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Abstract

Cytotoxicity, speedy degradation, and limited cellular absorption are the foremost features influencing the successful delivery
of RNAs. Chitosan (Cs) is a polymer that offers an advantage due to its bio-compatibility and biodegradable nature, making it
an ideal polycationic vector for delivering siRNA. In this study, chitosan has been modified with arginine in order to increase
its encapsulation of siRNA and improve cellular absorption. It was discovered that arginine and guanidino moieties could
transport through membranes of cells and play an important part in membrane permeability. FTIR and '>*C NMR were used
to characterize the complex. These chitosan-arginine (CsAr) siRNA complexes are further encapsulated in anionic DPPC/
cholesterol liposomes to combine the effects of liposome-chitosan-arginine complexes called lipopolyplexes (LCAr). Formed
LCAr were investigated for their lipid/CsAr-siRNA ratios, size, zeta-potential, heparin, and serum RNase stability by agarose
gel retardation, and cell uptake efficiency compared to their “parent” polyplexes. Results revealed complete lipidation of
CsAr-siRNA polyplexes at lipid mass ratio 10 resulting in lipopolyplexes in the 120 to 230nm range. Polyplex entrapped
~70% of siRNA, whereas lipidation increases siRNA encapsulation to ~95%. Developed LCAr showed ~4 times less hemo-
lytic potential as compared to the parent polyplexes at the highest siRNA dose. The CsAr-siRNA and its lipid-coated form
showed enhanced cellular association as compared to the marketed Lipofectamine 2000 proving its effectiveness in siRNA
delivery. CsAr-liposome conjugation is simple and safe, and serves as a robust carrier for gene transport in physiological
situations without compromising transfection efficacy.
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Introduction

Gene therapy involves the introduction of a corrected gene
or the inhibition of the gene accountable for the excessive
expression of a specific disease-causing protein [1]. The
transport of small-interfering RNA (siRNA) into cells is
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one way of gene silencing. Site-specific selectivity and
adaptability lead to siRNA, a potential candidate for gene
therapy agents in a range of disorders [2]. siRNA molecules
are inherently unstable, particularly at very low concentra-
tions following administration, and one of the main chal-
lenges is protecting them from degradation by RNases in
the in-vivo environment [3]. Furthermore, considering their
substantial molecular weight and phosphodiester backbone,
siRNA molecules cannot effectively travel through cell
membranes [4-6]. Cs, a positively charged polysaccharide,
is an extensively employed polymer in non-viral gene ther-
apy and formulations for ophthalmic drug delivery [7-11].
Nonetheless, when native Cs were being used, complex
durability and transfection effectiveness were often low at
physiological pH [12, 13]. Cs-built nucleic acid delivery sys-
tems are most effective within a pH varying between 6.8 and
7.0. However, this pH range is not suitable for in vivo drug
delivery applications [14]. Several chemical changes have
been reported to enhance Cs’ transgenic potency [15, 16].
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Various ligands have been linked with Cs for enhancing its
complexation with siRNA like branched polyethylenimine,
poly-L-arginine, polyguluronate, cyclodextrin, and histidine
[17, 18]. Arginine residues have been identified in numerous
cell-penetrating peptides (CPPs), playing a critical role in
mediating the interaction between CPPs and various recep-
tors [19].

In this study, we have prepared the conjugate of Cs and
arginine (Ar) to enrich the complexation capability of Cs
alongside anionic siRNA, thereby improving cellular inter-
action and gene silencing proficiency of CsAr-siRNA com-
plexes. However, high cationic charges may lead to toxic-
ity; hence, the lipidation of these CsAr-siRNA complexes
by phospholipids has been explored. Phospholipids play
an essential role in forming cell membranes, demonstrat-
ing favorable biocompatible nature, and have obtained
clinical validation for drug delivery applications [20, 21].
When compared to the unmodified complex, phospholipid-
containing lipopolyplexes had much lower surface charges,
higher transfection efficiency, lower cytotoxicity, and higher
colloidal stability [22, 23]. In vivo research revealed blood
longevity without any side effects [24, 25]. With a proper
amalgamation of the properties of liposomes and Cs, it is
possible to create liposomal formulations that exhibit spe-
cific, sustained, and meticulous release characteristics. Quite
a few studies have been reported on using chitosan and lipo-
some together to improve drug release stability [8, 26-28].
Thus, the physicochemical properties of CsAr-siRNA com-
plexes and their lipid-coated form LCAr were compared for
their physiochemical properties, transfection efficiency, and
toxicity (in-vitro as well as ex-vivo).

