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Cationic liposome based siRNA delivery system has improved the efficiencies of siRNA. However, cationic
liposomes are prone to be rapidly cleared by the reticuloendothelial system (RES). Although modification
of cationic liposomes with polyethylene glycol (PEG) could prolong circulation lifetime, PEG significantly inhibits
siRNA entrapment efficiency, cellular uptake and endosomal/lysosomal escape process, resulting in low gene si-
lencing efficiency of siRNA. In this study, we report the synthesis of zwitterionic polycarboxybetaine (PCB) based
distearoyl phosphoethanolamine-polycarboxybetaine (DSPE-PCB) lipid for cationic liposome modification. The
DSPE-PCB,,, cationic liposome/siRNA complexes (lipoplexes) show an excellent stability in serum medium.
The siRNA encapsulation efficiency of DSPE-PCB,, lipoplexes could reach 92% at N/P ratio of 20/1, but only 73%
for DSPE-PEG lipoplexes. The zeta potential of DSPE-PCB, lipoplexes is 8.19 + 0.53 mV at pH 7.4, and increases
to 24.6 £+ 0.87 mV when the pH value is decreased to 4.5, which promotes the endosomal/lysosomal escape of
siRNA. The DSPE-PCB,, modification could enhance the silencing efficiency of siRNA by approximately 20% over
the DSPE-PEG 2000 lipoplexes at the same N/P ratio in vitro. Furthermore, DSPE-PCB,, lipoplexes could efficient-
ly mediate the down-regulation of Apolipoprotein B (ApoB) mRNA in the liver and consequently decrease the
total cholesterol in the serum in vivo, suggesting therapeutic potentials for siRNA delivery in
hypercholesterolemia-related diseases.
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1. Introduction

The specific and robust effect of RNA interference (RNAi) on gene
expression renders small interfering RNA (siRNA) a valuable thera-
peutic agent for the treatment of various diseases [1,2]. However,
the intrinsic deficiencies of siRNA, such as short plasma half-life,
poor membrane penetrability and lack of target ability, have limited
the development of its therapeutic application [3,4]. To realize the
therapeutic potential of siRNA, it is significant to develop efficient
and safe delivery vehicles that can overcome the potential bottle-
neck for siRNA delivery [5].
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Both viral and nonviral vectors have been used to deliver siRNA, and
mediate targeted gene silencing in vitro and in vivo [6]. However, inher-
ent shortcomings such as immunogenic and inflammatory responses
restrict the widespread use of viral vectors [7-9]. In nonviral vectors,
cationic liposomes are desirable because they are of low immunogenity,
and easy to scale up and chemically modify [10-12]. However, cationic
liposomes have nonspecific interaction with plasma protein in vivo and
are prone to be rapidly cleared by the reticuloendothelial system (RES)
before reaching the diseased site, resulting in low gene silencing effi-
ciency of siRNA in vivo [13-15].

A strategy to address this issue is the introduction of polyethylene
glycol (PEG)-lipids such as 1, 2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[methoxy (polyethylene glycol)-2000] (DSPE-PEG
2000) to cationic liposomes for increasing the serum stability and
blood circulation lifetime [16,17]. The product is referred to as “stealth
liposome” [18]. Unfortunately, the steric barrier due to PEGylation in-
terferes with the siRNA encapsulation efficiency, cellular uptake and
subsequent endosomal/lysosomal escape of cationic liposome/siRNA
complexes (lipoplexes) [19-21]. Because of the poor endosomal/
lysosomal escape, and subsequent degradation of the lipoplexes in the
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late lysosomes by a variety of enzymes, siRNA could not be released into
the cytoplasm efficiently and hence the gene silencing efficiency of the
PEGylation lipoplexes is very low [22,23].

