipsoid nanoparticles, non-viral vectors, siRNA delivery, gene delivery

INTRODUCTION

Gene therapy is a promising treatment approach for genetic diseases. It proceeds by the
introduction of a corrected gene(s) or silencing the gene(s) responsible for overexpression of
specific pathogenic protein(s) (Shahryari et al., 2019). One particular means of gene silencing is
the delivery of small-interfering RNA (siRNA) into cells. siRNA has received increased interest as
a gene therapeutic agent in a variety of diseases because of its specificity and versatility (Hu et al.,
2020). However, siRNA is unstable in biological fluids, e.g., serum, because of the abundance of
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GRAPHICAL ABSTRACT |

endonucleases (Whitehead et al., 2009). Moreover, siRNA should
cross several biological barriers before reaching its site of
action, i.e., the RNA-induced silencing complex (RISC) in the
cellular cytoplasm (Kim et al., 2019). These issues greatly
undermine the clinical advancement of siRNA (Nguyen and
Szoka, 2012) and necessitate the need for effective carrier systems
for siRNA delivery.

Still, the lack of safe, affordable, and effective carrier systems
for delivering siRNA is limiting the widespread use of siRNA for
gene therapy (Shukla et al., 2019).

To overcome these hurdles, extensive research has been done
on synthetic vectors development, such as liposomes, polymeric
nanoparticles, protein nanoparticles, and dendrimers (Abozeid
et al., 2016; Pinnapireddy et al., 2019; Tariq et al., 2019; Bono
et al., 2020; Chen et al., 2020). Synthetic delivery vectors offer
many advantages over viral vectors, such as evading the anti-viral
immune response, excellent safety profile, simple construction,
low production costs, and the ability to insert a large-sized gene
in the carrier system (Lostalé-Seijo and Montenegro, 2018).

Ideal carrier intended to deliver DNA or siRNA to the site of
therapy must accomplish five tasks: (1) pack nucleic acids into a
nanocarrier system; (2) protect the cargo and direct it specifically
into diseased cells; (3) facilitate the endosomal escape of nucleic
acids; (4) release of nucleic acid cargo into the cytoplasm; (5) get
metabolized into non-toxic fragments; and, most importantly, (6)
prevent the elicitation of immune responses (Lostalé-Seijo and
Montenegro, 2018; Kim et al., 2019; Wahane et al., 2020).

Polymer-based siRNA delivery systems, e.g., chitosan (CS,
Figure 1), have attracted attention (Sharma et al., 2019).
CS is a well-known biocompatible natural polymer of low
immunogenic properties. It exhibits additional advantages of

Abbreviations: NPs, nanoparticles; CS, chitosan; CSP, chitosan phthalate;
LC, lecithin; TPP, tripolyphosphate; CSP-LC-TPP, chitosan phthalate lecithin
tripolyphosphate; CS-LC-TPP, chitosan lecithin tripolyphosphate; siRNA, short
interfering ribonucleic acid; SiRNA AF488, short interfering ribonucleic acid with
Alexa Fluor 488; DOX, doxorubicin; FBS, fetal bovine serum; DLS, dynamic light
scattering; PDI, polydispersity index; TEM, transmission electron microscopy.

muco-adhesiveness, cell permeation enhancement properties,
and promotion of siRNA endosomal escape (Mansouri et al.,
2004; Sarmento et al., 2011; Pellá et al., 2020). CS-based
nanoparticles (NPs) have been studied previously as non-viral
gene delivery tool, because they provide good packing capacity
for DNA and siRNA (Farid et al., 2014; Baghdan et al.,
2018; Böker et al., 2019; Cao et al., 2019; Ziminska et al.,
2020). However, the cationic nature of CS causes stability and
cytotoxicity issues (Rai et al., 2019; Saeed et al., 2020), and,
therefore, limits the realization of the full potential of CS NPs
as clinically viable siRNA delivery tool (Kargaard et al., 2019;
Thomas et al., 2019).

Lipid-based nanocarriers have gained great significance as
therapeutic delivery systems for siRNA in the last two decades
(Li et al., 2020). Lecithin (LC) is a safe food additive that occurs
naturally as amixture of diglycerides of stearic, palmitic, and oleic
acids, linked to the choline ester of phosphoric acid, as in Figure 1
(Fiume, 2001). Polymer-lipid hybrid carriers combine the merits
of liposomes and polymers to create a nanoscale, biocompatible,
and efficient delivery system for genetic materials (Schäfer et al.,
2010; De Jesus and Zuhorn, 2015; Pinnapireddy et al., 2019).
Hybrid lipid core/CS shell nanoparticles have been studied for
drug (Ridolfi et al., 2012; Ramasamy et al., 2014), protein
(Sarmento et al., 2011), and nucleic acid delivery (Danhier et al.,
2015).

LC/CS-based NPs have been reported as successful in vitro
and in vivo drug delivery vehicles (Sonvico et al., 2006; Chadha
et al., 2012; Correa et al., 2020; Murthy et al., 2020). Moreover,
CS-lecithin (LC, Figure 1) nanocomplex was also reported to
be useful for the protection of siRNA in serum and subsequent
cellular delivery (Sarmento et al., 2011; Trickler et al., 2011;
Delgado et al., 2013). For example, LC/CS/protamine/thiamine
pyrophosphate-based NPs were reported to be stable and
successfully protected and delivered siRNA cargo in serum
conditions (Ki et al., 2014). However, the LC content of such
NPs is significantly higher than CS content (at least double the
amount), which renders them susceptible for quick systematic
clearance (Robinson, 1996; Tezgel et al., 2018; Besin et al., 2019)
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FIGURE 1 | Chemical structures of chitosan (CS), chitosan-phthalate (CSP), diacylphospho-inositol (major component of lecithin), and tripolyphosphate (TPP).

and prompt degradation at 37◦C (Robinson, 1996; Tezgel et al.,
2018; Besin et al., 2019).

As part of the quest of the authors to develop stable, efficient,
and non-toxic NPs for drug delivery (Abulateefeh and Taha, 2015;
Dmour and Taha, 2017; Saeed et al., 2020), we became interested
in developing novel LC-stabilized CS NPs for delivering siRNA.
In this study, we envisaged a hybrid NPs system of the non-
cytotoxic CS derivative, i.e., CSP (Dmour and Taha, 2017; Saeed
et al., 2020) combined with lesser amounts of LC, i.e., compared
with published systems (≤20% w/w). The system is intended
to combine the advantages of LC for NP stabilization and
biocompatibility (Delgado et al., 2013; Ki et al., 2014) with gene
packing of CS and cellular penetration capabilities (Sarmento
et al., 2011; Baghdan et al., 2018; Cao et al., 2019; Saeed
et al., 2020). TPP is added to provide additional stability to NP
formulation and reduce the amounts of LC required to promote
NP formation and improve NP size properties by ionotropically
crosslinking the CS (or CSP) content. The proposed NPs are
anticipated to have TPP-crosslinked CSP-based outer shell and
inner LC-based core (see Figure 1 for chemical structures). This
is the first time that the use of CS/LC or CSP/LC with TPP
crosslinker to generate NPs for gene delivery has been reported.

