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Abstract Since its inception more than a decade ago, gene
silencing mediated by double-stranded small interfering RNA
(siRNA) has been widely investigated as a potential therapeu-
tic approach for a variety of diseases. However, the use of
siRNA is hampered by its rapid degradation and poor cellular
uptake in vitro and in vivo. Recently, peptide-based carriers
have been applied to siRNA delivery, as an alternative to the
traditional delivery systems. Here, a histidine-containing am-
phipathic amino acid pairing peptide, C6M3, which can form
complexes with siRNA, was used as a new siRNA delivery
system. This peptide exhibited a high affinity for siRNA and
ability to efficiently deliver siRNA into the cells. The interac-
tion of C6M3 with siRNA was investigated to determine the
loading capacity of C6M3 at different peptide/siRNA molar
ratios. At C6M3/siRNA molar ratio of 10/1, siRNA molecules
were entirely associated with C6M3 as indicated by a gel
electrophoretic assay and further confirmed by zeta potential
analysis. The particle size distribution of the C6M3-siRNA
complexes was studied using dynamic light scattering, which
showed an intensity-based size distribution peaked approxi-
mately at 100 nm in RNase-free water and 220 nm in the Opti-
MEM medium. C6M3 adopted a helical secondary structure
in RNase-free water and became more so after forming com-
plexes with siRNA. The interaction of siRNA with Co6M3 is
an entropy-driven spontaneous process, as determined by iso-
thermal titration calorimetry (ITC) study. The efficiency of
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cellular uptake of the siRNA complexes at different C6M3/
siRNA molar ratios was evaluated, and the results showed that
C6M3 promoted efficient cellular uptake of siRNA into cells.
Furthermore, a significant level of GAPDH gene silencing
efficiency (69%) was achieved in CHO-K1 cells, with mini-
mal cytotoxicity.
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Introduction

The term RNA interference (RNA1) was first coined after the
discovery that double-stranded RNAs (dsRNAs) can trigger
silencing of complementary messenger RNA (mRNA) se-
quences in the nematode Caenorhabditis elegans [1]. Since
the discovery of RNAI, there has been an explosion of interest
in using this technology for basic and applied research, includ-
ing analysis of signaling pathways and gene functions, as well
as in developing a therapeutic method to target disease-related
mRNAs in the cytoplasm of cells [1-7]. In spite of the high
therapeutic potential of small interfering RNAs (siRNAs),
their negative charge has limited their ability to penetrate cell
membranes, and naked siRNAs are easily degraded by nucle-
ases [8].

To date, a number of materials have been used to develop
siRNA delivery systems, including virus vectors, liposomes,
lipoplexes, polymers, and peptides [9, 10]. Among them, cell-
penetrating peptides (CPPs) have been utilized for intracellu-
lar delivery of a variety of macromolecules, including pro-
teins, peptide nucleic acids (PNA), and siRNAs [11].

CPPs can be conjugated to siRNA through covalent cross-
links such as disulfide bonds. The disulfide bonds are cleaved
in cells, releasing the siRNA into the cytoplasm, where the
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RNA-induced silencing complex (RISC) forms [11]. CPPs
and siRNA can also form non-covalent complexes through
electrostatic interactions. At certain molar or charge ratios,
siRNA and CPPs form positively charged complexes that
are translocated across the plasma membrane. The advantages
of this methodology include the low cost of the reagents and
the easy preparation of CPP-siRNA complexes [12, 13].

CPP-siRNA complexes can enter cells either through en-
docytotic pathways or by directly crossing the cell membrane
[14]. Amino acid pairing peptides are a new class of peptides,
which are recently developed as drug/gene delivery systems
[15-17]. There are two main domains in an amino acid pairing
peptide: one is the amino acid pairing domain—responsible
for peptide self assembly—and the other is the cell permeation
domain—a functional group for cell penetration or a group of
cationic amino acids [18]. In our previous study, we reported
that a new amphipathic, amino acid pairing peptide, C6,
formed complexes with siRNAs in a non-covalent manner
and protected the siRNA from degradation [19]. Although
its cellular uptake was highly efficient, we found that its gene
silencing activity was not significantly high (not reported).
Therefore, it was concluded that after entering cells, the C6-
siRNA complexes were trapped in endosomes [19], which
decreased their gene silencing efficiency. Strategies to induce
the membrane disruption are required. Tryptophan (W), be-
cause of its aromaticity, flat rigid shape, and 7t electronic struc-
ture, has a strong preference at the membrane interface and
acts as an anchor to the cell membrane [20-23], thus enhances
the peptide-membrane interaction. Histidine proves to en-
hance the endosomal membrane disruption through proton
sponge effect [24-26]. Therefore, C6 (Ac-
RLLRLLLRLWRRLLRLLR-NH2) was modified to C6M3
(Ac-RLWHLLWRLWRRLHRLLR-NH2), where histidine
and a higher amount of tryptophan were incorporated. In this
study, the physicochemical properties, cytotoxicity, cellular
uptake, and gene silencing efficiency of C6M3-siRNA com-
plexes were investigated.