Zwitterionic polymers such as poly (sulfobetaine) (PSB) and poly
(carboxybetaine) (PCB), have both cationic and anionic charge
groups alone, and can highly resist nonspecific protein adsorption
due to their strong hydration layer via electrostatic interactions
[24-26]. As potentially excellent candidates for resisting protein ad-
sorption, zwitterionic polymers have been used in the application of
gene delivery. Interestingly, when zwitterionic polymers are introduced
into cationic gene vectors, the mechanism of action may be very differ-
ent from PEGylation. Zwitterionic polymers exhibit high resistance to
nonspecific protein adsorption without sacrificing transfection efficien-
cy. In our previous work, we demonstrated that zwitterionic PSB im-
proved cellular uptake and gene transfection efficiency of cationic
polymers [27]. Jiang and co-workers also proved that zwitterionic
PCB-ethyl ester could package DNA and exhibit relatively high transfec-
tion efficiency [28]. Among the zwitterionic polymers, PCB is highly re-
sistant to nonspecific protein adsorption at the pH of 7.4, and the
negative carboxyl acid groups of the PCB could be protonated at low
pH, which makes them sensitive to acidic environment [29,30]. After
protonation, the PCB has only cationic quaternary ammonium groups.
This unique behavior led us to hypothesize that we can construct a
novel cationic liposome system by conjugating PCB with lipid molecules
for cationic liposome hydrophilic modification. The cationic liposomes
containing PCB-lipids could resist protein adsorption in the circulatory
system as PEG-lipids do. Furthermore, neutral PCB-lipids could be pro-
tonated in endosomes/lysosomes, which might promote the fusion of
cationic liposomes with endosomal/lysosomal membrane and thus en-
hance the endosomal/lysosomal escape of siRNA (Scheme 1). The pH-
sensitive PCB-lipid modification might overcome the barriers associat-
ed with the use of PEG and enhance the siRNA silencing efficiency. To
the best of our knowledge, this is the first example of PCB-lipid modified

> Cationic lipid
> Cholesterol
[0}
S "DSPE-PCB

siRNA

cationic liposomes without loss of their endosomal/lysosomal penetra-
bility capacity.

Herein, we modified DSPE lipid with zwitterionic polymer PCB
and evaluated the efficiency of DSPE-PCB cationic liposome/siRNA
complexes in inhibiting the expression of Apolipoprotein B (ApoB)
mRNA in liver. First, we synthesized the DSPE-PCB,, with atom trans-
fer radical polymerization (ATRP) and applied them in cationic lipo-
somes for delivering the siRNA. In order to contrast, DSPE-PEG 2000
based cationic liposome/siRNA complexes delivery system under the
same condition was also prepared. The physicochemical properties
of the DSPE-PEG and DSPE-PCB lipoplexes, including serum stability,
pH sensibility, cytotoxicity, intracellular uptake, endosomal/lyso-
somal escape and specific gene silencing efficiency in vitro were eval-
uated. Furthermore, we examined the in vivo distribution of the
lipoplexes in C57BL/6 mice and performed the in vivo functional
study to assess their potential application in vivo.

2. Materials and methods
2.1. Materials

2-(N,N’-dimethylamino)ethyl methacrylate (DMAEMA, 98%), 2-
bromoisobutyryl bromide (97%) were obtained from Alfa Aesar.
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (Rho-PE) and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-
yl) (ammonium salt) (NBD-PE) were from Avanti Polar Lipids. B-
Propiolactone (98%), cholesterol (95%), dimethyldioctadecylammonium
bromide (DDAB) and 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI) were purchased from J&K Scientific Ltd. 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE) and 1, 2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000]
(DSPE-PEG 2000) were purchased from Shanghai Advanced Vehicle
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Scheme 1. Schematic diagram of DSPE-PCB lipoplexes for siRNA delivery with enhanced siRNA endosomal/lysosomal escape ability. a) Resistant nonspecific protein adsorption. b) Cellular