Materials and Methods
Materials

MISSION® siRNA Fluorescent Universal Negative Con-
trol #1, 6-FAM (FAM-siRNA), MISSION® siRNA Uni-
versal Negative Control #1 (Sc-siRNA), chitosan (medium
molecular weight), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC), and N-hydroxysuccinimide (NHS) were
bought from Merck, India. The 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and cholesterol were acquired as
generous gifts from Lipoid Ltd., Ludwigshafen, Germany.
The Narayana Nethralaya Foundation in Bangalore, India,
kindly donated the ARPE19 retinal cells for our research
purposes. Cell media and other reagents like DMEM F12
(Dulbecco’s Modification of Eagle’s Medium), antibiotic
solution (penicillin G, streptomycin, and amphotericin B
solution), 3-(4,5-dimethylthiazol-2-1y)-2,5-diphenyl-tetrazo-
lium bromide (MTT), Dulbecco’s phosphate-buffered saline
(DPBS), L-glutamine, and fetal bovine serum (FBS) were
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bought from Himedia (Mumbeai, India). Heparin injection IP
(FLAGORIN-5000™) was used as a source of heparin. The
rest of the remaining chemicals employed in the research are
of laboratory grade.

Cs-Arginine (Ar) Synthesis

Purified Cs and arginine conjugation were carried out by
employing EDC and NHS in the role of linking reagents
[29, 30]. In short, purified Cs (1 g) plus arginine (0.3g) were
solubilized in TEMED/HCI buffer solution (50 ml) (pH 4.7).
In this experiment, a solution containing 0.14 g of NHS and
0.6 g of EDC was added to the mixture. The suspension
was then subjected to magnetic stirring for a duration of
24 h at room temperature. This allowed for the conjugation
reaction between chitosan and arginine to take place, form-
ing stable amide bonds (Fig. 1). The resulting solution was
dialyzed against distilled water with the help of a 2000Da
MWCO dialysis membrane for 5 days. After dialysis, the
purified material was lyophilized to obtain a dry, solid prod-
uct. The final product was characterized by nuclear magnetic
resonance spectroscopy (NMR) and FTIR for their chemical
properties.

Characterization of Cs Conjugated with Arginine
Total Reflectance-Fourier Transform Infrared Spectroscopy

The chemical conjugation between arginine and Cs was
analyzed using total reflectance-fourier transform infrared
spectroscopy (ATR-FTIR). The Cs and arginine, as well as
CsAr (conjugated product) specimens, were scanned in the
spectral range of 800-4000 cm™! at a resolution of 4 cm™'.
ATR-FTIR spectroscopy allows for the identification and
characterization of chemical bonds and functional groups
present in the samples, providing valuable information about
the conjugation reaction and structural changes that may
have occurred.

Nuclear Magnetic Resonance Spectroscopy

For NMR spectroscopy, freeze-dried CsAr was suspended
within D,O/H,O (1ml) (1:1 v/v) solution. NMR spectros-
copy was performed for 3C NMR on a 600 MHz, NMR
spectrometer, Japan. Similarly, the NMR spectra for arginine
and purified Cs were recorded.

Preparation of CsAr-siRNA Complexes (polyplex)
and Their Lipidation (LPP)

To avoid RNase contamination, polymer solutions, as
well as liposomes, were prepared in diethyl pyrocarbonate
(DEPC)-treated water/buffer and purified via membrane
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Fig. 1 Reaction diagram of Cs
and arginine
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filters (0.22 pm, Merck, India). During each investiga-
tion, RNase-free products along with environments were
utilized. To prepare CsAr-siRNA complexes, the freeze-
dried CsAr was dispersed in a sodium acetate buffer (0.1
M, pH 5.5). Increasing amounts of CsAr were added to
a fixed quantity of siRNA (20 pmol). The complexation
between CsAr and siRNA was analyzed by gel electro-
phoresis and EtBr intercalation method, associating the
results with those obtained with naked siRNA.
Thin-film hydration was implemented to create DPPC/
Cholesterol liposomes (10:26 mol/mol). In this process,
DPPC and cholesterol were dissolved in chloroform
and subsequently evaporated below 600 mmHg vacuum
and 40°C temperature at 100 rpm speed. A rotating
flask evaporator was used to create the transparent lipid
film. The generated lipid film was then hydrated for an
hour in 1 ml of DEPC sterile water at 55°C. Following
hydration, the mixture underwent sonication with a bath
sonicator over 15 min. Unilamellar liposomes were gen-
erated by extruding the suspension through a polycar-
bonate membrane (200 nm) for eleven counts employing
a Mini-Extruder (Avanti Polar Lipids), at a controlled
temperature of 45°C. The lipidation of the CsAr-siRNA
polyplex was obtained by incubating DPPC liposomes
with CsAr-siRNA polyplex in the different mass ratios
(i.e., 1-12) at 37°C for half an hour. Formed LPP was

then investigated for its heparin compatibility, serum, and
RNase assay [25].