Materials and methods
Materials

Peptide C6M3 (Ac-RLWHLLWRLWRRLHRLLR-NH2,
MW = 2621 g/mol) was synthesized by CanPeptide Inc.
(Quebec, CA) with a purity of >95%. siRNA targeting the
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
and Cy3-labeled GAPDH siRNA were purchased from
Ambion (Silencer™ GAPDH siRNA kit). The siRNA
targeting sequence for eGFP, GCGACGUAAACGGC
CACAAGU, was purchased from Dharmacon. The antisense
sequence is ACUUGUGGCCGUUUACGUCGC, and the
sense sequence is GACGUAAACGGCCACAAGUUC. The
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negative control siRNA, which sets the threshold, is crucial
for determining the transfection efficiency of a siRNA. The
negative control siRNA used here was purchased from
Ambion. Cell Counting Kit-8 (CCK-8) was used for cell via-
bility test and was purchased from Dojindo Molecular
Technologies.

Methods
Cell line

Chinese hamster ovary cells (CHO-K1) purchased from
American Type Culture Collection (ATCC CCL-61) were grown
in F-12K medium (Thermo Scientific, Ontario, CA) supplement-
ed with 10% fetal bovine serum (FBS) (Sigma-Aldrich, Ontario,
CA). The cells were incubated at 37 °C in 5% CO,.

Preparation of siRNA complexes

For the cell treatments, the peptide/siRNA complexes were
prepared in Opti-MEM (Invitrogen, CA, USA). For the phys-
icochemical characterization, the complexes were prepared in
RNase-free water. The complexes were generally incubated at
room temperature for 20 min immediately before transfection/
measurements.

Agarose gel shift assay

Samples containing 300 ng of eGFP siRNA were electropho-
resed on a 1.2% w/v agarose gel in 1x TBE at 55 V for 1 h.
The ethidium bromide-stained siRNA was visualized on a UV
transilluminator equipped with a camera.

Isothermal titration calorimetry

The isothermal titration calorimetry experiments were con-
ducted using a Nano-ITC calorimeter (TA Instruments). A
250 uM C6M3 peptide solution and a 10 uM siRNA solution
were both prepared in RNase-free water. All of the samples
were degassed in a degassing station (TA Instruments) prior to
the experiments. RNase-free water was placed in the ITC ref-
erence cell. For each titration, 2 pl of the peptide in a pipette
rotating at 250 rpm was injected into the sSiRNA solution in the
sample cell of the calorimeter, which was equilibrated to
25 °C, with an interval of 300 s between injections. The heat
of dilution was measured by titrating the C6M3 solution into
RNase-free water and was later subtracted from the sample
measurement. The data were analyzed using NanoAnalyze
software v.2.3.0.
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Dynamic light scattering and zeta potential

Particle size measurements were conducted at 25 °C in trans-
parent ZEN0040-disposable microcuvette cells (40 pl) using a
Zetasizer Nano ZS (Malvern, UK) after the samples were
allowed to stabilize for 20 min at peptide-siRNA molar ratios
of 10/1, 20/1, or 40/1 with a final siRNA concentration of
100 nM in RNase-free water. At molar ratio 40/1, the particle
size of peptide-siRNA complexes was also measured after
incubation for 40 and 90 min, respectively. After the incuba-
tion of peptide-siRNA complexes (molar ratio 40/1) for
20 min at 25 °C, the sample was further incubated at 37 °C
and the particle sizes were measured after incubation for 30
and 60 min, respectively. In order to study the effect of Opti-
MEM culture medium on the particle size, the peptide-siRNA
complexes (molar ratio 40/1) were prepared in Opti-MEM and
incubated for 20 min at 25 °C following with size measure-
ments. The zeta potentials of the peptide-siRNA complexes
were measured using a Clear DTS1070-zeta dip cell.