The resulting NPs were characterized by DLS, TEM, and
fluorescence microscopy, and were found to efficiently deliver
siRNA into breast cancer cells and silence the oncogenic SLUG
protein. We compared the performance of NPs based on
unmodified CS with that of CSP upon the combination with LC
and TPP. Interestingly, CSP-LC-TPP NPs were superior, and in
fact, they significantly superseded the commercial transfection
agent, RNAifectin. Additionally, they were found to be on par
with covalently stabilized NPs (Abozeid et al., 2016) vis-à-vis
exceptional stability under physiologically relevant conditions.

Moreover, our NPs are self-assembled without the need for
potentially toxic covalent crosslinkers (e.g., glutaraldehyde) that
require extensive washing prior to administration (Fürst and
Banerjee, 2005; Islam et al., 2019).

SLUG is a zinc-finger transcription factor that belongs to
a larger superfamily known as SNAI and participates in cell
differentiation, survival, and epithelial-mesenchymal transition
(EMT) (Ganesan et al., 2016). Activated Notch 1 signaling
induces EMT and promotes invasion and metastasis of breast
cancer cells through overexpression of SLUG (Cao et al., 2015).
SLUG was reported to be expressed in MDA-MB-453 cells
(Martin et al., 2005) and to be critical for the progression of
invasive breast ductal carcinoma (Carpenter et al., 2015).

MATERIALS AND METHODS

Materials
All chemicals were purchased from respective companies and
were used without pretreatment or purification. siRNA for SLUG
mRNA (sense sequence: CAAUAAGACCUAUUCAACUtt,
antisense sequence: AGUUGAAUAGGUCUUAUUGca) was
purchased from Ambion (Elk Grove, CA, United States).
RNAifectin was purchased from Applied Biological Materials
Inc. (British Columbia, Canada). Amicon Ultra Centrifugal Filter
Units were obtained fromMillipore (Darmstadt, Germany). Soya
bean lecithin was purchased from Sigma-Aldrich (Darmstadt,
Germany). Absolute ethanol, pyridine, and acetone of analytical
grades were purchased from Carlo Erba (Val-de-Reuil, France)
and Labchem (Pittsburgh, PA, United States). Mediummolecular
weight chitosan was obtained from Sigma-Aldrich (St. Louis,
MI, United States). Phthalic anhydride was purchased from
Fluka (Switzerland). Ultrapure water for DLS studies with 0.05
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TABLE 1 | Prepared NPs, their abbreviations and corresponding amounts of components required for formulation.

NPs names NPs abbreviations Volumes (ml)

Chitosan Lecithin Chitosan-to-Lecithin TPP

(0.1%w/v) (1.0%w/v) ratio (0.1% w/v)

Chitosan-lecithin CS-LC 2.5 0.20 1.25:1 –

Chitosan-phthalate-lecithin CSP-LC 2.5 0.20 1.25:1 –

Chitosan-lecithin-tripolyphosphate CS-LC-TPP 2.5 0.05 5:1 0.315

Chitosan-phthalate-lecithin-tripolyphosphate CSP-LC-TPP 2.5 0.05 5:1 0.087

µs/cm conductivity was obtained from Millipore (Burlington,
MA, United States). RNase-free water was obtained from Qiagen
(Hilden, Germany). Penta basic sodium tripolyphosphate
was purchased from Sigma-Aldrich (Darmstadt, Germany).
Hydrochloric acid (37%) was purchased from Carlo Erba
(Barcelona, Spain) and sodium hydroxide was purchased from
Rasayan Laboratory (Gujarat, India). Doxorubicin (DOX)
was obtained from Ebewe Pharma (Attersee, Austria). FBS
was purchased from Biowest (Nuaille, France). Leibovitz’s
L-15 medium, L-glutamine, penicillin–streptomycin, and
trypsin-EDTA were purchased from Capricorn Scientific
(Ebsdorfergrund, Germany). ProLong Diamond Antifade
Mountant 4′,6-Diamidino-2-phenylindole (DAPI) stain and
UltraPure Agarose were obtained from Invitrogen (Waltham,
MA, United States) and ThermoFisher Scientific (Waltham, MA,
United States). Poly-L-lysine and heparin sulfate were purchased
from Sigma-Aldrich (Darmstadt, Germany). Human breast
MDA-MB-453 cancer cell line was purchased from American
Type Culture Collection (ATCC, Manassas, VA, United States).
SiRNA AF 488 was purchased from Qiagen (Evois, Finland).
The RedSafe dye was obtained from Intron Biotechnology
(Gyeonggi, South Korea). TBE buffer was purchased from
Biotech (Ontario, Canada).

Preparation of NPs
Chitosan-phthalate (CSP) was prepared as described earlier
(Dmour and Taha, 2017; Saeed et al., 2020). CS-LC, CSP-LC,
and their corresponding TPP-crosslinked NPs were prepared
by simple mixing. CS, or CSP was dissolved in aqueous HCl
(4.8mM) to produce 0.1% w/v solution by stirring over 24 h.
The resulting solution was filtered and centrifuged at 4,000 rpm
for 10min at 25◦C to remove any insoluble polymeric residues.
The pH of the polymeric solutions was adjusted by the dropwise
addition of NaOH (1M) to 5.5 or 4.6 for CS or CSP solutions,
respectively. Subsequently, ethanolic solution of LC (volumes are
shown in Table 1, 1% w/v) with or without freshly prepared TPP
aqueous solution (volumes are shown in Table 1, 0.1% w/v) was
added dropwise to the prepared CS and CSP solutions (2.5ml)
under vigorous magnetic stirring at 25◦C until visual appearance
of hazy opalescent dispersion representing NPs formation. The
NP dispersionwas left under stirring for over 1min. The resulting
NPs were used for stability evaluation, and size and zeta potential
determination (i.e., dynamic light scattering, DLS).

However, for doxorubicin (DOX)- or siRNA-loaded NPs
intended for cellular uptake or transfection studies, DOX
(0.25mg), or siRNA (30 µl, 10µM) was magnetically stirred
with the polymeric solution (CS or CSP, 2.5ml, 0.1% w/v)
for 5min. Subsequently, LC or LC-TPP mixture (volumes and
concentrations are shown in Table 1) was added dropwise
to the polymeric solution until the visual appearance of
hazy opalescent dispersion representing NPs formation. The
formulated NPs were left over 5min on the shelf before
further processing. Subsequently, the NP mixture suspensions
(ca. 2.5ml) were concentrated to 0.6ml using Amicon Ultra
Centrifugal Filter Units (100 KDa, Millipore, Darmstadt,
Germany) and centrifugation for over 10min at 10◦C and
6,000 RPM. Thereafter, the NPs were washed using phosphate
buffer (1ml) followed by centrifugation at the same conditions
to concentrate the NPs (0.6ml). Washing was performed
two times to remove excess unloaded siRNA. Aliquots of
resulting NPs suspensions (200 µl) were added over attached
cells (see sections Transfection studies and Assessment of NP
cellular uptake by fluorescence microscopy) to reach final
concentrations of 100 and 650 nM for siRNA and DOX per
well, respectively. A similar procedure was performed to prepare
blank NPs and for cytotoxicity experiments, albeit without
adding cargo (siRNA or DOX). All aqueous solutions for
the preparation of NPs for cellular uptake, transfection, and
cytotoxicity studies were prepared using nuclease-free water
(Qiagen, Hilden, Germany).

