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Cationic helical polypeptides, although highly efficient for inducing membrane penetration, cannot stably con-
dense siRNA molecules via electrostatic interactions, which greatly limit the gene knockdown efficiency. By de-
veloping and crosslinking the thiolated polypeptide via formation of disulfide bonds post formation of the
polypeptide/siRNA complexes, we were able to obtain stable complexes without compromising the helical sec-
ondary structure aswell as themembrane activity of thepolypeptide. As such, the stable polypeptide/siRNA com-
plexwas able to notably protect the siRNA cargo from nuclease digestion in the extracellular environment, while
the functions of the polypeptide/siRNA complex for effective cellular internalization and endosomal escape are
still largely preserved. Because the disulfide is susceptible to cleavage in response to intracellular redox triggers,
siRNA release from the complex is expected upon redox triggering by glutathione (GSH) intracellularly and was
actually observed upon redox triggersmediated by glutathione (GSH).With the collective contribution of the po-
tent membrane activity and redox-responsive cargo release profiles, the crosslinked complexes enable efficient
gene silencing without appreciable cytotoxicity, thus providing a potential strategy for polypeptide-based intra-
cellular siRNA delivery.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

RNA interference (RNAi) has recently emerged as a promising ther-
apeutic strategy for the treatment of various genetic disorder-related
diseases by silencing the expression of therapeutically relevant target
genes in a precise and specific manner [1]. Small interfering RNA
(siRNA) duplexes, usually 20–25 base pairs in length, are oligonucleo-
tides that can regulate silencing of the target genes by triggering
sequence-specific mRNA degradation [2–5]. Despite their efficiency,
their high molecular weight, hydrophilicity, and negative charge pre-
vent siRNA from penetrating cell membranes. siRNA also suffer from
degradation by ubiquitous RNase [6–8]. Therefore, effective carriers
which can protect siRNA from degradation and facilitate their delivery
to the cytosol are crucial to effective RNAi.

In the past decade, a variety of materials, such as cationic polymers,
lipids, proteins, and peptides [9–15], were explored as siRNA delivery
vectors. Although the cationic polymers facilitate cellular internaliza-
tion, they enter the cells mainly via the endocytosis mechanism,
which thereafter experience endosomal entrapment and lysosomal
illinois.edu (J. Cheng).
degradation. Cell penetrating peptides (CPPs), such as HIV-TAT, Arg9,
penetratin, and melittin, are sequence-specific, membrane-active
short oligopeptides that can efficiently enter the cytosol via directmem-
brane penetration. However, CPPs are usually too short (with 25 amino
acid residues or less) and lack sufficient cationic charge density to effi-
ciently condense and deliver siRNA. As such, they often function as
membrane-active ligands conjugated to existing delivery vehicles to
improve the delivery efficiency.

We recently developed a cationic polypeptide poly(γ-(4-((2-
(piperidin-1-yl)ethyl)aminomethyl)benzyl)-L-glutamate) (PPABLG)
for gene delivery. PPABLG with its stabilized helical structure exhibits
excellent membrane activity, which has been shown to facilitate intra-
cellular internalization and endosomal escape of DNA cargos [16–20].
In comparison to plasmid DNA, siRNA molecules have fewer charged
groups, lower molecular weight and higher stiffness, which makes it
difficult for them to form stable complexes with cationic polymers,
especially with helical polypeptides with rigid, rod-like structures [19,
21]. siRNA loosely bound to helical polypeptide can still be attacked
by nucleases and is therefore vulnerable to enzymatic degradation
before reaching the target site. Therefore, it is of particular importance
to improve the siRNA condensation efficiency of cationic, helical
polypeptides.
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Herein, we designed and synthesized a thiolated cationic helical
copolypeptide, poly(γ-(4-((2-(piperidin-1-yl)ethyl)aminomethyl)benzyl)-L-
glutamate)-r-poly(γ-(4-((2-mercaptoethyl)aminomethyl)benzyl)-L-
glutamate) (PPABLG-SH). The cationic PPABLG segment affords positive
charges to loosely condense the oppositely charged siRNA, and the pen-
dent thiol groups on the side chain terminals can be crosslinked to form
compact complexes that allow stable siRNA encapsulation as well as
protection against nuclease-assisted siRNA degradation. The potent
membrane activity of the helical PPABLG-SH promotes intracellular de-
livery of siRNA cargos which can be promptly released in the cytosol
upon redox-triggered disulfide cleavage to allow efficientmRNA knock-
down. The physicochemical properties of the polypeptide/siRNA com-
plexes, intracellular kinetics, gene silencing efficiency, and cytotoxicity
were evaluated. This study thus provides insights into the design of cat-
ionic helical polypeptides for siRNA delivery.

