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Self-assisted membrane-penetrating helical
polypeptides mediate anti-inflammatory
RNAIi against myocardial ischemic reperfusion
(IR) injuryt

Qiujun Liang,? Fangfang Li,? Yongjuan Li,? Yong Liu, © *® Min Lan,? Songhua Wu,°
Xuejie Wu,© Yong Ji,*? Rujing Zhang® and Lichen Yin @ 2
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Anti-inflammatory RNA interference (RNAI) provides a promising paradigm for the treatment of myocar-
dial ischemia reperfusion (IR) injury. To overcome the membrane barriers against intracardial siRNA deliv-
ery, various guanidinated helical polypeptides with potent and aromaticity-assisted membrane activities
were herein developed and used for the delivery of siRNA against RAGE (siRAGE), a critical regulator of the
pro-inflammatory cascade. Aromatic modification of the polypeptide led to notably enhanced trans-
membrane siRNA delivery efficiencies, and more importantly, allowed more siRNA cargoes to get interna-
lized via non-endocytosis, an effective pathway toward gene transfection. Subsequently, benzyl-modified
polypeptide (P-Ben) was identified as the top-performing material with the highest RAGE silencing
efficiency yet lowest cytotoxicity in HOC2 cells. Intracardial injection of the P-Ben/siRAGE polyplexes at
150 pg siRNA per kg led to remarkable RAGE knockdown by ~85%, thereby attenuating the inflammatory
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cytokine release and reducing the cardiomyocyte apoptosis as well as myocardium fibrosis to recover the
cardiac function after IR injury. This study therefore provides an effective strategy for the design of mem-
brane-penetrating gene delivery materials, and may provide a promising addition to the anti-inflammatory

rsc.li/biomaterials-science treatment of myocardial IR injury.

damage, thus contributing to adverse cardiac remodeling and
non-contractile collagen deposition that ultimately impedes
Myocardial infarction (MI) is a major cause of cardiac dysfunc- cardiac repair."® Therefore, inhibition of the unbridled
tion with high morbidity and mortality." During the healing inflammatory cascades has provided a promising modality for
process post myocardial ischemia reperfusion (IR) injury, the the treatment of myocardial IR injury.'®™® In the past decades,
overwhelming inflammation fueled by continuous up-regu- various types of anti-inflammatory drugs, such as non-ster-
lation of pro-inflammatory cytokines can exacerbate tissue oidal drugs, inhibins, angiotensin converting enzyme inhibi-
tors, and anticoagulants, have been utilized for the treatment
of myocardial IR injury.'*'® Although these chemotherapeu-
tics have shown some success, multiple potential side effects,
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including edema at lower extremity, dizziness, nausea, insom-
nia, and depression, may cause great discomfort for patients.
Recently, chemokine-targeted antibody therapy has received
great attention due to its favorable anti-inflammation effect,
however, the high cost and immunogenecity of antibodies still
pose great challenges against their wide applications in the
clinical setting."®"”

RNA interference (RNAi) mediated by small interfering RNA
(siRNA) has recently emerged as a potent treatment paradigm
for many diseases, because of its capability to inhibit gene
expression via sequence-specific degradation of targeted
mRNA at high efficiency and specificity."*>* various inflam-
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matory factors, such as transforming growth factor § (TGF-p), Src
homology region 2 domain-containing tyrosine phosphatase-1
(SHP-1), receptor for advanced glycation end products (RAGE),
and CD47 can thus be down-regulated via RNAi to treat IR
injury.”*>® Among them, RAGE is a pattern-recognition receptor
for various ligands that accumulate at the inflammation site,
including s100/calgranulin and high mobility group 1 (HMGB
1).*”2° The specific interactions between RAGE and its ligands
could regulate inflammatory reactions by activating several sig-
naling cascades, such as the JAK/STAT pathway, ERK1/2 MAP
kinases, and SAPK/JNK MAP kinases pathways, consequently
leading to NF-kB activation.’* > Recent studies have also demon-
strated RAGE as a critical regulator during the pro-inflammatory
and pro-apoptotic cascades after myocardial IR injury.**=*
Therefore, RNAi against RAGE expression could potentially
impart anti-inflammatory effect to treat myocardial IR injury.*"*

To realize anti-inflammatory RNAi in cardiac tissues/cells,
an efficient and safe siRNA delivery vehicle is highly critical.
While cationic polymers that can condense nucleic acids into
polyplexes have been widely utilized for siRNA delivery,** ™’
they often suffer from low delivery efficiency in the
myocardium due to the various biological barriers, especially
posed by the cellular membranes and endolysosomal
membranes.*®*® Particularly, the cell membrane prevents the
internalization of polyplexes into cardiac cells especially in the
case of compact cardiac ventricles muscle structure in myocar-
dium.*® The slow division rate and intrinsic poor internaliz-
ation capability of myocytes further impede the polyplexes
from effective transfection.*’ Moreover, the cationic polyplexes
are often internalized by target cells via endocytosis, which
will subsequently experience severe endosomal/lysosomal
entrapment to prevent efficient delivery of siRNA cargoes into
the cytoplasm.

To overcome these biological membrane barriers, we
recently developed a-helical cationic polypeptides with potent
membrane-penetrating properties, which can thus mediate
effective trans-membrane nucleic acid delivery.*>*® The helical
polypeptide with stiff, rod-like structure can mediate “pore for-
mation” on cell membranes, a mechanism that is effective
toward trans-membrane delivery but also causes irreversible
damage to the cell membranes.?” Additionally, only part of the
polypeptide-based polyplexes enters the cells via the non-
endocytic pathway, while the remaining proportion is still
internalized via endocytosis, which will be entrapped by endo-
lysosomes to diminish the transfection availability of the gene
cargo.

