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RNA interference based therapeutic gene silencing is an emerging platform for managing highly metastatic
breast cancer. Cytosolic delivery of functional siRNA remains the key obstacle for efficient RNAi therapy. To
overcome the challenges of siRNA delivery, we have engineered a vitamin E-tethered, short, optimum
protease stabilized facial lipopeptide based non-immunogenic, biocompatible siRNA transporter to
facilitate the clinical translation in future. Our designed lipopeptide has an Arginine-Sarcosine-Arginine
segment for providing optimum protease-stability, minimizing adjacent arginine—arginine repulsion and
reducing intermolecular aggregation and o-tocopherol as the lipidic moiety for facilitating cellular
permeabilization.
significantly better long term transfection efficiency than HiPerFect and can transfect hard to transfect

Interestingly, our designed non-immunogenic siRNA transporter has exhibited

primary cell line, HUVEC. Our engineered siRNA therapeutics demonstrated high efficacy in managing
metastasis against triple negative breast cancer by disrupting the crosstalk of endothelial cells and MDA-

MB-231 and reduced stemness and metastatic markers, as evidenced by downregulating critical
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Accepted 30th June 2023 oncogenic pathways. Our study aimed at silencing Notchl signalling to achieve “multi-targeted” therapy
with a single putative molecular medicine. We have further developed mechanistically rational

DOI: 10.1039/d35c01071f combination therapy combining Notchl silencing with a repurposed drug m-TOR inhibitor, metformin,

rsc.li/chemical-science which demonstrated synergistic interaction and enhanced antitumor efficacy against cancer metastasis.

RNA with around 21-23 base pairs having two nucleotide
overhangs on both 3’ sides.>* RNAi machinery faces the formi-

1. Introduction

RNA interference (RNAi) has emerged as a potential therapy for
treating many incurable diseases having undruggable targets.
FDA has approved the first RNAi therapy called ONPATTRO™
(Patisiran) in August 2018 to treat transthyretin-mediated
amyloidosis." Only about twenty siRNA based therapies are
under clinical trial.> siRNA is a double-stranded non-coding
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dable challenge of efficient and safe intracellular delivery of
functional siRNA due to its large molecular weight (= 14.5 kDa)
and high anionic charge of the siRNA.” To enable intracellular
entry and cytosolic delivery, siRNA needs to (i) cross the endo-
thelial membrane and avoid kidney filtration, (ii) penetrate the
extracellular matrix, (iii) enter the targeted cell membrane, (iv)
overcome the endocytic barrier inside the cell and (v) remain
protected from different intracellular RNases while retaining its
functional state to access the RNAi machinery.*® siRNA delivery
vehicles include synthetic polymers, lipids, cationic peptides
and viral delivery strategies.*” The delivery vehicle has to be
biocompatible with optimum size and charge to ensure cellular
penetration avoiding rapid kidney filtration. Another key hurdle
for developing effective siRNA therapy is providing long term
gene silencing. Towards this goal, cationic and amphipathic
peptides have emerged as potent siRNA transporters.® Bidentate
cationic amino acid residue, arginine, is advantageous over
monodentate lysine residue since arginine residue can interact
more efficiently with cell surface carboxylate, sulfate and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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phosphate, thus facilitating increased cellular uptake.**™**
Wender et al. have demonstrated that a polyarginine peptide
with 9 Arg residues shows optimum cellular internalization.*
Rothbard et al. claimed that the usage of an Arg-Xxx-Arg moiety
in Arg enriched peptide sequences is preferred and cell
permeability increases for linear spacer residue between two
adjacent arginine residues from (Xxx = Gly; CH, = 1) to spacer
residue (Xxx = 6-amino caproic acid; CH, = 5).** Our group has
reported the use of N-methyl glycine and p-histidine as spacer
residues in linear facial siRNA transporters having an Arg-Xxx-
Arg moiety.'*'> We have also demonstrated that the usage of
an unsaturated lipid is preferred over the saturated one in facial
lipopeptide based siRNA transporters.*** Parang and his group
designed homochiral, cyclic arginine and tryptophan-enriched
amphipathic peptide-based nuclear transporters.'® Cyclization
enables the static presentation of guanidinium groups between
Arg residues and enhances intracellular permeability’” and
constraining the conformation of a peptide backbone also
increases its bioactivity, bioavailability and cellular uptake.***°
Dowdy and co-workers designed an ~65 residue peptide-based
siRNA transporter, which has exhibited high transfection effi-
ciency against three different types of hard to transfect primary
cell lines.”*

Cancer progression and acquiring resistance are greatly
enhanced by the elevated levels of reactive oxygen species
(ROS).” Interestingly, naturally occurring vitamin E can scav-
enge ROS from cells.”® Peptides having larger hydrophobic
moieties have higher binding affinity to the cell membranes and
also aid in endocytosis by enabling budding formation in the
cell membrane.” Unsaturated lipid moieties may have favour-
able free energies of insertion at the bilayer interfaces.* Inter-
estingly, constrained cell penetrating peptides (CPPs) bind to
the endosomal membrane with greater affinity and also exit the
endosome more easily than linear CPPs due to their entropic
advantage.”® Introducing backbone or side chain constrains in
a peptide enables rapid endosomal escape by vesicle budding
and collapse and also probably by membrane disruption.>**
Vesicle budding requires the formation of acute Gaussian
curvatures, which simultaneously have both positive and
negative curvatures in orthogonal directions at the budding
neck.”* Introducing a constraint into CPPs leads to the
insertion of hydrophobic groups in between phospholipid
molecules generating a positive curvature.?®* The guanidinium
groups of arginine residues in the CPPs form a bidentate
hydrogen bond with the phosphate group of lipids inducing
a simultaneous negative curvature, facilitating budding
formation.>®**

Activated Notch signalling is a hallmark feature of triple
negative breast cancer (TNBC).** Notch1l oncogene is respon-
sible for cancer initiation, progression, metastasis, maintaining
stemness and chemoresistance leading to very poor overall
survival in TNBC patients.>® Targeting the Notch signalling
pathway is considered as an approach to achieve “multi-tar-
geted” therapy with a single putative molecular medicine. Notch
upregulation also helps in immune-suppression and chemo-
resistance of TNBC through the m-TOR pathway.*"** Combi-
nation therapy has become the corner stone in cancer care.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Inhibiting the m-TOR signalling pathway gives rise to a Notch
dependent drug resistant cancer stem cell (CSC) population in
TNBC.** However, combination strategies targeting both Notch
and m-TOR signalling can target CSCs in TNBC.* Moreover,
targeting different molecular pathways by multiple drugs leads
to delayed oncogenic mutations and adaption of cancer cells.**
The anti-diabetic drug metformin can improve cancer prog-
nosis by inhibiting the m-TOR signalling pathway.*¢

In this study, we have engineered clinically safe, short,
peptide based siRNA transporter to provide long term gene
silencing and tackling cancer metastasis by mechanistically
inspired combination therapy. The interesting feature of our
engineered siRNA transporter is its ability to transfect hard-to-
transfect primary cells and successfully preventing metastasis
as monotherapy and combination therapy in highly metastatic
breast cancer cells. Additionally, we have determined the ther-
apeutic outcome of combination drugs involving long term
Notch1 silencing and m-TOR inhibitor metformin.

2. Results and discussion

2.1 Design of lipopeptides having constrained lipidic
moieties as siRNA transporters

The aim of our study is to engineer short, efficient, optimum
protease stabilized peptide based siRNA transporter to enable
intracellular delivery of siRNA in a biologically active form.
Towards this goal, we have engineered a library of short facial
lipopeptides having an Arg-Xxx-Arg backbone and constrained
and unconstrained lipidic moieties (Tables 1, S1,f Fig. 1a, b, S1
and S2t) by employing the Fmoc solid phase peptide synthesis
strategy (Fig. S31). Fig. la describes our detailed molecular
engineering strategy of the siRNA transporter, peptide AB18.
Such lipopeptides having an Arg-Sarcosine-Arg moiety provides
optimum protease stability, reduced intermolecular aggrega-
tion and minimized adjacent arginine-arginine repulsion.
Lipidic residues were incorporated to enhance hydrophobicity
and promote vesicle budding through the formation of acute
Gaussian curvatures.” Octyl glycine, stearyl, 1-pyrenebutyryl,
alpha-p-tocopherol succinyl and 1-adamantyl were used as
lipidic moieties to examine the effect of constrained and
unconstrained lipids on siRNA transporter designing. Alpha-p-
tocopherol can be easily internalized in cells by uptake facili-
tated by lipase, lipid transfer proteins and also by receptor-
mediated lipoprotein endocytosis, which further helps in its
cellular internalization.®” FDA approved alpha-p-tocopherol
succinate was selected as the lipidic moiety to make a clinically
safe siRNA transporter. Alpha-p-tocopherol (constituent of
vitamin E) has shown an antitumor effect on breast cancer by
demonstrating cell cycle arrest.*®*** Higher levels of reactive
oxygen species (ROS) have a significant role in breast cancer
progression, metastasis and acquiring resistance in cancer.*
Alpha-p-tocopherol has the potential to effectively scavenge
intracellular reactive oxygen.”® Vitamin E-tethered siRNA
transporter lipopeptides, AB18 and AB36 may have additional
chemopreventive potential activity against breast cancer.
Unsaturated lipidic moieties are used in lipopeptide designing,
as unsaturation facilitates fusogenicity and endosomal

Chem. Sci., 2023, 14, 7842-7866 | 7843
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Table 1 Designed lipopeptide sequences®
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Sequence Peptide |Comments

Code
FAM-yAbu-Arg- C%-Octylgly -Arg-Sar-Arg-Gly-Arg- Lys-N&(D-alpha- [AB18 One large partially constrained lipidic moiety and another
Tocopherol succinyl)-Arg-Sar-Arg-NH; short saturated lipid
PEGS-Arg- C=-Octylgly -Arg-Sar-Arg-Gly-Arg-Lys- N&(D-alpha- IAB36 Unlabelled AB18 with PEG to aide in microscopic studies
Tocopherol succinyl)-Arg-Sar-Arg-NH,
FAM-yAbu-Arg- Lys-N&(1-Pyrenebutyryl)-Arg-Sar-Arg-Gly-Arg- Lys- |AB17!8  [Two similar partially constrained lipidic moieties
NE(1-Pyrenebutyryl)-Arg-Sar-Arg-NH,
FAM-yAbu-Arg-C*-Octylgly-Arg-Sar-Arg-Gly-Arg-Lys-N§(1- IAB29 One short cyclic constrained lipidic moiety and another
Adamantyl)-Arg-Sar-Arg-NH, short saturated lipid
FAM-YAbu-Arg- Lys-N¢(stearyl)-Arg-Sar-Arg-Gpn-Arg- Lys- IAB32 [Two similar large saturated lipidic moieties
Né(stearyl)-Arg-Sar-Arg-NH,
c[-Arg-PHis-Arg-PHis-Arg-Lys{Lys(linoleyl),}-Arg-PHis-Arg-PHis-Arg- |Peptide |Cyclic peptide with two partially unsaturated lipidic
Glu-]-Lys(FAM)-NH, 615 moieties

“ Please note that lipopeptides AB18 and AB36 have similar sequences. Lipopeptide AB18 is attached to fluorophore FAM, whereas lipopeptide AB36
is not attached to any fluorophore for the convenience in microscopic studies. Peptide 6 is reported in ref. 15 and is used as a positive control for
comparison. FAM is 5(6)-carboxyfluorescein dye. The residue Gabapentin is abbreviated as ‘Gpn’. N-Methyl glycine or Sarcosine residue is
abbreviated as ‘Sar’. PEG residue used in this study is designated as PEG9. 8-Amino-3,6-dioxaoctanoyl is abbreviated as PEG9. The structures of

PEGY and Gpn are illustrated in Table S1.

escape.”*"** Gamma-aminobutyric acid (YAbu) was used as
a spacer between the fluorophore (FAM) and peptide backbone.
Peptides were conjugated with FAM dye to aid in studying
cellular internalization by flow cytometry and visualization
under a microscope. Unlabelled lipopeptide AB36 was used
to evaluate protein expression monitoring the TRITC signal
by immunofluorescence studies. Peptide 6 (Table 1) was used
as a positive control and for comparison.” The mass of the
lipopeptides was examined by MALDI-TOF mass spectra
(Fig. S4-S87).

