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Chapter 4
Highly Efficient SiRNA Delivery Mediated by Cationic
Helical Polypeptides and Polypeptide-Based Nanosystems
Lichen Yin, Nan Zheng, and Jianjun Cheng
Abstract
RNA interference (RNAi) mediated by small interfering RNA (SiRNA) has recently emerged as a potent
machinery in regulating gene expression at the post-translation step. Despite its efficiency and specificity,
the biggest hurdle against its wide application is the safe and effective delivery of the SiRNA cargo into
target cells. Here, we describe the highly effective SiRNA delivery mediated by the cationic helical polypeptides and polypeptide-based nanosystems both in vitro and in vivo via oral administration.
Key words Helical polypeptide, SiRNA delivery, Gene silencing, Oral delivery, Tumor necrosis factor
α (TNF-α), Acute hepatic injury
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Introduction
RNA interference (RNAi) mediated by small interfering RNA
(SiRNA) is an important mechanism that regulates gene expression in eukaryotic cells via site-specific mRNA cleavage and degradation. Because of its efficiency and sequence specificity, the RNAi
machinery affords an exciting modality for the treatment of various
human diseases [1–4]. To realize the efficiency of the RNAi, an
effective and safe delivery vector/method is required to deliver the
SiRNA into target cells.
Nonviral delivery vectors, exemplified by cationic lipids and
polymers, possess desired biocompatibility and minimal mutagenesis, and thus serve as desired candidates for SiRNA delivery.
However, in comparison with their viral counterparts, nonviral
vectors often suffer from low transfection efficiencies, mainly due
to the various systemic barriers. For instance, SiRNA is liable to
nuclease-assisted degradation; it can hardly traverse the cell
membranes and the internalized SiRNA molecules tend to be
entrapped by endosomes/lysosomes and ultimately get degraded.
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Here, we report a newly developed nonviral gene delivery
material, the cationic helical polypeptide [5, 6] and polypeptidebased supramolecular self-assembled nanoparticles (SSNPs) [7],
which can effectively overcome the aforementioned barriers to
mediate effective SiRNA delivery both in vitro and in vivo.
Particularly, the stabilized helical structure allows the polypeptide
to create pores on cell membranes and endosomal membranes,
thereby facilitating the cellular internalization as well as endosomal
escape of the SiRNA cargo. When the polypeptide was assembled
with other rationally designed materials, the obtained SSNPs can
target intestinal M cells and gut-associated macrophages (GAMs)
after oral administration to greatly enhance the intestinal absorption
of SiRNA against tumor necrosis factor-α (TNF-α) and mediate
effective gene knockdown in macrophages, thus triggering systemic TNF-α silencing towards the treatment of acute inflammation. We herein describe the protocol for in vitro and in vivo SiRNA
delivery mediated by the helical polypeptide (PVBLG-8) and
PVBLG-8-containing SSNPs. We also demonstrate that the helical
PVBLG-8, but not the random coiled analogue PVBDLG-8, can
trigger effective knockdown of the luciferase gene in HeLa-Luc
cells. Compared with the commercial reagent Lipofectamine 2000,
the SSNPs mediated an approximately tenfold higher TNF-α
knockdown efficiency in macrophages in vitro in terms of reduced
SiRNA dose, and after oral administration, they prevented the
lipopolysaccharide (LPS)-induced systemic TNF-α production
to protect mice from inflammatory hepatic injury at the low dose
of 200 μg SiRNA/kg. This finding also represents a 1–2 orders of
magnitude improvement over existing delivery vehicles, which
typically require dosing from 500 μg/kg to 50 mg/kg in mice via
i.v. injection [8–10].

2

Materials
1. Oleyl-trimethyl chitosan chloride (OTMC, MW = 200 kDa,
quaternization degree of 28.7 %, oleyl conjugation ratio of
20.3 %, structure shown in Fig 1), oleyl-PEG3400-mannose
(structure shown in Fig. 1.), and oleyl-PEG3400-cysteamine
(structure shown in Fig. 1.) were synthesized according to previously published protocols [7]. Poly(γ-4-((2-(piperidin-1-yl)
ethyl)aminomethyl)-benzyl-L-glutamate) (PVBLG-8, degree
of polymerization 200, structure shown in Fig. 1), a cationic
helical polypeptide, was synthesized according to our published protocols [5, 6]. Poly(γ-4-((2-(piperidin-1-yl)ethyl)
aminomethyl)-benzyl-D,L-glutamate) (PVBDLG-8), a random
coiled analogue of PVBLG-8 was also synthesized according to
our published protocols.
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Fig. 1 Chemical structures of OTMC, OPC, OPM, and PVBLG-8