With the attempt to potentiate the trans-membrane siRNA
delivery efficiency and reduce the cytotoxicity of the helical
polypeptides, various aromatically modified helical polypep-
tides were herein developed to mediate anti-inflammatory
RNAi in IR-injured myocardium. The aromatic domains with
flat-rigid shapes and m-electronic structures render strong
interactions with biological membranes,*® and we thus reason
the incorporation of aromaticity could enhance the trans-
membrane delivery efficiency of siRNA in myocytes.
Additionally, aromatic groups can contribute to a direct trans-
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Scheme 1 Schematic illustration of aromaticity-assisted RAGE siRNA
delivery mediated by the membrane-penetrating helical polypeptide
toward anti-inflammatory treatment of myocardial IR injury.

duction mechanism during cell penetration, a non-endocytic
and non-pore formation mechanism that would ideally reduce
the pore formation-associated materials toxicity while without
compromising the membrane activity. As such, polypeptide
was synthesized via ring-opening polymerization (ROP) of
N-carboxyanhydride (NCA), into which guanidine as the
charged group and various aromatic groups (benzyl, naphthyl,
biphenyl, anthryl, and pyrenyl) were incorporated on the side-
chain terminals via the click reaction. siRNA against RAGE
(siRAGE) was delivered by the aromatic, helical polypeptides to
mediate anti-inflammatory treatment against myocardial IR
injury both in vitro and in vivo, and the aromaticity-assisted
membrane-penetrating mechanism was systemically investi-
gated (Scheme 1).

Experimental
Materials, cells, and animals

All chemicals and solvents used were purchased from Energy
Chemical (Shanghai, China) unless otherwise indicated.
Polyethylenimine (PEI, branched, MW = 25 kDa) was pur-

This journal is © The Royal Society of Chemistry 2019
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chased from Sigma-Aldrich (St Louis, USA). y-Propargyl-L-gluta-
mate-based N-carboxyanhydride (PLG-NCA) was synthesized as
reported before.*® RAGE siRNA (siRAGE), scrambled siRNA
(siScr), and primers of RAGE and GAPDH were purchased
from GenePharma (Shanghai, China), and their sequences
were shown in Tables S1 and S2.7

H9C2 cells (rat heart myoblast) were purchased from
Bioleaf (Shanghai, China) and were cultured in DMEM con-
taining 1% nonessential amino acids, 1% t-glutamine, and
10% fetal bovine serum (FBS) in a humidified atmosphere of
95% 0, and 5% CO,.

Male Sprague-Dawley (SD) rats (200-250 g, 8-10 weeks) were
purchased from Shanghai Slaccas Experimental Animal Co.,
Ltd (Shanghai, China) and housed in a clean room at 25 °C
with 12:12 h light/dark cycle. All animal procedures were
performed in strict accordance with the NIH guidelines for the
care and use of laboratory animals (NIH Publication 85-23 Rev.
1985) and experiments were approved by the Animal Ethics
Committee of Soochow University.

Synthesis of azido guanidines

1,6-Dibromopentane and NaN; were mixed in dimethyl-
formamide (DMF, 25 mL) and stirred for 24 h at 60 °C. DI
water (150 mL) was added, and the reaction mixture was
extracted with ether. The organic phase was dried with
Na,S0,, and the product 1,6-diazidohexane was obtained after
removal of the solvent under vacuum (yield 90%).

1,6-Diazidohexane (33 mmol) was dissolved in ether
(20 mL) and ethyl acetate (20 mL), and 5% HCIl was added
(45 mL). Triphenylphosphine (34 mmol) was then added into
the solution in small portions over 1 h at 0 °C. After the reac-
tion mixture was stirred at room temperature for 24 h, HCl
(1 M, 40 mL) was added. The aqueous layer was washed with
dichlomethane (DCM, 30 mL) for three times and further basi-
fied using NaOH solution (1 M) until pH reached 12. After
extraction with DCM (30 mL) for four times, the organic phase
was dried over Na,SO,. The product 6-azido-1-hexylamine was
obtained as light yellow oil after removal of the solvent under
vacuum (yield 38%).

6-Azido-1-hexylamine (2.13 g), H-pyrazole-1-carboxamidine
hydrochloride (2.21 g), and N,N-diisopropylethylamine (DIEA,
2.61 mL) were dissolved in dry DMF (18 mL). The mixture was
stirred at room temperature overnight. Ether (150 mL) was
added to the reaction mixture to precipitate the crude product,
which was then washed with ether and dried under vacuum to
obtain 6-azido-1-hexylguanidine (N3-HG, yield 61%).

Synthesis of azido phenyls

Benzyl chloride (2 mmol) and NaN; (3 mmol) were dissolved
in a mixture of acetone (35 mL) and DI water (10 mL), and the
reaction mixture was refluxed for 24 h at 50 °C. After removal
of the solvent, the residue was dissolved in DCM (100 mL),
washed with DI water (30 mL) for three times, and dried over
anhydrous MgSO,. The crude product was purified by silica gel
column chromatography (DCM/MeOH = 1/1, v/v) to obtain
benzyl azide (Ben-N3, yield 62%).

This journal is © The Royal Society of Chemistry 2019
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Naphthylazide (Naph-Nj, yield 81%), 4-(azidomethyl)-1,1"-
biphenyl (Biph-Nj;, yield 73%), 9-(azidomethyl) anthracene
(Anth-N3, yield 51%), and 1-(azidomethyl) pyrene (Pyre-Ns,
yield 78%) were similarly synthesized starting from 1-(chloro-
methyl) naphthalene (Naph-Cl), 4-(chloromethyl)-1,1-biphenyl
(Biph-Cl), 9-(chloromethyl) anthracene (Anth-Cl), and 1-(chloro-
methyl) pyrene (Pyre-Cl), respectively. The "H NMR characteriz-
ation of azido-phenyls was shown in Table S3.f

Synthesis of poly(y-propargyl-L-glutamate) (PPLG)

PPLG was polymerized from PLG-NCA initiated by hexamethyl-
disilazane (HMDS). In a glovebox, HMDS dissolved in DMF
(28 uL, 0.1 mol L', M/I = 100) and TBD dissolved in DMF
(56 pL, 0.01 mol L") were added to a DMF solution of
PLG-NCA (60 mg, 0.28 mmol, 1 mL), and the reaction mixture
was stirred for 48 h at room temperature. The solution was
then precipitated using cold methanol and PPLG was obtained
as yellow solid (yield 38%).