endocytosis. ¢) Protonation of DSPE-PCB in endosomes/lysosomes. d) mRNA Cleavage.
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Technology Ltd. Co. Copper (I) bromide (CuBr, 99%), N,N,N’,N",N"-
pentamethyldiethylenetriamine (PMDETA, 99%) and (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were
obtained from Sigma-Aldrich. LysoTracker Red was obtained from
Invitrogen. Lipofectamine™ 2000 was also from Invitrogen and used
as per manufacturer's instructions. Cy5-labeled siRNA (Cy5-NC), FAM-
labeled siRNA (FAM-NC), Luc-siRNA (targeting firefly luciferase) and
ApoB siRNA (targeting ApoB mRNA) were custom synthesized by
Suzhou Ribo Life Science Co. Ltd. (Jiangsu, China). Their sequences
were as follows: Cy5-labeled siRNA: sense: 5’-Cy5-CCUUGAGGCAUA
CUUCAAAdTAT-3’, antisense: 5'-UUUGAAGUAUGCCUCAAGGATAT-3’;
FAM-labeled siRNA: sense: 5’-CCUUGAGGCAUACUUCAAAATAT-3/,
antisense: 5'-UUUGAAGUAUGCCUCAAGGATAT-3’; Luc-siRNA: sense:
5’-CCCUAUUCUCCUUCUUCGCATAT-3’, antisense: 5'-GCGAAGAAGGAG
AAUAGGGATdT-3’; ApoB siRNA: sense: 5'-GUCAUCACACUGAAUACC
AAUdTdT-3’, antisense: 5'-AUUGGUAUUCAGUGUGAUGACACATT-3".
All other reagents used were obtained commercially at analytical grade.

2.2. Sample synthesis

2.2.1. Synthesis of CB monomer

CB monomer was synthesized according to the method reported by
Jiang and co-workers [31]. Briefly, B-propiolactone (0.43 g, 6 mmol) in
5 mL of dried dichloromethane was added dropwise to 25 mL of dried
dichloromethane containing DMAEMA (0.79 g, 5 mmol). The reaction
mixture was stirred under nitrogen protection at 10 °C for 12 h. The
white precipitate was washed with 50 mL of dried dichloromethane
and 50 mL of anhydrous acetone. The product was then dried under re-
duced pressure to obtain the final CB monomer product.

2.2.2. Synthesis of DSPE-Br initiator

Triethylamine (0.2 mL, 1.6 mmol) was added to 20 mL of dried
dichloromethane containing DSPE (0.60 g, 0.8 mmol), and the mixture
was stirred at 25 °C for 1 h. 2-Bromoisobutyryl bromide (0.18 g,
0.8 mmol) was then injected by syringe into the solution. After the in-
jection was completed, the system was stirred for 12 h at 60 °C. The
product was washed with deionized water for three times, and the di-
chloromethane was removed using the rotary evaporator.

2.2.3. Synthesis of DSPE-PCB,, polymer

DSPE-PCB,, was synthesized by the ATRP using DSPE-Br as the initi-
ator. A typical synthesis procedure with the theoretical degree of poly-
merization (DP) of 50 is described as follows. DSPE-Br (17.94 mg,
0.02 mmol) was dissolved in 10 mL of dichloromethane, and CB
(229.27 mg, 1.00 mmol) monomer was dissolved in 10 mL of etha-
nol. DSPE-Br, CB and CuBr (5.74 mg, 0.04 mmol) were added to a
clean and dry Schlenk flask. The Schlenk flask was degassed by
three freeze-pump-thaw cycles and recharged with nitrogen.
PMDETA (6.93 mg, 0.04 mmol) dissolved in 1 mL of ethanol was
injected into the frozen system. The Schlenk flask was stirred for
24 h at 60 °C. The impurities and unreacted monomers were re-
moved by dialyzing in a Cellu SepH1-membrane (MWCO03500)
against dichloromethane and deionized water for 48 h, respectively,
and freeze-dried to obtain the final product. DSPE-PCB,, with theo-
retical DP of 20 was also prepared in a similar way.

The 'H NMR spectra was recorded on a Bruker 300 MHz spec-
trometer. The degree of polymerization of DSPE-PCB,, and the struc-
ture of all the products were confirmed by 'H NMR spectra.