2. Materials and methods

2.1. Materials and cell lines

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received unless otherwise specified. Anhydrous tetra-
hydrofuran (THF), hexane, and dimethylformamide (DMF) were dried
by a column packedwith 4 Åmolecular sieves. Nitrobenzene was treat-
ed by CaH2 followed by distillation under reduced pressure. γ-(4-
vinylbenzyl)-L-glutamate N-carboxyanhydride (VB-L-Glu-NCA) was
prepared as previously reported [22]. PPABLG was synthesized follow-
ing previously published procedures and its molecular weights (MWs)
were determined by gel permeation chromatography (GPC) [17].

Pierce BCA assay kit and 5,5′-dithio-bis-(2-nitrobenzoic acid)
(DTNB) were purchased from ThermoFisher Scientific (Rockford, IL,
USA). Lipofectamine™ 2000 (LPF) and 3-(4,5-dimethylthiahiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were purchased from
Invitrogen (Carlsbad, CA, USA). siRNA against the GL2 luciferase gene
(siGL2) with target sequence 5′-CGT ACG CGG AAT ACT TCG A-3′ was
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA).
The negative control siRNA containing scrambled sequences were pur-
chased from Qiagen (Valencia, CA, USA). siRNA labeling kit with the
FAM dye was purchased from Life Technologies (Grand Island, NY,
USA). Bright-Glo luciferase assay kit was purchased from Promega
(Madison, WI, USA).

HeLa-Luc cells stably expressingGL2 luciferasewere purchased from
the Signosis, Inc. (Santa Clara, CA, USA) andwere cultured in Dulbecco's
Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA) con-
taining 10% fetal bovine serum (FBS) and 1% hygromycin B (Roche,
Indianapolis, IN, USA).

2.2. Instrumentation

1HNMR spectrawere recorded on a VarianU500MHz spectrometer.
Infrared spectra were recorded on a Perkin-Elmer 100 serial FTIR spec-
trophotometer calibrated with polystyrene film (Perkin-Elmer, Santa
Clara, CA, USA). Lyophilizationwas performed on a FreeZone lyophilizer
(Labconco, Kansas City, MO, USA).

2.3. Synthesis and characterization of PPABLG-SH

VB-L-Glu-NCA (29mg, 0.1 mmol) was dissolved in amixture of DMF
(1mL) and nitrobenzene (30 μL) in a glove box, followed by addition of
hexamethyldisilazane (HMDS) (20 μL, 0.1 M, M/I = 50) and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) solution (20 μL, 0.01 M) in DMF.
FTIR was used to monitor the polymerization until the conversion
reached 99% (24 h) to obtain poly(γ-(4-vinylbenzyl)-L-glutamate)
(PVBLG). Tetrabutylammonium fluoride solution (1 M in THF, 50 μL),
benzyl chloroformate (25 μL), and N,N-diisopropylethylamine (DIEA,
25 μL) were added and the solution was stirred for 3 h to cleave the
N\Si bond and protect the terminal amino groups. The solution was
then concentrated under vacuum and the resulting polymer was
purified by precipitation from cold ethyl ether. PVBLG was then dis-
solved in chloroform (15 mL) and oxidized by O3 at −78 °C. Dimethyl
sulfide (1 mL) was added and the solution was stirred at room temper-
ature (RT) overnight before most solvent was removed under vacuum.
The product poly(γ-(4-aldehydobenzyl)-L-glutamate) (PABLG) was
then purified by precipitation from methanol and dried under vacuum.
The obtained PABLG (15 mg) was dissolved in DMF (1 mL), 2-
aminoethanethiol hydrochloride (6 mg dissolved in DMSO, 0.5 molar
equivalents relative to the aldehyde) was added. After stirring at 50 °C
for 24 h, 1-(2-aminoethyl)piperidine (50 μL, 6.7molar equivalents rela-
tive to the aldehyde)was added, and the solutionwas stirred at 50 °C for
another 24 h. After reduction at 50 °C for another 24 h using borane–
pyridine complex, thefinal polypeptidewas purified through ultrafiltra-
tion (molecular weight cut-off= 3 kDa) against water filled with nitro-
gen at 4 °C and lyophilized. 1H NMR (500 MHz, TFA-d): δ 7.49 (m, 4H,
ArH), 5.30 (br s, 2H, ArCH2O–), 4.88 (br s, 2H, ArCH2NH–), 4.49 (s, 1H,
α–H), 3.99 (s, 4H,\OCH2CH2\), 3.92–3.83 (br m, 6H,\HNCH2CH2N\
and \NCH2CH2CH2CH2CH2\), 3.15 (m, 2H, \HNCH2CH2N\), 2.75 (s,
2H, \COCH2CH2\), 2.37 (br m, 2H, \COCH2CH2\), 2.14–1.52 (br m,
6H,\NCH2CH2CH2CH2CH2\and \CH2-SH).