Synthesis of guanidine and aromatic group-modified
polypeptides

PPLG was with aromatic and guanidine groups via the “click”
reaction in a glove box. Briefly, PPLG polymer (0.06 mmol,
10 mg), N,N,N,N,N"-pentamethyldiethylenetriamine (PMDETA,
0.32 mmol), N3-HG (85 mol%, 0.102 mmol) and small mole-
cular azides with various aromatic groups (15 mol%,
0.018 mmol) were dissolved in DMF (2 mL), and then CuBr
(0.06 mmol, 8.78 mg) was added. The solution was stirred for
48 h at room temperature, and HCl (1 M, 1 mL) was then
added. The mixture was dialyzed against DI water (MWCO =
3.5 kDa) for 3 days, and lyophilized to obtain the final polypep-
tides, P-Ben (yield 30%), P-Biph (yield 27%), P-Nath (yield
29%), P-Anth (yield 27%), and P-Pyre (yield 23%) that were syn-
thesized from Ben-N;, Naph-N;, Biph-N;, Anth-N3, and Pyre-
N3, respectively. The homopolypeptide, P-Homo, was similarly
synthesized from PPLG and N;-HG (yield 37%). The "H NMR
characterization of all polypeptides was shown in Table S3.t

Preparation and characterization of polypeptide/siRNA
polyplexes

Polypeptide solution (1 mg mL™"' in DEPC water) was mixed
with siRNA solution (1 mg mL™" in DEPC water) at various
polymer/siRNA weight ratios (1, 5, 10, 15, and 20). The mixture
was vortexed for 5 s and incubated at RT for 30 min to form
polyplexes. To evaluate the siRNA condensation, the polyplexes
were subjected to electrophoresis in 2% agarose gel at 90 mV
for 20 min to observe the siRNA migration (GE Amersham
Imager 600, Boston, USA). The quantitative evaluation of
siRNA condensation level was further measured using the ethi-
dium bromide (EB) exclusion assay. Briefly, EB was added to
SiRNA solution at the siRNA/EB ratio of 10:1 (w/w), and the
mixture was incubated at room temperature for 1 h.
Polypeptide was dissolved in water at 1 mg mL™' and was
added to siRNA/EB mixture at various weight ratios, vortexed
for 30 s, and incubated at room temperature for 30 min
before measurement of the fluorescence intensity (Aex =

Biomater. Sci,, 2019, 7, 3717-3728 | 3719
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510 nm, Aey, = 590 nm). The siRNA condensation efficiency (%)
was defined as follows:

siRNA condensation efficiency (%) = (1 — ﬂ) x 100
Fo — Fep

where Fgp represents the fluorescence intensity of pure EB solu-
tion, F, represents siRNA/EB solution without any polypeptide,
and F represents siRNA/EB solution with different polypeptides.

Size and zeta potential of freshly formed polyplexes were
measured by dynamic laser scattering (DLS, Zetasizer Nano-ZS,
Malvern).

In vitro transfection in H9C2 cells

HOC2 cells were seeded on a 6-well plate at 5 x 10> cells per
well and cultured for 24 h under normoxic condition (20% O,,
5% CO,, and 75% N,). Cells were transfected with polymer/
siRAGE polyplexes (1 pg mL™" siRNA) in serum-free DMEM for
4 h, followed by incubation in fresh serum-containing
medium for 20 h. Cells were further incubated under hypoxic
condition (1% O,, 5% CO,, and 95% N,) for another 6 h,*’
and the gene silencing efficiency was determined by real-time
PCR. Total RNA was isolated from H9C2 cells using the Total
RNA Isolation Reagent (Biosharp, Shanghai, China), and 2 pg
of RNA was subjected to reverse transcription using the
PrimeSccript RT reagent Kit (Takara Bio, Shiga, Japan) to gene-
rate cDNA. Real-time PCR analysis was then carried out using
SYBR Premix Ex Taq (Takara Bio, Shiga, Japan) on a CFX
Connect Real-Time System (Bio-Rad, USA). RAGE mRNA of
each sample was quantified by the comparative Ct method and
normalized to GAPDH in the same run. The gene silencing
efficacy was represented as the percentage of RAGE mRNA
level of control cells without polyplexes treatment.

Cytotoxicity

HIC2 cells were seeded on a 96-well plate at 1 x 10" cells per
well and cultured at 37 °C for 24 h. The medium was replaced
by serum-free DMEM (90 pL per well), into which polymer/
siRNA polyplexes at various weight ratios were added
(1 pg mL ™" siRNA). After incubation for 4 h, cells were further
cultured for another 20 h in fresh serum-containing DMEM
before cell viability assessment using the MTT assay. Results
were represented as percentage viability of control cells that
did not receive polyplexes treatment.

Cell uptake and intracellular kinetics

H9C2 cells were seeded on a 24-well plate at 1 x 10" cells per
well and cultured for 24 h. The medium was replaced by opti-
MEM (500 pL per well) and various polymer/FAM-siRNA poly-
plexes were added (w/w = 15 for polypeptide, w/w = 2.5 for PEI,
1 pg mL ™" siRNA). After treatment for 4 h, cells were washed
with heparin-containing PBS for three times, and subjected to
flow cytometric analysis. Cells without polyplexes treatment
served as the blank.