Characterization of CsAr-siRNA Complexes
(polyplex) and Their Lipidation (LPP)

Ethidium Bromide (EtBr) Intercalation Assays

Complexation of CsAr-siRNA and Lipidation in a Different
Mass Ratio When EtBr intercalates with siRNA, it exhibits
fluorescence. Therefore, a boost in fluorescence specifies an
existence of uncomplexed, loose, or freed siRNA. A creation
of complexes including siRNA and CsAr or lipid complexes
of CsAr may lower fluorescence due to decreased interca-
lating properties. The reduced fluorescence was utilized
to quantify siRNA condensation in polyplexes or lipopol-
yplexes. In the positive control well, 50 pl of siRNA (20
pmol) was added. The remaining wells, also containing 20
pmol of siRNA, were supplemented with varying concen-
trations of CsAr (ranging from 5 to 150 pg/ml). Ethidium
bromide (40 pl, 0.25 pg/ml) was applied right away into the
wells. Negative controls consisted of wells devoid of RNA
as well as polyplex. The fluorescence intensity was measured
after mixing 45 min of incubation at 37°C by using a micro-
plate reader. A fluorescence was quantified on excitation and
emission wavelengths set at 510 and 590 nm, respectively.
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The background fluorescence of siRNA/ethidium bromide
solution without polymers was set to 100, whereas that of
ethidium bromide without siRNA was set to 0 [31, 32]. The
relative fluorescence was determined by subtracting the fluo-
rescence of EtBr from the fluorescence of the complexed
siRNA and EtBr. This value was divided by the difference
between the fluorescence of uncomplexed siRNA and EtBr
and the fluorescence of EtBr alone. The resulting quotient
was multiplied by 100 to obtain the relative fluorescence as
a percentage.

Competitive ligand assay The optimized complexes (CsAr
and LCAr) were evaluated for their siRNA holding capacity
in the presence of strong polyanionic compounds like hepa-
rin. Optimized CsAr-siRNA (20pmol) and its lipid-coated
complex (lipidated CsAr-siRNA (20pmol) were exposed
to the different concentrations of heparin from 0.25 to 2
IU, for half an hour. Following a half-hour incubation, the
samples were transferred to a 96-well plate (Nunc, USA).
The quantification of siRNA release, measured as % relative
fluorescence, was performed via EtBr intercalation assay at
various concentrations of heparin.

Agarose Gel Electrophoresis

Confirmation of siRNA and CsAr complexation, as well as
the formation of LPPs, was achieved through a gel electro-
phoresis assay. Concisely, a mixture of 20 ul of the com-
plexes comprising siRNA (20pmol) plus 2 ul loading buffer
(6x) (Thermofisher Scientific) was loaded in the wells
upon 2.7%w/v agarose gel comprising 0.5ug/ml EtBr. The
gel electrophoresis was conducted at 70V for 45 min in 1X
TAE Buffer (Tris-acetate ethylenediamine tetraacetic acid
buffer (50X), Thermofisher Scientific) (pH 8.4). The band
integrity of complexes was then examined in gels using the
Alpha imager (Cell Biosciences, CA).

RNase Assay To assess RNase stability, complexes contain-
ing siRNA (20pmol) received treatment by RNase A (10
U/ml) on a ratio of 1 U/pg of siRNA. Incubation was con-
ducted for half an hour on 37°C. To stop the reaction, 0.5 pL.
of RNase OUT (100 mM) (ThermoFisher Scientific, USA)
was added. The complexes were then dissociated by employ-
ing triton X 100 plus 50 IU of heparin. Subsequently, the
mixture was incubated for 15 min at ambient temperature.
Gel electrophoresis was used for examining the samples
under the conditions described above.

Serum Stability Assay Similarly, complexes comprising
1.3pg of siRNA was incubated alongside 10% FBS (final
volume of the reaction mixture was 100ul) followed by their
incubation at 37°C for 4 h. Following exposure, 50 ul Tri-
zol was mixed into each specimen, and the samples then
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centrifuged at 12,000Xxg over 15 min at a temperature of
4. The foremost aquatic layer (20 ul) was isolated from all
samples and mixed with 3ul of a loading buffer. All samples
were analyzed by gel electrophoresis for the siRNA band
integrity as described above. The samples with (+ve) and
without (—ve) RNase/serum treatment were compared to
assess the RNA integrity [33, 34].

Measurement of Complex Sizes and Zeta Potentials

The formation of nanoscale complexes was monitored using
dynamic light scattering (DLS). The size and zeta potentials
(ZP) of CsAr/siRNA complexes and LCAr were determined
utilizing the Zetasizer Nano ZS-90 (Malvern, UK) at ambi-
ent temperature (25°C). All complexes were reconstituted
100-fold by 1% DEPC-treated filtered H,O prior to testing,
and analyses were done in triple.