2. SiRNA duplex against mouse tumor necrosis factor-α (TNF-α)
has the sequence of sense strand: 5′-GUCUCAGCCUCUUC
UCAUUCCUGct-3′ and antisense strand: 5′-AGCAGGA
AmUGmAGmAAmGAmGGmCUmGAmGAmCmAmU-3′,
wherein the (m) pattern mN represents a 2′-O-methyl base.
Sequences of the primers used were as follows. TNF-α
F:CCACCACGCTCTTTCTGTCTACTG, TNF-α R: GGG
CTACAGGCTTGTCACTCG.
3. SiRNA duplex against luciferase (Luc SiRNA) has the sequence
of sense strand: 5′-CUUACGCUGAGUACUUCGAtt-3′ and
antisense strand: 5′-UCGAAGUACUCAGCGUAAGtt-3′.
4. Weigh 2 mg lipopolysaccharide (LPS, from E. coli 0111:B4) in
a biosafety cabinet, transfer to the 25-mL glass vial, and dissolve by 20 mL sterilized PBS to obtain a stock solution of
100 μg/mL. Aliquot to 1 mL/vial in 1.5-mL centrifuge tubes,
and store at −20 °C. Thaw the solution at room temperature
before use, take out 10 μL, transfer into a 25-mL glass vial,
dilute with 9990 μL cell culture medium to obtain a solution
of 100 ng/mL (for use in RAW 264.7 cells). Alternatively, take
out 100 μL of the 100 μg/mL solution, transfer into a 25-mL
glass vial, dilute with 9900 μL PBS to obtain a solution of
1 μg/mL (for use in mouse). Freshly prepare the solution
directly before use.
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5. Weigh 1 g D-galactosamine (D-GalN), transfer to the 25-mL
glass vial, and dissolve by 10 mL sterilized PBS to obtain a
solution of 100 mg/mL. Freshly prepare the solution directly
before use.
6. Prepare all solutions using diethylpyrocarbonate (DEPC)treated water and analytical grade reagents.
7. Pre-warm the cell culture media to 37 °C before use.
8. Sterilize all glass vials and centrifuge tubes before use.
9. Diligently follow all waste disposal regulations when disposing
waste materials.

3

Methods

3.1 In Vitro siRNA
Delivery by PVBLG-8

1. Weigh 10 mg PVBLG-8 and transfer to the 25-mL glass vial.
Add 10 mL DEPC-treated water to make the 1 mg/mL solution. Add 1 M hydrogen chloride to adjust the pH to 6.5
(see Note 1). Aliquot to 1 mL/vial in 1.5-mL centrifuge tubes,
and store at −20 °C (see Note 2). Thaw the solution at room
temperature before use.
2. Take out 200 μL PVBLG-8 solution, transfer into a 1.5-mL
centrifuge tube, add 800 μL NaCl solution (150 mM, containing
20 mM HEPES) to obtain a final concentration of 0.2 mg/mL.
3. Dissolve Luc SiRNA with DEPC water at 0.2 mg/mL. Aliquot
to 50 μL/tube in 0.5-mL centrifuge tubes, and store at
−80 °C. Thaw the solution in ice bath before use (see Note 3).
4. Transfer 20 μL SiRNA solution into a 1.5-mL centrifuge tube.
Add PVBLG-8 solution into SiRNA at determined PVBLG-8/
SiRNA weight ratios (e.g., 20, 100, and 200 μL PVBLG-8
equals to PVBLG-8/SiRNA weight ratios of 1, 5, and 10,
respectively), and mix by gentle pipetting (see Note 4).
5. Vortex the mixture for 30 s at 1500 rpm/min and incubate the
mixture at RT for 15 min to allow formation of complexes
(see Note 5).
6. Culture HeLa-Luc cells (purchased from the American Type
Culture Collection) in DMEM supplemented with 10 % horse
serum, 1 % penicillin–streptomycin, 1 % L-glutamine according
to the manufacturer’s protocol (ATCC website). Passage the
cells for more than 3 times while less than 20 times before
transfection studies (see Note 6).
7. Harvest the cells and resuspend in the cell culture media
( see Note 7) at 1 × 105 cells/mL. Add 0.1 mL of the cell
suspension into each well of 96-well plates at the seeding density of 1 × 104 cells/well (see Note 8). Slightly shake (left and
right for 10 times, then up and down for 10 times), and incubate at 37 °C for 24 h (see Note 9).
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8. Aspirate the media, wash each well once with 500 μL PBS,
then add 500 μL serum-free DMEM (or Opti-MEM) to each
well.
9. Add different volume of freshly prepared PVBLG-8/SiRNA
complexes to the media at the final SiRNA concentrations of
0.4, 0.8, 1.2, and 1.6 μg/mL, respectively (see Note 10).
10. Shake the plate slightly (left and right for 5 times, then up and
down for 5 times), and incubate the cells at 37 °C for 4 h. As
a control, the complexes formed between SiRNA and
PVBDLG-8, a random coiled analogue of PVBLG-8 with
diminished membrane activities, can be prepared and used to
transfect HeLa-Luc cells with the same method as described
for PVBLG-8.
11. Aspirate all the media in each well, wash the cells once with
500 μL PBS, and add 500 μL serum-containing DMEM/well.
Culture the cells at 37 °C for another 20 h.
12. Remove the cell culture medium and immediately add 50 μL
of the Bright-Glo luciferase reagent (Promega) to each well.
Measure the luminescence intensity using a microplate reader
according to the manufacturer’s protocols.
13. Calculate the gene silencing efficiency of PVBLG-8 which was
denoted as the percentage luminescence intensity of control
cells that did not receive PVBLG-8/SiRNA complex treatment (see Fig. 2.).