Encapsulation Efficiency
siRNA loading within NP formulations was studied as previously
reported (Farid et al., 2014). Briefly, siRNA-loaded NP
formulations were prepared as mentioned above (section
Preparation of NPs). The resulting NPs dispersions (ca. 2.5ml)
were collected and concentrated to 0.6ml using Amicon
Ultra Centrifugal Filter Units (100 KDa, 4ml, Millipore,
Darmstadt, Germany) by centrifugation for 10min at 10◦C
and 6,000 RPM. The free-from-NP filtrates were collected in
eppendorf tubes and their amounts of siRNA were measured
using BioDropµLITE Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, United States). The filtrate of
unloaded NPs was used as blank. The percentage of siRNA
entrapped in certain NP formulation was determined using the
following equation:
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%Loading =
Total amounts of added siRNA− Amount of nonentrapped siRNA in Filtrate

Total amounts of added siRNA

Agarose Gel Electrophoresis
Stability of siRNA-Loaded NPs in FBS
The stability of loaded NPs against serum degradation was
studied by gel electrophoresis. NPs samples suspended in PBS
(pH 6.8 or 7.4, 15 µl), each containing siRNA (0.4 µg), were
gently vortexed with the FBS solution (100%, 15 µl, at pH
6.8 or 7.4) and incubated at 37◦C for 1 h. Subsequently, the
resulting dispersion (25 µl) was mixed with 6X Gel Blue Loading
Dye (5 µl) and loaded onto 2% agarose gel. Naked siRNA and
siRNA-loaded NPs at preparation pH were used as controls. The
electrophoresis was carried out at a constant voltage of 100V for
40min in Tris-Borate-EDTA (TBE) buffer containing 1X RedSafe
dye (0.05 µl/ml) and visualized under a UV trans-illuminator at
a wavelength of 254 nm (Bio-Rad, Marnes-la-Coquette, France).

Heparin-siRNA Competition Assay
Heparin-siRNA competition assay was studied as previously
reported (Malfanti et al., 2019). Briefly, siRNA-loaded NPs
samples (20 µl, loaded with 0.4 µg siRNA) were prepared and
resuspended in PBS at pH 6.8 or 7.4. The NPs were then added
to RNase-free PBS or heparin solutions (5 µl) in RNase-free PBS
adjusted at target pH (6.8 or 7.4) to yield heparin concentrations
in the range of 0–15 IU/30 µl in the final NPs dispersion. The
samples were incubated at 37◦C for 3 h, with the loading dye,
and were finally analyzed by gel electrophoresis according to the
procedure reported in section (Stabilities ofsiRNA-Loaded NPs
in FBS).

NPs Characterization
Dynamic Light Scattering Analysis of NPs Under

Variable pH and 10% FBS Conditions
Aliquots of NPs dispersions (2ml) were evaluated by dynamic
light scattering (DLS) either directly (at preparation pH), after 2 h
of exposure to variable pH conditions (1.2, 6.8, and 7.4) or to fetal
bovine serum [FBS, 10% w/v in phosphate buffer solution (PBS)
at pH 7.4]. pH adjustments were achieved by aqueous NaOH or
HCl (1M). Only samples with hazy appearance were investigated
by DLS, while those showing aggregates were discarded. The
samples were evaluated by DLS after 2 h of exposure to variable
pH or 10% FBS solutions. Nanoparticle size, zeta potential, and
polydispersity index (PDI) were determined by measuring the
electrophoretic mobility of NP dispersion and using the Stokes–
Einstein and Henry equations (Media viscosity = 0.8872 cP,
dielectric constant= 78.5, temperature= 25◦C). The calculations
were performed using the Zetasizer software (version 7.11). The
average size and zeta potential of triplicate measurements at 25◦C
were recorded. The shape characteristics of NPs were studied
by TEM [Morgagni (TM) FEI 268, Holland] using Mega-View
Camera. The NP samples were immobilized on copper grids
for 10min and dried at room temperature before investigation
by TEM.

Transfection Studies
MDA-MB-453 cells were cultivated andmaintained in Leibovitz’s
medium supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin at 37◦C. This combination is termed as a
complete medium. Cells were trypsinized by trypsin-EDTA and
centrifuged to form pellets. The supernatant was discarded. The
cell pellets were then resuspended in the culture medium. The
stock cell suspension was diluted to the required concentration
(15 × 104 cells/well) in culture medium and transferred to 6-
well-plates by adding 1,000 µl to each well. The plates were
incubated in a humidified atmosphere at 37◦C for 24 h to allow
cell attachment. Amounts of NPs to give a final concentration of
100 nM siRNA per well were added to each well and incubated
for 5 h with or without 10% FBS. Subsequently, the media in each
well were replaced by completely fresh media. The cells were then
kept for 72 h and collected for protein assay analysis. Cells treated
with blank NPs were used as negative controls. Cells treated with
RNAifectin loaded with siRNAwere used as positive controls and
prepared as follows: RNAifectin (5µl) was diluted in 125µl of the
serum-reduced medium, and siRNA (10 µl, 10µM) was diluted
in 125 µl of the serum-reduced medium. Both RNAifectin and
siRNA solutions were mixed and incubated at room temperature
for 20min. The mixture was then applied onto the cultured
cells to get a final concentration of 100 nM siRNA per well and
incubated for 5 h. Subsequently; the media were replaced with
complete fresh media and incubated for 72 h.

Western Blotting
Protein extraction was performed as previously reported
(Ahram et al., 2018). RIPA-lysis buffer (ThermoFisher Scientific,
Waltham, MA, United States) was used to disrupt the
cellular cytoplasm 72 h post-treatment. The lysates were
agitated at 4◦C for 30min and then centrifuged at 720 RPM
for 5min. The supernatant containing the protein fraction
was used for analysis. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was used to analyze SLUG
protein expression. Gels were prepared as 12.5% acrylamide-
bisacrylamide. The extracted proteins were transported onto a
nitrocellulose membrane of 0.45-µm pore size (Santa Cruz).
The following antibodies were used in the analysis: mouse anti-
SLUG antibody (clone A-7, 1:500; Santa Cruz, United States),
mouse anti-GAPDH (ab8245;, 1:5,000, Abcam, Cambridge,
United Kingdom), and secondary goat anti-mouse antibody
(ab97023; Abcam, Cambridge, United Kingdom). Densitometric
analysis was performed on the blots using Image lab software
version 6.1 (Bio-Rad) and GraphPad Prism version 8.0.2 for
data analysis.