Transmission Electron Microscopy

To confirm the size of CsAr and LCAr, transmission electron
microscopy (TEM) was performed. Briefly, the suspensions
of CsAr and LCAr were placed on the Formvar/carbon grid
followed by the draining of surplus fluid, and the grid was
air-dried before being stained negatively with 2% of the
phosphotungstic acid hydrate at neutral pH. Imaging was
performed by employing the TEM (TECNAI 12 BT/FEI)
outfitted with a great-resolution slow-scan CCD camera
(GATAN Inc., USA), operating at 300 kV.

In-Vitro Cellular Toxicity Assays
Hemolysis Study

To evaluate the hemocompatibility of the optimized formu-
lations, hemolysis assay was performed. Blood samples were
obtained from Sprague-Dawley rats through a retro-orbital
puncture using heparin tubes. These tubes were then gen-
tly overturned five to six times. Rat red blood cells (RBCs)
underwent a PBS (0.144 g/l KH,PO,, 9.0g/1 NaCl, 0.726g/1
Na,HPO, pH7.4) wash 3—4 times and suspended in HEPES-
buffered glucose (HBG). A suitable dilution was performed
on the cell solutions to reach a level of 10% cells/ml and
mixed with different amounts of siRNA carriers at final
siRNA concentrations of 0, 10, 20, 40, 70, and 100 pmol.
Negative and positive controls were prepared using RBCs
in pure HBG and 1% Triton X-100 in HBG, respectively.
Following a 4-h incubation at 37°C, the samples were spun
up at 3000 rpm for 10 min at 4°C. A UV-visible spectropho-
tometer was used to measure heme release in the supernatant
at 540 nm [35]. The percentage of hemolysis was determined
using the following equation:
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% hemolysis = (A.sample /A.PC) x 100

The absorbance measurements at 540 nm of the sample
and positive control are represented by A. sample and A.
PC, accordingly.

Cell Viability Assay

Human ARPE-19 cells were cultured and kept in an incu-
bator at 37°C with 5% CO, in a humidified atmosphere.
These cells were cultured in a 1:1 mixture of DMEM/
F12 medium with 10% FBS and antibiotics. The MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide, Merck) assay was employed to assess the cyto-
toxicity of CsAr and LCAr in the ARPE-19 cell line in-
vitro. Cells were added at 7000 cells/well in a 96-well
plate and incubated for 24 h at 37°C with 5% CO,.
Formed complexes at different siRNA concentrations,
i.e., 1-10pmol of siRNA, were incubated with cells over
4 and 24 h. Following the removal of the culture medium,
200pl of 0.2 mg/ml MTT solution was introduced to every
well of the plate. The plate had been incubated again for 4
h. MTT solution was withdrawn following exposure, and
100ul of DMSO was incorporated for dissolving the form-
azon particles. Utilizing an ELISA plate reader (Bio-Rad,
USA), an absorbance of the dissolved solution has been
determined between 570 and 650 nm (Bio-Rad, USA). The
cells treated with PBS were used as a negative control. All
formulation’s cell viability was normalized to the value
derived from the negative control. The following formula
was used to compute the percentage of cell viability.

%cell viability = 100 x

cytometric analysis using a fluorescence-activated cell
sorter (FACS-BD-Aria III, BD, USA) [36, 37]. The fluo-
rescence activity was measured to assess cell integrity. The
obtained values were compared to those observed with
naked Fam-siRNA and FAM-siRNA complexed with Lipo-
fectamine 2000.

Confocal Laser Scanning Microscopy

Cellular internalization of CsAr and LCAr in ARPE 19 cells
was studied by confocal microscopy. A total of 10,000 cells
were seeded per well in six-well plates containing glass
coverslips (0.17 mm?) at the bottom. After 24 h, the cells
were transfected with CsAr and LCAr complexes carrying
scrambled FAM-siRNA at a dose of 100 nM siRNA. Fol-
lowing a 4-h incubation, the cells were promptly washed
with cold DPBS and then fixed with an ice-cold solution of
4% paraformaldehyde for 10 min. Subsequently, they were
washed three times with PBS. For nuclear staining, DAPI
(4',6-diamidino-2-phenylindole) at a concentration of 1 pg/
mL was applied for 10 min. After another round of wash-
ing, the coverslips were mounted on slides for visualization
using a confocal laser scanning microscope (CLSM 710,
Carl-Zeiss Inc., USA). The negative and positive controls
were naked FAM-siRNA and Lipofectamine2000 complexed
FAM-siRNA, respectively.