Fig. 2 (a) In vitro transfection of HeLa-Luc cells with luciferase siRNA at various PVBLG-8:siRNA weight ratios
and siRNA concentrations. (b) In vitro transfection of HeLa-Luc cells with luciferase siRNA at various PVBDLG8:siRNA weight ratios and siRNA concentrations (reproduced from ref. [6] with permission from Nature
Publishing Group)
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3.2 In Vitro TNF- α
siRNA Delivery
to Macrophages
by Supramolecular
Self-Assembled
Nanoparticles (SSNPs)
3.2.1 Preparation
of SSNPs

1. Weigh 20 mg OTMC and transfer to the 25-mL glass vial. Add
10 mL DEPC-treated water to make the 2 mg/mL solution.
2. Add 1 M hydrogen chloride to adjust the pH to 6.5 (see Note 1).
Aliquot to 2 mL/vial in 7-mL vials, and store at −20 °C. Thaw
the solution in 37 °C water bath before use (see Note 11).
3. Weigh 10 mg PVBLG-8 and transfer to the 25-mL glass vial.
Add 10 mL DEPC-treated water to make the 1 mg/mL
solution.
4. Add 1 M hydrogen chloride to adjust the pH to 6.5. Aliquot
to 1 mL/vial in 1.5-mL centrifuge tubes, and store at
−20 °C. Thaw the solution at room temperature before use
(see Note 2).
5. Weigh 100 mg OPM or OPC and transfer to the 25-mL glass
vial. Add 10 mL DEPC-treated water to make the 10 mg/mL
solution. Aliquot to 1 mL/vial in 1.5-mL centrifuge tubes,
and store at −20 °C. Thaw the solution in 37 °C water bath
before use.
6. Weigh 10 mg sodium tripolyphosphate (TPP) and transfer to
the 25-mL glass vial. Add 10 mL DEPC-treated water to make
the 1 mg/mL solution. Aliquot to 1 mL/tube in 1.5-mL
centrifuge tubes, and store at −20 °C. Thaw the solution at
room temperature before use.
7. Dissolve SiRNA with DEPC water at 0.2 mg/mL. Aliquot to
50 μL/tube in 0.5-mL centrifuge tubes, and store at
−80 °C. Thaw the solution in ice bath before use (see Note 3).
8. Add 20 μL SiRNA solution and 50 μL TPP solution into a 1.5mL centrifuge tube and mix by gentle pipetting.
9. Add 200 μL OTMC, 80 μL PVBLG-8, 40 μL OPM, and
40 μL OPC into a 1.5-mL centrifuge tube and mix by gentle
pipetting.
10. Transfer the OTMC/PVBLG-8/OPM/OPC mixture into the
SiRNA/TPP mixture (see Note 12) and pipette for 10 times.
Vortex for 30 s at 1500 rpm/min and incubate the mixture in
37 °C water bath for 30 min to allow formation of SSNPs
(see Fig. 3a).