2.3. Preparation and characterization of cationic liposomes and lipoplexes

Cationic liposomes were prepared by thin lipid film method [32,33].
DDAB (9.46 mg, 15 umol), cholesterol (5.8 mg, 15 pmol) and DSPE-
PCB,, (6 pmol) at a molar ratio of 1:1:0.4 were dissolved in chloro-
form. The organic phase was removed at 55 °C on a rotary evaporator
to obtain a thin lipid film. Then, the lipid film was hydrated with

15 mL of phosphate buffer saline (PBS). After sonication at 37 °C
for 30 min, the solution was extruded 5 times using EmulsiFlex-C5
high-pressure homogenizer (Avestin, Canada). The final total lipid
concentration was 2.4 mM. The DDAB/cholesterol with same
concentration, or DDAB/cholesterol with same concentration and
DSPE-PEG 2000 (16.8 mg, 6 pmol) were dissolved in chloroform for
the preparation of bare cationic liposomes or DSPE-PEG cationic
liposomes.

Lipoplexes were prepared by diluting siRNA and cationic liposomes
separately in equal volumes at designed N/P ratio (N: nitrogen moiety
of DDAB, P: phosphorus one of siRNA). The cationic liposomes and
siRNA were mixed together for 30 min at room temperature. The
mean particle diameter of the cationic liposomes and lipoplexes was de-
termined by dynamic light scattering (DLS), and the surface charge of
the cationic liposomes and lipoplexes was analyzed by the zeta poten-
tial using a Zetasizer Nano ZS instrument (Malvern Instruments). Fur-
ther morphological analysis was carried out by cryogenic transmission
electron microscopy (Cryo-TEM, FEI Tecnai 20, The Netherlands).

2.4. Gel retardation assay

Lipoplexes with different N/P ratios were formed as described above.
20 L of lipoplexes were mixed with 4 L of 6 x loading buffer, and then
the mixture was loaded onto 2% agarose gel containing GelGreen™
nucleic acid stain. Electrophoresis was carried out at a voltage of 90 V
for 10 min in 1x TAE running buffer. Finally, the results were recorded
at UV with light wavelength of 254 nm.

2.5. siRNA encapsulation efficiency (E.E.)

To evaluate the efficiency of siRNA encapsulated in cationic lipo-
somes, the fluorescence of un-encapsulated Cy5-labeled siRNA was
quantified using fluorescence spectrophotometer (excitation at
633 nm, emission at 670 nm). The cationic liposomes and Cy5-labeled
siRNA were mixed together for 30 min at room temperature to prepare
cationic liposome/Cy5-labeled siRNA complexes at different N/P ratios.
After centrifugation at 5000 xg for 5 min, the fluorescence of the Cy5-
labeled siRNA in the supernatant was detected using a fluorescence
spectrophotometer (Hitachi, Japan). The encapsulation efficiency was
calculated using the formula:

Encapsulation efficiency (%) = (Fg—F;)/Fy x 100%

where Fy was the fluorescence of Cy5-labeled siRNA used for encapsula-
tion, F; was the fluorescence of Cy5-labeled siRNA in the supernatant.

2.6. Serum stability of lipoplexes

The lipoplexes (N/P = 10/1) at a concentration of 1 mg/mL were in-
cubated in DMEM containing 10% FBS at 37 °C under gentle stirring. At
each time point, the mean diameter of the lipoplexes was calculated in
triplicate using DLS.

2.7. Cytotoxicity measurement by MTT assay

To measure the cytotoxicity of the cationic liposome/siRNA com-
plexes, MTT cell viability assay was performed against Hela-Luc cells.
Briefly, Hela-Luc cells were seeded in 96-well plates at a concentra-
tion of 4 x 10> cells/well in 100 uL of DMEM containing 10% FBS,
1% penicillin (100 units/mL) and streptomycin (100 pg/mL) at
37 °Cunder a 5% CO, atmosphere for 24 h. To determine the cytotox-
icity of the lipoplexes, lipoplexes with 0.25 pg siRNA at various N/P
ratios, were added to 100 pL of DMEM with 10% FBS medium. After
24 h incubation, 20 pL of the MTT solution (5 mg/mL in PBS) was
added to each well and incubated for additional 4 h at 37 °C. The medi-
um and MTT were then replaced with 100 L of DMSO, and the samples
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were incubated at 37 °C for 5 min to dissolve the MTT formazan. The
plates were gently shaken for 10 min to ensure the dissolution of
formazan. The absorbance was measured at 490 nm using a Tecan mi-
croplate reader (Tecan, Switzerland). Lipofectamine™ 2000 was used
as a positive control. Untreated Hela-Luc cells were used as a negative
control and its cell viability was defined as 100%.