2.2 Physicochemical characterization of lipopeptides and
lipopeptide_siRNA nanocomplexes

For each lipopeptide a negative CD band was observed at
around 200 nm, indicating that the synthesized lipopeptides
remain unstructured in aqueous solution (Fig. S91). The
hydrodynamic radius of lipopeptides AB17, AB18, AB29 and
AB32 was found to be 236 + 11 nm, 111 4+ 10 nm, 65 £ 0.8 nm
and 92 + 13 nm respectively, in cell culture media (DMEM
supplemented with 10% FBS) from DLS studies (Fig. S107). Cell
culture media with FBS were used to mimic physiological
conditions and the hydrodynamic radius was measured
considering the protein corona effect. The size of the lip-
opeptide_siRNA complex was also determined by FE-SEM and
cryo-TEM studies. The average diameter of the self-assembled
complexes obtained from FE-SEM of lipopeptides
AB17_siRNA, AB18_siRNA, AB29 siRNA and AB32_siRNA
complexes was 133 &+ 22 nm, 182 + 20 nm, 144 £ 23 nm, and

7844 | Chem. Sci, 2023, 14, 7842-7866

100 + 14 nm, respectively (Fig. S117). The average diameter of
the self-assembled lipopeptide_siRNA complexes AB17_siRNA,
AB18_siRNA, AB29_siRNA and AB32_siRNA complexes obtained
from cryo-TEM data was 132 &+ 24 nm, 168 + 28 nm, 99 + 20 nm
and 59 + 7.5 nm, respectively (Fig. 2a and S121). All the nano-
particles have a spherical morphology and their sizes are ideal
for the lipopeptide siRNA complex to reach and to be retained at
the tumor site by enhanced retention and permeability (EPR)
effect and avoid kidney filtration. The hydrodynamic radius of
lipopeptide-fluorophore unlabelled siRNA (SignalSilence
control siRNA) complexes in cell culture media at different
molar ratios (MRs) ranging from 5 to 100 is given in Table S2F
and Fig. 2b. The zeta potential of AB17_siRNA and AB18_siRNA
complexes from MR 5-100 is plotted in Fig. 2¢ and their values
along with that of the AB36_siRNA complex are given in Table
S3.1 The zeta potential of the synthesized lipopeptide_siRNA
complexes at MR 5, 10, 20, 50 and 100 showed net positive
charge at MR50 and above. For cellular internalization, it is
necessary that the negative charge of the siRNA needs to be
completely masked and the lipopeptide_siRNA complexes need
to have a net positive charge. Upon increasing the molar ratio of
lipopeptide : siRNA, the MR turns positive but too high positive
charge of the nanocomplex is also not desirable as it may impair
the release of siRNA from the lipopeptide_siRNA complexes.
Moreover, a gel retardation study confirms that the siRNA is
completely masked by the lipopeptide at higher than MR 35
(Fig. S13t). So, the optimum MR 50 is chosen for all biological
studies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a) Molecular Engineering of Multifunctional

siRNA Transporter

1. Role of Arg

Bidented Arg preferred over
monodented Lys. Arg binds
with siRNA and cell surface
sulfate, phosphate and
carboxylates.

2. Role of spacer Sarcosine

I. Provides optimum proteolytic stability.

Il. Enhanced uptake of peptide_siRNA complex.

111. Facilitating intracellular release kinetics of
siRNA from peptide_siRNA complex.

IV. Decrease of Arg-Arg repulsion.

3. Role of shorter saturated
lipidic moiety

l. Reduces plasma membrane

residing time.

Il. Any lipidic moiety creates acute

Gaussian curvatures, i.e., creation

4. Role of unsaturation in the
lipidic moiety (a-D- tocopherol
succinyl moiety)

I. Partially unsaturated lipids adopt a
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Fig. 1

2.3 Stability of siRNA in lipopeptide_siRNA nanocomplexes
against serum and ribonuclease A

Free siRNA gets degraded upon the addition of serum and
RNase A. Protease stabilized lipopeptide AB18 could protect
unmodified siRNA from degradation in the presence of both
serum (Fig. 2d) and RNase A (Fig. 2e) till 72 h. This ensures that
the siRNA remains protected under in vivo conditions by the
synthesized lipopeptide AB18.

© 2023 The Author(s). Published by the Royal Society of Chemistry

AB18

(a) Engineering strategy to design lipopeptide AB18. (b) Schematic diagram of lipopeptide AB18.

2.4 Protease stability of lipopeptides

The optimum protease stability of siRNA transporters ensures
higher internalization of lipopeptides, lipopeptide_siRNA
complexes and disassembly of internalized lipopeptide_siRNA
complexes. siRNA transporters need to be cleared off from the in
vivo system failing which will lead to bio-accumulation and
toxicity. The Arg-Sarcosine-Arg template is preferred for
providing optimum protease stability, since Arg-"His-Arg is

Chem. Sci., 2023, 14, 7842-7866 | 7845
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(@) Cryo-TEM images of representative lipopeptide AB18_siRNA complexes showing the spherical nanostructure of self-assembled

nanocomplexes at MR 50. (b) Hydrodynamic radius of lipopeptide_fluorophore unlabelled siRNA complexes in culture media at different MRs
ranging from 5 to 100, and their values are mentioned in ESI Table S2.1 Cell culture media with 10% FBS were used to mimic physiological
conditions and the hydrodynamic radius was measured considering the protein corona effect. (c) Zeta potential of the lipopeptide AB17_siRNA
and lipopeptide AB18_siRNA complexes at different molar ratios. Their values are given in ESI Table S3.1 Error bars indicate SEM from three
separate replicates. (d and e) Stability of lipopeptide AB18_siRNA complexes in the presence of (d) serum and (e) RNase A up to a time point of

72 h.

resistant to proteolytic cleavage.'® AB36 in the presence of 0.1 pug
trypsin starts to degrade from 1-3 h and is completely degraded
at 6 h ensuring that the lipopeptide acts as an efficient siRNA
transporter without any bio-accumulation (Fig. S147).

2.5 Cell viability in the presence of lipopeptides and
lipopeptide_siRNA nanocomplexes

MTT assay was carried out for all the synthesized lipopeptides at
24 h, 48 h and 72 h time points for TNBC cell lines MDA-MB-231
(human) and 4T1 (murine) and also for non-cancer cell lines,
human fibroblast cell line and human embryonic kidney cell
line, HEK-293. All the synthesized lipopeptides were non-toxic
till the 72 h time point at up to 2.5 uM concentration in all the
cell lines (Fig. S15-5187). All biological studies were done at 1.25
UM concentration of the lipopeptides, which is half the dose of
2.5 uM used in MTT assay. MTT assay of the lipopeptide_Notch1
silencing siRNA complex was compared to that of the HiPer-
Fect_siRNA complex at 48 h and 72 h time points. It is observed
that the synthesized lipopeptide_Notchl silencing siRNA
complex was not toxic, whereas the HiPerFect_siRNA complex
showed a significant amount of toxicity at the 48 h time point
(Fig. S197) and 72 h time point (Fig. 3a). The optimum protease
stability of the synthesized N-methylated lipopeptides prevents

7846 | Chem. Sci,, 2023, 14, 7842-7866

prolonged bioaccumulation of cationic lipopeptides, ensuring
that the lipopeptides are non-toxic to the cells.

2.6 Cellular uptake studies of lipopeptide_siRNA
nanocomplexes

Lipopeptides were FAM labelled and siRNA was DY-547
labelled, which can be detected using FITC (green) and TRITC
(red) channels, respectively. The lipopeptide is internalized
most in the case of the AB17_siRNA complex at the 1 h time
point (Fig. 3b). Flow cytometry data (1 h incubation) demon-
strate that the highest siRNA internalization was achieved by
lipopeptide AB18 and was 1.79 times higher than that by
HiPerFect_siRNA in the TNBC cell line MDA-MB-231 as quan-
tified by flow cytometry analysis (Fig. 3c). Lipopeptide AB29
internalized siRNA with much lower efficiency compared to
lipopeptide AB18 (Fig. 3c).

At the 6 h time point, the co-localization of lip-
opeptide_siRNA complexes was observed in MDA-MB-231 cells
from microscopic studies (Fig. 3d). Apotome based microscopic
data reveal that lipopeptide AB18 showed higher levels of
cytosolic distribution of siRNA and a healthier cell morphology
than the commercially used transfecting agent HiPerFect
(Fig. 3d). To understand the difference in internalization inside
the cellular membrane, we performed computational studies

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Cytotoxicity analysis of the lipopeptides_Notchl complex (MR 50 : 1) at the 72 h time point in the MDA-MB-231 breast cancer cell line
compared to the HiPerFect_siRNA complex. Error bars indicate SEM from three separate replicates. (b) Flow cytometry data of time-dependent
(1 h) cellular uptake studies of FAM-labelled lipopeptides (1.25 uM) in MDA-MB-231 cells and (c) flow cytometry analysis of cellular uptake studies
of labelled siRNA complexes at MR 50 after 1 h of incubation in MDA-MB-231 cells. Among the designed lipopeptides, lipopeptide AB18
demonstrates the highest siRNA internalization in MDA-MB-231 cells; error bars indicate SEM from two separate replicates (***p < 0.0001, **p <
0.01 and n.s. — not significant compared with untreated cells). (d) Intracellular distribution of the lipopeptide_siRNA complex (MR 50) in MDA-
MB-231 cells after 6 h of incubation by ApoTome microscopy. Nuclei are stained with DAPI (blue), green represents the FAM-labelled lipopeptide,
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with lipidic portions of lipopeptide AB18 and lipopeptide AB29
interacting with the cancer cell mimetic model membrane.
Cancer metastasis is facilitated in the presence of HUVEC cells.
Primary cell lines like HUVEC are “notoriously difficult to
transfect” as they are highly sensitive to transfection reagents
which are toxic and degrade exogenous nucleic acids readily.*
Lipopeptide AB36 (the unlabelled version of lipopeptide AB18
with PEG) exhibited significantly higher (1.53 times more)
cellular internalization and cytoplasmic distribution of siRNA
compared to HiPerFect in HUVEC cells (Fig. 3e and f).