2.4. Quantitation of the thiol groups by Ellman's reagent

Ellman's reagent was prepared by dissolving 5,5′-dithio-bis-(2-
nitrobenzoic acid) (DTNB) in phosphate buffer (0.5 M, pH = 8) at the
concentration of 0.3 mg/mL. Ellman's reagent (0.3 mg/mL, 50 μL) was
added into the PPABLG-SH solution (0.5mg/mL, 50 μL)whichwas incu-
bated for 20min in the dark at RT beforemeasurement of absorbance at
405 nm [23].

2.5. Preparation and characterization of crosslinked polypeptide/siRNA
complexes

siRNA and polypeptide were dissolved in DEPC-treated water at
0.1 mg/mL and 1 mg/mL, respectively, and then mixed at the polypep-
tide/siRNAweight ratios of 5, 10, 15, 20, 30 and 40 followed by pipetting
for 30 s and incubation in the glass vial filled with O2 at 37 °C for 2 h. As
the control group, un-crosslinked complexes were formed by mixing
polypeptide and siRNA and incubation in the glass vial filled with N2

at 37 °C for 15 min. The obtained crosslinked and un-crosslinked com-
plexes were characterized for size and zeta potential by dynamic laser
scanning (DLS) on a Malvern Zetasizer (Herrenberg, Germany). The
gel retardation assay was used to evaluate the siRNA condensation by
polypeptides. Complexes were loaded on a 4% low-melting agarose gel
at 200 ng siRNA/well followed by electrophoresis at 70 V for 60 min.
Naked siRNAwas used as a control, and siRNAmigration in the agarose
gel was visualized by a Gel Doc imaging system (Biorad, Hercules, CA,
USA) following staining with ethidium bromide (EB). To quantitatively
measure thepercentage of siRNA condensed, the EB exclusion assaywas
performed as follows [24]. siRNA solutionwas prepared in 140mMNaCl
and 20 mM HEPES at pH 7.2 and polypeptide was dissolved in DEPC-
treated water at 1 mg/mL. The crosslinked complexes prepared as
described above were stained with EB at the siRNA/EB weight ratio of
10 and RT for 1 h before quantification of the fluorescence intensity
(λex = 510 nm, λem = 590 nm). The siRNA condensation efficiency
(%) was calculated according to the following equation:

siRNA condensation efficiency %ð Þ ¼ 1− F−FEB
F0−FEB

� �
� 100

where FEB, F, and F0 represent the fluorescence intensity of pure EB
solution, siRNA/EB solution, and siRNA/EB/polypeptide solution,
respectively.
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In order to evaluate the siRNA release from the crosslinked com-
plexes, complexes were mixed with GSH at various concentrations
(4.5 μMrepresents the extracellular GSH concentration and 10mM rep-
resents the intracellular GSH concentration) and incubated up to
120 min. The percentage of siRNA released from the complexes and
the particle sizes were quantified as described above.

2.6. Stability of siRNA

In order to evaluate the stability of siRNA followingRNase treatment,
free siRNA and polypeptide/siRNA complexes were treated with fetal
bovine serum at a final concentration of 50% for 4 h at 37 °C. Heparin
was added to dissociate the siRNA from the complexes, and samples
were immediately loaded on a 4% agarose gel followed by electrophore-
sis at 70 V for 1 h. The siRNA stability was visualized by a Gel Doc imag-
ing system following staining with EB.

2.7. In vitro cell uptake

To allow visualization and quantification of cellular internalization,
siRNAwas labeled with the FAM dye using the silencer® siRNA labeling
kit and used to form complexes with polypeptide as described above.
HeLa-Luc cells were cultured in serum-containing DMEM, seeded in
96-well plates at 1 × 104 cells/well, and cultured for 24 h before cell up-
take. Themediumwas replaced by serum-free DMEM(100 μL/well) and
crosslinked PPABLG-SH/FAM–siRNA complexes were added at 20, 40,
60, 80 and 100 nM siRNA/well. After incubation at 37 °C for 4 h, cells
were washed with cold PBS containing heparin (20 U/mL) for 3 times
and lysed with the RIPA lysis buffer containing 0.5% SDS which could
dissociate FAM–siRNA from the lipo- and polyplexes (100 μL/well) at
RT for 20 min [25,26]. The FAM–siRNA content in the lysate was deter-
mined by spectrofluorimetry (λex= 492 nm, λem= 518 nm) and the
total protein level was determined by the BCA kit. Uptake level was
expressed as the amount of FAM–siRNA associated with 1 mg cellular
protein. To further evaluate the cell uptake mechanism, the cell uptake
study was performed at 4 °C during the 2-h period to block the energy-
dependent endocytosis. The cell uptake level was determined as de-
scribed above, and results were expressed as percentage uptake of the
control cells which were incubated with crosslinked complexes at
37 °C for 2 h.