Statistical Analysis
Unless specified otherwise, the values are presented as the

mean + standard deviation (SD) and are calculated based
on a least 3 observations. The statistical analysis for flow

Abs. treated cells (570nm) — Abs. treated cells (650nm)

Abs. of untreated cells (570nm) — Abs. of untreated cells (650nm)

Cellular Internalization Study In-Vitro
Flow Cytometry

Flow cytometry was performed to quantify the siRNA
uptake after CsAr and LCAr transfection. ARPE 19 cells
were seeded in a six-well plate at a density of 5 x10° cells/
well and permitted to grow for 24 h until reaching 75%
confluence. The cells were then explored with complexes
containing FAM-siRNA (100nM), in 1 mL of serum-
free culture medium. The cells were incubated with the
complexes for a duration of 4 h. Following the incuba-
tion period, the cells were subjected to three washes with
DPBS, detached using 0.05% trypsin and 0.02% EDTA,
and then washed again with DPBS solution. The cells
were subsequently resuspended in 0.3 mL of PBS for flow

cytometry involved the use of the one-way ANOVA test,
considering a threshold of P<0.05 for establishing statisti-
cal significance.

Results and Discussion
Characterization of Cs Conjugated with Arginine

Chitosan stands out as a promising non-viral vector mate-
rial for delivering nucleic acids; yet, there are hardly any
chitosan-constructed nucleic acid delivery systems that
have been employed commercially. This might be due
to the numerous shortcomings associated with chitosan
like its poor water solubility, meager targeting competen-
cies, and depletion of the charge at biological pH. In the
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present investigation, we have anticipated simple conjuga-
tion of the Cs with arginine followed by their lipidation
to promote the binding efficiency of Cs and stability of
the siRNA in the presence of serum proteins. Using EDC/
NHS as coupling agents, amidation of the main amine
groups found in Cs glucosamine (GlcN) units, L-arginine
grafted chitosan (Cs-Arg/CsAr) was produced. The cova-
lent conjugation of Cs and arginine was established by
FTIR-ATR and NMR. FTIR identified the effective graft-
ing of Ar onto Cs via EDC/NHS coupling chemistry. For
Cs, the absorption band for distinguishing NH, scissoring
was obtained at 1639 cm™!, C-O stretching vibrations
of the pyranose ring at 1031-1072 cm™!, and carbonyl
asymmetric stretching vibration at 1564 cm™!. The argi-
nine used for conjugation showed an absorption band at
1657 cm™! for the guanido group present in it and the
COO~ symmetric bending absorption band at 1439 cm™!
has been observed. In addition to this, C-C-N asymmet-
ric bending and COO™ scissoring modes were observed
at 1136 cm™! and 768 cm™! respectively. A characteristic
peak of arginine 1639 cm™! and 1443 cm™! in addition
to ether bond stretching vibrations of the pyranose ring
of Cs in conjugate CsAr has been observed as shown in
Fig. 2. Followed by FTIR, '*C NMR spectroscopy has
been performed to confirm the conjugation of Cs and
arginine. It has been observed that many characteristic
peaks of Cs and arginine have overlapped in the CsAr
as shown in Fig. 3. Amide group peak at 1532 cm™! was
observed in the CsAr which is due to the establishment
of a covalent linkage between the carboxylate of argi-
nine and the amino groups of Cs ensuring the successful

conjugation of Cs and arginine as shown in Fig. 2 (Liu et
al., 2004) (Park et al., 2013).

Formation of CsAr-siRNA Polyplex and their
Lipidation (LCAr)

The key significance of arginine is related to the guanidino
moiety, which is cationic in nature and has a unique biden-
tate structure, which may point to the reaction between the
vector and the incorporated gene [38, 39]. Arginine’s guani-
dino group can establish hydrogen bonds with the phosphate
backbones of DNA/RNA [40, 41].

The efficiency of CsAr to form complexes with siRNA
was analyzed by EtBr dye displacement assay. EtBr can
intercalate among base pairs in siRNA because it is dou-
ble-stranded, and enough fluorescence was observed to
investigate polymer-siRNA interactions. The CsAr—siRNA
complexation prevents EtBr from binding to siRNA, result-
ing in a decrease in fluorescence intensity. CsAr was added
in increasing concentration (Spg/ml to 150 pg/ml) to 20
pmol of siRNA. The % relative fluorescence intensity is
designed as a function of polymer addition in Fig. 4a. The
CsAr showed a maximal quenching (approx. 70% siRNA
complexation) at 20pg/ml concentration. Further, the fluo-
rescence plateau was reached after 40ug/ml concentration.
Hence, CsAr at a concentration of 20ug/ml was further used
for the preparation of lipopolyplexes. Additionally, the aga-
rose gel retardation experiment was also used to validate the
production of CsAr-siRNA complexes at a concentration of
20ug/ml, which shows maximum complexation of siRNA
according to the EtBr exclusion assay. Gel electrophoresis
assay was used for authorization of complex integrity among
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(CsAr) were analyzed to evaluate the conjugation of chitosan with arginine