2.8. Flow cytometry measurements

FAM-labeled siRNA was used to determine the cellular uptake of
the lipoplexes using flow cytometry. Briefly, Hela-Luc cells were
seeded in 12-well plates at 1 x 10° cells per well in 500 pL of culture
medium for 24 h. The cells were then incubated with lipoplexes at N/
P ratio of 10/1, which contains 4 pg of siRNA in DMEM with 10% FBS
medium. After 4 h incubation, the cells were rinsed three times with
cold PBS, trypsinized and harvested in PBS. Then the samples were
assessed with BD Calibur flow cytometry (BD Co., USA) to determine
the fluorescence intensity of FAM (green).

2.9. Confocal microscopy

The intracellular trafficking of cationic liposomes with FAM-labeled
siRNA was assessed using confocal microscopy. Briefly, 1 x 10* Hela-
Luc cells were seeded in Petri dishes for 24 h, and the medium was
replaced with DMEM containing 10% FBS, which involved the lipoplexes
at N/P ratio of 10/1 including 0.17 pg FAM-labeled siRNA, and the cells
were then incubated for 4 h at 37 °C. Subsequently, the cells were
washed three times with PBS followed by staining with LysoTracker
Red for 20 min at 37 °C. The cells were then washed three times with
PBS and fixed with 4% paraformaldehyde for 10 min. Nuclei was stained
with DAPI for 10 min. Red fluorescence of LysoTracker Red, blue fluores-
cence of DAPI and green fluorescence of FAM-labeled siRNA were
observed using a Zeiss LSM780 confocal microscopy (Zeiss Co.,
Germany). To follow the endosomal/lysosomal escape of the lipoplexes,
DSPE-PCB, lipoplexes and DSPE-PEG lipoplexes with 1 pg FAM-labeled
siRNA at N/P ratio of 10/1 were incubated with Hela-Luc cells for 4 h
and 8 h, respectively. Following the operation mentioned above, cells
were observed using confocal microscopy.

2.10. IN Cell Analyzer 2000

The endosomal/lysosomal escape of cationic liposomes with FAM-
labeled siRNA was taken and analyzed with the IN Cell Analyzer 2000
system (GE Healthcare). Briefly, 4 x 10° Hela-Luc cells were seeded in
96-well plates in 100 uL medium at 37 °C for 24 h. The medium was re-
placed with fresh medium, which involved the lipoplexes at N/P ratio of
10/1 including 1/6 pg FAM-labeled siRNA, and the cells were then incu-
bated for 4 hand 8 h at 37 °C, respectively. Subsequently, the cells were
stained as described in confocal microscopy. The intensity of green fluo-
rescence in red (I;) and total green fluorescence (Ip) was calculated for
each well by the IN Cell Analyzer 2000 system and the co-localization
ratio was taken as a measurement of the endosomal/lysosomal escape
of FAM-labeled siRNA. The co-localization ratio was calculated using
the formula:

Co-localization ratio (%) =1/l x 100%.

2.11. Zeta potential measurements of lipoplexes at different pH

The cationic liposome/siRNA complexes at N/P ratio of 10/1 were
incubated in phosphate buffer (PB) solution of different pH at 37 °C
for 30 min. The zeta potential of the lipoplexes was measured with
a Zetasizer Nano ZS instrument.