To determine the internalization mechanism of polyplexes,
the cellular uptake assay was conducted at 4 °C or in the
presence of various endocytic inhibitors. Cells were treated

3720 | Biomater. Sci., 2019, 7, 3717-3728
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with different polyplexes (w/w = 15, 2 ug mL ™" siRNA) for 4 h at
4 °C. Otherwise, cells were pretreated with inhibitors, includ-
ing genistein (100 pg mL™"), methyl-p-cyclodextrin (mpCD,
5 mM), chlorpromazine (10 pg mL™"), or wortmannin
(10 pg mL™") for 30 min followed by incubation with poly-
plexes for 4 h at 37 °C. The results were expressed as percen-
tage uptake level of control cells which were treated with poly-
plexes in the absence of endocytic inhibitors for 4 h at 37 °C.

To evaluate the “pore formation” ability of polypeptides,
H9C2 cells seeded in a 96-well plate (~80% confluence) were
incubated with fluorescein-tris(hydroxymethyl) methane-
thiourea (FITC-Tris, 10 pg mL™'), a membrane-impermeable
dye, and polypeptide (20 pg mL™") for 2 h. Cells were then
washed with PBS containing heparin for three times, and lysed
using the RIPA lysis buffer (100 pL per well). The cellular
uptake level of FITC-Tris was measured by the spectrofluori-
metry (dex = 495 nm, Aoy, = 519 nm), and the protein content
was monitored by the BCA kit. The result was represented as
pg FITC-Tris per mg protein.

To explore the endosomal escape of polyplexes, HOC2 cells
were seeded on coverslips (1.5 x 1.5 cm) in a 24-well plate at
5 x 10” cells per well and cultured at 37 °C for 24 h. After treat-
ment with polypeptide/FAM-siRNA polyplexes (w/w = 15,
2 pg mL™" siRNA) for 4 h in serum-free DMEM, cells were
washed with cold PBS containing heparin (20 U mL™") for
three times, stained with Lysotracker Red (200 nM), fixed with
4% paraformaldehyde, and then stained with DAPI
(5 pg mL™") before confocal laser scanning microscopy (CLSM,
TCS SP5, Leica, Germany) observation. The colocalization ratio
between green (FAM-siRNA) and red (Lysotracker Red-stained
endolysosomes) fluorescence in 20 individual cells was
calculated using the Image] software.

Establishment of rat myocardial infarction model

Rats were anesthetized via intraperitoneal injection of pento-
barbital sodium (80 mg kg™'), and were intubated and venti-
lated using a rodent ventilator with tidal volume of 2 mL per
100 g. Heart of the rat was exposed through a 2 cm incision at
the left intercostal space, and the left anterior descending
(LAD) artery was ligated using a 6-0 prolene suture for 40 min.
Ischemia was monitored by visual inspection of whitening in
the myocardium apex distal to the ligation site.>” After loosen-
ing of the suture for 10 min to allow reperfusion, saline or
polymer/siRNA polyplexes (150 pg siRNA per kg), including
PEI/siRAGE (w/w = 5), P-Ben/siScr (w/w = 20), P-Ben/siRAGE
(w/w = 20), and P-Homo/siRAGE (w/w = 20) polyplexes, were
injected into the myocardium below the LAD site (50 pL per
rat, four rats per group). Then the chest was closed after
sucking out the air from the chest cavity through a rubber
tube needle. As a normal control, the same surgical procedure
was carried out in rats except LAD ligation in the artery. The
mRNA and protein levels of RAGE in the ischemic myocardium
were measured at 24 h post IR injury using real-time PCR and
western blot, respectively. The expression levels of pro-
inflammatory cytokines, TNF-a and IL-6, were monitored using
western blot and immunostaining at 24 h post IR injury.

This journal is © The Royal Society of Chemistry 2019
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Cardiac function was examined by echocardiography three days
after IR injury. Rats were then sacrificed, and hearts were har-
vested to determine the infarction size. In a parallel study, rat
hearts were harvested and subjected to histological analysis one
week after IR injury. For histological analysis, the collected heart
samples were fixed in 10% formaldehyde for one day, embedded
in paraffin, and cut into 8 pm sections before staining with
different reagents. All the echocardiographic analyses and histo-
logical measurements were performed in a blinded manner.

In vivo cardiac cell uptake

To evaluate the distribution of polyplexes in vivo, polymer/Cy3-
siRNA polyplexes were injected into rat myocardium 10 min
after IR injury with naked Cy3-siRNA as the control (200 pg
siRNA per kg). Four hours after injection, the hearts were har-
vested, washed with PBS, and embedded in OCT compound at
—80 °C overnight. The tissue was cut into 10 pm section using
cryostat (Leica, Germany), stained with FITC-phalloidine
(50 pg mL™") for 40 min and DAPI (10 pg mL™") for 10 min at
room temperature, covered by the Anti-fade Mounting Medium
(Solarbio), and then observed with CLSM.

To further quantify the in vivo uptake level of siRNA in
cardiac cells after IR injury, rats were injected with different
polymer/FAM-siRNA polyplexes (200 pg siRNA per kg) or PBS at
10 min post IR injury. Rats were sacrificed after 4 h and the
heart was harvested, washed by PBS, cut into pieces, and incu-
bated with hyaluronidase and collagenase (1.5 mg mL™") at
37 °C for 1 h. The mixture was filtered with nylon mesh and
the cells were centrifuged at 1500 rpm for 3 min. RBC lysis
buffer (1 mL) was added and incubated for 3 min, followed by
addition of DMEM containing 10% FBS (3 mL). Then the sus-
pension was centrifuged at 1500 rpm for 3 min, washed with
the FACS buffer (PBS containing 1% FBS), and finally resus-
pended in the FACS buffer (500 pL) followed by flow cytometric
analysis to determine the cardiac cell uptake level.