Scanning electron microscopy

SEM was used to characterize the morphology of C6M3-
siRNA complexes at a molar ratio of 20/1 with siRNA con-
centration of 100 nM. Right after incubation for 20 min, 40 ul
samples were allowed to dry at room temperature over sub-
strates. The samples were coated with gold (10 nm in thick-
ness) before taking images. The SEM images were taken with
a LEO FESEM 1530 field emission SEM.

Circular dichroism spectroscopy

Spectra at 250 to 190 nm with a spectral resolution and pitch
of 1 nm and scan speed of 200 nm/min were recorded using a
J-810 spectropolarimeter (Jasco, USA). Increasing amounts of
siRNA were added to the peptide solution (30 uM), to obtain
different molar ratios. The samples were transferred into 1-
mm-long quartz cells and maintained at 25 °C. The spectra
presented here are the average of three measurements.

Cytotoxicity of peptide-siRNA complexes

CHO-K1 cells were seeded at 5000 cells/well in clear, flat-
bottomed, 96-well plates (Costar) 24 h before treatment. After
washing the cells, the peptide-siRNA complexes or control
samples prepared in 100 pl of Opti-MEM were added to the
wells and incubated for 4 h. Thereafter, 50 pl of 30% serum
containing medium was added, and the cytotoxicity of the
relevant reagents was determined by the CCK-8 assay after
48 h. The reagent was added according to the manufacturer’s
instructions, and the absorbance at 570 nm was measured with
a plate reader (BMG, FLUOstar OPTIMA, Germany). The
background absorbance of the multiwell plates at 690 nm

was determined and subtracted from the 570-nm measure-
ment. The results obtained from triplicate wells were averaged
and normalized to the value obtained from non-treated
samples.

Cellular uptake

In this research, siRNA is labeled with Cy3 at the 5'-end of the
sense strand and peptide C6M3 is not labeled. CHO-K1 cells
were seeded in a 24-well plate 24 h before treatment. The cells
were incubated with C6M3-Cy3-labeled GAPDH siRNA
complexes at a molar ratio of 20/1 for 4 h. Thereafter, the cells
were washed three times with PBS and then washed with
heparin (10 U/ml) following the method reported before [27]
to remove extracellularly bound C6M3-siRNA complexes.
After the thorough wash, the cells were fixed by 4% parafor-
maldehyde (PFA). The nucleus of the cell was stained by
DAPI. The image showing the intracellular localization of
Cy3-labeled siRNA was taken with a fluorescence
microscope.

The cellular uptake of Cy3-labeled siRNA was quantified
using flow cytometry (BD Biosciences, BD FACS Vantage
SE Cell Sorter, USA). CHO-K1 cells (50,000) were incubated
in 24-well plates for 24 h. The medium was replaced with
Opti-MEM (Invitrogen) containing complexes or control sam-
ples with a final sSiRNA concentration of 100 nM. After incu-
bating for 4 h, the cells were rinsed with PBS and then washed
with heparin (10 U/ml). After washing the cells, trypsin-
EDTA was added to detach them from the plate. The cells
were re-suspended in 4% PFA and placed in fluorescence-
activated cell sorting (FACS) tubes for analysis.

In vitro gene silencing efficiency

CHO-K1 cells were seeded at 35,000 cells/well in 24-well
plates and incubated for 24 h. Next, the cells were incubated
with various complex formulations in Opti-MEM at 37 °C for
4 h. Then, the cells were incubated for an additional 48 h in
complete culture medium. siRNA concentration was 100 nM.

For qRT-PCR analysis, the total RNA was extracted from
the treated cells using the SV Total RNA Isolation System
(Promega, CA, USA). A Nanodrop (Nanodrop
spectrophotometer ND-1000, Thermo Scientific, Ottawa,
CA) was used to determine the RNA concentrations. The
RNA samples were reverse-transcribed into complementary
DNA (cDNA) using a Bio-Rad iScript cDNA synthesis kit
according to the manufacturer’s protocol. After the cDNA
was synthesized, PCR was performed with Brilliant II Fast
SYBR Green QPCR Master Mix (Agilent Technologies,
Wilmington, DE, USA) using an Mx3005PTM real-time
PCR system (Agilent Technologies). The sequences of the
primers used for the mouse GAPDH gene are 5'-TTGC
TGTTGAAGTCGCAGGAG-3'" and 5'-TGTG
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TCCGTCGTGGATCTGA-3' (Sigma, Oakville, Ontario,
Canada). Cyclophilin, a housekeeping gene, was used as an
internal control to normalize the GAPDH gene expression.
Mouse cyclophilin mRNA amplified using the following
primers: 5-AGGGTTTCTCCACTTCGATCTTGC-3’" and
5'-AGATGGCACAGGAGGAAAGAGCAT-3' (Sigma,
Oakville, Ontario, CA).