Assessment of NPs Cellular Uptake by Fluorescence

Microscopy

Cell Uptake of DOX-Loaded NPs
NP cell uptake was studied as previously described (Saeed et al.,
2020) with slight modifications. Human breast MDA-MB-453
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cancer cells were seeded onto collagen-coated round cover
slips (prepared by incubation with 0.01% w/v aqueous solution
of Type 1 collagen from rat-tail (Sigma-Aldrich, St. Louis,
MI, United States) for 1 h at 25◦C) in a 12-well-plate at
5 × 10−4 cells/well in culture medium (Leibovitz’s medium
supplemented with 10% fetal bovine serum, 1% L-glutamine,
and 1% penicillin/streptomycin) and left for 24 h. Subsequently,
suspended DOX-loaded NPs (0.25mg) or the free DOX solution
(175 µl, 2 mg/ml to yield a final concentration of 650 nM) in
tissue culture media was directly applied to coverslips-adhered
cells and incubated for 4 h at 37◦C. Consequently, the culture
media were discarded, and the wells were washed two times with
PBS. The cells were then fixed by 4% paraformaldehyde solution
(at room temperature for over 20min then washed two times
with 1ml PBS). Subsequently, triton-x solution (0.5% v/v) was
added to the wells and kept for 10min then washed two times
with PBS (1ml). After that, the coverslips were detached and
slowly flipped over clean glass slides coated with 50µl DAPI stain
(ProlongTM Diamond AntifadeMountant with DAPI) and kept
overnight at 25◦C and under dark conditions. Fixed cells were
imaged at laser/detector wavelengths of 488 nm/614–742 nm
and 405 nm/410–585 nm for DOX and DAPI, respectively, via
a confocal laser scanning microscope (LSM 780, Carl Zeiss,
Oberkochen, Germany) with 63×/1.4 oil lens. Untreated cells
(i.e., with DOX-loaded NPs or free DOX) were evaluated as
controls. NP uptake was also studied via wide-field fluorescence
microscopy (Axio Imager Z2, Carl Zeiss, Oberkochen, Germany).

Cell Uptake of siRNA-Loaded NPs
NPs (CSP-LC-TPP and CS-LC-TPP) loaded with siRNA (AF488,
fluorescent scrambled siRNA) were prepared as mentioned in
section (Preparation of NPs). Then, volumes of NP suspensions
equivalent to 50 nM siRNA AF488 were incubated for 4 h
with MDA-MB-453 cancer cells. The cells were then fixed on
coverslips as mentioned above, and the coverslips were imaged at
laser/detector wavelengths of 488 nm/500–530 nm via a confocal
laser scanning microscope (63×/1.4 oil lens, LSM 780, Carl Zeiss,
Oberkochen, Germany). MDA-MB-453 cancer cells incubated
over the same time interval (4 h) with equivalent amounts of
loaded RNAifectin or naked siRNA (50 nM siRNA AF488 each)
imaged as positive or negative controls, respectively.

NPs Cell Uptake and Intracellular Release of siRNA Cargo

Over Time
Wide-field fluorescence microscopy was performed to assess
siRNA-loaded NP cell uptake and siRNA release over 2, 4,
and 6 h as reported previously (He et al., 2019). Briefly, NPs
(CSP-LC-TPP and CS-LC-TPP) loaded with siRNA (AF488,
fluorescent scrambled siRNA) were prepared as mentioned in
section Preparation of NPs. Then, volumes of NP suspensions
equivalent to 50 nM siRNA AF488 were incubated for 2, 4,
or 6 h with MDA-MB-453 cancer cells. The cells were then
fixed on coverslips as mentioned above, and the coverslips were
imaged at wavelengths of 488 nm/500–530 nm via a wide-field
fluorescence microscope (100×/1.4 oil lens, observer. Z1, Carl
Zeiss, Oberkochen, Germany).

Cytotoxicity Study
MDA-MB-453 cells were cultivated and maintained in complete
culture media at 37◦C. The cells were trypsinized by trypsin-
EDTA and centrifuged to form pellets. The pellets of cells were
re-dispersed in a complete medium and diluted to the desired
concentration (15 × 104 cells/ml) then transferred to 6-well-
plates by adding 1ml to each well. The plates were incubated
in a humidified atmosphere at 37◦C for 24 h to allow cell
attachment at the time of NP treatment. Then, the culture
media were discarded and replaced by fresh media with an
appropriate amount of NP suspension or RNAifectin. After
incubation for 72 h, the MTT solution was added into each
well to a final concentration of 5 mg/ml and incubated at 37◦C
for an additional 3 h, and then the media were discarded and
replaced with DMSO/isopropanol solution (200µl, 50% v/v) into
each well. Thirty minutes later, cellular viability was determined
by measuring the absorbance at 570 nm using Synergy HTX
Multi-Mode Plate Reader (BioTek Instruments, Winooski, VT
United States). The results of the MTT proliferation assay
were analyzed using Microsoft Excel. The cellular morphological
changes related to RNAifectin or NPs-induced cytotoxicity were
monitored using an inverted microscope (DMIL LED, Leica
Microsystems, Wetzlar, Germany). Untreated cells were used
as controls.

RESULTS AND DISCUSSION

NPs Formulation, Sizes, Surface Charges,
and Behavior Under Variable pH
Conditions and 10% FBS
The new NPs were prepared by mixing CS or CSP with LC in
the presence or absence of TPP ionotropic crosslinker. Four NP
formulations were generated, namely, CS-LC, CSP-LC, CS-LC-
TPP, and CSP-LC-TPP NPs (see Table 1). Ionotropic gelation
proceeds via electrostatic interaction between protonated
amine groups of CS or CSP with phosphate anions of LC
and/or TPP.

We started by preparing CS-LC or CSP-LC NPs without
TPP. Upon testing several CS/LC and CSP/LC combinations, we
concluded that the maximum CS-to-LC or CSP-to-LC ratios that
allow viable NP formation was 1.25:1 (w/w). This was achieved
by setting the preparation pH to 5.5 and 4.6 for CS and CSP,
respectively. However, it was possible to increase CS (or CSP)
content to 5:1 (compared with LC, Table 1) upon adding TPP to
theNP formula. Although this ratio has not been reported for CS-
LC NPs, it is still not unexpected since TPP efficiently crosslinks
CS (or CSP) and reduces reliance on LC for NP formation. NP
formation was confirmed by the advent of hazy dispersion and by
dynamic light scattering. NP sizes and surface charges are shown
in Tables 2, 3.

Noticeably, all prepared NPs (unloaded) exhibited significant
cationic surface charges, as shown in Table 3, even under variable
pH conditions (except for CSP-LC-TPP, which became slightly
negative at pH 7.4, Table 3), indicating that their outer shells
were composed mainly of cationic CS or CSP, while negatively
charged LC remained mainly within NP cores. This conclusion is
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TABLE 2 | Size properties of unloaded-NPs under varying pH and 10% FBS solution.