In vivo RAGE silencing efficiency

Rat hearts were harvested at 24 h post IR injury, homogenized
in the Total RNA Isolation Reagent, and total RNA was
extracted as described above. RAGE mRNA levels were deter-
mined using real-time PCR. The RAGE protein level was moni-
tored by western blot, and the concentration of each antibody
used was as follows, primary antibodies anti-RAGE (Abcam,
1:1000), anti-GAPDH (Abcam, 1:2000), and secondary anti-
body goat-anti-rabbit IgG (Abcam, 1 : 1000).

In vivo anti-inflammatory effect

Rat hearts harvested at 24 h post IR injury were embedded in
OCT, cut into 10 pm sections using cryostat, and fixed in
acetone at 4 °C for 5 min. The sections were rinsed with 1%
PBS for three times, and immunofluorescence staining was
carried out through the following steps, including blocking
with 5% BSA for 2 h, incubation with primary antibody at 4 °C
overnight, incubation with secondary antibody for 1 h at RT,
and staining with DAPI (10 pg mL™") for 10 min, before obser-
vation by CLSM. The concentration of each antibody was as

This journal is © The Royal Society of Chemistry 2019
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follows, primary antibodies anti-TNF-o (Abcam, 1:100) and
anti-IL-6 (Abcam, 1:100); secondary antibodies FITC-goat anti-
rabbit I1gG (1:50) and Cy5-goat anti-mouse IgG (1:50). The
TNF-a protein levels in rat hearts were also determined by
western blot as described above.

Infarct size and fibrosis analysis

To measure the infarct size, collected heart was cut into five
sections transversely and soaked in 2,3,5-triphenyltetrazolium
chloride (TTC) solution (1%) at 37 °C for 20 min without light.
Then the stained samples were fixed in 10% formalin at 4 °C.
The heart sections were scanned by a digital scanner (Canon,
Shanghai, China) to visualize the normal area (red) and
infarcted area (white). The infarct size (%) was calculated as
the weight of infarcted area normalized by that of the total left
ventricle. The fibrosis level in heart samples was determined
by hematoxylin & eosin (H&E) and Masson’s trichrome (MT)
staining, followed by observation using optical microscopy.
MT staining is a three-color staining method commonly used
in histology, which reveals red muscles and blue collagen
fibers.*” Three sample slides were prepared per animal, and a
total of five randomly picked high-power fields per slide were
examined to calculate the fibrosis ratio (%) denoted as MT-
stained fibrotic area (blue) normalized by the total area.

Anti-apoptotic effect

Paraffin sections of heart tissues were stained with the
TUNEL Apoptosis Assay Kit® (Beyotime
Biotechnology, China), and observed by optical microscopy.
Three sample slides were prepared per animal, and a total of
five randomly picked high-power fields per slide were exam-
ined to calculate the cell apoptotic ratio (%).

Colorimetric

Echocardiographic analysis

Echocardiographic measurements were carried out on a
Philips high-resolution ultrasound system by an experienced
technician blinded to the experimental groups. All the
measurements were averaged over three consecutive cardiac
cycles, and the cardiac systolic function of rats under anesthe-
sia was represented by two critical parameters, left ventricular
ejection fraction (EF, %) and fractional shortening (FS, %).

Statistical analysis

All the experimental data was presented as the mean + stan-
dard deviation of independent measurements (n > 3 samples
per group). Statistical analysis was carried out using Student’s
t-test and differences were assessed to be significant at
*p < 0.05 and very significant at **p < 0.01 and ***p < 0.001.

Results and discussion

Synthesis and characterization of aromatic helical
polypeptides

To synthesize polypeptides with both guanidine (85 mol%)
and aromatic (15 mol%) side chains, PLG-NCA bearing alkyne
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group was polymerized via HMDS-mediated ring-opening
polymerization (ROP), and the obtained PPLG was functiona-
lized with N3-HG and various azido phenyls on the side-chain
terminals via the azide-alkyne Huisgen cycloaddition (so-
called “click” chemistry) (Fig. 1A). HMDS allowed a controlled
polymerization,”® resulting in PPLG with desired degree of
polymerization (DP = 113 at the M/I ratio of 100) and a narrow
molecular weight distribution (MWD = 1.18) as determined by
GPC (Fig. S17). CD analysis showed that all the polypeptides
adopted typical o-helical conformation at the helicity of
62-82%, as indicated by the characteristic minima ellipticity at
208 and 222 nm (Fig. 1B). P-Homo showed similar helicity to
other copolypeptides, indicating that the introduction of aro-
matic groups did not significantly compromise its helical
structure.

Characterization of polypeptide/siRNA polyplexes

siRNA condensation by the polypeptides was evaluated by the
gel retardation assay. As shown in Fig. 2A, all the helical poly-
peptides could condense siRNA at the weight ratios >10, and
similar results were obtained from the quantitative EB exclu-
sion assay (Fig. 2B). It was noted that the aromatic poly-
peptides displayed slightly lower siRNA binding affinities than
the homopolypeptide (P-Homo), which could be attributed to
the partial loss of positive charges on polymer side chains.
Furthermore, DLS measurement showed that all the poly-
peptides were able to condense siRNA to form polyplexes with
diameters of 100-200 nm and positive surface charges at
weight ratios >5 (Fig. S27).

