Open Access Article. Published on 04 May 2021. Downloaded on 12/7/2025 11:44:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials
Science

COMMUNICATION

{ '.) Check for updates ‘

Cite this: Biomater. Sci., 2021, 9,
3939

Received 19th March 2021,
Accepted 3rd May 2021

DOI: 10.1039/d1bm00428j Vadim Le Joncour,

rsc.li/biomaterials-science

There is an unmet need to develop strategies that allow site-
specific delivery of short interfering RNA (siRNA) without any
associated toxicity. To address this challenge, we have devel-
oped a novel siRNA delivery platform using chemically modified
pluronic F108 as an amphiphilic polymer with a releasable bio-
active disulfide functionality. The micelles exhibited thermo-
responsive properties and showed a hydrodynamic size of
~291 nm in DLS and ~200-250 nm in SEM at 37 °C. The graft-
ing of free disulfide pyridyl groups enhanced the transfection
efficiency and was successfully demonstrated in human colon
carcinoma (HCT116; 88%) and glioma cell lines (U87; 90%), non-
cancerous human dermal fibroblast (HDF; 90%) cells as well as
in mouse embryonic stem (mES; 54%) cells. To demonstrate the
versatility of our modular nanocarrier design, we conjugated the
MDGI receptor targeting COOP peptide on the particle surface
that allowed the targeted delivery of the cargo molecules to
human patent-derived primary BT-13 gliospheres. Transfection
experiments with this design resulted in ~65% silencing of
STAT3 mRNA in BT-13 gliospheres, while only ~20% of gene
silencing was observed in the absence of the peptide. We
believe that our delivery method solves current problems
related to the targeted delivery of RNAi drugs for potential
in vivo applications.
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Introduction

Efficient intracellular delivery of oligonucleotides to target
cells without premature loss in the endosome is one of the
key challenges for the successful clinical translation of
nucleic acid therapy. Several nanoparticle-based delivery
systems are developed based on positively charged lipids,"
polymers,>* lipid-polymer hybrids* or inorganic materials®
that assist in the translocation of siRNA across the cellular
barrier and escape the endosomal trap for effective gene
silencing. The inherent inflammatory response elicited by cat-
ionic transfection reagents and a lack of a tissue-specific
delivery strategy for non-liver targets limit the use of such
technologies.®” Such toxic effects could be partially elimi-
nated by the removal of the excess reagents from the cell-
culture media.*>® We have recently shown that by employing
anionic delivery systems such as hyaluronic acid'® or by neu-
tralizing the charge of the cationic polymer by coating with
an anionic glycosaminoglycan such as chondroitin sulfate, we
could not only improve the transfection efficacy by enabling
controlled endosomal release of the cargo molecules but also
allow the CD44 receptor-mediated uptake of nanoparticles.'*
Another strategy that has been reported includes delivery
systems having disulfide-bonds on the surface which improve
intracellular trafficking by targeting the cell-surface thiols."?
This includes siRNA modifications having disulfide-linkages
that allow the carrier-free delivery of siRNA depending on the
accessibility of disulfide bonds for interacting with cell-
surface receptors.’®'* The redox state of the intracellular com-
partment also facilitates the release of the drug molecule
from the carrier, enabling efficient gene silencing capability.
We hypothesized that nanoparticles decorated with disulfide
groups could offer a multimodal supramolecular assembly
that could facilitate the conjugation of the drug molecule
(siRNA) and targeting ligand as well as allow improved intra-
cellular trafficking capability with a redox-sensitive linkage.
Attempts to design siRNA delivery systems by conjugating a
cell-surface receptor targeting ligand have achieved limited
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success as most of the cargo molecules remain trapped
within the endosomal compartment. A few exceptions are the
molecular conjugate of RNA with N-acetyl-p-galactosamine
(GalNAc) that targets the asialoglycoprotein receptor (ASGPR)
in the liver'® and the folate conjugate that targets the folate
receptor overexpressed in breast cancer cells.'® Of these,
GalNAc-conjugates are most efficient as this ligand enables
quick uptake and release of siRNA from the endosomal com-
partment due to the high turnover rate (15 minutes) of the
ASGPR receptor.’” Validation of other siRNA-targeting ligand
conjugates (e.g., antibody-siRNA) demonstrated that only a
small subset of drug conjugates showed functional siRNA
internalization."®"°