The presence of a large partially constrained lipidic moiety
and another short saturated lipidic moiety in lipopeptide AB36
results in its improved cellular internalization with less residing
time in the plasma membrane thus ensuring high cytoplasmic
distribution of the lipopeptide_siRNA nanocomplexes.**!
Moreover, the optimum protease stability of the synthesized
lipopeptide allows maximum internalization of the nano-
complex and also de-complexation of lipopeptide_siRNA
nanocomplexes and subsequently the release of siRNA in the
cytoplasm.

2.7 Computer simulation studies

From cellular uptake studies of lipopeptide_siRNA nano-
complexes we observed that the highest level of siRNA is
internalized by lipopeptide AB18 and the lowest amount of
siRNA by lipopeptide AB29, among the designed lipopeptides
(Fig. 3c). Interestingly, lipopeptides AB18 and AB29 differ only
by a single lipidic moiety attached to the same peptide back-
bone. We used computational modelling to understand the
reason of the difference in the permeability of these lip-
opeptides through the membrane. However, these lipopeptides
are too large, and therefore computationally extremely expen-
sive for large-scale atomistic modelling and simulations. Since
these lipopeptides differ only in the substituent adamantane
(ADM) and substituted vitamin-E (Sub-vitE) in the side chain of
a particular residue, we used only these substituents to study
the permeability. Fig. S20a and S20b} show the chemical
structures of the lipopeptides and the substituents of interest
with which computational studies are performed inside
a brown box.

The free energy profiles for ADM and Sub-vitE permeation
were constructed from umbrella sampling simulations. The free
energy profiles show that the ADM has to cross a small barrier of
0.92 k] mol ™" to enter into the membrane. After crossing the
barrier, the free energy decreases and reaches the minimum in
the region between dz = —0.30 and dz = —0.09. When ADM goes
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further along the coordinate, passing the centre into the bilayer
(i.e., dz = 0), the free energy slightly increases, as expected.
Overall ADM is stable by 26.0 k] mol " (6.21 kcal mol ') at the
centre of the membrane (dz = 0) compared to that in water. The
free energy barrier to get into the membrane for Sub-vitE is
larger (6 k] mol™"). However, it reaches the minimum at dz =
—0.30, with a free energy stability of —44.1 k] mol " (10.6 kcal
mol ") compared to that in water. The atomistic model of the
membrane and the permeants along with the reaction coordi-
nate dz is shown in Fig. 4a and b. The comparison of the free
energy profiles of permeation of both ADM and Sub-vitE indi-
cates that Sub-vitE will be more stable in the bilayer and
therefore will have a greater chance of permeation. The stability
of ADM is poor in the membrane and therefore its chance of
permeation will also be less (Fig. 4c).

2.8 Cellular trafficking pathways of lipopeptide_siRNA
complexes

To investigate the cellular trafficking pathways of lip-
opeptide_siRNA complexes, we have used different endocytosis
inhibitors and agents which cause energy depletion. The
inhibitors of endocytosis and their dose were chosen from well-
documented literature.'*'****” The internalization pathways of
cargo depend on the size of the cargo, physiochemical proper-
ties of peptides used as transporters, dose of cargo used, and
type of cell lines.*® Cells were treated with different endocytic
inhibitors such as dynasore - a dynamin - dependent pathway
inhibitor, chlorpromazine (abbreviated as CPZ) - a clathrin
inhibitor, methyl-B-cyclodextrin (abbreviated as MBCD) - a cav-
eolae and lipid raft inhibitor, 5-(N-ethyl-N-isopropyl)amiloride
(abbreviated as EIPA) - a macropinocytosis inhibitor and cyto-
chalasin D (abbreviated as Cyto D) - a actin polymerization
inhibitor. It was observed that the siRNA internalization shows
a marked decrease in the presence of 80 pM dynasore and 3.5
mM methyl-B-cyclodextrin (Fig. S217), suggesting that the lip-
opeptide_siRNA complexes are most likely internalized by both
clathrin and caveolae dependent endocytosis.

2.9 Endosome mimetic GUV poration assay

Crossing the endosomal membrane is one of the important
physiological barriers a good siRNA transporter needs to ensure
for cytosolic delivery of the siRNA. Here, we have synthesized giant
unilamellar vesicles or GUVs by the gel swelling technique and
have engineered the composition of GUVs such that they mimic
the membrane composition of the early endosome (phosphati-
dylcholine (PC): cholesterol : phosphatidylethanolamine (PE) =

and red represents DY-547 labelled siRNA and also represents the released siRNA from lipopeptide_siRNA complexes. Yellow represents the co-
localization of the FAM-labelled lipopeptide and DY-547-labelled siRNA. The best cytosolic distribution of siRNA was seen in the case of the
lipopeptide AB18_siRNA complex. MDA-MB-231 cells incubated with HiPerFect_siRNA has less cytoplasmic distribution of siRNA and exhibits
a less healthy morphology of MDA-MB-231 cells compared to the lipopeptide AB18_siRNA complex. (e) Intracellular distribution of the lip-
opeptide AB36_siRNA complex (MR 50) and HiPerFect_siRNA complex after 6 h of incubation in the hard to transfect primary cell line HUVEC by
ApoTome microscopy. Please note that lipopeptide AB36 has a similar peptide sequence to lipopeptide AB18, but unlike lipopeptide AB18, it does
not have FAM to enable microscopic studies without interference. Nuclei are stained with DAPI (blue), and red represents DY-547 labelled siRNA.
(f) Flow cytometry analysis of cellular uptake studies of labelled siRNA complexes at MR 50 after 1 h of incubation in the hard to transfect primary
cell line HUVEC. Error bars indicate SEM from two separate replicates. Both (e) and (f) indicate that labelled siRNA is internalized more and shows
better cytoplasmic distribution in the case of the lipopeptide AB36_siRNA complex compared to the HiPerFect_siRNA complex in HUVEC.
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Fig. 4 Atomistic model of the bilayer with a schematic picture of the
permeant (a) adamantane (ADM) and (b) substituted vitamin E (Sub-
VitE). The reaction coordinate dz is taken to be perpendicular to the
bilayer as shown here; (c) free energy (in kJ mol™) of permeation for
the two permeants ADM and Sub-vitE as a function of CV dz. The
vertical line represents the region where the ADM and Sub-VitE are
entering the membrane.

65:20:15) and late endosome (bis(monoacylglycro)phosphate
(BMP):PC: PE = 77:19:4).*** We have performed a leakage
study to investigate the efficiency of our synthesized
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lipopeptide_siRNA complex to pass through the endosomal
membrane and qualify for endosomal escape for efficient
cytosolic distribution of siRNA to be loaded to the RISC
complex.®® The synthesized GUVs were CM-Dil labelled (red
colour) and were kept in a buffer containing 5(6)-carboxy-
fluorescein (abbreviated as FAM, green colour). Optical
sectioning of confocal microscopy was done such that it allowed
visualization of the dark background within the GUV, even in
the presence of soluble dye outside. The addition of the lip-
opeptide AB36_Notch1 siRNA complex to GUVs for 1 h resulted
in the influx of the FAM containing green coloured buffer inside
both the GUVs mimicking early endosome and late endosome
(Fig. 5 and S227). This was possible due to the fact that the
lipopeptide AB36_Notch1 siRNA complex could form pores in
both early endosome and late endosome mimicking GUVs.
Melittin (5 uM), a well characterized, pore forming membrane
active peptide derived from bee venom, was taken as a positive
control and it also induced poration of both types of GUVs.>
Lipopeptide AB36 having the vitamin E lipidic moiety promotes
fusion of the lipid bilayer. Our synthesized lipopeptide has an
advantage over the cell penetrating peptide (CPP) TAT, as TAT
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Fig. 5 Representative examples of leakage in the late endosome
mimicking GUV (dye influx). Left panel shows the confocal images of
the late endosome mimicking GUV in the presence of lipopeptide
AB36_siRNA (1.25 uM, MR 50) and melittin (5 uM), a 26-residue
amphipathic membrane active peptide as a positive control and right
panel shows the respective intensity profiles of FAM dye (green) and
CM-Dil dye (red) along the radial axis of GUVs (white dotted line).
Unlabelled lipopeptide AB36 was used to avoid any false positive result.
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Fig. 6 (a) Gene knockdown efficiency of the Notchl gene by the lipopeptide_siRNA complex as compared to the HiPerFect_siRNA complex at
72 h transfection as evidenced by RT-PCR data. Lipopeptide AB18_siRNA complex shows slightly higher transfection efficacy as compared to the
HiPerFect_siRNA complex at 72 h. (b) Immunofluorescence of Notchl protein after transfection with the lipopeptide AB36_siRNA complex for
72 h compared to untreated cells, considered as a vehicle. Scale bar = 20 uM. (c) Long term gene knockdown efficiency of the lipopeptide
AB36_siRNA complex compared to the HiPerFect_siRNA complex on day 3, day 7 and day 15 after the first transfection. On day 7, siRNA
transporter AB36 exhibited 1.6 times more gene knockdown than HiPerFect, indicating its potential for long term gene silencing. (d) Relative
expression of the epithelial marker, E-cadherin in Notchl silenced MDA-MB-231 by the lipopeptide AB17_siRNA complex and lipopeptide

7850 | Chem. Sci, 2023, 14, 7842-7866 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01071f

Open Access Article. Published on 03 July 2023. Downloaded on 2/2/2026 3:10:59 AM.

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

(cc)

Edge Article

can perform endosomal escape only in the late endosome in the
presence of BMP* but our synthesized lipopeptide AB36_siRNA
nanocomplex can escape from both early and late endosomes
(Fig. 5 and S22f). Escape from the early endosome is an
important criterion as in the late endosome the pH turns more
acidic which can be detrimental to maintaining the function-
ality of the siRNA. Lipopeptide AB36 was chosen as the siRNA
transporter in this study as it is the unlabelled version of lip-
opeptide AB18 (without fluorophore FAM), which exhibited the
maximum siRNA internalization from flow cytometry studies
(Fig. 3c). Both lipopeptide AB18 and buffer contain FAM (green
colour), so to avoid any false positive result, we have used
unlabelled lipopeptide AB36. The presence of a large unsatu-
rated hydrophobic group in lipopeptide AB36 possibly helps in
adapting a conical-like structure in the membrane.*” The
insertion of such lipidic moieties having unsaturation in a bio-
logical membrane favours a less stable hexagonal phase
compared to a more stable lamellar phase.*” This phenomenon
possibly also results in the disruption of the endosomal
membrane by the lipopeptide AB36 encapsulated siRNA
complex.