In vitro RAGE silencing efficiency

In vitro silencing of RAGE expression in H9C2 cells mediated
by different polyplexes was evaluated by real-time PCR (Fig. 3).
All the aromatic polypeptides except P-Pyre exhibited signifi-
cantly higher gene silencing efficiencies than the homopoly-
peptide P-Homo, which suggested that aromatic modification
contributed to the siRNA delivery efficiencies in H9C2 cells
presumably due to the enhanced membrane activities of the
polypeptides. Among them, P-Ben and P-Anth displayed the
highest RAGE knockdown efficiencies of ~70%, significantly
outperforming commercial reagent PEI
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Cytotoxicity of polyplexes

The transfection efficiency and cytotoxicity of polycations are
often inversely correlated.”® Therefore, an optimal balance
between these two parameters is crucial towards the design of
non-viral gene vectors. Herein, cytotoxicity of the polypeptide/
siRNA polyplexes at various weight ratios was assessed by the
MTT assay. As shown in Fig. 4, the cell viability decreased as
the polypeptide/siRNA weight ratio increased, indicating a con-
centration-dependent cytotoxicity of the helical polypeptides.
Compared to P-Homo, P-Ben and P-Naph displayed slightly
lower cytotoxicity with cell viability of ~85% at the polypep-
tide/siRNA weight ratio of 15, which could be attributed to the
higher cationic charge density of P-Homo that correlated to
the “pore formation” mechanism.”>* In comparison, P-Biph,
P-Anth, and P-Pyre showed stronger cytotoxicity than P-Homo.
Thus, P-Ben/siRAGE polyplexes (w/w = 15) with the highest
RAGE silencing efficiency yet lowest cytotoxicity were identified
for the following mechanistic study and in vivo application.

Cell uptake and intracellular kinetics

The performance of non-viral gene delivery vectors is largely
dependent on their intracellular kinetics, including cellular
uptake level, internalization pathway, and endosomal escape
mechanism. Flow cytometric analysis showed that, aromatic
polypeptides were able to notably enhance the cellular uptake
of FAM-siRNA than the homopolypeptide, significantly outper-
forming PEI (Fig. 5A and B). These results illustrated the
pivotal role of aromatic domains in enhancing the trans-mem-
brane siRNA delivery efficiencies of polypeptides.

The internalization pathway often dominates the intracellu-
lar fate of siRNA cargoes and ultimately the gene silencing
efficiency. Most of the cationic gene vectors mediate intracellu-
lar siRNA delivery through endocytosis that often leads to
endosomal/lysosomal entrapment of siRNA cargoes, which will
greatly compromise the transfection efficiency unless an
efficient escape
Therefore, we investigated the internalization mechanism of

endolysosomal mechanism  occurred.
polyplexes by monitoring the cellular uptake level at 4 °C when
the energy-dependent endocytosis pathway was blocked. As
shown in Fig. 5C, P-Homo-mediated FAM-siRNA uptake level

was inhibited by 44.7% at 4 °C, while lower inhibitory rates

1207 W P-Homo WM P-Ben W P-Biph
I P-Naph [ P-Anth P-Pyre

Cell viability (%)

'5 10 15 20
Polymer/siRNA (w/w)

Fig. 4 Cytotoxicity of polypeptide/siRAGE polyplexes at various weight
ratios toward H9C2 cells (1 pg siRNA per mL, n = 3).
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Fig. 5 Intracellular kinetics of polyplexes in H9C2 cells. (A) Flow cyto-
metric analysis on the cell uptake of polymer/FAM-siRNA polyplexes
(polypeptide/siRNA = 15, PEI/siRNA = 2.5, w/w) in H9C2 cells following
incubation for 4 h at 37 °C. M1 and M2 phases represent FAM-siRNA
negative and positive cells, respectively. The listed numbers are the per-
centage of M2 cells. (B) Mean fluorescence intensity per cell as calcu-
lated from flow cytometric analysis in (A) (n = 3). (C) Relative uptake
levels of different polyplexes containing FAM-siRNA in H9C2 cells at
4 °C (n = 3). (D) The cellular uptake level of FITC-Tris (10 pg mL™) fol-
lowing co-incubation with polypeptides (20 pg mL™) for 2 h at 37 °C
(n = 3). (E) CLSM images of cells treated with P-Ben/FAM-siRNA and
P-Homo/FAM-siRNA polyplexes (w/w = 15) for 4 h. The colocalization
ratios between FAM-siRNA and Lysotracker Red-stained endolysosomes
were listed (n = 20). Scale bar = 10 pm.

were observed for P-Ben/siRNA polyplexes (20.3%) and
P-Naph/siRNA polyplexes (28.5%), implying that the aromatic
groups (Ben and Naph) in the polypeptides promoted the non-
endocytic delivery of siRNA into cells. In comparison, polypep-
tides modified with other aromatic groups (Biph, Anth, and
Pyre) showed almost the same inhibitory level as P-Homo,
indicating that the energy independent, non-endocytic intern-
alization was closely related to the species of aromatic groups.
In a further step, siRNA delivery into H9C2 cells was evaluated
in the presence of various endocytic inhibitors. As indicated by
Fig. S3,t the cellular uptake level was significantly reduced by
chlorpromazine (inhibitor for clathrin-mediated endocytosis)
and wortmannin (inhibitor for macropinocytosis), while caveo-
lae inhibitors, genistein and mpCD, showed negligible inhibi-
tory effect. These results thus demonstrated that part of poly-
peptide/siRNA polyplexes were taken up by H9C2 cells via cla-
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thrin-mediated endocytosis and macropinocytosis pathway polypeptides, especially for P-Ben and P-Naph, might not only

rather than caveolae. rely on “pore formation” mechanism, but also direct transloca-
We have previously found that the membrane-penetrating tion pathway.
capability of a-helical polypeptides is also related to a unique The endosomal escape of polyplexes was observed by
42,52,53