Statistical analysis

Results were expressed as mean values + SD. Data were an-
alyzed by two-tailed ¢ test, and only P values <0.05 were
considered statistically significant.

Results
Physicochemical characterization of sSiRNA complexes

The binding of siRNA with C6M3 was investigated using
agarose gel electrophoresis. A 21-mer siRNA that targets the
eGFP gene was used in this experiment. C6M3-siRNA com-
plexes prepared using a series of molar ratios were investigat-
ed. As shown in Fig. 1, lane 1, siRNA alone easily migrated
through the gel due to its small size and negative charge. Due
to the larger size and positive charge of the cationic COM3-
siRNA complexes, their migration through the gel was imped-
ed. At a molar ratio of 10/1, the siRNA molecules were all
bound to C6M3 because no free siRNA was detected in the
agarose gel.

The interactions between C6M3 and siRNA were further
studied by ITC, while the siRNA (in RNase-free water) was
titrated with C6M3 at 25 °C. As shown in Fig. 2a, the heat
exchange during the titration of siRNA by C6M3 was detected

siRﬂA alone 4,1 1511 20/1 40/1

Fig. 1 Binding ability of siRNA to C6M3 studied by agarose gel shift
assay. The formed C6M3-siRNA complexes, stained with ethidium
bromide, were investigated by electrophoresis on agarose gel (1.2% w/
v). siRNAs, targeting eGFP genes, were complexed with C6M3 at a series
of molar ratios from 1/1 to 80/1. Lane I was siRNA control, and lanes 2—
8 indicated correlated molar ratios. The amount of siRNA was 300 ng/
well
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Fig. 2 Calorimetric titration of siRNA with C6M3 at room temperature
in RNase-free water. a Corrected thermogram of calorimetric titration of
siRNA with C6M3. b Binding analysis of siRNA with C6M3 by fitting
the raw data with an independent model. C6M3 concentration was
250 uM, and siRNA concentration was 10 pM

by the machine and output as raw data. By fitting the raw ITC
data to a single-site model (Fig. 2b), the thermodynamic pa-
rameters of the interaction are obtained and listed in Table 1.

The obtained molar stoichiometry of 7.0 was the same as
the theoretical value of 7, considering that the C6M3 peptide
contains six positively charged arginine residues and there are
21 pairs of negatively charged nucleotides in the siRNA mol-
ecule. With an enthalpy of —16.1 kJ/mol, a AS of 117.0 J/
(mol K), and an entropy of —34.9 kJ/mol, the binding was
predominantly entropy-driven. Moreover, the Gibbs free en-
ergy calculated using the equation AG = AH — TAS was
—51.0 kJ/mol, indicating that the C6M3 peptide and siRNA
formed complexes spontaneously [27-29].

Table 2 shows the detailed results of the size and charge
characterization of C6M3-siRNA formulations evaluated in
this study. As shown in Table 2, the particle size decreased
over the increase of molar ratios. The possible reason is that at
higher molar ratios, the nanoparticles were more condensed
[30]. The size of C6M3-siRNA complexes remained in the
range of 70-100 nm. At a molar ratio of 10/1, the C6M3-
siRNA complexes have an approximately neutral zeta poten-
tial. Increasing the molar ratios, C6M3-siRNA complexes ex-
hibited a more positive surface charge due to the addition of
more cationic peptides. In order to increase the affinity of
C6M3-siRNA complexes with cell membranes, we usually
use molar ratios higher than 10/1 for the cell transfection ex-
periments. The size range and positive surface charge of
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Table1l Thermodynamic parameters when titrating siRNA with C6M3
in water

Ka (1/M) AH (kJ/mol) n TAS (kJ/mol) AG (kJ/mol)
8.6E8 -16.1 7.0 349 —51.0

The siRNA and C6M3 concentration used here was 10 and 250 uM,
respectively. Ka is the binding associate constant; AH is the enthalpy of
this titration process;  is the stoichiometry between peptide and siRNA
binding; TAS is the entropy of this titration process, and AG is the Gibbs
free energy of this titration process

C6M3-siRNA complexes indicated that the complexes most
possibly entered cells through endocytosis [31, 32].