We then probed the pore formation ability of the complexes by
monitoring the uptake level of fluorescein-tris(hydroxymethyl)
methanethiourea (FITC–Tris), which is the non-reactive form of a
hydrophilic and membrane-impermeable dye. HeLa-Luc cells were
cultured in serum-containing DMEM, seeded in 96-well plates at
1 × 104 cells/well, and cultured for 24 h. The medium was replaced by
serum-free DMEM (100 μL/well) into which crosslinked PPABLG-SH
and FITC–Tris were added at 2 μg/well and 0.2 μg/well, respectively.
Free FITC–Tris without polypeptides was added as a control. After
incubation at 37 °C for 2 h, cells were washed with cold PBS containing
heparin (20 U/mL) for 3 times and lysed with the RIPA lysis buffer
(100 μL/well). The FITC–Tris content in the lysate was determined by
spectrofluorimetry (λex=485 nm,λem=530 nm) and the total protein
level was determined by the BCA kit. Uptake level was expressed as ng
FITC–Tris associated with 1 mg cellular protein.

Internalization and intracellular distribution of FAM–siRNA in HeLa-
Luc cells were further visualized by confocal laser scanning microscopy
(CLSM). HeLa-Luc cells cultured on coverslips in 6-well platewere treat-
ed by complexes in serum-free DMEM (2 mL) at 60 nM FAM–siRNA/
well. Following incubation at 37 °C for 4 h, cells were washed three
times with PBS containing heparin (20 U/mL), fixed with 4% parafor-
maldehyde, and stained with DAPI (10 μg/mL) and Lysotracker® Red
(200 nM) before observation by CLSM (LSM700, Zeiss, Germany).

To explore the serum-resistant ability of the crosslinked complexes,
cells were incubated with complexes in DMEM containing 10% FBS
throughout the 4-h uptake experiment at 37 °C, and the uptake level
was quantified as described above.

2.8. In vitro gene knockdown

HeLa-Luc cells were cultured in serum-containing DMEM, seeded in
96-well plates at 1 × 104 cells/well, and cultured for 24 h before the
transfection study. The medium was replaced by serum-free DMEM
(100 μL/well) and polypeptide/siGL2 complexes were added at
predetermined concentrations (20, 40, 60, 80 and 100 nM siRNA/
well). After incubation at 37 °C for 4 h, the medium was replaced by
DMEMcontaining 10% FBS (100 μL/well) and cells were further incubat-
ed for 24 h before quantification of luciferase expression using a Bright-
Glo luciferase assay kit andmeasurement of the cellular protein level by
a BCA kit. Luciferase expression level was evaluated as relative lumines-
cence unit (RLU) associated with 1 mg of cellular protein (RLU/mg pro-
tein). The silencing efficiency was indicated as the percentage of
luciferase expression levels of control cells which did not receive com-
plexes treatment. To verify specific gene knockdown, identical experi-
ments were performed for polypeptide/scr siRNA (scrambled siRNA)
complexes.

2.9. Cell viability assay

HeLa-Luc cells were seeded in 96-well plates at 1 × 104 cells/well
and cultured in serum-containing DMEM for 24 h. The mediumwas re-
placed by serum-free DMEM (100 μL/well) into which complexes were
added at the siRNA concentrations and the polypeptide/siRNA weight
ratios in accordance with the afore-mentioned transfection process.
After incubation at 37 °C for 4 h, the medium was replaced by serum-
containing DMEM and cells were further incubated for another 20 h.
Cell viabilitywas then evaluated by theMTT assay, and resultswere rep-
resented as percentage viability of control cells that did not receive
complex treatment.

2.10. Statistical analysis

Statistical analysis was performed using Student's t-test and differ-
ences between test and control groups were judged to be significant
at *p b 0.05 and very significant at **p b 0.01.

3. Results

3.1. Synthesis and characterization of PPABLG-SH

PPABLG-SHwas synthesized via ring-opening polymerization (ROP)
of VB-L-Glu-NCA initiated by HMDS and subsequent side-chain reduc-
tive amination by 2-aminoethanethiol and 1-(2-aminoethyl)piperidine
(Fig. 1B and C) [22]. HMDS allowed a well-controlled ROP of VB-L-Glu-
NCA, as demonstrated by the well-defined MW (degree of polymeriza-
tion was 52 as calculated by GPC compared with the designed M/I of
50). The percentage of thiol groups on the PPABLG-SH before
crosslinking was determined to be 4.7% (molar ratio) and 0.09%
(molar ratio) after crosslinking using the Ellman's reagent, indicating
that before crosslinking, an average of 2.4 thiol groups had been suc-
cessfully conjugated to each polypeptide molecular chain and after
crosslinking, most of the thiol groups were converted to disulfide
bonds. The low incorporation efficiency of thiol groups was because
they were incorporated by the reductive amination reaction between
2-aminoethanethiol hydrochloride and the benzaldehyde groups on
polypeptide side chains. Before the reducing agent borane was added,
6.7 equiv. 1-(2-aminoethyl)piperidine was also added. Since the reac-
tion between aldehyde and amine is reversible, two amines attached
on polypeptide side chains will reach equilibrium. PPABLG-SH adopted
typical α-helical structure as evidenced by the FTIR analysis showing
the typical amide bands of α-helix at 1650 and 1553 cm−1, and the