CsAr and siRNA. Freeze-dried CsAr in concentrations rang-
ing from 20 to 120ug/ml was utilized for the synthesis of
CsAr-siRNA complexes. It has been observed that the addi-
tion of CsAr leads to the complete complexation of siRNA
as there is no siRNA release (Fig. 6a). This can be equated
to the electrophoretic mobility of free siRNA, which was uti-
lized as a positive control in the study. Arginine’s guanidino
moiety might establish hydrogen bonds with the phosphate
backbones of RNA thereby increasing their complexation
efficiency with Cs [42]. In order to use a minimal quantity of
CsAr, 20ug/ml of CsAr was further used for the lipidation.
To evaluate the effect of lipidation, the ternary complexes
were formed mainly by means of electrostatic interaction
using DPPC/cholesterol liposomes. As the lipid mass ratio
was increased, there was a further decrease in the EtBr fluo-
rescence as shown in Fig. 5b. It has been observed that after
lipid mass ratio 10, there is no further decrease in the EtBr

fluorescence. At lipid mass ratio 10, the % relative fluores-
cence was found to be 3.7% ensuring substantial encapsula-
tion of siRNA (precisely around 97.3%). Hence, lipid mass
ratio 10 was further used for evaluation of their safety and
stability in the existence of serum, RNase, and heparin.

Size and Surface Charge of CsAr-siRNA Polyplex
and Their Lipidated Form (LCAr)

When it comes to particle size of this lipid-coated CsAr-
siRNA complex, it has been observed that the CsAr-siRNA
polyplex showed an average particle diameter of 108.70+
6.81nm with PDI 0.19+ 0.03 which was amplified with a
rise in the lipid mass ratio. Lipidation of the CsAr-siRNA
polyplex leads to an increase in the particle size of the orig-
inal CsAr-siRNA polyplex as shown in Fig. 5a. The rise
was most likely due to chitosan-liposome bridging [43].
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The mean diameter of lipopolyplexes of CsAr-siRNA com-
plexes ranges 120-230nm, centered around the mass ratio
of liposomes: CsAr-siRNA polyplex.

Zeta potential ({ potential) is a degree of particle surface
electrical charge that is frequently explored to character-
ize colloidal drug delivery systems. Changes in ZP values
provided more evidence of complex formation via electro-
static interactions. The potential of the negatively charged
liposomes to conceal the net positive charge of the CsAr-
siRNA polyplex resulted in a shift towards less positive val-
ues. The influence of lipid coating on the surface charge of
the CsAr-siRNA polyplex is shown in Fig. 5a. It was found
that with an increase in the lipid mass ratio, the ZP of CsAr-
siRNA polyplex drops from 14.73+0.40 to 11.14+0.04mV
at lipid mass ratio 12. The zeta potential at lipid mass ratios
10 and 12 did not show any significant difference. There
was no further decrease in the ZP observed after lipid mass
ratio 10 (11.2140.24mV). The zeta potential was shown to
drop with growing lipid carrier abundance and to stabilize
after accomplishment of the complexation point, implying
charge neutralization at the complexation point followed
by an excess of carriers resulting in positive zeta potential.
These findings support the anionic nanocarriers’ ability to
neutralize the cationic charge of CsAr-siRNA and form ter-
nary complexes via electrostatic contact. The particle size,

a
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Fig.5 a Effect of lipidation on particle size and zeta potential, b effect of lipidation on CsAr polyplex siRNA complexation efficiency. Results

are presented as mean+SD from a minimum of 3 independent experiments

Tablel The Particle Size and
ZP of CsAr-siRNA Polyplex
and its Lipidated form (LCAr)

Formulation Particle size PDI Zeta potential (mV)
(nm)

CsAr-siRNA polyplex (20pug/ml) 108.70+ 6.81 0.19+ 0.03 +14.73+0.40

DPPC/cholesterol liposomes (10:26 mol/mol) 161.7+ 6.65 0.25+ 0.06 -6.21+0.18

LCAr (ternary complex of DPPC/cholesterol 190.95 + 11.53 0.165 + 0.04 +11.21 £ 0.24

liposomes and CsAr-siRNA) at mass ratio 10

The numbers displayed are the mean of three observations and the standard deviations (SD)

@ Springer
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PDI, and ZP of the final optimized products were mentioned
in the Table I.

Agarose Gel Electrophoresis
The Integrity of siRNA in the Presence of RNase

The capability of CsAr and LCAr to protect siRNA against
nuclease enzyme was investigated by gel electrophoresis
assay. RNase A destroyed free siRNA in 30 min, whereas
siRNA complexed with CsAr and LCAr was seen completely
protected from RNase after 30 min. As shown in Fig. 6b,
siRNA band intensity of +ve (i.e., RNase treated) and —ve
(i.e., RNase non-treated) showed the same band intensity
proving no degradation of siRNA molecule in the presence
of RNase enzymes.