NPs NPs propertya At preparation conditions pH

1.2 6.8 7.4

Aqueous conditions FBS (10% v/v)

CS-LC Size (nm) 375.5 ± 7.9b 281.5 ± 7.4 607.1 ± 20.2 3,222 ± 194 Aggregate

PDI 0.55 ± 0.04 0.38 ± 0.04 0.72 ± 0.14 0.47 ± 0.33 –

CS-LC-TPP Size (nm) 270.5 ± 17.9c 205.2 ± 3.5 220.9 ± 12.9 239.5 ± 18.6 179.1 ± 13.3

PDIb 0.47 ± 0.03 0.29 ± 0.01 0.45 ± 0.03 0.49 ± 0.09 0.50 ± 0.02

CSP-LC Size (nm) 364.9 ± 28.3d 207.0 ± 7.4 294.5 ± 12.8 6,791 ± 646 Aggregate

PDIb 0.73 ± 0.13 0.53 ± 0.06 0.287 ± 0.02 1.00 ± 0.00 –

CSP-LC-TPP Size (nm) 171.2 ± 13.8e 178.1 ± 9.5 157.6 ± 19.0 186.2 ± 9.4 243.9 ± 19.5

PDIb 0.318 ± 0.05 0.253 ± 0.01 0.22 ± 0.01 0.288 ± 0.03 0.414 ± 0.11

aEach value represents the average of triplicate measurements ± standard deviation.
bPreparation pH is 5.70, cPreparation pH is 6.10, dPreparation pH is 4.85, ePreparation pH is 5.42.

TABLE 3 | Unloaded-NPs zeta potentials at varying pH conditions.

Zeta potential (mV)a

NPs Preparation pH pH 1.2 pH 6.8 pH 7.4

Aqueous conditions FBS (10% v/v)

CS-LC +43.3 ± 7.9 +20.0 ± 2.9 +22.0 ± 2.3 +12.9 ± 4.4 Aggregate

CS-LC-TPP +32.5 ± 1.16 +21.4 ± 3.5 +4.9 ± 1.1 +4.3 ± 1.1 +3.0 ± 0.6

CSP-LC +38.2 ± 3.2 +18.4 ± 2.8 +12.8 ± 1.4 +2.3 ± 1.9 Aggregate

CSP-LC-TPP +30.1 ± 1.2 +19.3 ± 2.4 +3.1 ± 1.1 −7.5 ± 0.4 −3.0 ± 0.4

aEach value represents the average of triplicate measurements ± standard deviation. Supplementary Figure 1 shows examples of DLS graphs with run parameters.

in parallel with previous reports (Chu et al., 2019; Jardim et al.,
2020; Murthy et al., 2020).

Predictably, TPP-crosslinked NPs were smaller by at least
100 nm (sizes ≤ 270 nm) compared with their TPP-deprived
counterparts under comparable pH conditions (Table 2).
Moreover, TPP conferred significant stability to CS-LC-TPP
and CSP-LC-TPP NPs, particularly under physiological pH
conditions and in 10% FBS (in PBS). On the other hand,
although CS-LC and CSP-LC NPs were stable under acidic and
pH 6.8 conditions, they became micro-sized at physiological
pH and aggregated in 10% FBS. Needless to say, serum lipases,
nucleases, and high-density lipoproteins promote the disruption
of lipid-based NPs (Rao, 2010).

TPP stabilizes CS-LC and CSP-LC NPs probably by
electrostatic attraction with slack cationic chitosan shell
layers and thus compacts them, causing NPs size to collapse
and enhance NPs stability. This assumption correlates with the
observation that TPP-based NPs (CS-LC-TPP and CSP-LC-TPP)
exhibit reduced cationic surface charges compared with their
TPP-deprived counterparts (CS-LC and CSP-LC, Table 3),
indicating that TPP ions deposit at NP shells and neutralize
their positive surface charges as previously reported (Saeed
et al., 2020). Nevertheless, CSP-LC-TPP NPs score the least
surface positive charge (Table 3) and smallest size (average size
of 180 nm, Table 2) of all the NP formulas and under variable

pH conditions. In fact, under physiological pH conditions and
10% FBS, CSP-LC-TPP NPs exhibited negative charges, probably
because of the deprotonation of grafted phthalate residues of
CSP. The collective effects of negative charges from TPP and
grafted phthalate should cause stronger electrostatic crosslinking
of surface CSP NPs, leading to the observed small sizes and better
NP stability.

Table 4 shows how siRNA loading affected NP properties
and the encapsulation efficiency of different NP formulations.
Interestingly, all the NP formulas showed excellent encapsulation
capacities presumably because of the electrostatic attraction
between CS or CSP with siRNA polyanion during NP
formation. This finding is in agreement with previous
studies that have reported up to 100% encapsulation
efficiency of siRNA by chitosan-based NP formulations
(Ragelle et al., 2014; Alameh et al., 2018). Interestingly,
siRNA loading was accompanied by negligible changes in
the surrounding pH, which should preserve the electrostatic
characters of the attracting parties, i.e., siRNA polyanion
and polymers (CS or CSP), and, thus, enhance NP
encapsulation capacities.

One noticeable observation in Table 4 is NP shrinkage
upon loading siRNA, except in the case of CSP-LC-TPP NPs,
which increased in size by ca. 40 nm upon loading (Tables 2,
4). The shrinkage was particularly obvious with CS-LC and
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TABLE 4 | Sizes and positive charge of siRNA-loaded NPs and the encapsulation efficiencies.

NPs At preparation pH At pH 7.4

Size (nm)a,b PDIa,b Zeta potential (mV)a,b Sizeb PDIb Zeta potential (mV)b EEb,c

CS-LC 128.6 ± 6.13 0.59 ± 0.12 +43.0 ± 1.4 ND ND ND 99 ± 0.52%

CS-LC-TPP 192.7 ± 4.30d 0.39 ± 0.04 +19.0 ± 1.0 345.5 ± 6.05 0.202 ± 0.03 −5.93 ± 1.02 99 ± 0.23%

CSP-LC 93.99 ± 2.06 0.40 ± 0.01 +30.3 ± 0.5 ND ND ND 98 ± 0.14%

CSP-LC-TPP 211.6 ± 2.61e 0.22 ± 0.01 +29.1 ± 0.5 254.5 ± 4.56 0.35 ± 0.001 −8.27 ± 0.91 98 ± 0.68%

aDetermined at preparation pH.
bEach value represents the average of triplicate measurements ± standard deviation. ND: not determined because failed in transfection study.
cEncapsulation efficiency.
dPreparation pH is 6.23.
ePreparation pH is 5.52.

CSP-LC NPs, which were size-reduced by an average of ca.
260 nm. On the other hand, CS-LC-TPP NPs sizes suffered
only ca. 80 nm reduction upon loading of the siRNA cargo.
Shrinkage suggests that loaded siRNA polyanion deposits at CS-
LC and CSP-LC NP shells caused significant surface force onto
NPs shells (via electrostatic attraction with cationic CS), thus
promoting size reduction. This behavior has been previously
reported (Liu et al., 2007). However, NP size reduction is
less pronounced in CS-LC-TPP NPs, because TPP crosslinking
promotes a priori significant NP size reduction, therefore, any
additional NP shrinkage by loaded siRNA would become much
less drastic (ca. 80 nm compared with ca. 260 nm upon loading
CS-LC and CSP-LC NPs). On the other hand, the increase
observed in CSP-LC-TPP NP sizes is suggestive of core loading
(discussed below).