For designing the modular micellar nanocarrier, we uti-
lized Pluronic F108, a well-known tri-block polymer posses-
sing a hydrophobic poly(propylene glycol) (PPG) segment
flanked by two hydrophilic poly(ethylene glycol) units or
PEGs. This amphiphilic polymer self-assembles under
aqueous conditions to micellar structures and can be used as
a drug delivery vehicle.?® A Pluronic-based formulation encap-
sulating the chemotherapeutic agent doxorubicin, SP1049C
from Supratek Pharma Inc., has been shown to passively
target cancer stem cells in vivo*' and is currently in Phase-III
clinical trials for treating esophagus and gastric cancers.
Pluronic F108 also exhibits adjuvant activity that improves the
gene transfection efficiency for lentiviral vectors.””> Such
micelles are also successfully utilized to stabilize siRNA-PEIL
complexes and facilitate intracellular transport.”>** However,
shortcomings with these strategies include the variabilities in
micellar self-assembly, poor siRNA loading efficiency, varia-
bility in the knockdown efficiency and a lack of active target-
ing ability. Other key challenges in the field of siRNA delivery
involve the rescuing of functional nucleic acid from endo-
somal degradation and enhancing serum stability after infu-
sion. We have recently engineered Pluronic-based micelles for
delivering Tissue Factor siRNA for improving stem cell survi-
vability and function.>® To address the stability issues we have
also designed 4’-guanidinium modified siRNA that signifi-
cantly enhances the serum stability and bioactivity of the
native siRNA sequence.*® Other strategies include the use of
calcium ions (Ca**) that are known to form nanocomplexes
with siRNA and plasmid DNA and help in endosomal escape
as well as providing the serum stability.”” However, the col-
loidal stability of calcium phosphate-nucleic acid nanoprecipi-
tates is difficult to control, resulting in high variability in
gene and siRNA delivery efficiency.”® Attempts to circumvent
these issues were made by physically coating these nanocom-
plexes with block polymers such as Pluronic-F127 >° or poly
(ethylene glycol)-block-poly(aspartic acid).”® These methods
are not proficient as the coating of ionic complexes with
amphiphilic polymers is not very stable, resulting in ineffi-
cient transfection efficiency and high variability. We, there-
fore, envisaged that the covalent conjugation of siRNA with
Pluronic F108 would provide a stable nanoparticle formu-
lation with efficient siRNA loading, which would yield a con-
sistent target-specific gene knockdown.
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Results and discussion

To begin with, we first synthesized Pluronic F108 functiona-
lized with pyridyl disulfide groups (Scheme 1). For this
purpose, the amino-disulfide pyridyl linker 2 was synthesized
following the reported procedure.*® Thereafter, the terminal
hydroxyl groups were activated using p-nitro-phenyl chlorofor-
mate to afford intermediate 4 with quantitative yield.*" The
nucleophilic substitution of phenyl chloroformate functiona-
lized Pluronic F108 4 with linker 2 afforded a disulfide pyridyl
derivative of Pluronic F108 5 with nearly 92% substitution. It
is important to note that, hitherto there are no reports on com-
plete modification of Pluronic and only 60% of modification
has been reported previously.*! The product 5 was purified by
dialysis, and the degree of pyridyl disulfide incorporation was
quantified by UV spectroscopy.