Fig. 1. (A) Schematic representation of PPABLG-SH/siRNA crosslinked complexes. (B) Reaction scheme of PPABLG-SH. (C) 1H NMR spectrum of PPABLG-SH in TFA-d. (D) FTIR spectra of
PPABLG-SH and PPABLG-SH/siRNA complexes before and after crosslinking.
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helical structure of the thiolated polypeptide was maintained after the
crosslinking and nanocomplex assembling (Fig. 1D). Such results thus
indicated that the thiolated polypeptide might be able to maintain the
helix-dependent membrane activity after crosslinking of the pendent
thiol groups.
Fig. 2. Particle size (A) and zeta potential (B) of PPABLG
3.2. Formulation and characterization of PPABLG-SH/siRNA crosslinked
complex

The formulation included a two-step process, charge–charge inter-
action followed by oxidative crosslinking (Fig. 1A). First, anionic siRNA
-SH/siRNA complexes before and after crosslinking.
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was added into the solution of α-helical cationic polypeptide PPABLG-
SH. The charge-charge interactions between cationic polypeptide and
anionic siRNA led to the formation of loose complexes with relatively
large particle size (~500 nm, Fig. 2A) and positive zeta potential value
(~20 mV, Fig 2B). To allow crosslinking of the PPABLG-SH/siRNA com-
plex, the loose complex was incubated at 37 °C for 2 h in the glass vial
filled with O2 when the pendent thiol groups were oxidized to form
intra- and intermolecular disulfide. Condensed nanocomplexes were
thus yielded which possessed smaller size (~200 nm, Fig. 2A). All of
the nanocomplexes showed PDI values lower than 0.3, indicating a rel-
atively homogenous size distribution.

The agarose gel retardation assay revealed that non-thiolated
PPABLG was unable to tightly condense siRNA as evidenced by the
siRNA migration in electrophoresis even at high PPABLG/siRNA weight
ratio up to 40 (Fig. 3B), according well with our previous findings [19].
In comparison, crosslinked complexes formed from the thiolated poly-
peptide, PPABLG-SH, led to retarded siRNA migration in the 4% agarose
gel at the PPABLG-SH/siRNA weight ratio higher than 5, suggesting that
siRNA could be effectively and individually entrapped by the helical,
thiolated polypeptide after crosslinking of pendent thiols to form
intra- and inter-molecular disulfide (Fig. 3A). Un-crosslinked complexes
formed by PPABLG-SH as a control were unable to condense siRNA,
which further substantiated the importance of crosslinking in yielding
compact complexes (Fig. 3C). Suchobservationwas further demonstrat-
ed by a quantitative EB exclusion assay,wherein crosslinked PPABLG-SH
afforded markedly higher siRNA condensation efficiency (60%) than
PPABLG (2%) and un-crosslinked PPABLG-SH (6%) (Fig. 3D).

The ability of crosslinked PPABLG-SH complexes to protect siRNA
from nuclease digestion was then evaluated by incubating the
crosslinked PPABLG-SH/siRNA complexes with 50% FBS that contained
digestive RNase. After dissociating the encapsulated siRNA using hepa-
rin, we then evaluated the siRNA integrity via electrophoresis on a 4%
agarose gel.

As shown in Fig. 4A, siRNA encapsulated in the crosslinked com-
plexes remained intact upon the treatment of RNase compared with
that encapsulated in the un-crosslinked complexes (Fig. 4B), indicating
Fig. 3. (A) Gel retardation assay showing siRNA condensation by PPABLG (A), un-crosslinked P
represents naked siRNA. PPABLG-SHwas crosslinked at 37 °C for 2 h after polymer/siRNA comp
ratios as quantified by the EB exclusion assay (n = 3).
that crosslinked complex formed by PPABLG-SHwas able to completely
prevent the nucleolytic degradation of siRNAwhile complex formed by
PPABLG revealed limited siRNA stability.