2.10 Knockdown of Notch1, Erkl and Erk2 genes by
lipopeptide_siRNA nanocomplexes

Notch1 and Erk1/2 genes are abruptly overexpressed in the
TNBC cell line MDA-MB-231.7>** TNBC has a very high mortality
rate and patients with TNBC are hard to treat as TNBC is highly
metastatic. Notch pathways act as a key player in tumour
malignancy by employing epithelial mesenchymal transition.>*
Erk1/2 genes play a major role in cell proliferation, angiogen-
esis, cellular differentiation and cell survivability and the
Notch1 gene is mostly responsible for promoting metastasis,
stemness and chemoresistance in TNBC.**> The synthesized
lipopeptide_siRNA complexes were able to silence Notch1, Erk1l
and Erk2 genes effectively and thus can have high therapeutic
potential.

Real time PCR was done to study the silencing of the Erk1
gene at 48 h and 72 h time points by the synthesized lip-
opeptide_siRNA complexes at MR50 and compared to the
HiPerFect siRNA complex. At 48 h the synthesized lip-
opeptide_siRNA complex showed lower transfection efficiency
as compared to HiPerFect (Fig. S237) but at the 72 h time point
the transfection efficiency of the synthesized lipopeptide
AB17_siRNA and lipopeptide AB18_siRNA complexes was
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comparable to the silencing done by the HiPerFect siRNA
complex for all the investigated oncogenes, i.e., Erk1, Erk2 and
Notch1l genes (Fig. 6a, S24 and S25f). The knockdown
percentage of different breast cancer oncogenes, namely the
Erk1 gene at 48 h (Fig. S231) and 72 h (Fig. S241), the Erk2 gene
at 72 h (Fig. S25t) and the Notch1l gene at 72 h incubation
(Fig. 6a), is mentioned in Table 2.

All the knockdown studies were done at MR50 and Signal-
Silence control siRNA was used as a negative control. The lip-
opeptide AB17_siRNA complex and lipopeptide AB18_siRNA
complex showed a high level of knockdown for all the onco-
genes examined with comparable knockdown efficiency to that
of the HiPerFect_siRNA complex. Real time PCR analysis reveals
lipopeptide mediated cytosolic delivery of functional siRNA,
which can access the RNAi machinery.

The immunostaining of Notch1 and Erk1/2 proteins by the
lipopeptide AB36_ERK1/2 silencing siRNA complex at MR50 for
72 h showed a significant level of protein downregulation
compared to HiPerFect ERK1/2 silencing siRNA (Fig. 6b, S26
and S271). Notchl and Erk1/2 proteins were secondarily
labelled by the AlexaFour 568 secondary antibody, which is
visible in the TRITC channel. In the case of both Notch1 and
Erk1/2 knockdown, the TRITC signal is significantly lowered
compared to the untreated vehicle, inferring that both Notch1
(Fig. 6b) and Erk1/2 (Fig. S267) proteins are significantly low-
ered at the protein level at 72 h incubation. Our real time-PCR
and ApoTome data infer that lipopeptide AB18 and its variant
AB36 having one large partially constrained lipidic moiety
(alpha-p-tocopherol succinyl) and another short saturated lipid
(octyl chain) attached to the peptide backbone have demon-
strated the most efficient oncogene silencing at both gene and
protein levels.

Among the components of siRNA transporters, our experi-
mental data demonstrate that the introduction of a constrained
or unsaturated lipidic moiety into siRNA transporters possibly
facilitates the internalization of the lipopeptide encapsulated
siRNA by reducing the residing time of the nanocomplex in the
plasma membrane and also possibly facilitates endosomal
escape. Additionally, the optimum proteolytic stability of the
peptide backbone (Arg-Sar-Arg template) enables enhanced
cellular uptake and possibly successful decomplexation of lip-
opeptide_siRNA nanocomplexes. These characteristics facilitate
increased gene knockdown efficacy of an efficient siRNA
transporter.

AB18_siRNA complex increased and (e) relative expression of the mesenchymal marker, N-cadherin in Notchl silenced cells by the lipopeptide
AB17_siRNA complex and lipopeptide AB18_siRNA complex decreased. (f) Relative expression of the MMP-2 gene (responsible for lung
metastasis) in Notchl silenced MDA-MB-231 cells by the lipopeptide AB17_siRNA complex and lipopeptide AB18_siRNA complex. In the lip-
opeptide AB17_siRNA complex and lipopeptide AB18_siRNA complex treated Notchl silenced MDA-MB-231 cells, the relative expression of (g)
the CD44 gene declined and subsequently the expression of (h) the CD24 gene was increased with respect to untreated MDA-MB-231 indicating
possible inhibition of stemness in the treated samples. (i and j) SEM images revealing nano-scale bridges connecting metastatic breast cancer
MDA-MB-231 (epithelial) cells to HUVEC (endothelial cells) in the 3D co-culture. (i) Untreated MDA-MB-231 and (j) MDA-MB-231 cells treated
with the lipopeptide AB36_Notchl siRNA nanocomplex were co-cultured with HUVEC. Lipopeptide AB36_Notchl silencing siRNA treated cells
did not exhibit any nanobridge formation indicating the inhibition of metastasis compared to untreated cells taken as controls, which exhibited
nanobridge connecting HUVEC cells (yellow arrows). (a and c—h) Data are represented as mean + SEM of n = 3 at each data point. (a) and (c) ***p
< 0.0001 and n.s. — not significant compared with untreated cells. The experiments were repeated twice. Lipopeptide AB36 (having the same
peptide sequence like lipopeptide AB18) was used in (b), (c), (i) and (j) to avoid interference induced by FAM.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2023, 14, 7842-7866 | 7851


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01071f

Open Access Article. Published on 03 July 2023. Downloaded on 2/2/2026 3:10:59 AM.

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

(cc)

Chemical Science

Table 2 Knockdown percentage of oncogenes by different siRNA
transporters

Knockdown
Oncogene Incubation time SiRNA transporter percentage

Erk1 48 h AB17 67.9 + 7.6%
AB18 62.6 £ 12.5%
AB29 52.6 + 10.2%

AB32 51.6 + 7.4%

Peptide6 31.2 £2.2%

HiPerFect 88.7 £ 1.3%

72 h AB17 85.9 + 8.8%

AB18 89.1 + 6.3%
AB29 58.8 + 10.9%

AB32 70.6 + 2.3%

Peptide6 78.1 + 2.0%

HiPerFect 86.5 £+ 9.6%

Erk2 72 h AB17 75.8 £ 5.1%
AB18 85.9 + 16.7%

AB29 59.8 £ 7.2%

AB32 60.3 + 3.2%

Peptide6 71.6 + 9.4%

HiPerFect 83.6 £ 2.9%

Notch1 72 h AB17 82.5 + 5.6%
AB18 90.8 + 3.06%

AB29 50.5 + 7.7%

AB32 73.1 £ 2.8%

Peptide6 80.9 £+ 1.6%

HiPerFect 82.2 + 3.0%

2.11 Long term gene silencing efficacy of the synthesized
lipopeptide_siRNA nanocomplex

As RNA interference is an invasive procedure, it is desirable that
the treatment regime exhibits long term oncogene silencing for
effective cancer treatment. To examine the long term knock-
down efficacy, MDA-MB-231 cells were treated with
AB36_Notch1 siRNA and HiPerFect_Notchl siRNA and their
knockdown efficiency was checked on day 3, day 7 and day 15
post transfection (Fig. 6¢). On day 3, siRNA transporter lip-
opeptide AB36 and HiPerfect showed similar gene knockdown
efficiency. Interestingly on day 7, siRNA transporter lipopeptide
AB36 exhibited 1.6 times more gene knockdown efficiency than
HiPerFect. The Notchl gene knockdown efficiency by
AB36_Notch1 siRNA and HiPerFect_Notch1 siRNA on day 7 is
78.7 £ 5.6% and 48.7 + 5%, respectively. Superior long term
gene silencing efficacy by siRNA transporter AB36 may support
its great therapeutic importance.

2.12 Relative expression of genes related to metastasis and
stemness in Notch1 silenced MDA-MB-231

After successful Notch1l down regulation we wanted to investi-
gate the therapeutic outcomes of Notch1 silenced TNBC cell line
MDA-MB-231 cells by the lipopeptide AB18 Notchl siRNA
complex. The Notch1 signalling pathway drive cells towards
EMT.>® “Cadherin switching” involves the changes of isoforms
of cadherins at adherens junctions of cells.” This occurs in the
normal developmental process and allows cell types to segre-
gate from one another. During tumor metastasis, cadherin
switching is recapitulated and this allows the tumor tissue to
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leave its primary site and metastasize in a distant site. During
EMT, cells shed their epithelial markers like E-cadherin and
acquire features of mesenchymal cells, and mesenchymal
markers like N-cadherin and vimentin.*® This leads the tumour
cells to lose their strong affinity with epithelial cells and instead
associate weakly with mesenchymal cells, facilitating cell
migration and invasion, leading to metastasis.*® Shao et al. have
exhibited that the silencing of Notch1 in the TNBC cell line
MDA-MB-231 resulted in decreased expression of mesenchymal
markers and subsequently increased the expression of epithe-
lial markers.”” The lipopeptide AB18_Notch1l siRNA complex
upregulated E-cadherin 1.87 times and down regulated N-cad-
herin 5.18 times with respect to the vehicle (Fig. 6d and e)
indicating inhibition of EMT and metastasis.

The high rate of mortality occurring in the aggressive TNBC
cell line is mainly due to the TNBC cells metastasizing to lungs
and the pleural effusions.”® As a matter of fact, MDA-MB-231 is
derived from pleural effusions.*® Nearly 40% of TNBC patients
have lung metastasis and these patients have a median survival
of only around 22.5 months with systemic chemotherapy.®>*
One of the crucial genes associated with aggressive forms of
breast cancer metastasizing in lung and pleural effusions is the
MMP-2 gene (gelatinase A).”® Notch1 upregulation leads to the
upregulation of both NF-kB and Snail proteins, both of which
upregulates MMP-2 protein.’***®® Rise in MMP-2 leads to the
degradation of extracellular matrix proteins, which facilitates
increased invasion of cancer cells. We examined the MMP-2
gene level in Notchl silenced MDA-MB-231 cells by the lip-
opeptide AB18_Notch1 siRNA complex by real time PCR anal-
ysis (Fig. 6f). The lipopeptide AB18 Notchl siRNA complex
lowered the MMP-2 gene level 2.38 times with respect to
untreated MDA-MB-231 cells marked as a vehicle (Fig. 6f),
inferring decreased metastasis in Notch1 silenced cells.