Table 3 shows that in RNase-free water, after incubation for
40 min at 25 °C, the particle size of C6M3-siRNA complexes
(molar ratio 40/1) slightly increased. When the incubation time
was increased to 90 min, the particle size increased to 140 nm,
possibly due to the aggregation of nanoparticles. This data indi-
cated that the favorable incubation time before treatment was
between 20 and 40 min. Table 3 shows that after the peptide
C6M3 and siRNA formed complexes at 25 °C, the particle size
changed after incubation at 37 °C for 30 and 60 min, respectively.
At 25 °C, CoM3-siRNA complexes (molar ratio 40/1) in RNase-
free water displayed size distribution around 70 nm; at 37 °C, the
particle size decreased to 50 nm (30 min). Considering that the
C6M3-siRNA complex formation process is entropy driven (ITC
data), increasing the temperature leads to the increase of hydro-
phobic interactions, which may increase the compactness of the
particles. Additionally, at 37 °C, increasing the incubation time to
60 min, the particle size remained almost the same as that after
incubation for 30 min, possibly because the strong hydrophobic
interactions increase the probability of interparticle interactions
and the increased compactness of the particles increases the net
surface charge to achieve higher stability. At 25 °C, C6M3-
siRNA complexes (molar ratio 40/1) prepared in Opti-MEM
exhibited size distribution around 220 nm (Table 3), which was
much higher than that prepared in RNase-free water. This differ-
ence is possibly caused by the ionic effect of components within
the Opti-MEM.

Table 2  The hydrodynamic diameter and zeta potential of the C6M3-
siRNA complexes at different molar ratios were measured by dynamic
light scattering (DLS)

Sample Size + SD (nm) Zeta potential £ SD (mV)
C6M3-siRNA 10/1 97.1+32 04+6.2

C6M3-siRNA 20/1 803 +1.0 23.0+7.9

C6M3-siRNA 40/1 724+13 30.5+6.5

The siRNA concentration was fixed at 100 nM. At different molar ratios,
the amount of C6M3 was adjusted. All the reagents used here were
prepared in RNase-free water at 25 °C. Results are expressed as
mean + standard deviation (n = 3)

Table 3  The hydrodynamic diameter of the C6M3-siRNA complexes
at molar ratio 40/1 prepared under different conditions was determined by
DLS

Solvent Temperature (°C)  Time (min)  Size + SD (nm)
RNase-free water 25 °C 40 83.8+7.8
90 1447 +1.5
37°C 30 51.1£4.0
60 579 £4.7
Opti-MEM 25°C 20 222.0 £10.0

The siRNA concentration was fixed at 100 nM. When the C6M3-siRNA
complexes (molar ratio 40/1) were prepared in RNase-free water, the
particle size distribution at different incubation temperatures (25 and
37 °C) and incubation time periods (40, 90, 30, and 60 min) was mea-
sured. The particle size distribution of C6M3-siRNA complexes (40/1)
prepared in Opti-MEM and incubated at 25 °C for 20 min was also
investigated

In Fig. 3a, the white dots are the particles of C6M3-siRNA
complexes, which display a spherical shape. Moreover, the size
distribution of C6M3-siRNA complexes was consistent with
the DLS results. The impact of siRNA on the secondary struc-
ture of C6M3 was evaluated using CD spectroscopy. As shown
in Fig. 3b, C6M3 in water exhibited a maximum spectrum of
approximately 190 nm and a minimum of approximately
208 nm, which together indicated a helical conformation.
When a small amount of siRNA (molar ratio of 20/1) was
added, a shift in the spectrum minimum from 207 to 210 nm
and a second minimum spectrum of approximately 222 nm
was observed. Adding more siRNAs to attain a molar ratio
of 10/1 increased the absolute values in spectrum minima at
208 and 222 nm and the maximum around 190 nm. These
results indicated that an increase in the o helical secondary
structure of the peptide occurred upon the addition of siRNA.
The more siRNA was added, the more helical content of
C6M3 secondary structure adopted. The conformational chang-
es of the peptide after forming complexes with siRNA confirm
that once siRNA neutralized some of the positive charges of
the peptide, the repulsion between these charges decreased.
Therefore, it became much easier for the peptide to form typ-
ical o helical secondary structure that was reported to facilitate
the cellular uptake of peptide-siRNA complexes [33].