“pore formation” mechanism, an effective trans-mem- CLSM. As shown in Fig. 5E, after treatment of H9C2 cells with
brane delivery mechanism which however, will also cause irre- P-Ben/FAM-siRNA polyplexes for 4 h, much more FAM-siRNA
versible damage to the cell membranes. As such, we further molecules were internalized, as indicated by the presence of
explored the pore formation abilities of the polypeptides by green fluorescence. More importantly, the low colocalization ratio
measuring the cellular uptake level of a membrane-imperme- between green and red fluorescence (7.8%) indicated that inter-
able dye, FITC-Tris, after co-incubation with various polypep- nalized polyplexes underwent effective endosomal escape due to
tides. As shown in Fig. 5D, all tested polypeptides triggered the potent membrane activities provided by aromatic domains.
dramatically higher FITC uptake level than free FITC-Tris, con- In comparison, the P-Homo resulted in significantly higher colo-
firming the pore formation behavior of these helical polypep- calization ratio (27.1%) even after 4 h treatment, which corre-
tides. However, it is noteworthy that the introduction of aro- sponded to high level of endosomal entrapment. These results
matic groups did not enhance the uptake level of FITC-Tris correlated well with enhanced gene silencing efficiencies of aro-
comparing to P-Homo, except for P-Biph and P-Pyre. Such matic polypeptides compared to the homopolypeptide.

result implied that aromatic domains did not promote or
impede “pore formation” ability of helical polypeptides.
Combining with the siRNA uptake level in the presence of To evaluate the siRNA delivery efficiency into cardiac cells
endocytic inhibitors, the internalization way of these aromatic in vivo, polyplexes containing Cy3-siRNA were injected into

In vivo cell uptake

A Naked siRNA PEI/siRNA P-Homo/siRNA  P-Ben/siRNA
DAPI
FITC-
phalloidine
Cy3-
siRNA
Merge
B Blank PEISRNA  P-Homo/siRNA  P-Ben/siRNA
10.00% 0.00%| " [0.00% 000%™ J0.00% 0.00% "' [0.00% 0.00%
768 768 768 768-
0.01% 76.25% £:23.75% 61.36% +38.64% 10.64% 89.36%
512 "" 512 512
8 256 256- 256
17} : ;
g 3
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Fig. 6 In vivo cellular internalization of polymer/siRNA polyplex. (A) CLSM images of ischemic myocardium sections at 4 h post injection of naked
Cy3-siRNA or polymer/Cy3-siRNA polyplexes (polypeptide/siRNA = 15, PEI/siRNA = 2.5, w/w). The cardiac cells were stained with FITC-phalloidine
(50 pg mL™Y). The colocalization ratios between Cy3-siRNA and FITC-phalloidine were listed (n = 20). Scale bar = 25 pm. (B) Flow cytometric analysis
on the uptake level of polyplexes containing FAM-siRNA in cardiac cells (n = 4).
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myocardium followed by CLSM observation at 4 h post injec-
tion. As shown in Fig. 6A, free Cy3-siRNA was negligibly dis-
tributed in cardiac cells, due to its membrane impermeability.
P-Ben, the top-performing polypeptide identified above,
showed strong intracellular siRNA delivery efficiency, as evi-
denced by the strong red fluorescence throughout the left ven-
tricle sections. Furthermore, P-Ben/Cy3-siRNA polyplexes dis-
played a significantly higher colocalization ratio (95.7%)
between green fluorescence (FITC-phalloidine-stained myocar-
dium cells) and red fluorescence (Cy3-siRNA), in comparison
to P-Homo/Cy3-siRNA polyplexes (43.2%) and PEI/Cy3-siRNA
polyplexes (19.2%), substantiating the superiority of the mem-
brane-penetrating helical polypeptide in mediating in vivo
cardiac cell uptake that was further strengthened by the aro-
matic modification.

To quantify the cellular uptake level, cardiac cells were sub-
jected to flow cytometric analysis, which revealed that 89.4%
of the cardiac cells had taken up the P-Ben/FAM-siRNA poly-
plexes, in comparison to the notably lower uptake level of
P-Homo/FAM-siRNA polyplexes (38.6%) and PEI/FAM-siRNA
polyplexes (23.8%) (Fig. 6B). Such result thus highlighted the
potency of aromatic helical polypeptide in mediating trans-
membrane siRNA delivery in myocardium in vivo, a critical
challenge against the full performance of myocardial RNAi.

In vivo RAGE silencing efficiency and anti-inflammatory effect

In accordance with the in vitro silencing efficiency and in vivo
accumulation level of siRNA in cardiac cells, the RAGE mRNA
level in injured heart tissues was suppressed by 84.0% after
injection of P-Ben/siRAGE polyplexes, notably outperforming
PEI/siRAGE polyplexes (54.5%) and P-Homo/siRAGE polyplexes
(55.2%) (Fig. 7A). The expression level of RAGE protein was con-
sistently down-regulated by P-Ben/siRAGE polyplexes, as evalu-
ated by the western blot analysis (Fig. 7B and C). These results
thus indicated that the polyplexes based on the aromatic helical
polypeptide, P-Ben, were able to efficiently suppress the high
level of RAGE during the inflammatory cascades after IR injury.

As previously reported, along with the up-regulation of
RAGE after IR injury, tumor necrosis factor alpha (TNF-a) and
interleukin-6 (IL-6), two pro-inflammatory cytokines down-
stream the RAGE regulation pathway, are significantly up-regu-
lated to cascade inflaimmation.>*> As such, we further evalu-
ated the expression levels of TNF-a and IL-6. Western blot ana-
lysis showed that the TNF-a protein level was significantly
decreased after injection with P-Ben/siRAGE polyplexes
(Fig. 7B and C), and immunofluorescence staining of injured
myocardium further substantiated notable down-regulation of
TNF-o (red fluorescence) and IL-6 (green fluorescence)
(Fig. 7D). These findings thus substantiated that the P-Ben/
siRAGE polyplexes effectively silenced the RAGE expression
and further down-regulated pro-inflammatory cytokines to
provoke anti-inflammatory effect.