TNBC tumors have a high population of cancer stem cells
(CSCs).** CD44+/CD24— is considered an important biomarker
for CSCs.* Fillmore and Kuperwasser claim that more than 90%
of TNBC cell line MDA-MB-231 has this CSC phenotype.*® CSCs
are capable of self-renewal, has tumor heterogeneity and are
held responsible for tumorigenesis, the prolific rate of metas-
tasis, tumor recurrence and drug resistance.®” The presence of
such a high population of CSCs may account for a high rate of
metastasis, resistance to chemotherapy and eventually high
mortality rate of TNBC. Elevated Notchl signalling leads to
increased CD44 and decreased CD24 gene expression in breast
cancer.®® Chang et al. have demonstrated that down regulating
the CD44 gene led to the inhibition of lung metastasis of MDA-
MB-231 cells and also reduced breast tumor outgrowth in
a mice model.*

In this study, we were interested to investigate the stem cell
phenotypes in Notch1 silenced MDA-MB-231 cells by real time
PCR analysis (Fig. 6g and h). CD44 expression was decreased
2.15 fold and CD24 expression was increased 1.8 fold by the
lipopeptide AB18_Notch1 siRNA complex (Fig. 6g and h), indi-
cating reduced CSC properties of MDA-MB-231 cells and
making TNBC cells less invasive and more responsive to
chemotherapy.
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2.13 Disruption of nanoscale conduit-mediated
communication between tumor cells and endothelial cells

Angiogenesis and metastasis are two hallmark features of
cancer progression. Both these phenomena involve communi-
cation between the epithelial tumor cell and endothelial cells of
blood vessels. Communications are mainly mediated by para-
crine signalling by growth factors and by the exosome packed
with tumor secreted micro-RNAs (miRNAs).”>”* Recently Sen-
gupta and co-workers have shown that metastatic breast cancer
cells develop physical nanoscale conduits or nanobridges which
transfer miRNAs from tumour cells to endothelial cells.”
Generally miRNA-132 is transferred from the tumor cells to the
endothelial cells and makes the blood vessel pathological by
creating a pre-metastatic niche in the blood vessel, thus aiding
in tumor metastasis.”” The same group has shown that cancer
cells deploy physical nanotubes which connect with immune
cells and “hijack” the mitochondria from immune cells.” This
event metabolically empowers the cancer cell and depletes the
immune cells thus providing a strategy for immune escape of
the tumour cells. In our present study we have examined the
presence of nanobridge formation in the 3D co-culture of
epithelial (MDA-MB-231 cells) and primary endothelial cells
(HUVEC) in matrigel: PBS (1:1). Our studies confirm the
presence of nanobridges arising from the epithelial cells and
connecting the endothelial cells (Fig. 6i). These nanobridges
selectively arises from the side of the MDA-MB-231 cells facing
the HUVEC and only from MDA-MB-231 cells which are in close
vicinity to HUVEC cells (Fig. 6i). The nanobridges are of 185 +
40 nm in the short axis and 9.86 &+ 1.4 um in the long axis are
very different from other cellular protrusions like lamellipo-
dia.” Interestingly, Notchl silenced MDA-MB-231 in close
proximity to HUVEC did not exhibit any nanobridge formation,
indicating the prevention of metastasis and combating the
immunosuppression of TNBC (Fig. 6j).

2.14 Designing combination therapy and evaluation of its
effect on the metastasis and stemness of TNBC

Combination therapy has become a corner stone for cancer
therapy since it involves combining more than one therapeutic
agent such that it results in enhanced therapeutic potential,
reduced toxicity and prevention of drug resistance.** Towards
this goal we have selected the “miracle drug” metformin in
combination with Notchl silencing by the lipopeptide
AB36_Notch1 siRNA complex against the TNBC cell line MDA-
MB-231. Metformin has been used widely as an anti-diabetic
and anti-ageing agent.”* We have repurposed this FDA
approved drug for combination mediated cancer therapy. Met-
formin acts a mTOR inhibitor by inhibiting mTORC1 (a catalytic
subunit of mTOR) via IGF1 and the insulin signalling pathway.*®
High Notch1 signalling in TNBC leads to pro-survival signalling
by mTOR-dependent PI3K/Akt inhibition of tumor suppressor
protein p53.*> MDA-MB-231 has a high level of mutant p53,” so
restoring the native p53 level is critically important for therapy.
Activated Akt signalling in cooperation with Notch signalling
leads to self-renewal of cancer stem cells.”® High Akt signalling
leads to chemoresistance in breast cancer and inhibition of m-
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TOR sensitizes cells to cytotoxic agents.”” Notch also upregu-
lates PD-L1 in MDA-MB-231 cells through the m-TOR pathway
thus helping in immunosuppression of cancer cells.** Metfor-
min induces autophagy, causes cell cycle arrest and is also
associated with the metabolo-epigenetic link in cancer.”®” So
for all these reasons, we have chosen a m-TOR blocker metfor-
min in combination with siRNA mediated Notch1 silencing.

2.15 Evaluation of the drug combination effect of metformin
and Notch1 silencing by the lipopeptide AB36_Notch1 siRNA
complex and calculation of the combination index (CI)

To assess the combination effect of metformin and Notch1
silencing by the lipopeptide AB36_Notch1 siRNA complex in
MDA-MB-231 cells, we first determined the IC50 value of met-
formin against MDA-MB-231 cells at the 72 h time point. MTT
assay was performed with a range of doses and the IC50 value
was determined by using CompuSyn software (data not shown).
The IC50 value of metformin against MDA-MB-231 at 72 h was
determined to be 374 uM. For combination studies, we have
used a non-fixed ratio.*” Non-fixed ratios are employed when
one drug is much more potent than another drug.*® Here,
metformin is much more cytotoxic than the lipopeptide
AB36_Notch1 siRNA complex which shows negligible cytotox-
icity at 72 h. MTT assay was performed for the drug combina-
tions at 72 h keeping the dose of lipopeptide AB36_Notch1
siRNA fixed and varying the metformin dose. The metformin
doses were selected near the IC50 value of metformin (200 uM,
250 puM, 300 uM, 374 uM and 450 pM) as it is recommended in
combinations with a non-fixed ratio (Fig. 7a).*® The CI of the
combination was determined by the Chou-Talalay method
using CompuSyn software.** Fig. 7b depicts the CI vs. effect
(effect is abbreviated as “Fa”) of all doses used in combination
to determine drug interactions which is acquired from Com-
puSyn software. In general, a CI value > 1 refers to an antago-
nistic effect, CI = 1 refers to an additive effect and CI < 1 refers
to a synergistic effect.®* All the doses in combination yielded
a synergistic value with CI < 0.7. The strongest synergistic value
was obtained with the dose of 200 pM metformin (CI = 0.34)
and thus we have chosen this dose of metformin along with
Notch1l silencing by the lipopeptide AB36_Notchl siRNA
complex while applying combination therapy to all other in vitro
and in vivo experiments in this study. Please note that both
lipopeptide AB18 and lipopeptide AB36 have similar sequences.
To avoid the interference from fluorophore FAM, instead of
lipopeptide AB18, lipopeptide AB36 was used. These in vitro
data of combination therapy were used for designing in vivo
experiments in zebrafish, where avoiding the interference of the
FAM fluorophore is critically needed.

2.16 Relative expression of genes related to metastasis and
stemness after applying combination therapy

The relative expression of genes like MMP-2, CD24 and CD44
related to metastasis and stemness were checked by RT-PCR at
72 h after applying combination therapy and compared to that
of only Notch1 silenced MDA-MB-231 cells. Notch1 silencing
was done by the lipopeptide AB36_Notch1 siRNA complex at
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Fig. 7 (a) Cytotoxicity analysis of MDA-MB-231 cells with the combination of different doses of metformin close to its IC50 and fixed dose of
lipopeptide AB36_Notchl siRNA for the determination of the combination index (Cl) at 72 h. Data are represented as mean + SEM of n = 3 at each
data point (***p < 0.0001, *p < 0.05 and n.s. — not significant compared with untreated cells). (b) Cl vs. effect (Fa) at a non-fixed ratio. All of the
drug combinations of drug doses are represented by blue dots (combination doses). Blue dots below Cl = 1 represent synergistic interactions. (c)
Relative expression of the MMP-2 gene in Notchl silenced MDA-MB-231 cells by combination of metformin (200 pM) and the lipopeptide
AB36_siRNA complex (MR 50) compared to monotherapy li.e., separately by 200 uM metformin and also by lipopeptide AB36_Notchl siRNA (MR
50)]. (d) Relative expression of the CD44 gene in Notchl silenced MDA-MB-231 cells by combination of metformin (200 uM) and the lipopeptide
AB36_siRNA complex (MR 50) compared to monotherapy. (e) Relative expression of the CD24 gene in Notchl silenced MDA-MB-231 cells by
combination of metformin (200 uM) and the lipopeptide AB36_siRNA complex (MR 50) compared to monotherapy. Combination reduces
markers of metastasis (MMP-2) and stemness (CD44 and CD24) compared to monotherapy. (c—e) Data are represented as mean + SEMof n =3

at each data point. The experiments were repeated twice.

72 h and combination therapy was done by co-administering
the lipopeptide AB36_Notchl siRNA silencing complex and
metformin (200 M) on MDA-MB-231 cells for 72 h. For all the
genes investigated combination yielded better therapeutic
results compared to only Notchl silencing of MDA-MB-231
cells.

The relative expression of the MMP-2 gene in combination
drug treated MDA-MB-231 cells was 0.29 compared to 0.41 in
only Notchl silenced MDA-MB-231 (Fig. 7c). The relative
expression of the CD44 gene in combination drug treated MDA-
MB-231 cells was 0.42 compared to 0.52 in only Notch1 silenced
MDA-MB-231 cells (Fig. 7d) and the relative expression of the
CD24 gene in combination drug treated MDA-MB-231 cells was
2.31 compared to 1.87 in only Notch1 silenced MDA-MB-231
cells (Fig. 7e). In our present study, we can infer that the
combination of Notchl silencing along with metformin

7854 | Chem. Sci, 2023, 14, 7842-7866

administration could further decrease metastasis and stemness
compared to only Notch1 silenced in MDA-MB-231 cells as seen
from the relative gene expression levels of MMP-2, CD24 and
CD44 genes. The treatment of metformin (200 pM) alone did
not show any changes in the relative expression of any genes.
So, we can infer that metformin (200 uM) did not show any
changes in gene expression in MMP-2, CD24 and CD44 genes
but when used along with Notch1 silencing siRNA, it can
further reduce metastasis and stemness in the TNBC cell line
MDA-MB-231.