The siRNA Integrity in the Presence of Serum

Due to the rapid siRNA disintegration in blood by serum
proteins, the designed siRNA carrier system must stand the
necessary characteristics for preventing encapsulated siRNA
from such degradation. Gel electrophoresis assay has shown
that siRNA without a complexing agent was destroyed fol-
lowing 4 h of incubation. The free siRNA in CsAr-siRNA
also gets degraded to some extent after 4 h of incubation
which leads to the low siRNA band intensity of +ve (i.e.,
serum treated sample) as compared to the —ve (non-serum
treated sample) as shown in Fig. 6b. Lipidation of CsAr

leads to the complete complexation of siRNA as shown in
Fig. 4b which protects the degradation of siRNA from serum
proteins.

siRNA Release in the Presence of Competitive
Ligand (Heparin)

Heparin, as a polyanion typically assigned to cell sur-
face proteoglycans, strives with cationic complexes and
shifts condensed DNA/siRNA, which results in prema-
ture siRNA release following contact with cell surfaces
[44, 45]. As therefore, we chose to investigate the RNA-
protective properties of CsAr polyplex and LCAr in the
presence of heparin. The EtBr intercalation experiment
verified siRNA release in the presence of heparin. In
Fig. 4b, at 21U of heparin, it was revealed that more than
70% of the siRNA was released from the CsAr-siRNA
polyplex, whereas the lipid-coated CsAr-siRNA polyplex
LCAr leads to a release of around 50% of siRNA at 2 TU of
heparin. This shows better stability. The liposome coating
successfully prevents the siRNA release in the presence
of polyanions [46].

Morphology of CsAr-siRNA and Its Lipidated Form
TEM imaging of the CsAr-siRNA complexes and lipopoly-

plexes (LCAr) revealed more information about their struc-
ture (Fig. 7). The lipid coat around the CsAr-siRNA complex

Fig.6 Gel retardation assay. a

e . . CsAr-siRNA /ml
Binding efficiency of siRNA 4 vs — (ug/ml)
and CsAr complexes deter- g'} j
mined by 2.7%w/v agarose > z;’
gel electrophoresis. b RNase ,g}' 20 40 80 100 120 @
and serum stability of CsAr
and LCAr complexes. The +
denotes the sample with serum/
RNase treatment and the —
denoted the sample without
serum/RNase treatment
b RNase assay Serum assay
r < A L A ]
2 S
F & &
> <
& & CsAr LCAr LCAr only @’ CsAr LCAr
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Fig.7 TEM images and size distribution obtained by dynamic light scattering (DLS) of CsAr-siRNA and lipidated form of CsAr-siRNA com-

plex (LCAr)

can be seen with some partial encapsulation (breaks in the
lipid coat) (Fig. 7b), which is consistent with earlier results
[43, 47]. The size of both complexes matches that of the
DLS analysis.

In-Vitro Toxicity Assay
Hemolysis Study

A hemolysis assay was executed to examine the complexes’
suitability for an in-vivo application. Erythrocytes have
an anionic charge on their surface and have been shown
the interact with cationic-charged polyplexes, resulting
in the development of aggregates and systemic toxicity
[48]. The amount of hemoglobin released was measured
to determine the aptitude of different complexes to impair
the erythrocyte membrane. siRNA in varying doses rang-
ing from 10 to 100pmol (respective concentration CsAr
and liposomes were also increased) were treated with rat
RBCs in HBG buffer for 4 h at 37°C. Liposome-coated
CsAr-siRNA complexes, i.e., LCAr, showed higher hemo-
compatibility as compared to the CsAr-siRNA polyplexes

@ Springer

as seen in Fig. 8a. At the highest siRNA concentration,
i.e.,100pmol, polyplex CsAr-siRNA complexes showed %
hemolysis of 5.69+0.06%, which was successfully low-
ered by lipidated CsAr-siRNA complexes by 1.98+0.02%.
This proves that lipidation improves the hemolytic poten-
tial of CsAr-siRNA polyplexes thereby improving their
hemocompatibility and making them suitable for systemic
administration, which was also supported by the findings
of Baghdan and colleagues [43].