3.3. Uptake profile of the PPABLG-SH/siRNA crosslinked complex

As shown in Fig. 5A and B, crosslinked complexes remarkably pro-
moted the internalization level of FAM–siRNA (over thousands fold vs.
naked FAM–siRNA) which peaked at the PPABLG-SH/siRNA weight
ratio of 20:1 and the siRNA concentration of 60 nM. Further increase
in the siRNA concentration up to 80 nM and 100 nM did not lead to el-
evation in the intracellular internalization level. Comparedwith LPF as a
commercial transfection reagent, a 2–3-fold higher uptake level was
also noted, which could be attributed to the potent membrane activity
of the helical PPABLG-SH to mediate intracellular cargo delivery. With
the optimal formulation of crosslinked complexes (PPABLG-SH/siRNA
weight ratio of 20), we further illustrated the intracellular uptake
mechanism. The cell uptake study was first performed at 4 °C when
energy-dependent endocytosis was totally inhibited. As shown in
Fig. 5C, lowering the temperature led to ~70% inhibition of the cell
uptake level, indicating that most of the complexes were internalized
via energy-dependent endocytosis. Because endocytosis often leads
to endosomal entrapment, it was indicated that the polypeptide
nanocomplexes may be able to mediate effective endosomal escape. In
addition to the endocytosismechanism, we also probed the pore forma-
tion ability of the complexes by monitoring the uptake level of FITC–
Tris, which is a hydrophilic and membrane-impermeable dye. As
shown in Fig. 5D, crosslinked complexes significantly increased the
FITC–Tris uptake level, indicating that the complexes had the capability
to induce pore formation on cell membrane and accordingly facilitate
direct penetration of siRNA cargos, another important mechanism
mediated by cationic helical polypeptides. We further evaluated the
capability of complexes to mediate endosomal escape via observa-
tion by CLSM. As shown in Fig. 5E, green fluorescence (FAM–

siRNA) largely separated from red fluorescence (Lysotracker Red-
stained endosomes/lysosomes), indicating effective endosomal
PABLG-SH (B), and crosslinked PPABLG-SH (C) at various polymer/siRNA weight ratios. N
lexes were formed. (D) Condensation efficiency of siRNA at various polymer/siRNAweight



Fig. 4. Crosslinked PPABLG-SH complexes protect siRNA from nucleolytic degradation. Stability of siRNA in crosslinked PPABLG-SH complexes (A) or PPABLG complexes (B) following
treatment with serum for 4 h. N1 represents naked siRNA without serum treatment and N2 represents naked siRNA treated with serum.

Fig. 5. (A) Uptake level of FAM–siRNA containing crosslinked PPABLG-SH complexes in HeLa-Luc cells following 4-h incubation at 37 °C at various polymer/siRNA weight ratios (siRNA
concentration fixed at 60 nM) (n = 3). (B) Uptake level of FAM–siRNA-containing crosslinked PPABLG-SH complexes in HeLa-Luc cells following 4-h incubation at 37 °C at various
siRNA concentrations (polymer/siRNA ratio fixed at 20) (n = 3). Naked FAM–siRNA (N) and LPF/siRNA complexes were used as controls at the siRNA concentration of 60 nM.
(C) Uptake level of FAM–siRNA-containing crosslinked PPABLG-SH complexes in HeLa-Luc cells at 4 °C (n = 3). (D) FITC–Tris uptake level of HeLa-Luc cells following co-incubation
with PPABLG-SH for 2 h at 37 °C (n=3). (E) CLSM images of HeLa-Luc cells following treatmentwith PPABLG-SH/FAM–siRNA crosslinked complexes at 37 °C for 4 h (siRNA concentration
of 60 nM; PPABLG-SH/siRNA weight ratio of 20) (bar= 20 μm). The nuclei were stained with DAPI, and the endosomes/lysosomes were stained with Lysotracker Red. (F) Uptake level of
polymer/FAM–siRNA complexes in HeLa-Luc cells following 4-h incubation with or without serum at 37 °C (n = 3). siRNA concentration was fixed at 60 nM while the polymer/siRNA
weight ratios was optimized at 40.

236 N. Zheng et al. / Journal of Controlled Release 205 (2015) 231–239
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escape of the nanocomplexes. The green fluorescence was uniformly
distributed in the cytoplasm, which again substantiated that the com-
plexes were extensively internalized by HeLa-Luc cells post 4-h incuba-
tion and they had escaped out from endosomal entrapment.

When used in vivo, interference raised by serum often serves as an
obstacle against the efficiency of non-viral gene delivery vectors [24].
As such, the ability of crosslinked PPABLG-SH complexes to mediate in-
tracellular delivery of siRNA was further probed in the presence of
serum. Because of the interference raised by serum, the highest cell up-
take level was noted at the optimal PPABLG-SH/siRNA ratio of 40, which
represented a 75% uptake level of that under serum-free condition
(Fig. 5F). In comparison, a dramatic reduction in the cell uptake level
was observed for both the PPABLG/siRNA complexes (63%) and the
un-crosslinked PPABLG-SH/siRNA complexes (54%) in the presence of
serum, which could be attributed to the aggregation and destabilization
of the loose complexes upon non-specific adsorption of negatively
charged serum proteins onto the positively charged complexes. Such
discrepancy between the crosslinked and un-crosslinked complexes
thus indicated that crosslinking of the polypeptide via disulfide bonding
endowed the complexes with improved resistance against serum by
allowing stable and tight nanostructures with lower surface charges.