In the next step, we conjugated siRNA targeting STAT3 as it
is one of the key transcription factors that play an important
role in tumor growth and survival and aid in tumor immune
evasion.’>*? Effective silencing of the STAT3 gene by siRNA
has been reported to suppress tumor growth and the antisense
drug targeting this gene is being clinically validated for treat-
ing lymphoma and lung cancer.>*® To perform the siRNA
conjugation reaction, the disulfide protecting groups of siRNA
at the 3’ end of the sense strand were reduced with dithiothrei-
tol (DTT) and the purified material was treated with an excess
(100 eq.) of pyridyl disulfide modified Pluronic 5 in PBS buffer
(pH 8), at room temperature overnight.’” (Scheme 2).

The ratio of siRNA to SS-pyridyl groups was carefully opti-
mized, and 8 mol% of siRNA to SS-pyridyl was chosen as they
displayed excellent coupling efficiency. The native PAGE ana-
lysis of the reaction mixture indicated ~95% of conjugation
efficiency (Fig. 1C). Further analysis of the Pluronic F108-
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Scheme 1 Synthesis of pyridyl disulfide of Pluronic F108 (P-SS) (5). (i)
2,2'-Dipyridyl disulfide, MeOH, AcOH, rt, 48 h; (ii) 4-nitrophenyl chloro-
formate, DCM, rt, overnight; and (iii) 2, DCM, reflux, overnight.
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Scheme 2 Synthesis of the Pluronic F108-siRNA conjugate through a
disulfide linkage. The red strand is the sense strand and the blue strand
is the antisense strand. (i) Dithiothreitol, H,O, 37 °C, 2 h; and (ii) 5, PBS
buffer (pH 8), rt, overnight.
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Fig. 1 Hydrodynamic size of (A) P-SS-STAT3 and (B) P-SS-STAT3/Ca as
determined by the dynamic light scattering method at 25 °C. (C) Native
PAGE (15%) to visualize the conjugation of siRNA and P-SS (5). Lane 1
shows P-SS-STAT3 and lane 2 shows unmodified STAT3 siRNA. (D) SEM
micrograph image depicting Plu-SS/STAT3/Ca after incubation at 37 °C.
Scale bar: 200 nm.