Reduction of myocardial infarct size and fibrosis

Myocardial infarct size of heart tissues after treatment with
different polyplexes was determined by TTC-staining (Fig. 8A).
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Consistent with the anti-inflammatory efficiency, P-Ben/
SiRAGE polyplexes led to remarkably reduced infarct size
(white) after IR injury. The relative infarct size was represented
by the order of P-Ben/siRAGE polyplexes (6.9%) < P-Homo/
SiRAGE polyplexes (35.7%) ~ PEI/siRAGE polyplexes (37.3%) <
P-Ben/siScr polyplexes (57.9%) =~ saline (66.3%), which
accorded well with the trend in the anti-inflammatory
capabilities.

In the self-repairing process after MI injury, post-inflamma-
tory response will cause some irreversible damages, including
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cardiomyocyte death, tissue injury, and cardiac fibrosis.? Thus,
the injury of heart tissues was first evaluated by H&E staining.
As shown in Fig. 9A, rat heart displayed fiber connective tissue
atrophy at 7 days post IR injury. However, rat hearts treated
with P-Ben/siRAGE polyplexes showed significantly reduced
tissue degeneration, as indicated by the compact arrange-
ments of cardiac cells. Furthermore, the cardiac fibrosis of rat
heart was explored by determining the presence of collagen
deposition using Masson’s trichrome (MT) staining. As shown
in Fig. 9B, IR-injured rat heart showed massive collagen depo-
sition (stained in blue), which was dramatically alleviated by
the treatment with P-Ben/siRAGE polyplexes. In consistence
with the RAGE silencing and anti-inflammatory efficiencies,
P-Ben/siRAGE polyplexes outperformed P-Homo/siRNA poly-
plexes and PEI/siRAGE polyplexes in terms of the calculated
fibrosis area (fibrotic area normalized by the total cross-sec-
tional area) in the following order of P-Ben/siRAGE polyplexes
(11.8%) < PEI/siRAGE polyplexes (38.7%) ~ P-Homo/siRAGE
polyplexes (34.2%) < P-Ben/siScr polyplexes (66.6%) =~ control
(PBS, 66.0%) (Fig. 9D).

These results collectively demonstrated that the P-Ben/
siRAGE polyplexes could substantially reduce cardiac IR injury
through reduction of infarct size and cardiac fibrosis, as a con-
sequence of the effective knockdown of inflammatory factors
in cardiac cells.

Anti-apoptotic effect

During post-infarct cardiac remodeling, IR injury will acceler-
ate the apoptosis of cardiomyocytes. Thus, the anti-apoptotic
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effect of siRAGE delivery was investigated using the TUNEL
assay. The apoptotic cells appeared brown color under optical
microscope, while normal cells were stained blue (Fig. 9C).
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Fig. 10 Polypeptide/siRAGE polyplexes (150 pg siRNA per kg) recovered
cardiac function at 3 days post IR injury. (A) Echocardiographic graphs of
rats after different polyplexes treatment. (B) Ejection fraction (EF, %) and
(C) fraction shortening (FS, %) of the left ventricule as indicated by echo-
cardiography (n = 4).
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Fig. 9 Polypeptide/siRAGE polyplexes (150 pg siRNA per kg) alleviated apoptosis, necrosis, and fibrosis in rat ischemic myocardium at 1 week post
IR injury. Representative images of myocardium sections following HE staining (A), MT staining (B), and TUNEL staining (C). Scale bar = 200 pm.
Calculated fibrotic area (D) and apoptosis ratio (E) from MT- and TUNEL-stained myocardium sections, respectively (n = 4).
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The apoptotic cells in cardiac tissues treated with P-Ben/
siRAGE polyplexes (12.9%) were effectively decreased at 7 days
post IR injury, significantly lower than those detected for
P-Homo/siRAGE polyplexes (38.2%) and PEI/siRAGE polyplexes
(40.6%).

siRAGE-mediated recovery of cardiac function

The cardiac function was measured by echocardiography three
days after IR injury. As showed in Fig. 10A, MI can be illus-
trated by the presence of prolonged long-axis shortening (post-
ejection shortening, right-side arrow).>® Less conspicuous
changes in the left ventricle (LV) function and a smaller ventri-
cular expansion were noted in rat hearts treated with P-Ben/
siRAGE polyplexes. Furthermore, left ventricular ejection frac-
tion (EF) and fractional shortening (FS), two important para-
meters related to the left ventricular function of rat hearts,
were determined. The EF and FS values of rat hearts treated
with P-Ben/siRAGE polyplexes were significantly higher than
other tested polyplexes, and they almost recovered to the
normal values (Fig. 10B and C). Such results thus indicated
that P-Ben/siRAGE polyplexes could significantly attenuate
cardiac remodeling and fully recover the cardiac function, as a
consequence of their potent anti-inflammatory capability.

Conclusions

In this study, we developed guanidinated helical polypeptides
with potent and aromaticity-assisted membrane activities to
mediate anti-inflammatory siRAGE delivery against myocardial
IR injury. Ben-modified polypeptide (P-Ben) was identified as
the best-performing material with the strongest membrane
activity, highest gene knockdown efficiency, and lowest cyto-
toxicity in H9C2 cells. Thus, after intracardial injection, the
P-Ben/siRAGE  polyplexes allowed efficient transcellular
delivery into the cardiomyocytes to provoke remarkable RAGE
silencing, which consequently suppressed myocardial inflam-
mation, apoptosis, and fibrosis to recover the cardiac function
after IR injury. This study therefore provides an effective
approach to tailor the membrane penetration capability of
siRNA delivery materials, and it also renders a promising
modality for the treatment of myocardial IR injury.
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