3.4. Redox-responsive siRNA release profiles

The release profile of crosslinked complexeswas evaluated as a func-
tion of glutathione (GSH) concentration. GSH is an intracellular reduc-
ing reagent that is wildly present in the cytosol at the concentration of
around 10 mM and rarely present in the extracellular environment
(with a low concentration of around 4.5 μM). As shown in Fig. 6A, at
the GSH concentration of 10 mM, the encapsulated siRNA was
completely released within 60 min, while at the GSH concentration of
4.5 μM and 0 mM, only a small portion of siRNA (3%–5%) was released
within 120 min. As shown in Fig. 6B, in the presence of 10 mM GSH,
the complex size increased dramatically from 200 nm to 500 nmwithin
20 min, indicating that the cleavage of the disulfide bond led to the
transformation from tight complexes to loose complexes. The size fur-
ther increased to over 1000 nmwithin 60min, indicating that thorough
disruption of the complex structure, which was in accordance with the
complete siRNA release within 60min. These results demonstrated that
the crosslinked PPABLG-SH/siRNA complexes were stable in the extra-
cellular environment while could rapidly release the siRNA cargo
under reductive conditions in the intracellular environment.

3.5. Crosslinked complexes induce effective gene silencing with low
cytotoxicity

In consistence with their cell uptake level, maximal gene silencing
efficiency was noted for the crosslinked PPABLG-SH complexes at the
siRNA concentration of 60 nM and weight ratio of 20 (Fig. 7A), which
Fig. 6. (A) siRNA release from complexes upon treatment with GSH of various concentratio
was comparable to that of LPF as one of most widely used commercial
reagent. Further increase in the siRNA concentration and polypeptide/
siRNA weight ratio did not lead to further improvement in the gene
knockdown efficiency. As shown in Fig. 7B, crosslinked complexes me-
diated gene knockdown efficiency of as high as 60% while un-
crosslinked complexes and PPABLG/siRNA complexes only led to gene
knockdown efficiency of 40%. Compared to their un-crosslinked
counterpart and the complexes formed with PPABLG, the crosslinked
complexes exhibited strongest ability in terms of mediating gene
knockdown (Fig. 7B), which again substantiated the significance of di-
sulfide crosslinking towards stabilized siRNA encapsulation as well as
redox-triggered intracellular siRNA release that ultimately contributed
to improved RNAi efficiency. As a control, complexes containing scr
siRNA did not induce appreciable luciferase knockdown, which indicat-
ed that the observed gene knockdownwas due to the sequence-specific
RNA interference rather than material toxicity.

Cytotoxicity assessment using the MTT assay further revealed that
after 24-h treatment, the crosslinked PPABLG-SH complexes showed
minimal cytotoxicity (viability higher than 85%) at the siRNA concentra-
tion of 60 nM used for the previous transfection studies. This result fur-
ther ensured the safety of the crosslinked complexes when applied as
siRNA delivery vectors (Fig. 7C).

4. Discussion

Synthetic non-viral vectors, especially cationic polymers and lipids,
have been widely developed and applied as siRNA delivery vectors.
However, stability of the nanocomplexes formed merely through elec-
trostatic interactions remains low in the biological milieu mainly due
to the smaller size and linearity of siRNAwhen compared with plasmid
DNA, which thus serves as a major obstacle for in vivo application [5].
The poor stability of the nanocomplexes is a major impediment espe-
cially when cationic helical polypeptides are used as siRNA vectors be-
cause the polypeptide adopts a linear and rigid rod-like structure
which further weakens the interaction with siRNA. Our previous study
[19] showed that siRNA cannot be independently condensed by the cat-
ionic, helical polypeptide even though they can form loose complexes
and the free polypeptide can also facilitate the intracellular delivery of
siRNA by generating pores on cell membranes. Moreover, since siRNA
could not be tightly condensed by the polypeptide, it is vulnerable to en-
zymatic hydrolysis by ubiquitous nucleases in the body when the for-
mulation is subjected to use for in vivo RNAi.

Recently there have been multiple reports in developing stabilized
polymer/siRNA complexes by either increasing the positive charge den-
sity of polymers or the negative charge density of siRNA. Increasing pos-
itive charge density of polymers can indeed improve the interactions
between polymer and siRNA, which however, will generate undesired
charge-associated toxicity at the meantime [27]. Alternatively, increas-
ing the molecular weight and negative charge density of siRNA by
ns (n = 3). (B) Particle size of PPABLG-SH/siRNA upon treatment with GSH (10 mM).