SsiRNA conjugate (P-SS-STAT3) indicated nanoparticle for-
mation with a hydrodynamic size to ~276 nm and a zeta
potential of —12.6 mV as determined by dynamic light scatter-
ing (DLS) (Fig. 1A and Fig. S2 in the ESIf). For transfection
studies, Ca®>" was complexed with the Pluronic siRNA particles
(P-SS-STAT3/Ca), which resulted in an increase in the hydro-
dynamic size to ~343 nm. The zeta potential also changed
from —12.6 mV to —0.153 mV upon the addition of Ca>" to the
complexes (Fig. 1B and S2 in the ESIf). This indicates that the
addition of Ca** ions neutralized the net negative charge of
the particle to yield a neutral nanocarrier. As Pluronic-derived
micelles are known to display thermo-responsive properties,*®
we investigated the effect of temperature on the size distri-
bution of P-SS-STAT3/Ca by performing DLS at 37 °C and scan-
ning electron microscopy (SEM) where the samples were dried
at 37 °C. Gratifyingly, the hydrodynamic size of the
P-SS-STAT3/Ca complexes after 30 minutes of incubation at
37 °C displayed a decrease in hydrodynamic size to ~291 nm
(Fig. S21), whereas the SEM analysis showed a size of
~200-250 nm (Fig. 1D). For conducting biological studies, we
evaluated four types of siRNA nanocomplexes namely the Ca®'-
siRNA ionic complex (STAT3/Ca); Ca*'-siRNA ionic complex
coated with unmodified Pluronic F108 (P/STAT3/Ca); Ca>'-
siRNA ionic complex physically coated with dithio-pyridyl func-
tionalized Pluronic F108 (P-SS/STAT3/Ca) where STAT3 siRNA
without 3'-thiol modification was used; and Ca**-siRNA ionic
complex covalently conjugated with Pluronic F108 by employ-
ing the thiol-exchange reaction using thiolated siRNA and
dithio-pyridyl modified Pluronic (P-SS-STAT3/Ca). The *’ in the
abbreviation indicates a covalent linkage while ¢/’ indicates
physical association. The concentration of Ca®" was fixed at
5 mM, as it was reported to give the best transfection
efficiency.””
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In this study, we used the human colon carcinoma cell line
HCT116 to perform STAT3 knockdown studies as colon cancer
cells are known to constitutively express this gene and are
known to play a crucial role in tumor invasion and nodal meta-
stasis.®® Our results from transfection experiments indicate
that both STAT3/Ca and physically coated P/STAT3/Ca gave a
modest 35% STAT3 knockdown in 24 h when treated with a 50
nM siRNA concentration. The transfection experiment using a
commercial transfection reagent RNAiIMAX which was utilized
as a positive control displayed a 94% gene silencing under
similar conditions. Next, we tested the gene silencing efficacy
of physically coated P-SS/STAT3/Ca and covalently conjugated
P-SS-STAT3/Ca under identical experimental conditions.
Interestingly, P-SS/STAT3/Ca displayed an increase in transfec-
tion efficiency from 35% to 61.5% when compared with P/
STAT3/Ca that lacked the pyridyl disulfide group on the
Pluronic backbone. We believe that the enhanced gene knock-
down in the presence of disulfide groups on the nanoparticle
surface is predominantly due to the enhanced cytosolic intern-
alization of the nanoparticles by targeting the cell-surface free
thiols, as reported recently with other disulfide containing
reagents.” In order to understand the impact of the covalent
conjugation of siRNA on the transfection efficiency, we
tested P-SS-STAT3/Ca under these conditions. Gratifyingly,
P-SS-STAT3/Ca displayed 88% STAT3 knockdown, which is
comparable with that of the RNAIMAX group (92%). The gene
knockdown was further substantiated at the protein level by
western blot assay that showed a lower expression of STAT3
protein levels after 48 h of treatment with P-SS-STAT3/Ca
(Fig. 2B). The positive control groups with RNAIMAX showed
an efficient gene knockdown with both STAT3 and P-SS-STATS3.
We further evaluated the effect of the nanoformulation on cel-
lular toxicity. For this purpose, we performed the cytotoxicity
assay with alamarBlue in HCT116 cells. These experiments
demonstrated that all nanoformulations were biocompatible
and did not show any cytotoxicity even after 48 h treatment of
P-SS-STAT3/Ca.

In order to understand the role of the dithiol conjugation
in siRNA delivery and cellular uptake, we performed flow cyto-
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Fig. 2 Knockdown of STAT3 in HCT116 cells by (A) qRT-PCR. Statistics
for the groups done by one-way ANOVA (***P < 0.001 **P < 0.01).
Individual comparison is done by the T-test (*P < 0.05) and (B) western
blot analysis with CaCl, and RNAIMAX.
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metry and confocal microscopy studies using the Cy5.5 tagged
siRNA nanocomplex using HCT116 cells. The FACS analysis
clearly showed enhanced cellular uptake of the P-SS-STAT3-
Cy5.5/Ca nanocomplex as compared to P-SS-STAT3-Cy5.5/
RNAiMax suggesting that SS-conjugation enhanced cellular
delivery (Fig. S3A in the ESI}). The confocal images of the
transfected cells displayed comparable intracellular distri-
bution and perinuclear localization of Cy5.5 labelled siRNA
and flow cytometry confirmed the uptake of Cy5.5 labelled
siRNA (Fig. S3B in the ESIT). Next, we tested the versatility of
our delivery system in different cell types and with different
target sequences. For this purpose, we performed STAT3
knockdown experiments in a non-cancerous human dermal
fibroblast (HDF) cell line and human glioblastoma cell line
U87-MG. Interestingly, we observed over 90% gene silencing in
both these cell lines with P-SS-STAT3/Ca similar to the
RNAIMAX control. To verify the generality of the approach we
tested another sequence using the nanoformulation with
siRNA that targets OCT4 (P-SS-OCT4/Ca), a transcription factor
that is key to maintaining the stemness of mouse (mES) and
human embryonic stem cells.