2.12. Lipid mixing assay of lipoplexes at different pH

Cationic liposomes containing DDAB: Cholesterol:DSPE-PCB5y:
Rho-PE: NBD-PE = 1:1:0.4:0.1:0.1 (molar ratio) or DDAB: Choles-
terol:DSPE-PEG 2000: Rho-PE: NBD-PE = 1:1:0.4:0.1:0.1 (molar
ratio) were prepared by the method mentioned above. Cationic lipo-
somes were mixed with siRNA at N/P ratio of 10/1. Anionic liposomes
containing DSPG: Cholesterol: DOPE = 0.2:1:0.4 (molar ratio) were
prepared the same way. For mixing experiments, 8 uL of DSPE-PCByq
lipoplexes were added to 1920 pL of PBS (pH = 7.4) or PB solution
(pH = 5.0) and the fluorescence was measured as Fp,;,. 72 pL of an-
ionic liposomes were added, and the fluorescence (F) was measured
after 5 min incubation at 37 °C. 50 pL of 15% C12E10 were then
injected, and the fluorescence (F.x) was measured after 1 min.
The lipid mixing was calculated using the formula:

Lipid mixing (%) = (F—F in)/( Fyax— Fin) % 100%.

All fluorescence measurements were made on a Spex Fluorolog
fluorimeter at Ex/Em = 465/520 nm.

2.13. In vitro gene silencing efficiency

To assess the silencing capability of the lipoplexes in vitro, Hela-Luc
cells were seeded in 24-well plates at 5 x 10* cells per well and
grown to 60%-70% confluent prior to transfection. Lipoplexes at N/P
ratio of 10/1 containing 1 pg Luc-siRNA, were added to 250 L of culture
medium containing 10% FBS, followed by incubation with cells at 37 °C
under 5% CO, atmosphere for 24 h. The lipoplexes were then replaced
with fresh culture medium and incubated for another 24 h. The cells
were washed with 0.5 mL of PBS and lysed with reporter lysis buffer
at 37 °C for 30 min. 50 pL of the lysate were mixed with 50 L of sub-
strate (Luciferase Assay System, Promega Co.) and the luciferase activity
for each well was determined using a LB 960 microplate luminometer
(Berthold Technologies, Germany). Luciferase down-regulation relative
to untreated cells was determined for each condition.

2.14. In vivo distribution study

Male C57BL/6 mice 5-7 weeks old, with weight of 20-25 g, were
purchased from the Academy of Military Medical Sciences of China. All
procedures involving experimental animals were performed in accor-
dance with protocols approved by the Institutional Animal Care and
Use Committee of Peking University. Lipoplexes with Cy5-labeled
siRNA at N/P ratio of 10/1 were administered to each mouse via tail
vein injection at 2.5 mg siRNA/kg in a total volume of 200 pL. At each
given time point, the fluorescence signal of the Cy5 from whole body
was detected using a Kodak in vivo imaging system (Kodak In-Vivo Im-
aging System FX Pro. Carestream Health, USA). At designated times,
mice were sacrificed, and the liver samples were harvested and
examined.

2.15. In vivo ApoB siRNA down-regulation study

To assess the capability of cationic liposomes mediating gene
silencing in the liver, ApoB siRNA (targeting ApoB mRNA expressed
in the liver) was used. Male C57BL/6 mice were treated with cationic
liposome/ApoB siRNA complexes at N/P ratio of 10/1 via tail vein in-
jection at 2.5 mg siRNA/kg (n = 4). Three days later, the mice were
sacrificed and the liver tissues and serum specimens were collected,
followed by the evaluation of several parameters.

2.16. Statistical analysis

The data is summarized as the mean value with standard deviation
of triplicate measurements. Unpaired Student's t-test was used to assess
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statistical differences (p < 0.05) between the group means. All experi-
ments were done in triplicate with a minimum of three independent
experiments.

3. Results and discussion
3.1. Synthesis and characterization of DSPE-PCB,, polymer

Herein, we synthesized DSPE-PCB,, lipid for cationic liposomes
modification. CB monomer was prepared by the conjugation of
DMAEMA and p-propiolactone through the ring open reaction. 'H
NMR spectra recorded for CB is shown in Fig. Sla. 'H NMR
(300 MHz, D,0): 6 = 6.06: —CH=CCH5—; & = 5.85: —-CH=CCH3-;
& = 4.58: -OCH,CH,N-; & = 3.70: —OCH,CH,N—-; 6 = 3.59: —NCH,
CH,C—; & = 3.10: —NCH3CH3—; 6 = 2.64: —NCH,CH,CO0-; & =
1.84: CH,=CCH5~- [31]. The 'H NMR spectra suggested the formation
of the CB monomer (yield 95.29%).