However, upon increasing the pH to 7.4, loaded CS-LC-
TPP and CSP-LC-TPP NPs showed a significant increase in size
(Table 4) albeit more pronounced in the case of CS-LC-TPP NPs
(ca. 150 nm). This suggests that basic pH tends to deprotonate CS
ammonium surface groups and weaken electrostatic attraction
anchoring TPP to the NP surface with concomitant easing of
tight surface packing and increase in NPs size. On the other hand,
this effect is less drastic in CSP-based NPs, because the grafted
phthalates provide a certain degree of surface crosslinking that
compensates for TPP loss caused by pH change (Saeed et al.,
2020).

Another interesting observation is related to the influence
of siRNA loading on NP surface charges. All the NP formulas
generally maintained significant positive surface charges upon
loading at preparation pH (Tables 3, 4). However, upon
increasing the pH to 7.4, both loaded and unloaded NPs suffered
a significant loss in their positive surface charges. This effect
was particularly evident in the case of CSP-LC-TPP NPs, which
exhibited the most negative surface charge upon switching to
pH 7.4. The reason for this trend is probably due to the
deprotonation of CS and CSP ammonium moieties concomitant
with basic conditions leaving TPP anions to dominate the NP
surface. This effect is more pronounced in CSP-LC-TPP NPs
because of negative charges accompanying the deprotonation of
phthalate moieties on CSP-LC-TPP NP surfaces.

Interestingly, CSP-LC-TPP NPs maintained nearly constant
surface charges upon siRNA loading, i.e., under comparable pH

conditions, as in Tables 3, 4. For example, at pH 7.4 unloaded
CSP-LC-TPP NPs exhibit a surface charge of −7.5 ± 0.4mV to
become−8.27± 0.91mV upon loading (a similar trend is seen at
preparation pH). On the other hand, siRNA loading significantly
affected the surface charge of CS-LC-TPP NPs (e.g., at pH 7.4
the surface charge shifted from +4.3 ± 1.1mV, as in Table 3, to
−5.93 ± 1.02mV, as in Table 4, a similar trend is also seen at
preparation pH).

These trends reflect the notion suggested from the effect of
siRNA loading on NP sizes: CS-LC-TPP NPs load their anionic
siRNA cargo within the vicinity of their outer shells, causing the
observed reduction in positive surface charge, while CSP-LC-TPP
NPs load their cargo probably within their LC cores, explaining
the lack of change in their surface charge upon loading. This
conduct is in agreement with transfection results: CSP-LC-TPP
NPs were superior to their CS-LC-TPPNP analogs (see Figure 3),
because the latter has their cargo exposed to nucleases in the
outer environment. We hypothesize that in CS-LC-TPP NPs, a
significant fraction of added TPP complexes with LC cationic
charge (choline fragments) to form NP cores (Pérez et al., 2012),
while CS engulfs the complex, leaving significant NP positive
surface charge available for complexation with siRNA cargo,
which in turn reduce NP cationic surface charges upon loading.
This proposition is in agreement with previous reports (Senel
et al., 2015; Tezgel et al., 2018). On the other hand, in the
case of CSP-LC-TPP NPs, LC forms a tighter complex with
CSP mediated by electrostatic attraction with grafted anionic
phthalate moieties, thus leaving TPP to reside significantly at
NPs shells and rendering NP surfaces repulsive to siRNA. This
leaves LC as the remaining viable interaction partner with anionic
siRNA, thus pushing siRNA into NPs LC-rich cores. Still, any
firm conclusions regarding core/shell loading warrant detailed
future assessment.

NPs Morphology
Transmission electron microscopy (TEM) was used to assess the
morphological properties of siRNA-loaded NPs, as in Figure 2.
Clearly, from the figure, NP sizes are within ranges identified by
the DLS analysis (Table 4).

Interestingly, loaded TPP-based NPs, i.e., CS-LC-TPP and
CSP-LC-TPP NPs, exhibit compact double-layer outer shell
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FIGURE 2 | TEM images of siRNA loaded (A) CS-LC NPs, (B) CS-LC-TPP

NPs, (C) CSP-LC NPs, and (D) CSP-LC-TPP NPs. More images are shown in

Supplementary Figures 2, 3.

structures (Figures 2B,D) that are absent in the case of TPP-
devoid NPs (CS-LC and CSP-LC NPs, Figures 2A,C), which
exhibit diffuse shells. Apparently, TPP induces highly ordered
double-layer shells composed of TPP-crosslinked CS (or CSP)
with LC playing a certain role in their formation. This is the
first time that such structure for CS-LC or any other CS-lipid
nano-complexes has been reported. Another very interesting
observation shown in Figure 2 is the ellipsoid shapes of CSP-LC-
TPP NPs compared with the perfectly round spherical shapes of
other NPs. This shape has not been reported, and we believe it is
related to certain unique interactions involving TPP, conjugated
phthalate, and LC. However, this observation warrants detailed
future investigation. Needless to say, NP shape and orientation
greatly influence cellular uptake (Dasgupta et al., 2014). It has
been suggested that ellipsoid-shaped NPs have better chances of
being taken up by cell membranes compared with their spherical
counterparts (Deng et al., 2019), which, at least partially, explains
the better cellular uptake and transfection efficiency of ellipsoid-
shaped CSP-LC-TPP NPs.

Transfection Studies
Sizes of loaded nanoparticles in physiologically relevant
conditions, i.e., <350 nm (Table 4) should allow them to
selectively penetrate cancer tissues and to be up-taken passively
by cancer cells (i.e., enhanced permeation and retention,
EPR) without the need for any targeting motif(s) (Jain
and Stylianopoulos, 2010; Maeda et al., 2013). In fact, EPR
has become a mainstay of anticancer nano-drug delivery
(Hashizume et al., 2000; Wilhelm et al., 2016). Accordingly, we
evaluated the gene delivery efficiencies of loaded NPs in vitro by
measuring the SLUG expression in MDA-MB-453 cancer cells
after incubation with siRNA-loaded NPs. However, to closely
simulate physiological conditions, we opted to carry out the
transfection studies in the presence and absence of serum and at

FIGURE 3 | SLUG Protein silencing in response to anti-SLUG siRNA-loaded

NPs and RNAiFectin. (A) Histogram showing SLUG protein expression in

response to different NPs formulas. The numbers above each bar represent

the average SLUG protein expression percentage (±SD) of triplicate trials. ns:

no significant difference, *significant difference at P < 0.05, **significant

difference at P < 0.01. (B) Image showing the gel electrophoresis membrane

for Western blotting. GAPDH (glyceraldehyde-3-phosphate dehydrogenase)

protein expression was used as loading control. Un-transfected cells were

used as controls. Supplementary Figures 4A,B show the complete Western

blot membranes.

physiological pH. Serum is considered a significant challenge for
siRNA transfection, because it includes nucleases that degrade
unprotected RNAi (Choi et al., 2018).