Fig. 7. (A) Normalized luciferase GL2 level of HeLa-Luc cells following incubation with PPABLG-SH/siRNA crosslinked complexes at various siRNA concentrations and PPABLG-SH/siRNA
weight ratios (n = 3). (B) Normalized luciferase GL2 level of HeLa-Luc cells following incubation with different polymer/siRNA complexes. Scr siRNA represents crosslinked PPABLG-SH
complexes containing scrambled siRNA. siRNA concentration was fixed at 60 nM and the PPABLG-SH/siRNA weight ratio was fixed at 20 (n = 3). (C) Cytotoxicity of PPABLG-SH/siRNA
crosslinked complexes in HeLa-Luc cells (n = 3).

238 N. Zheng et al. / Journal of Controlled Release 205 (2015) 231–239
polymerizing the siRNA stands affords an effective strategy to improve
complexation [28,29]. Park et al. reported that polymerized siRNAs
(poly-siRNA) could be successfully prepared using a disulfide linkage
at the 5′ end of each siRNA strand and could be complexed by the cat-
ionic carriers to form stable complexes [30]. Despite the success in sta-
bilizing the complexes with polycations, the polymerized siRNA
suffers frompotential risk in stimulating IFN-α response and thus safety
remains as a serious concern for this strategy [29,30]. Additional strate-
gies also include chemical conjugation of siRNA to the delivery vector
via cleavable disulfide bonding [31] and the co-condensation with
ionic crosslinking agents such as sodium triphosphate (TPP) [32]. The
incorporation of another polyanion that provides additional interaction
forces with polycations to co-encapsulate the siRNA cargo is one of the
most commonly used strategies to stabilize the cationic polymer/
siRNA complexes. However, the introduction of the third component
renders the complexes with excessive complexity whichmakes the op-
timization of the nanostructure difficult [33].

Compared with these reported approaches, we developed a two-
step formulation strategy to allow helical polypeptide-mediated tight
encapsulation of siRNA and stabilization of polypeptide/siRNA com-
plexes. Thiol groups were introduced to the side chains of a smart
polypeptide PPABLG that has been demonstrated to possess excellent
membrane activity. Loose complexes were first formed via charge
interactions between oppositely charged polypeptide and siRNA, and
the tight and stable complexes were subsequently formed upon
crosslinking of the thiol groups to form intra- as well as inter-
molecular disulfide. This formulation strategy could be applied to the
delivery of most kinds of siRNA except those modified by thiol groups.
The achieved disulfide bonds not only features augmented siRNA bind-
ing and stabilized nanostructure, but also allows redox-responsive
siRNA release in the cytosol. As such, integrity of the siRNA cargo against
nuclease degradation was markedly improved, and the stability of the
nanocomplexes against serumwas also greatly enhanced, which collec-
tively contributed to the notably enhanced RNAi efficiency. When there
have been large body of works reported utilizing additional polyanionic
component or increasing the positive charge density of cationic
polymers to achieve stable formulation with siRNA, this two-step
formulation strategy reported in this paper offers an alternative, poten-
tially move controllable, pathway to achieve stable siRNA delivery
nanocomplexes. There are several advantages of using this disulfide
cross-linking strategy to achieve stably formulated siRNA delivery com-
plex over multi-component, charge complex. The rigid rod-like struc-
tures of the helical polypeptide are well maintained following the
formulation process, thus its excellentmembrane activity is largely pre-
served for successful siRNA delivery. In addition, the release of siRNA
from the complex is better controlled through GSH triggered reduction
of the disulfide bond. When the disulfide bonds are cleaved, the nano-
structure hold tightly via disulfide cross-linking becomes unstable and
siRNA becomes more susceptible to release. This potentially provides a
means for active control over siRNA release, in contrast to other siRNA
delivery vehicles based on charge interactions with uncontrollable
siRNA release profiles and unknown siRNA release mechanism.

5. Conclusion

In this study,we developed a cationic, helical, and thiolated polypep-
tide which can form stable nanocomplexes with siRNA through a two-
step formulation process, the charge interaction between polypeptide
and siRNA and post crosslinking of the pendent thiol groups on poly-
peptide side chains. The crosslinked nanocomplexes feature tight
encapsulation of siRNA to maintain stable nanostructures at the extra-
cellular compartment while they facilitated siRNA release in the cytosol
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upon redox-triggered disulfide cleavage. More importantly, formation
of the crosslinked nanocomplexes did not compromise the helical sec-
ondary structure of the polypeptide, thus its excellent membrane activ-
ity was well maintained to mediate effective cellular internalization as
well as endosomal escape of the siRNA cargo. This crosslinked polypep-
tide formulation would thus serve as a promising approach to address
several critical challenges in non-viral siRNA delivery.
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