2.17 Role of Notch1 silencing and combination therapy in
preventing metastasis and cell proliferation in an in vivo
zebrafish model

The in vivo experimental procedures used in this study were
approved by the Institutional Animal Ethics Committee (IAEC,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 In vivo zebrafish xenograft model for the evaluation of cell proliferation and micro-metastasis. (a) Day O images of zebrafish injected with
untreated MDA-MB-231 cells at the left section, Notchl silenced MDA-MB-231 cells with the lipopeptide AB36_Notchl siRNA complex for 72 h
at the centre and MDA-MB-231 cells treated with combination of metformin (200 uM) and the lipopeptide AB36_Notchl siRNA complex (MR 50)
for 72 h at the right section. (b) Images of zebrafish on day 5 post injection. The middle and tail portions were imaged with higher exposure for
TRITC (red) for clear visualization of micro-metastasis and are inserted as an inset above each condition. Notchl silenced MDA-MB-231 cells
treated with the lipopeptide AB36_Notchl siRNA complex and MDA-MB-231 cells treated with a combination of lipopeptide AB36_Notchl siRNA
and metformin (200 uM) showed significant reduction in cell proliferation and micrometastasis in the in vivo zebrafish model compared to
untreated MDA-MB-231 cells. (c) Quantification of cell proliferation of MDA-MB-231 in the in vivo zebrafish xenograft model by measuring the
fluorescence intensity of CM-Dil labelled MDA-MB-231 cells on the fifth day compared to the day of injection. Data are represented as mean +
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Animal Use Protocol No.: IISERK/IAEC/AP/2022/83). After
achieving successful therapeutic effects under in vitro condi-
tions, we further wanted to check the efficacy of the siRNA
transporter and designed combination therapy in an in vivo
zebrafish model. In vivo models provide us insights into the
molecular mechanisms and signalling pathways involved in the
progression of cancer and play a great role in developing
different therapeutic agents. Murine xenograft models are
considered benchmark in an in vivo breast cancer model but
this model suffers from drawbacks like a high cost of intense
care for immunocompromised mice, longer tumor generation
time and requirement of a large number of cells to be injected
for successful tumor inoculation in mice.*” To avoid these
complications we have used a zebrafish (Danio rerio) xenograft
in vivo model for our study. The tiny zebrafish is making big
waves in the field of cancer research, being used in developing
xenograft models of various human cancers and for testing of
various therapeutic drugs.®*** Zebrafish shares genes of 71% of
all proteins and 82% of disease-causing protein with that of
humans.® Zebrafish models have benefits like (i) transparency
of embryos can be obtained by 1-phenyl 2-thiourea (PTU)
treatment leading to easy visualization of tumor development
and angiogenesis, (ii) cost effectiveness in rearing zebrafish and
a large number of embryos can be obtained in a single day, (iii)
the absence of a fully developed immune system in zebrafish
larvae till 11 days post fertilization allows successful xenograft
of different human cancer cells and (iv) zebrafish embryos and
larvae can be cultured in small places like in 96 well format and
requires a very small amount of drug for testing its pharmaco-
logical efficiency.'®*>***” All these reasons make zebrafish
a great platform for studying cancer development and for
testing the efficacy of anticancer drugs. As we synthesize the
lipopeptides in our lab and due to the huge cost of anti-Notch1
specific siRNA we have selected the zebrafish model which will
require a less quantity of drug over the mice model.

In this study, we have developed a zebrafish xenograft model
of human breast cancer. Towards the goal of examining the
efficiency of Notch1 silencing and combination therapy, we first
silenced the Notch1 gene in in vitro MDA-MB-231 cells with the
lipopeptide AB36_Notch1 silencing complex for 72 h and co-
administered metformin with the lipopeptide AB36_Notch1
silencing complex for 72 h in in vitro MDA-MB-231 cells for
combination. These cells were labelled with CM-Dil and injec-
ted into perivitelline space of 48 h post fertilization (hpf)
zebrafish larvae. Untreated labelled MDA-MB-231 cells were also
injected and considered as a vehicle. It is reported that the
injection of MDA-MB-231 cells into zebrafish larvae results in
cellular proliferation and micro-metastasis to a secondary site
generally towards the tail-fin region.®®® We studied the
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proliferation and micro-metastasis of MDA-MB-231 cells to the
tail region at 0 day post injection (dpi) (Fig. 8a) and 5 days post
injection (dpi) (Fig. 8b) by capturing images by epifluorescence
microscopy. Untreated MDA-MB-231 cells exhibited active cell
proliferation and cell migration towards the tail region at 5 dpi
in the case of larvae injected with untreated MDA-MB-231 cells.
Larvae injected with Notch1 silenced MDA-MB-231 cells by lip-
opeptide AB36_Notchl showed significantly less cellular
proliferation and micro-metastasis of MDA-MB-231 cells to the
tail region compared to larvae injected with untreated MDA-MB-
231 cells at 5 dpi (Fig. 8b). Further less cellular proliferation and
negligible micro-metastasis were observed in larvae injected
with MDA-MB-231 cells treated with combination of metformin
(200 uM) and the lipopeptide AB36_Notch1 silencing complex
for 72 h (Fig. 8b). Cellular proliferation was quantified by
measuring the fluorescence of CM-Dil labelled MDA-MB-231
cells (Fig. 8c). Untreated MDA-MB-231 cells showed nearly 1.8
times more cell population at 5 dpi compared to 0 dpi. Inter-
estingly, Notch1 silenced MDA-MB-231 cells and MDA-MB-231
cells treated with combination drugs showed 1.2 times and
1.63 times less cell population at 5 dpi compared to 0 dpi,
respectively (Fig. 8c). To demonstrate micro-metastasis, the
region from the mid-section to the tail section in zebrafish
larvae was imaged by epifluorescence microscopy with higher
exposure (700 ms) (Fig. 8b). Negligible metastasis was observed
in the case of both Notchl silenced MDA-MB-231 cells and
MDA-MB-231 cells treated with combination drugs. The
comparatively big red dots in the insets of middle and extreme
right sections in Fig. 8b are some residual pigments in zebrafish
larvae and artefacts during imaging which are not from MDA-
MB-231 cells.

Our study infers that Notch1 silenced MDA-MB-231 cells by
the lipopeptide AB36_Notchl silencing complex does not
proliferate and shows negligible micro-metastasis in the in vivo
zebrafish model. MDA-MB-231 cells treated with combination
of metformin and Notch1 silencing siRNA enhances the thera-
peutic outcome in the in vivo zebrafish model by mitigating cell
proliferation and further reducing micro-metastasis in zebra-
fish larvae.

2.18 Immunogenicity of synthesized lipopeptides

One of the key criteria for a clinically safe peptide based drug
and other health care materials is that it must be non-
immunogenic so that it does not elicit any abrupt immune
response. We have checked the immunogenicity of our
synthesized lipopeptide AB36 and HiPerFect by PBMC prolif-
eration assay (Fig. 8d). PBMC was isolated from goat blood.
Concanavalin A (5 pg ml™"), a T cell mitogen was used as

SEM of n = 10 at each data point. The experiment was repeated twice. Quantification of fluorescence intensity was carried out using ImageJ
software and is represented as % mean fluorescence intensity, where the reading of day O was taken as the baseline. Image stitching was also
achieved using ImageJ software. (d) Graphical representation of the immunogenicity study calculating the stimulation index of peripheral blood
mononuclear cells (PBMCs) isolated from goat blood by MTT studies. Designed lipopeptide AB36 and HiPerFect are non-immunogenic till 72 h.
Data are represented as mean + SEM of n = 3 at each data point. Lipopeptide AB36 (having a similar peptide sequence to lipopeptide AB18) was

used to avoid interference induced by FAM.
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Fig. 9 Cartoon representation of the key point summary of this work. Image was created with the help of https://www.biorender.com/.

a positive control.*® Lipopeptide AB36 was used at its working
concentration for all experiments (1.25 pM or 2.635 pg ml™ )
and at a much higher concentration (10 pg ml™") to check its
immunogenic nature and HiPerFect was used at a dose as rec-
ommended in the user manual for 96 well plates. PBS was used
as a negative control. Both lipopeptide AB36 and HiPerFect did
not show any mitogenic activity on PBMC cells at the 72 h time
point, which infers that the synthesized lipopeptide AB36 and
HiPerFect are non-immunogenic (Fig. 8d).

Cartoon representation of the key point summary of this
work is illustrated in Fig. 9. Briefly the lipopeptide encapsulated
Notch1 silencing siRNA complexes are internalized by clathrin
and caveolae mediated endocytosis. The size of these nano-
complexes qualify for the EPR effect, thus passively targeting the
tumor site. The nanocomplexes can escape from both early and
late endosomes and silence the Notch1 mRNA in the cytoplasm.
Notch1 is highly expressed in triple negative breast cancer and
is responsible for its aggressive metastasis and chemo-
resistance.*® Notch1 silencing in combination with metformin

© 2023 The Author(s). Published by the Royal Society of Chemistry

(mTOR inhibitor) exhibits synergistic drug interaction against
TNBC.

3. Experimental section
3.1 Materials

Resin and Fmoc protected amino acids were purchased from
Novabiochem and GL Biochem and employed in synthesis
without further purification. Coupling reagents HATU (1-{bis(di-
methylamino)methylene]-H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid

hexafluorophosphate), HBTU (2-(1H-benzotriazol-1-y1)-1,1,3,3-
tetramethyluronium  hexafluorophosphate) and  PyBOP
(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexa-

fluorophosphate) were obtained from Novabiochem and hydrox-
ybenzotriazole (HOBt) was procured from Sisco Research
Laboratories Pvt. Ltd (SRL). Anhydrous dimethylformamide
(DMF) and dichloromethane (DCM) used in the coupling reaction
were obtained from Acros Organics and N,N-diisopropylethyl-
amine (DIPEA) from TCI Chemicals. Stearic acid, pyrene butyric
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acid, p-alpha-tocopherol succinate, adamantanecarboxylic acid,
2,4,6-trinitrobenzenesulfonic acid (TNBS), thioanisol, phenol, and
piperidine were purchased from Sigma-Aldrich and EDT was ob-
tained from Acros Organics. The washing solvents DMF and DCM
were purchased from Merck India. 5(6)-Carboxyfluorescein (FAM)
dye was procured from Invitrogen. HiPerFect was purchased from
Qiagen. siGLO Red Transfection reagent (DY-547-labelled siRNA)
(Cat. No. # D-001630-02-20) was obtained from Dharmacon. Fetal
bovine serum (FBS), 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA) (1X), Dulbecco's Modified Eagle's Medium (DMEM)
and Opti-MEM were bought from Gibco, Life Technologies.
RPMI-1640 and colourless RPMI-1640 were procured from
HiMedia. Fluoroshield, Fluoroshield with 4’,6-diamidino-2-
phenylindole (DAPI) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reagent and cholesterol were
procured from Sigma-Aldrich. POPC (Cat. No.: 850457P), 16: 0—
18:1 PE (Cat. No.: 850757P) and 18:1 BMP (S,S) (Cat. No.:
857135C) for constructing GUVs were procured from Avanti Polar
Lipids. Notch1 siRNA (Cat. No.: sc-36095) was acquired from
Santacruz Biotechnology. SignalSilence p44/42 MAPK (Erk1/2)
siRNA (Cat. No. #6560) and SignalSilence control siRNA
(unconjugated) (Cat No. #6568), and p44/42MAPK (Erk1/2) anti-
body (Cat. No. #9102) were purchased from Cell Signaling
Technology. Goat anti-rabbit IgG (H + L) secondary antibody and
Alexa Fluor 568 (Cat. No. A-11036) were procured from Thermo
Fisher Scientific.

3.2 Lipopeptide synthesis

The Fmoc solid phase peptide synthesis strategy was utilized to
synthesize lipopeptides manually. The lipidic moieties of pyrene,
tocopherol, adamantane, and stearic acid coupling was done on
the Lys side chain after deprotection of the mild acid labile Mtt
group (4-methyl trityl) from the Lys(Mtt) moiety. The Mtt group
deprotection was done with a 1% trifluoroacetic acid (TFA) + 5%
TIS + DCM mixture for 1 h after 5 minutes interval. The coupling
of the lipidic moiety was done using 6 equiv PyBop + 6 equiv HOBt
+ DIPEA in DMF for 12 h. This coupling was done twice for
complete conjugation. The fluorophore 5,6-FAM was tagged at
the N terminus of the peptide and the rest of the procedures were
followed as described in ref. 14. The lipopeptide purification was
done by HPLC using a C18 column using ACN as solvent and
confirmed by MALDI-TOF mass spectra (Fig. S4-S87). The general
synthesis scheme of FAM-labelled lipopeptides having con-
strained lipidic moieties is shown in Fig. S3.t

3.3 Circular dichroism

Circular dichroism was carried out as described in ref. 14. Spectra
were recorded in a range of 195-300 nm and the spectra were
obtained by accumulating three scans with a data pitch of 0.2 nm,
scan speed of 100 nm min ', and bandwidth of 1.0 nm. After
smoothing and baseline correction, final spectra were generated.
All spectra were plotted using OriginPro 8 software.