3.2.2 Transfection
of siRNA to Mouse
Macrophages

1. Culture RAW 264.7 cells (mouse monocyte macrophage,
purchased from the American Type Culture Collection) in
DMEM supplemented with 10 % fetal bovine serum (FBS)
according to the manufacturer’s protocol (ATCC website).
Passage the cells for more than 3 times while less than 20 times
before transfection studies (see Note 13).
2. Harvest the cells and resuspend in the cell culture media at
1 × 105 cells/mL. Add 0.5 mL of the cell suspension into each
well of 24-well plates at the seeding density of 5 × 104 cells/well.
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Fig. 3 (a) SEM image of SSNPs (bar = 200 nm). (b) TNF-α knockdown efficiencies of SSNPs and LPF2000/
siRNA complexes at various siRNA doses (n = 3) (reproduced from ref. [7] with permission from Wiley)

Slightly shake (left and right for 10 times, then up and down
for 10 times), and incubate at 37 °C for 24 h (see Note 7).
3. Aspirate the media (see Note 14), wash each well once with
500 μL PBS, then add 500 μL serum-free DMEM (or OptiMEM) to each well. Add the freshly prepared SSNPs (5.4, 2.1,
and 0.5 μL) to the media at the final concentrations of 0.1,
0.04 and 0.01 μg/mL, respectively (see Note 10).
4. Shake the plate slightly (left and right for 5 times, then up and
down for 5 times), and incubate the cells at 37 °C for 4 h.
Commercial reagent Lipofectamine 2000 (LPF2000) as an
internal control was also used to transfect the RAW 264.7 cells
according to the manufacturer’s protocol.
5. Aspirate all the media in each well, wash the cells once with
500 μL PBS, and add 500 μL serum-containing DMEM/well.
Culture the cells at 37 °C for another 20 h.
6. Aspirate the culture media, add 500 μL 100 ng/mL LPS solution, and incubate the cells at 37 °C for 3 h.
7. Take out 2 μL of the cell culture media and measure the extracellular TNF-α level by the mouse TNF-α ELISA kit according
to the manufacturer’s protocol (see Note 15).
8. Aspirate the cell culture media, wash the cells with 3× 500 μL
PBS, and extract the total RNA using TRIzol according to the
manufacturer’s protocol (see Note 16).
9. Synthesize cDNA from 500-ng total RNA using the high
capacity cDNA reverse transcription kit according to the manufacturer’s protocol.
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10. Measure the TNF-α mRNA level using an ABI PRISM
7900HT Real-Time PCR system according to the manufacturer’s suggested protocols.
11. Measure the extracellular TNF-α level or the mRNA level of
control cells that did not receive SSNPs treatment but were
treated by the same method as described above.
12. Calculate the gene silencing efficiency of SSNPs which was
denoted as the percentage of TNF-α or TNF-α mRNA levels
of the control cells (see Fig. 3b).
3.3 Oral Delivery
of TNF- α siRNA by
Supramolecular
Self-Assembled
Nanoparticles (SSNPs)
Against Hepatic Injury

1. Orally deliver SSNPs (430 μL/mouse, 200 μg SiRNA/kg) to
male C57/BL-6 mice (20–22 g) via gavage.
2. Take 2 mL LPS solution (1 μg/mL) and 2 mL D-GalN solution (100 mg/mL), transfer to a 7-mL vial, and mix by gentle
pipetting (see Note 17).
3. Inject the freshly prepared LPS/D-GalN solution (500 μL/
mouse, equals to 12.5 μg LPS/kg and 1250 mg D-GalN/kg)
intraperitoneally 24 h after oral gavage of SSNPs.
4. Anesthetize the mice with isoflurane 1.5 h after i.p. injection
(see Note 18). Collect 0.5 mL by retro-orbital bleeding, put
the blood in 1.5-mL centrifuge tube at RT for 10 min to let it
coagulate, centrifuge at 10,500 × g for 5 min, and collect the
serum.
5. Measure the serum TNF-α level using a mouse TNF-α ELISA
kit according to the manufacturer’s protocol.
6. Sacrifice the mice 5 h after i.p. injection of LPS/DGalN. Harvest liver, spleen, and lung, wash with PBS, and
homogenize with TRIzol reagent in ice (use the whole spleen
and lung, while cut a small piece (0.2 g) of liver). Extract the
RNA according to the manufacturer’s protocol and measure
the TNF-α mRNA level using real-time PCR as described for
RAW 264.7 cells.
7. Measure the serum TNF-α level or the mRNA levels in each
specific organ of control mice that received oral gavage of PBS
(430 μL/animal) instead of SSNPs and were treated by the
same method as described above.
8. Calculate the systemic TNF-α silencing efficiency of SSNPs
which was represented as the percentage of TNF-αor TNF-α
mRNA levels of the control animals (see Fig. 4).
9. In another experiment, gavage the SSNPs and i.p. inject the
LPS/D-GalN in the same manner as steps 1–8.
10. Anesthetize the mice with isoflurane 5 h after i.p. injection.
Collect 1 mL blood by retro-orbital bleeding, put the blood in
1.5-mL centrifuge tube at RT for 10 min to let it coagulate,
centrifuge at 10,500 × g for 5 min, and collect the serum.
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Fig. 4 (a) Serum TNF-α level of mice gavaged with SSNPs at 200 μg siRNA/kg (n = 6). (b) Relative TNF-α mRNA
levels in mouse liver, spleen, and lung 24 h after oral gavage of SSNPs (n = 3). (c) Serum ALT and AST levels of
mice 5 h after LPS/D-GalN stimulation (n = 4) (reproduced from ref. [7] with permission from Wiley)