Cytotoxicity of C6M3-siRNA complexes

As shown in Fig. 4, the viability of cells treated with C6M3-
siRNA complexes was more than 90%. However, cells treated
with Lipofectamine 2000 showed significant toxicity, with
cell viability of 57%. These results clearly show that peptide
C6M3 induced much lower cytotoxicity than Lipofectamine
2000. Moreover, peptide alone at corresponding concentra-
tions of different molar ratios achieved >90% cell viability.
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Fig. 3 a Morphology of C6M3-siRNA complexes at a molar ratio of 20/
1, where siRNA concentration was 100 nM. b CD spectra of C6M3 alone
and CO6M3-siRNA at different molar ratios. MR molar ratio (peptide/
siRNA). C6M3 concentration was fixed as 30 uM, and C6M3-siRNA
complexes were formulated at molar ratios of 10/1 and 40/1

Cellular uptake of siRNA complexes

CHO-K1 cells were treated with the C6M3-Cy3-labeled
siRNA complexes to study the intracellular localization and
cellular uptake of siRNA. When provided in complexes with a
peptide/siRNA molar ratio of 20/1 (Fig. 5), the siRNA was
localized to regions in close proximity to the nuclear mem-
brane. The siRNAs were distributed in a non-homogeneous
pattern at the periphery of the nucleus, indicating the possibil-
ity of endocytotic delivery [34]. The efficiency of C6M3 to
deliver siRNA into CHO-K1 cells was evaluated using FACS.
As shown in Fig. 6, the treatment of CHO-K1 cells with Cy3-
labeled GAPDH siRNA alone achieved almost no uptake,
implying that siRNA without an efficient carrier was not able
to enter the intracellular environment. However, the efficiency
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Fig. 4 Viability of CHO-K1 cells after 48-h treatment. N.T. non-treated,
MR peptide/siRNA molar ratio, Lipo Lipofectamine 2000 (1 pl of
Lipo/well). siNRA concentration was at 100 nM. *P value <0.05, the cell
viability after GL1 treatment is statistically significant than that after Lipo
treatment. Results are expressed as mean + standard deviation. n = 3

of cellular uptake of the siRNA significantly increased with
the increase in the C6M3 peptide/siRNA molar ratio from 10/
1 to 40/1. In addition, at molar ratios of 40/1, C6M3-Cy3-
labeled siRNA complexes entered significantly more cells
than Lipofectamine 2000-siRNA complexes, suggesting the
pronounced delivery efficiency of C6M3.

In vitro transfection

The efficiency of GAPDH gene silencing by C6M3-siRNA
complexes at the mRNA level was investigated using qRT-
PCR. Lipofectamine 2000 was used as the positive control. As
shown in Fig. 7, the Lipofectamine 2000-siRNA complexes
induced the silencing of GAPDH gene by 84%, and the
C6M3-siRNA complexes at 40/1 achieved 69% GAPDH
gene silencing efficiency. The significant silencing efficiency
of GAPDH gene induced by C6M3-siRNA complexes im-
plied that the C6M3 peptide could effectively deliver bioac-
tive siRNA into the cytosol and induce specific gene
silencing.

Discussion

Here, we evaluated the ability of C6M3 to form complexes
with siRNA and deliver siRNA to the cytosol with concomi-
tant silencing of GAPDH expression. Based on the data of
ITC and zeta potential, the complex formation is not only
involving electrostatic force but also hydrophobic interaction.
To investigate whether this complex formation could promote
internalization of the peptide-siRNA complexes, FACS, a
quantitative method using fluorescently labeled siRNA, was
performed. Interestingly, with the increase of molar ratios
from 10/1 to 40/1, the uptake efficiency of siRNA increased.



Drug Deliv. and Transl. Res. (2017) 7:507-515

513

Fig. 5 The fluorescence microscopy image of CHO-K1 cells. The red
fluorescence indicated Cy3-labeled siRNA; blue fluorescence represented
DAPI-stained nuclei. The lower panel was non-treated (NT) cells, used as
a control. The upper panel was treated with C6M3-siRNA complexes at
molar ratio 20/1, and siNRA concentration was at 100 nM

The possible reasons are that at higher molar ratios, the
peptide-siRNA complexes display higher positive charge
resulting in stronger affinity with the negatively charged cell
membrane and higher contents of tryptophan enhancing the
peptide-membrane interaction.