3.4 Dynamic light scattering

Dynamic light scattering experiments were carried out as
mentioned in ref. 15. For the lipopeptide_fluorophore unlabelled
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siRNA complex, the hydrodynamic size in cell culture media
(DMEM + 10% FBS) and the zeta potential in aqueous solution
were measured at a molar ratio (MR) [lipopeptide:siRNA]
ranging from 5:1 to 100:1 respectively. To form the lip-
opeptide_siRNA complex, the lipopeptide and siRNA were mixed
at a definite concentration and allowed to rest at room temper-
ature for 30 min. All data were measured in triplicate. OriginPro
8 and GraphPad Prism 5 software were used to plot all data, and
the values are represented as mean =+ standard error of the mean
(SEM) of three independent experiments.

3.5 Scanning electron microscopy

Field emission scanning electron microscopy (FE-SEM) studies
for lipopeptide_siRNA complexes were performed at MR50 as
described in ref. 14.

3.6 Cryogenic transmission electron microscopy

Cryogenic transmission electron microscopy (Cryo-TEM)
studies for lipopeptide_siRNA complexes were performed at
MR50 as described in ref. 14.

3.7 Gel retardation assay

To determine the formation of the lipopeptide_siRNA complex
at different MRs, gel retardation assay was performed as re-
ported in ref. 14. The range of MR taken was from MR 0-MR
100.

3.8 Protease stability of lipopeptides

The protease stability of lipopeptide AB36 was examined in the
presence of trypsin as reported in ref. 14.

3.9 Serum and ribonuclease A protection assay

The ability of the synthesized lipopeptides to protect the siRNA
against serum and RNase A was determined using the protocol
as done in ref. 14. The time period for which the lip-
opeptide_siRNA complexes at MR 50 were exposed to serum and
RNase Awas 0 min, 10 min, 30 min, 1 h,3 h,6h,12h,24 h,48 h
and 72 h.

3.10 Computational studies

Two heterogenous POPC:POPS lipid bilayer systems were
constructed using CHARMM-GUI membrane builder®"** one for
the adamantane (ADM) and other for substituted vitamin-E
(Sub-vitE). The lipid bilayers in both the systems had 160
POPC and 40 POPS lipid molecules per leaflet mimicking the
cell membrane of cancer cells. Based on the hydration number
the lipid bilayers were solvated using 9999 TIP3P* water
molecules for the ADM system and 15999 TIP3P water mole-
cules for the substituted vitE system. The systems were
neutralized by adding 150 mM KCI salt. The systems had
dimensions of 7.74 nm x 7.74 nm x 9.00 nm and 7.80 nm x
7.80 nm X 11.76 nm for ADM and Sub-vitE systems, respec-
tively. The periodic boundary conditions were enforced along all
directions. For both systems, we used CHARMM36 (ref. 94) for
the lipids and CHARMM general force field (CGenFF)* for the
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permeants; the latter were randomly inserted into the boxes
containing the lipid bilayer and TIP3P water molecules using
the insert-molecules module implemented in GROMACS which
replaces some water molecules from the boxes to accommodate
the permeants.

The systems were energy minimized using the steepest descent
algorithm,* followed by equilibration at a temperature of 310 K
using a V-rescale thermostat® for 3 ns with a coupling constant of
0.1 ps. After NVT equilibration, the systems were subjected to NPT
equilibration for 7 ns at a temperature of 310 K and pressure of 1
bar using a Nosé-Hoover thermostat®®**® and Parrinello-Rahman
barostat.'® The coupling constants for temperature and pressure
coupling were 0.5 ps and 5 ps, respectively.

In the final production run the system was equilibrated in an
NPT ensemble for 20 ns using a Nosé-Hoover thermostat and
Parrinello-Rahman barostat with coupling constants 0.5 ps and
2 ps respectively. Particle-Mesh-Ewald'* was used to calculate
long-range electrostatic interactions. Bonds to all atoms were
constrained using a Linear Constraint Solver (LINCS)*** and the
MD integration time step was 2 fs. A cut-off distance of 1.2 nm
was used for the short-range neighbour list and the neighbour
list was updated every 10 fs. The MD simulations were per-
formed using GROMACS-2021.4.**

3.11 Free energy calculation

Free energy for permeation of adamantane (ADM) and
substituted vit-E (Sub-vitE) was determined using the umbrella
sampling method.'**'** Umbrella sampling simulations were
performed using PLUMED-2.7.4 (ref. 105) patched with GRO-
MACS-2021.4." The bilayer was aligned to have its surface
normal along the Z direction. Therefore, the collective variable
for the umbrella sampling was chosen as the z-coordinate of the
distance separating the centre of mass (COM) of the all atoms of
the lipid bilayer and the COM of the permeants. The atomistic
model of the membrane and the permeants along with the
reaction coordinate dz is shown in Fig. 4a and b.

Since the bilayer is symmetric, we calculated the free energy of
the permeants from the solvent up to the COM of the bilayer. For
the adamantane system, the length of the box in the Z-direction
was 8 nm. Therefore, the adamantane was brought from z = —4
(surface) to z = 0 (COM of the membrane), with a window
spacing of 0.0625 nm, using successive umbrella sampling
simulations. For the Sub-vitE system, the windows were placed
from z = —5.5 nm to z = 0 nm with a window spacing of
0.0625 nm as the box size in the Z-direction was 11 nm.

After several trials, we used 300-500 k] mol~* nm 2 force
constants for each window in our umbrella sampling simula-
tions. Based on the convergence criteria (Fig. S287), the length
of the simulations for each window was 30 ns. The final free
energy profile for ADM and Sub-vitE systems was obtained by
combining 64 and 88 no. of simulations respectively using the
WHAM program from Grossfield's lab.'**'%”

3.12 Cell culture

Triple negative human breast adenocarcinoma cells (MDA-MB-
231), the human fibroblast cell line and the human embryonic
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kidney cell line HEK-293 were cultured in Dulbecco's Modified
Eagle's Medium with 10% fetal bovine serum, 1% penicillin-
streptomycin and 0.1% amphotericin B. Murine triple negative
breast cancer cell line 4T1 cells were cultured in RPMI-1640 with
10% bovine serum and 1% penicillin-streptomycin. Primary
cells HUVEC were cultured using complete EGM2 media
(Lonza) and were seeded in plates coated with 0.1% gelatin.

3.13 Cell viability assay in the presence of cell-penetrating
lipopeptides and lipopeptide_siRNA complexes

MTT assay was performed on MDA-MB-231, 4T1, the human
fibroblast cell line and the HEK-293 cell line as mentioned in
ref. 14. The concentrations of lipopeptides used were 500 nM, 1
uM and 2.5 uM for a time point of 24 h, 48 h and 72 h. For the
cytotoxicity assay of the lipopeptide_siRNA complex MR50 was
used with 1.25 pM lipopeptide and 25 nM Notch1 siRNA was
used along with the HiPerFect_siRNA complex with a dose as
mentioned in the HiPerFect usage manual for 25 nM siRNA at
time points of 48 h and 72 h. Data were plotted using GraphPad
prism software and all values are represented here as mean £
SEM of three independent experiments.

3.14 Cellular uptake studies of lipopeptide_siRNA
complexes

3.14.1 Uptake studies wusing flow cytometry. Lip-
opeptides_siRNA complexes were taken at MR 50 ie., lip-
opeptides at 1.25 pM and 25 nM DY-547-labeled siRNA. The
detailed protocol was followed as in ref. 14. Lipopeptide_siRNA
uptake in MDA-MB-231 cells and HUVEC cells was analyzed by
using a flow cytometer instrument (BD FACSAria). The
threshold, PMT voltage, and other parameters were kept the
same for the entire experiment. 10 000 cells were analyzed for
each sample and samples were taken in duplicate while per-
forming the experiment. The flow cytometer instrument (BD
FACSAria) was used to investigate the uptake of the FAM-
labelled lipopeptide_DY-547-labelled siRNA complex employ-
ing fluorescein isothiocyanate (FITC) and polyethylene (PE)
channels. The FAM-labelled lipopeptide at 1.25 uM and the
unlabelled lipopeptide encased 25 nM DY-547-labelled siRNA
complex were used for FITC and PE signal compensation,
respectively. Data were analyzed with FACSDiva software for
lipopeptide_siRNA uptake analysis and plotted using GraphPad
Prism 5 software as mean + SEM of two replicates.

3.14.2 Uptake studies by apotome microscopy. In a 24-well
plate, MDA-MB-231 cells (70 000 cells per well) were grown on
coverslips overnight and HUVEC cells (50 000 cells per well)
were cultured on coverslips pre coated with 0.1% gelatin over-
night, followed by incubation with 1.25 uM FAM-labelled
lipopeptide_25 nM DY-547-labelled siRNA complexes (MR50)
at 37 °C for 6 h. The rest of the protocol was followed as dis-
cussed in ref. 15. Images were acquired at 63 x magnification for
MDA-MB-231 cells and 40x magnification for HUVEC cells
using AXIO Observer Z1 and ApoTome systems. Image acqui-
sition and processing were performed using Zen 2 Pro software.

3.14.3 Effect of endocytosis inhibitors on cellular uptake of
lipopeptide _siRNA complexes. In a 6 well plate MDA-MB-231
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cells (1 x 10° cells per well) were seeded in DMEM media.
Following overnight incubation, the cells were treated with
different endocytic inhibitors such as dynasore, chlorproma-
zine, abbreviated as CPZ, methyl-B-cyclodextrin, abbreviated as
MBCD, 5-(N-ethyl-N-isopropyl)amiloride, abbreviated as EIPA,
and actin polymerization inhibitor cytochalasin D, abbreviated
as Cyto D for 30 minutes in Opti-MEM media at 37 °C. Inhibitor
doses used were 80 uM dynasore, 30 uM CPZ, 3.5 mM MBCD, 50
UM EIPA, and 5 uM cytoD. Cells were additionally incubated
with 1.25 uM FAM-labelled lipopeptide_25 nM DY-547-labelled
siRNA complexes for 1 h at 37 °C, without changing the culture
media. Cells incubated with 1.25 uM FAM-labelled
lipopeptide_25 nM DY-547-labelled siRNA complexes in the
absence of any inhibitors for 1 h at 37 °C were treated as the
control. After trypsinizing the cells, we carried out flow cytom-
etry (BD FACSAria) in accordance with the previously described
protocol. Data were analyzed by using FACSDiva software and
plotted using GraphPad Prism 5 software. The results are shown
as mean £+ SEM of two replicates.