11. Measure the serum alanine transaminase (ALT) and aspartate
aminotransferase (AST) levels using commercial kits according
to the manufacturer’s protocols. As a control, measure the
serum AST/ALT levels of mice that received oral gavage of
PBS (430 μL/animal) rather than SSNPs (see Fig. 4).

4

Notes
1. Using a pH paper to indicate the pH. pH values within the
range of 6.2–6.8 are allowed.
2. Avoid repeated ice-thawing processes of PVBLG-8.
Recommend less than five ice-thawing cycles for each preserved tube.
3. Avoid repeated ice-thawing processes of SiRNA. Recommend
less than three ice-thawing cycles for each preserved tube.
4. Quickly add the PVBLG-8 solution into SiRNA at once and
immediately mix for several times.
5. Incubation time can be longer than 15 min but less than 30 min.
6. Cell condition is critical to the success of transfection. Passage
the cells at the confluence of 70–80 % and never let cells grow
over-confluence. For each passage, keep the passage ratio
higher than 1:3.
7. Culture the cells using antibiotic-containing media. However,
use antibiotic-free media to seed cells. Also use antibiotic-free
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media during and after transfection. Because PVBLG-8 mediates effective SiRNA delivery mainly via the pore-formation
mechanism, it will also allow excessive diffusion of antibiotics
into cells to hamper the cell viability.
8. For the convenient measurement of luciferase activity, seed the
cells on white plates instead of transparent plates.
9. Usually do the transfection at the cell density of 70 %. Because
we cannot visualize the cells grown on white plates, we usually
seed some cells on another transparent plate at the same time
for the purpose of monitoring cell density.
10. We recommend slowly add the complexes onto the surface of
the culture media in small droplets. Do not touch the inner
surface of each well. It will lead to inconsistence of the transfection results.
11. Fully thaw the solution at 37 °C until it becomes completely
transparent. Thawing at room temperature sometimes cannot
lead to incomplete dissolution because the amphiphilic polymer has the tendency to self-assemble.
12. Quickly add the OTMC/PVBLG-8/OPM/OPC mixture
into the SiRNA/TPP at once and immediately mix for several
times. Vortex vigorously to promote nanoparticle formation.
13. RAW 264.7 cells tend to be activated by the treatment of trypsin. It is therefore required to passage the cells using scrappers,
which is also suggested by the ATCC. Scrape 3–5 times for
each passage, and pipette 10–15 times to dissociate the cells.
Avoid excessive scraping or pipetting that will also activate or
damage the cells.
14. Do not let the cells stay in the dried condition for too long
(usually less than 1 min). RAW 264.7 cells tend to detach from
the plate when get dried.
15. The supernatant can be preserved at −20 °C if not assayed
directly. However, avoid repeated ice-thawing process that
would otherwise damage the TNF-α inside. It may need to
dilute the sample with cell culture media if the TNF-α concentration exceeds the detection limit of the ELISA kit.
16. The homogenate can be preserved at −20 °C if not assayed
directly and also avoid repeated ice-thawing processes.
17. i.p. injection of LPS/D-GalN establishes the acute hepatic
injury model that is 100 % lethal to animals. This mixed solution needs to be freshly prepared and used within 20 min otherwise it would hamper its efficiency in inducing hepatic injury.
18. We recommend anesthetizing the animal before blood sampling because excessive struggling of the animal body may lead
to inconsistent serum TNF-α levels.
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