The modification of C6 has resulted in the following
changes. With the same siRNA concentration, siRNA mole-
cules were entirely associated with C6M3 at a molar ratio of
10/1, while a very small amount of free siRNA was observed
when interacting with C6 at a molar ratio of 10/1. This result is
further confirmed by the zeta potential data. Ata molar ratio of
10/1, C6M3-siRNA complexes exhibited a slight positive sur-
face charge (0.4 mV), while C6-siRNA complexes obtained a
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Fig. 6 Cellular uptake of Cy3-labeled siRNA. Non-treated (V.T)) sample
was negative control; Lipofectamine 2000 (Lipo) was positive control
(1 pl of Lipo/well). MR molar ratio (peptide/siRNA). siRNA
concentration was at 100 nM. *P value <0.05; the difference of cellular
uptake efficiency of siRNA delivered by C6M3 at a molar ratio of 40/1
and Lipofectamine 2000 is significant. Results are expressed as
mean + standard deviation. n =3

negative surface charge (—13.1 mV). Moreover, COM3-
siRNA complexes showed smaller particle sizes (70—
100 nm) than C6-siRNA complexes (170-260 nm). The ITC
data showed that both C6 and C6M3 could spontaneously
form complexes with siRNA. However, a higher value of
Gibbs free energy was observed when titrating siRNA with
C6M3 (50 kJ/mol) than with C6 (—40 kJ/mol), suggesting
the interaction of siRNA and C6M3 is highly favorable. In
water, C6M3 adopted helical secondary structure, while C6
adopted random coil structure. This conformational change
may facilitate C6M3 forming complexes with siRNA more
efficiently with relatively small particle sizes due to the de-
fined helical secondary structure.

100
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Fig. 7 GAPDH gene silencing in CHO-K1 cells. GAPDH siRNA con-
centration was 100 nM. NT non-treated sample, Lipo Lipofectamine 2000
(1 pl of Lipo/well), MR peptide/siRNA molar ratio. *P value <0.05, the
gene silencing efficiency at a molar ratio of 40/1 and 60/1 is significantly
different from Lipo-siRNA treatment. Results are expressed as
mean + standard deviation. n =3

MR40
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C6M3-siRNA complexes exhibited particle size ~100 nm
in water and ~200 nm in Opti-MEM. Previous studies show
that particles with the size range from 50 to 200 nm usually
enter cells through caveolae and clathrin-mediated endocytot-
ic pathway [35]. Fluorescence microscopy images of C6M3-
Cy3-labeled siRNA complexes (Fig. 5) also indicated that the
complexes entered cells possibly through endocytotic path-
way [19]. Previous studies showed that histidine residues were
incorporated in CPPs to enhance the endosomal escape of
siRNAs [36, 37]. Due to the pH drop in endosome, the imid-
azole ring of histidine was protonated. The protonation in-
duced an extensive inflow of water and ions into the
endosomal environment, thereby resulting in disruption of
the endosomal membrane and release of the entrapped com-
ponents [24]. Taken together, the incorporation of tryptophan
and histidine in C6M3 sequence led to over two fold increase
of GAPDH silencing efficiency compared to that of C6-
siRNA complexes (25%), confirmed by the qRT-PCR
analysis.

Conclusions

C6M3, an 18-mer amphipathic peptide, formed complexes with
siRNA exhibiting particle sizes from 50 to 220 nm. C6M3
adopted helical secondary structure in water and became more
so upon binding to siRNA. Zeta potential and agarose gel exper-
iments proved that siRNA molecules were completely associated
with C6M3 at a molar ratio of 10/1. ITC data revealed that the
stoichiometry between C6M3 and siRNA is 7/1, which is con-
sistent with the theoretical value considering that each peptide
consists of six positive charge residues (R) and siRNA contains
21 negative charge base pairs. In addition, FACS results revealed
that higher molar ratios achieved better siRNA uptake efficiency
because higher amount of peptides induced stronger interaction
with the cell membrane. GAPDH gene silencing experiment and
cell viability data showed that C6M3-siRNA complexes induced
69% silencing of GAPDH gene with minimal cytotoxicity
(<10%). These data demonstrate that C6M3 is a promising car-
rier for siRNA delivery and the modification strategy is useful.
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