The transfection experiments with mES cells resulted in
~54% silencing of OCT4 mRNA when transfected with a 100
nM P-SS-OCT4/Ca complex. We also observed ~83% and ~75%
knockdown when P-SS-OCT4 and free OCT4 siRNA were trans-
fected with RNAIMAX (Fig. 3B).

Finally, to develop a clinically relevant system, we envi-
sioned to utilize the excess disulfide pyridyl groups on the
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Fig. 3 Versatility of the P-SS-Delivery system: (A) STAT3 gene knock-
down in U87-MG and human dermal fibroblast (HDF) cell lines. (B)
Knockdown of the OCT4 gene in mES cells. (C) Expression level of
MDGI when BT13 cells were cultured under 2D conditions and 3D
spheroid conditions. (D) Transfection efficiency of the P-SS-STAT3-
COOP/Ca and P-SS-STAT3/Ca nanoparticles in patient-derived glio-
spheres (BT-13). **P < 0.05 statistical analysis is done by ANOVA.
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nanocarrier surface to engineer a targeted drug delivery
system. For this purpose, we conjugated a glioma targeting
peptide (COOP) via disulfide-exchange reaction with the
N-terminal cysteine modified peptide and SS-pyridyl modified
Pluronic as described earlier. The COOP peptide was chosen
as the targeting ligand as it is known to target mammary
derived growth inhibitor (MDGI) receptors that are over-
expressed in human glioblastoma cells, specifically the inva-
sive tumor satellite cells and the vessels produced by these
glioblastomas.*® To test our targeted siRNA delivery system, we
utilized patient-derived primary BT-13 gliospheres (cells grown
as spheroids) that are known to express MDGI receptors under
serum free conditions*' and compared with BT-13 cells cul-
tured under 2D conditions. We first analyzed the MDGI mRNA
levels in BT-13 cells when cultured under serum-free (3D
spheroids) and 10% serum (2D) conditions. As anticipated, we
observed a ~2.5-fold increase in the MDGI mRNA levels in the
3D spheroid cultures, when compared to the BT-13 cells grown
in 2D in the presence of serum (Fig. 3C). One of the advan-
tages of using spheroid cultures is that it recapitulates the
in vivo conditions having a tissue penetration barrier with
higher extracellular matrix composition as in a natural tissue.
The conjugation of the COOP peptide on the P-SS-STAT3
micelle (P-SS-STAT3-COOP) resulted in the formation of self-
assembled micelles with a hydrodynamic size of ~230 nm
which upon complexation with Ca** increased to ~337 nm (data
not shown). Interestingly, the transfection experiments with the
COOP peptide conjugated nanoparticles (P-SS-STAT3-COOP/Ca)
displayed a significantly higher STAT3 knockdown (~60%) as
compared to the non-targeting variant of the nanoparticles
(P-SS-STAT3/Ca) (~22%); however, with RNAiMax we observed a
knockdown efficiency of only 33% (Fig. 3D). Interestingly, the
effect of the targeting peptide was not observed when the cells
were cultured in 2D in the presence of serum (Fig. S4 in the
ESIf). This result demonstrates the significance of cell-speci-
ficity and targeted delivery of RNAi drugs to tumor cells.

Conclusions

In summary, we have designed a Pluronic-based thermo-
responsive siRNA delivery formulation that allows efficient intra-
cellular delivery of RNA in cancer cell lines, embryonic stem
cells and primary glioma cells. Our results also highlight the
significance of a modular nanocarrier design that allows
covalent conjugation of siRNA and the targeting peptide to
promote cell-specific delivery. The mild transfection conditions
also demonstrated minimal toxicity, which is important for any
siRNA delivery systems for potential in vivo applications.
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