Evidently from Figure 3, CSP-LC-TPP and CS-LC-TPP
NPs scored the best silencing rates with corresponding SLUG
expression rates reduced to 56 and 74%, respectively, under
serum-deprived conditions. In the presence of serum, however,
the same NP formulas scored 77 and 84% expression rates,
respectively. Interestingly, under serum-free conditions, CSP-
LC-TPP NPs scored better than the well-known commercial
transfection carrier RNAifectin, which yielded a SLUG
expression rate of 69%. RNAifectin is not effective at all in
the presence of serum according to the manufacturer protocol.

As expected, the TPP-deprived NP formulas, i.e., CS-LC and
CSP-LC, were much less effective compared with their TPP-
crosslinked analogs. In fact, CS-LC NPs failed totally to reduce
the expression of SLUG protein. CSP-LC scored better with a
SLUG expression rate of 83% albeit in the absence of serum.

Clearly from Figure 3, the transfection efficiency of loaded-
CSP-LC-TPP NPs superseded that of loaded-CS-LC-TPP NPs
probably because of smaller size (ca. 254 nm at pH 7.4) and
ellipsoid shape (Figure 2, Supplementary Figure 3) compared
with loaded CS-LC-TPP NPs, which have a larger size
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(ca. 345 nm at pH 7.4) and spherical shape (Figure 2,
Supplementary Figure 2).

Larger NPs are less-than-optimal nanocarriers for siRNA
delivery, as they are less effectively up-taken by cells (Shao
et al., 2015). Moreover, since CSP is amphoteric (because of
its cationic chitosan amines and anionic phthalates), it should
better promote the endosomal escape of siRNA compared with
CS due to its anticipated superior buffering “proton sponge”
capacity (Richard et al., 2013). This assumption is supported
by reports indicating that amphoteric polymers have better
transfection efficiency compared with their cationic analogs
because of their enhanced pH buffering properties. It is
hypothesized that polymeric buffers consume endosomal protons
and, therefore, derive endosomal proton-chloride co-transporter
to keep shuttling protons and chloride ions into endosomes
leading to increased osmotic pressure, endosomal swelling, and
eventually endosomal rupture and escape of siRNA cargo into
the cellular cytoplasm (Oskuee et al., 2009; Richard et al., 2013;
Ni et al., 2017; Ryu et al., 2018).

It is noteworthy to mention that loaded CSP-LC-TPP
and CS-LC-TPP NPs exhibit comparable, slightly negative,
surface charges under physiological pH conditions, suggesting
that surface charges are not responsible for the observed
transfection variations.

Stability of siRNA-Loaded NPs
Stability in Serum
The fact that transfection data are based on in vitro experiments,
it is important to assess the stability of NPs and their loaded
siRNA under serum conditions for any future potential in vivo
applications. Systemic (or serum) nucleases significantly decrease
the plasma half-life of siRNA (Hannon and Rossi, 2004).
Thus, it is critical for any nanocarrier system intended to
deliver siRNA to provide long-term protection from nuclease
degradation and allow to accumulate in targeted cells after
systemic administration.

Gel electrophoresis was performed to assess the stability of
loaded siRNA within CS-LC-TPP and CSP-LC-TPP NPs in the
presence of 50% FBS at pH 6.8 and 7.4. These conditions
should simulate the extracellular matrices of tumor and normal
tissues (Wagner and Wiig, 2015), respectively. CS-LC-TPP and
CSP-LC-TPP NPs were selected because they succeeded in
transfection studies.

Figure 4A shows the results of the experiment. Clearly
from the figure, in contrast to the naked siRNA band, which
migrated significantly on the agarose gel, the electrophoresis
bands corresponding to loaded siRNA remained at the gel
baseline regardless of whether the corresponding NPs were
exposed to acidic (6.8 and preparation pH, Table 4), neutral
(pH 7.4), or FBS conditions. Still, baseline band intensities were
slightly lighter for FBS-exposed NPs compared with their FBS-
unexposed counterparts, suggesting only slight FBS-mediated
RNA degradation. This agrees with the lesser transfection
efficiencies observed for CS-LC-TPP and CSP-LC-TPP NPs in
the presence of FBS compared with FBS-lacking conditions, as
in Figure 3. This behavior highlights the capacity of the NPs
to protect loaded siRNA for at least 2 h (time of exposure to

different pH or FBS conditions), suggesting tight and protective
NP surfaces.

Stability to Heparin-siRNA Displacement
Polyanions were reported to disassemble DNA or siRNA
polyplexes in vitro (Bertschinger et al., 2006). Thus, heparin
sulfate, which is a polyanion normally attached to cell
surface proteoglycans, has the potential to displace loaded
RNA and disassemble corresponding loaded NPs, leading to
premature release of siRNA upon interactions with cell surfaces.
Accordingly, we decided to study the RNA protective capabilities
of CS-LC-TPP and CSP-LC-TPP NPs in the presence of heparin.

The study commenced by exposing siRNA-loaded CS-LC-TPP
and CSP-LC-TPP NPs to variable heparin concentrations (0–15
IU/30 µl) at two pH conditions (6.8 and 7.4) and 37◦C for over
3 h. Thereafter, the tested NPs were applied onto the gel and
analyzed by gel electrophoresis.

Figures 4B,C show the results. Clearly, the electrophoretic
bands of loaded RNA remained at the baseline despite the
exposure of the loading NPs to different heparin concentrations
and pH conditions. In contrast, naked siRNA exhibited
significant electrophoretic migration.

These results further support the notion about the surface
tightness and cohesiveness of the loaded CS-LC-TPP and CSP-
LC-TPP NPs. Moreover, these findings are in agreement with the
reported ability of chitosan-based NPs to protect siRNA from
being displaced by heparin (Rastegari et al., 2019).

NPs Cellular Uptake and Intracellular
Release of siRNA
Although the prepared nanoparticles successfully transfected the
targeted cells, transfection itself requires no more than 1–2% of
loaded siRNA to enter the RNAi machinery (Gilleron et al., 2013;
Sahay et al., 2013). Therefore, it can be argued that transfection
does not guarantee the integrity of the nanocarrier system within
the cellular cytoplasm. Accordingly, we were interested to probe
the intercellular integrity of the nanocarrier system.We opted for
the fluorescent siRNA (siRNA AF488) cargo as well as a second
extremely water-soluble drug cargo, i.e., DOX. It should be very
hard to contain DOX in less-than-optimal or partially degraded
intracellular nanoparticles. Additionally, DOX is fluorescent and
should, therefore, be easily monitored intracellularly (Saeed
et al., 2020). Thereafter, confocal fluorescence microscopy was
performed to study the uptake of NPs loaded with either cargo
(DOX or siRNA) by MDA-MB-453 cancer cells. We opted to
evaluate only CS-LC-TPP and CSP-LC-TPP NPs because they
retained satisfactory stability at physiological pH (Table 3) and
exhibited the best transfection efficiencies compared with the
other NP formulas (Figure 3). Free DOX, naked fluorescent
siRNA, RNAifectin loaded with fluorescent siRNA, and untreated
cells were used as controls.