Cell Viability Assay

An MTT test has been implemented to assess the survival
of cells that had been treated with CsAr-siRNA complexes
and their lipidated form (LCAr), which was standardized
to non-treated cells as a standard. The cells were incu-
bated for 4 and 24 h after being treated with different con-
centrations of siRNA (1-10pmol). It has been observed
that even at a higher dose, i.e.,10 pmol LCAr, showed
good cell viability as compared to the CsAr-siRNA com-
plexes (Fig. 8b, c). Lipidation of CsAr-siRNA complexes



AAPS PharmSciTech (2024) 25:13

Page110of15 13

Fig. 8 In-vitro toxicity assay.

a The extent of hemolysis was
evaluated by measuring absorb-
ance at 550 nm. The degree of
damage caused to blood eryth-
rocytes by different concentra-
tions of siRNA 10-100pmol
was calculated as the percentage
lysis of the total red blood cells
added. The results are averages
and standard deviations of three
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reduced the toxicity associated with CsAr’s high cationic
charge. This is in line with past research indicating that it
emphasizes the role of liposomes in diminishing the cati-
onic charge of complexes, consequently improving their
biocompatibility. Prior studies have consistently indicated
that the heightened surface charge density of polycationic
polymers is a key contributor to cytotoxicity [49, 50].

Flow Cytometry

A critical factor that affects the transgenic efficiency of
the gene delivery system is the degree to which siRNA

complexes are taken up by the cells. As a result, the main
emphasis was on investigating whether conjugating arginine
moieties onto Cs molecules might improve siRNA cellular
uptake. Lipofectamine 2000 which is a traditional transfec-
tion gold standard showed an MFI of 79.35+8.84%, whereas
CsAr-FAM siRNA complexes showed 89.40+0.85%MFI
and its lipidated form LCAr showed an MFI of 88.05+0.21%
as shown in Fig. 9. Both forms of CsAr showed higher cel-
lular uptake as compared to the Lipofectamine 2000. The
increased positive surface charge and stability of complexes
caused by the addition of arginine to chitosan may have led
to the enhanced cellular association of the siRNA loaded in

@ Springer
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Fig.9 Quantification of cellular uptake as mean fluorescence inten-
sity (MFI) of CsAr and LCA1/siRNA. Flow cytometry data for cel-
lular uptake of CsAr and LCAr1/siRNA. Comparative data (n=3) of

CsAr. Naked siRNA is often not efficiently taken up by cells
because it faces electrostatic repulsion when interacting with
the negatively charged cell membrane [51].

Confocal Microscopy

The subcellular location of FAM-labeled siRNA com-
plexed with CsAr and its lipidated form LCAr in ARPE-19
cells was investigated using confocal microscopy. When
excited at 493 nm, the fluorophore FAM exhibits green
fluorescence. After 4 h of incubation, uniform distribu-
tion of FAM-siRNA was observed mainly in the cytoplasm
as shown in Fig. 10. Confocal microscopy also revealed
that arginine aids in intracellular localization. Zhang and
co-workers studied the internalization pathway involved
in arginine-conjugated polymers, i.e., chitosan [29]. They
demonstrated that conjugating arginine to Cs improves
the cellular intake of polymer/DNA particles and causes
alterations in endocytic pathways, resulting in the prefer-
ence for internalization of arginine-conjugated Cs-DNA
via caveolin-mediated endocytosis. Interestingly, whereas
the majority of other pathways (like the clathrin-dependent

@ Springer

intracellular uptake of FAM-labeled siRNA in ARPE-19. (**p<0.001
vs. placebo (Control) cells, comparisons with lipofectamine 2000 did
not show any significant differences (ns))

pathway, clathrin- and caveolin-independent endocytosis,
and phagocytosis) transfer the delivered cargo to lys-
osomes, the cell’s breakdown compartment, the caveolin-
arbitrated pathway appears to avoid this destination [52,
53]. This may be reinforced by the recent findings by Kim
et al., which showed that the caveolin-facilitated endocy-
tosis inhibitor reduced gene expression interceded by argi-
nine peptide to a superior level than the clathrin-dependent
endocytosis inhibitor [54].

Conclusion

We established in this work that arginine-modified chi-
tosan-siRNA complexes, as well as their lipidated form,
can be used to transport siRNA in vitro. Arginine-modified
chitosan was created by chemically conjugating arginine
to the chitosan backbone and then utilized to prepare poly-
plexes via charge complex formation with siRNA. Conju-
gation of arginine with chitosan remarkably improved the
cellular uptake and internalization of siRNA. Moreover,
the technique of lipidation of CsAr-siRNA polyplexes with
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Fig. 10 Cellular uptake of CsAr and LCAr/siRNA by ARPE-19 cells by confocal microscopy. Cells were stained by using DAPI (blue), FAM-
labeled fluorescent siRNA in cells (green), and the Merge images of both the fluorescence images

phospholipids and cholesterol provides a great advantage
in terms of reducing toxicity and improving the stability
of the CsAr polyplexes. The combination of liposomes
with cationic polymer siRNA complexes assures that the
positive charge of the cationic nanoparticles is lowered,
making them more biocompatible with an enhanced safety
profile, as demonstrated by hemolysis assays. Based on
these discoveries, chitosan-arginine-based complexes may
serve as a potent carrier for gene delivery under physiolog-
ical settings without reducing transfection effectiveness.
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