3.15 Early and late endosome mimetic GUV preparation and
nanoparticle mediated GUV membrane poration assay

GUVs were prepared by the gel swelling method as discussed in
ref. 48 with minor modifications. Briefly, etched cover slips were
lysine coated, UV exposed followed by coating with 5% (w/v)
polyvinylalcohol (PVA) and dried overnight in an oven. To
mimic the early endosome, phosphatidylcholine (PC): choles-
terol : phosphatidylethanolamine (PE) = 65:20:15 lipid
composition was prepared.*’ Likewise, to mimic the late endo-
some, bis(monoacylglycro)phosphate (BMP): PC: PE = 77:19:
4 lipid composition was prepared.*® To the lipid mixture, 10 pL
of 5 uM CM-Dil dye was added. The solution was vortexed to
prevent incomplete mixing and then added dropwise gently on
a 5% (w/v) PVA coated cover slip and the organic solvent was
completely evaporated with a gentle stream of nitrogen. The
cover slips were kept in a high vacuum for 1 h. Approximately,
200 pL of PIPES buffer was added to the cover slip and incu-
bated in the dark at room temperature for 30 min for gel
swelling. 100 pL of such solution was incubated for 30 min at
37 °C. To this solution, 200 pL of PIPES buffer (200 mM glucose)
and 200 pL of FAM (in 6 uM PIPES buffer with 200 mM sucrose)
were added. To this GUV solution, lipopeptide_siRNA nano-
complexes were incubated at a concentration of lipopeptide
AB36 of 1.25 uM and 25 nM siRNA at 37 °C for 1 h. The samples
were gently drop cast on a passivated glass slide (using 5% BSA
solution in ddH,0) and visualized under a confocal microscope.
5 uM melittin was used as a positive control.

3.16 In vitro gene silencing studies by real-time PCR

Knockdown of Notch1, Erk1 and Erk2 at 48 h and 72 h was carried
out in MDA-MB-231 cells, and the gene levels of Notch1, Erk1 and
Erk2 were analyzed by real-time PCR. MDA-MB-231 cells were
transfected with 1.25 pM lipopeptides_25 nM silencing siRNA of
Erk1/2 or Notch1. Also Notch1 silenced MDA-MB-231 cells were
tested for their relative expression of E-cadherin, N-cadherin,
MMP-2, CD44 and CD24 genes. The detailed protocol followed, the
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primers used and the calculation of gene expression level were as
in ref. 15. The primer used for Notch1 is: (F) 5~-GTCAACGCCGTA-
GATGACC-3/, (R) 5" TTGTTAGCCCCGTTCTTCAG-3/, E-cadherin: (F)
5-ATTCTGATTCTGCTGCTCTTG-3'; (R) 5"
AGTCCTGGTCCTCTTCTCC-3; N-cadherin: (F) 5-ATGGTGTATGC
CGTGAGAAG -3/, (R) 5“TGTGCTTACTGAATTGTCTTGG-3"; MMP-2:
(F) 5-CGCTCAGATCCGTGGTGAG-3, (R) 5-TTGTCACGTGGCGT
CACAG-3; CD44: (F) 5-GATGGAGAAAGCTCTGAGCATC-3/, (R)
5-CACCTTCTTCGACTGTTGAC-3; CD24: (F) 5-TTCTCCAAGCAC
CCAGCA-3, (R) 5“TGGAATAAATCTGCGTGGGTA-3". The percentage
of knockdown was calculated by using the formula knockdown (%)
=[100 — (2722 x 100)]%. In a separate experiment to evaluate
the duration of gene silencing RT-PCR was performed after day 3,
day 7 and day 15. All primer synthesis was carried out by Eurofins
Genomics India Pvt. Ltd. The results were plotted as the mean +
SEM of three replicates using GraphPad Prism 5 software.

3.17 Immunostaining of Notch1 and ERK proteins

MDA-MB-231 cells (14 000 cells per well for 72 h incubation) were
seeded on etched coverslips in a 24-well plate and incubated
overnight. On the following day, the cells were transfected with
1.25 uM lipopeptide AB36 (unlabelled) complexed to 25 nM
Erk1/2 or Notch1 silencing siRNAs in separate experiments (MR
50). Transfection with HiPerFect complexed with erk1/2 silencing
siRNA was also carried out for comparative studies. The protocol
followed is as given in ref. 15.

3.18 3D Co-culture of epithelial and endothelial cells to
study the inhibition of physical nanoscale conduit formation
by scanning electron microscopy

Matrigel (BD Biosciences) was diluted with PBS in a 1 : 1 ratio and
applied on etched, lysine coated cover slips and kept undisturbed
at room temperature for 10 min and at 37 °C for around 30 min.
Endothelial cells (HUVEC) (30 000 cells) were added on the cover
slip with 1:1 Matrigel : PBS and incubated for 6 h in EGM2
media. Then triple negative breast cancer epithelial cells (MDA-
MB-231) were seeded in the same cover slip in a 1:1 ratio
(HUVEC : MDA-MB-231) and incubated in 1:1 DMEM:EGM2
media for 24 h and a 3D co-culture was established. Normal MDA-
MB-231 and Notchl silenced MDA-MB-231 by 1.25 uM AB36
complexed to 25 nM Notchl silencing siRNA were added to
matrigel containing HUVEC in different sets. The 3D co-culture
was fixed with 2% glutaraldehyde overnight and a FE-SEM
experiment was performed as described in ref. 108 to visualize
nanobridges formed from epithelial cells to endothelial cells.

3.19 Combination studies

3.19.1 Cytotoxic studies to determine drug interaction by
calculating the combination index (CI). The IC50 value of
MDA-MB-231 cells against metformin drug at the 72 h time point
was determined by MTT assay and evaluated by using CompuSyn
software. Next MDA-MB-231 cells were transfected with 1.25 uM
AB36 complexed to 25 nM Notch1 silencing siRNA and treated in
combination with different doses of metformin near its IC50 value
(374 pM) in a non-fixed ratio.*® The doses of metformin used were
200 uM, 250 uM, 300 uM, 374 uM and 450 uM. MTT studies were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performed at 72 h and the type of drug interaction was determined
by calculating the CI by the Chou-Talalay method, using Com-
puSyn software.**

3.19.2 Real-time PCR. The strongest synergistic dose of
combination of metformin and Notch1 silenced MDA-MB-231 cells
by the lipopeptide AB36_Notchl silencing siRNA complex was
selected and MDA-MB-231 cells were treated with this dose of drug
combination for 72 h. m-RNA relative expression of CD44, CD24
and MMP-2 genes of this treated cell was determined by RT-PCR
and compared to monotherapy.

3.20 Zebrafish xenograft

The in vivo experimental procedures used in this study were
approved by the Institutional Animal Ethics Committee (IAEC,
Animal Use Protocol No.: IISERK/IAEC/AP/2022/83). Briefly
untreated MDA-MB-231 cells, MDA-MB-231 cells transfected with
the lipopeptide AB36_Notch1 silencing siRNA complex and MDA-
MB-231 cells transfected with the lipopeptide AB36_Notch1
silencing siRNA complex in combination with metformin (200
uM) which exhibited the highest synergistic interaction were
stained with 3.8 uM CM-Dil (Invitrogen) according to the product’s
instruction manual. These stained cells were trypsinized and were
injected in 48 hpf PTU treated zebrafish larvae by using an
Eppendorf FemtoJet4x nanoinjector keeping the larvae on a 1%
agarose injecting chamber made with a microinjection mould.
PTU treatment prevented the formation of pigments. Around 400
cells of MDA-MB-231 cells were injected into the perivitelline space
of each embryo. Larvae with the correct site of injection and
a similar number of cells were screened by using a fluorescence
stereomicroscope (Olympus Szx16) and were considered as
successfully injected. The screened larvae were imaged at 0 dpi
with a fluorescence stereomicroscope and epifluorescence micro-
scope (Olympus IX81). These larvae were incubated at 33 °C at
which both the MDA-MB-231 cells and the larvae can grow. At 5
dpi these xenograft larvae were imaged by using a fluorescence
stereomicroscope and epifluorescence microscope and were eval-
uated for the growth of tumor mass and micrometastasis of MDA-
MB-231 cells to the tail portion. During microinjection and image
accusation, the larvae were kept in tricaine to immobilize them.
The images of both 0 dpi and 5 dpi were captured using the same
microscope settings (exposure, intensity and threshold). After
acquiring images, the zebrafish larvae xenografts were sacrificed
by keeping the anesthetized zebrafish larvae in iced cold water.
Image stitching and quantification of fluorescence intensity were
carried out using Image]J software and plotted as percentage mean
fluorescence intensity taking 0 dpi readings as the baseline.

3.21 Evaluation of immunogenicity of the designed
lipopeptides

To evaluate if the designed lipopeptides elicit any immune
response in peripheral blood mononuclear cells (PBMCs) immu-
nogenicity assay was performed. Goat blood was collected from
alocal butcher shop in Alsever's solution (1 : 5). PBMC was isolated
in Histopaque®-1077 gradient (Sigma) according to the product
instruction manual. The PBMC isolated was dissolved in colour-
less RPMI-1640 media. 4 x 10° PMBC cells were seeded into each
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well of a 96 well plate with colourless RPMI-1640 media supple-
mented with 10% FBS, 0.1% amphotericin B and 1% penicillin-
streptomycin and incubated overnight. MTT assay was performed
after treatment of lipopeptide AB36 (2.635 pgml "and 10 pg ml ™)
and compared with HiPerFect at the 72 h time point. PBS and
concanavalin A or ConA (Himedia) were taken as negative and
positive controls respectively. The stimulation index (SI) was
calculated using the following formula.'®®

SI = (mean ODs,, of stimulated PBMCs — mean ODs, of
blank)/mean ODjs;, of unstimulated PBMCs.

4. Conclusions

We have engineered short, clinically safe, non-immunogenic,
optimum protease resistant peptide based siRNA transporters
for efficient knockdown of oncogenes upregulated in TNBC. Lip-
opeptide encased Notch1 silencing siRNA nanocomplexes have
successfully disrupted the crosstalk of HUVEC and MDA-MB-231
cell mediated pre-metastatic niche aiding in metastasis. Mecha-
nistically inspired combination therapy involving a m-TOR
inhibitor, repurposed drug, metformin and Notch1 silencing has
demonstrated a synergistic effect. Engineered siRNA therapeutics
has reduced metastasis and stemness markers both in vitro and in
vivo in a zebrafish model. Our siRNA-based long term gene
silencing strategy and combination therapy hold promise for
designing pharmaceutically feasible new clinical trials, clinical
translation and personalized therapy of cancer patients. Addi-
tionally, siRNA-based gene silencing in organelles may broaden
the potential for treating hereditary genetic disorder, antimicro-
bial resistance and development of mRNA based vaccines.

Data availability

Schemetic diagrams of the lipopeptides, general synthesis
scheme, MALDI-TOF mass spectra and other supportive figures
and tables (circular dichroism spectra, FE-SEM and cryo-TEM
data, cell viability data, flowcytometry data, RT-PCR and
immunofluorescence data, etc.) are available in the ESL}
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