Figures 5, 6 show the results of the confocal microscopy
studies. It should be mentioned that spot-like fluorescent
structures observed in cellular cytoplasms indicate intact
loaded nanoparticles, while diffuse fluorescence arises from the
endosomal release of cargo (Cardarelli et al., 2016).
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FIGURE 4 | Gel electrophoresis bands for siRNA within loaded NPs: (A) CS-LC-TPP and CSP-LC-TPP NPs in aqueous solution at preparation pH (lanes 1 and 2,

respectively), at pH 6.8 in 50% FBS solution (lanes 3 and 4, respectively) and at pH 7.4 in 50% FBS solution (lanes 5 and 6, respectively), (B,C) siRNA-loaded

CS-LC-TPP and CSP-LC-TPP NPs in different heparin concentrations at pH 6.8 and 7.4 PBS, respectively. Naked siRNA was used as positive control.

Figure 5 shows that contrary to untreated cells, drug-
loaded NPs and free DOX caused cellular nuclei to fluoresce,
indicating nuclear uptake of released free DOX. Figures 5, 6
clearly demonstrate significant internalization of DOX- and
siRNA-loaded CSP-LC-TPP NPs compared with their CS-
LC-TPP counterparts, which exhibited less evident uptake.
These results are rather anticipated and agree with the
transfection results shown in Figure 3. The fact that both
NP formulas have comparable stability under variable pH
conditions (Table 2) suggests that the better uptake of CSP-
LC-TPP NPs was probably due to their ellipsoid shapes
(Figure 2D) and smaller sizes (ca. 186 nm) at physiological pH
compared with the spherical shapes (Figure 2C) and larger
sizes (ca. 239.5 nm) of CS-LC-TPP NPs at same pH (Tables 2,

3). Additionally, Figure 6 also shows siRNA-loaded RNAifectin
to exhibit comparable cellular uptake compared with CSP-
LC-TPP counterparts. Unsurprisingly, naked siRNA failed to
penetrate cancer cells, as in Figure 6, probably because of
its hydrophilic nature and chemical instability (He et al.,
2019).

Figure 7 shows the cellular uptake and intracellular release
of siRNA from CS-LC-TPP and CSP-LC-TPP NPs as a function
of time. Three-time steps were sampled, namely, at 2, 4, and
6 h. Clearly from Figure 7, NPs from both formulations were
successfully uptaken after 2 h, as evidenced by the intense
intracellular fluorescent dots. After 4 h, however, the intracellular
fluorescent dots remained intact albeit of lesser intensity,
suggesting the partial release of the siRNA cargo. Interestingly,
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FIGURE 5 | Confocal fluorescence microscopy images showing MDA-MB-453 cancer cells treated with DOX-loaded CS-LC-TPP NPs, CSP-LC-TPP NPs, free DOX,

and control (untreated) cells. All treatments are equivalent to 1µM doxorubicin over 4-h periods. White arrows point nanoparticles uptaken into cellular cytoplasm.

Scale = 10µm.

after 6 h, the image corresponding to CSP-LC-TPP NPs shows
significant intracellular diffusion of fluorescence contrary to CS-
LC-TPP NPs which exhibit more robust intracellular florescent
agglomerates. This indicates that CSP-LC-TPP NPs successfully
released their siRNA content after 6 h, while their CS-LC-TPP
NP counterparts were less successful in doing so. Such findings
are in agreement with the formal explanation about the superior
transfection capacity of CSP-LC-TPP NPs (section Transfection
Studies): the superior ability of amphoteric CSP to act as a
buffering “proton sponge” (i.e., compared with the largely basic
CS) causes eventual endosomal rupture and escape of the siRNA
cargo into the cellular cytoplasm.

Cytotoxicity Study
It is important to investigate if NPs would cause any
cytotoxicity as they deliver their cargo intracellularly. Hence,
MDA-MB-453 cells were exposed to the different unloaded
NP formulas as well as a commercial liposomal transfection
reagent (RNAifectin), and then the cell viability was assessed
(Figure 8). Clearly, CSP-LC, CS-LC-TPP, and CSP-LC-TPP
NPs had negligible cell cytotoxicities with cell viabilities
of 96 97, and 98%, respectively, but CS-LC NPs were
more cytotoxic with cell viability of 82%. On the other
hand, the commercial carrier, RNAifectin, was found to
be significantly cytotoxic with cell viability of only 39%.
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FIGURE 6 | Confocal fluorescence microscopy images showing MDA-MB-453 cancer cells treated with fluorescent siRNA AF488-loaded CS-LC-TPP NPs and

CSP-LC-TPP NPs. RNAifectin loaded with fluorescent siRNA AF488 and naked siRNA AF488 were studied as controls. All treatments are equivalent to 50 nM siRNA

over 4-h periods. White arrows point nanoparticles up taken into cellular cytoplasm. Scale = 10µm.

Apparently, the cytotoxicity of CS-LC NPs is related to
their stronger cationic surface charge compared with the
other NP formulas that exhibit slightly positive or even
negative surface charges (i.e., CSP-LC-TPP NPs, Table 3).
Strongly cationic NPs are reported to be significantly cytotoxic
compared with anionic or slightly cationic NPs, since they

tend to complex and disrupt the cellular anionic phospholipid
bilayer membrane (Shao et al., 2015). Importantly, the most
efficient transfection carrier CSP-LC-TPP NPs are virtually non-
cytotoxic and, therefore, very appropriate for siRNA delivery.
Supplementary Figure 5 shows light microscopy images of
cellular cytotoxicity.
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FIGURE 7 | Wide field fluorescence microscopy images showing MDA-MB-453 cancer cells treated with fluorescent siRNA (AF488)-loaded CS-LC-TPP NPs and

CSP-LC-TPP NPs (green) merged with DAPI fluorescence for cells nucleus (blue). All treatments are equivalent to 50 nM siRNA over 2-, 4-, and 6-h periods.

FIGURE 8 | Histogram showing the percentage of MDA-MB-453 cancer cell

viability upon exposure to NPs and RNAifectin. ns: no significant difference,

**significant difference at P < 0.005, ****significant difference at P < 0.0001.

Untreated cells used as control.

CONCLUSION

A new synthetic siRNA delivery vector has been introduced
herein based on CSP-LC-TPP NPs. The new NPs showed
excellent stability under physiologically relevant conditions (pH
7.4 and 10% FBS), with a size range of ca. 185 nm and a
surface charge of−7.5mV at physiological pH. The TEM analysis
indicates that the new NPs have peculiar ellipsoid morphology.
Cellular uptake and transfection studies highlight the superiority
of the new NP formula over other related NP compositions.
They are even superior to the commercial transfection agent—
RNAifectin—in silencing SLUG protein synthesis in cancer cells.
Additionally, CSP-LC-TPP NPs were found to be virtually non-
cytotoxic. However, despite success in delivering siRNA into
cancer cells, CSP-TPP-LC NPs need to be fully investigated
in vivo to be successfully implemented within clinical settings.
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