The subsequent esterification reaction of the terminal amino
group of the DSPE with 2-bromoisobutyryl bromide afforded DSPE-
based ATRP initiator (DSPE-Br). The final structure of DSPE-Br was
confirmed by 'H NMR spectra (Fig. S1b). "H NMR (300 MHz, CDCl5):
& = 5.20: —OCHCH,0-P-; & = 4.40: —-CH,COOCH,-; & = 4.18:
—P-0OCH,CH,—; & = 3.98: -P-0CH,CH-; & = 3.44: —OCH,CH,N—;
& = 2.25: —COCH,CH,—-; & = 1.86: —BrCCH;CH3; 6 = 1.58: — COCH,
CHy—; 6 = 1.23: —(CH;)14—; & = 0.88: — CH,CHj5 (yield 74.53%) [34].

In the last step, DSPE-PCB,, polymers were synthesized by the
ATRP of DSPE-Br and CB with the CuBr/PMDETA as the catalyst sys-
tem. The 'H NMR spectra of DSPE-PCB,, polymers are shown in
Fig. S1c and Fig. S1d. "H NMR (300 MHz, CDCl3): 6 = 4.10: —OCH,
CH,N-; & = 3.0-4.8: —OCH,CH,NCH,CH,—; 6 = 2.60: —NCH,CH,
COO-; &= 2.25: —-NCH3CH3-; & = 1.80: —-BrCCH,CHs; & =
1.20-.28: — (CH,)14—CHs; & = 1.00: —BrCCH5—. The 'H NMR spec-
tra suggested the formation of the DSPE-PCB,, polymers. The peaks
of DSPE-Br initiator (- (CH,)14— CH3) and CB monomer (- OCH,CH,
N-) concluded that the DPs of DSPE-PCB, polymer were 10 and 20
for the theoretical DPs of 20 and 50 products, respectively. Thus,
DSPE-PCB;¢ and DSPE-PCB,o which had approximately equivalent
molecular weights to commercially available product DSPE-PEG
2000 were used to investigate the influence of PCB on the property
of cationic liposomes.

3.2. Size, zeta potential and morphology of the cationic liposomes and
lipoplexes

The size of cationic liposomes and lipoplexes was characterized
by DLS. As shown in Fig. 1a, the particle diameter of bare cationic
liposomes, DSPE-PCB; ¢ cationic liposomes, DSPE-PCB, cationic lipo-
somes and DSPE-PEG cationic liposomes were 126.9 4+ 9.1 nm,
115.7 & 9.6 nm, 119.0 & 3.4 nm and 110.0 & 4.5 nm, respectively.
The spherical shape of cationic liposomes was confirmed by Cryo-
TEM images (Fig. 1b). The average zeta potential of bare cationic
liposomes, DSPE-PCB;, cationic liposomes, DSPE-PCB,q cationic
liposomes and DSPE-PEG cationic liposomes were 44.5 + 2.4 mV,
32.7 £3.2mV, 234 £ 1.7 mV and 19.1 £ 0.4 mV, respectively.
The zeta potential of DSPE-PCB;o and DSPE-PCB, cationic liposomes
were lower than that of bare cationic liposomes, indicating that PCB
had a shielding effect on the surface charge of cationic liposomes as
PEG did. After complexing with siRNA, the size of the lipoplexes
increased and the zeta potential decreased due to the electrostatic
interactions between cationic liposomes and siRNA. The fluores-
cence intensity of Cy5-labeled siRNA in supernatant after complexing
was lower than that before complexing with cationic liposomes
(Fig. 1c), indicating that siRNA had complexed with cationic
liposomes.
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Fig. 1. a) Mean particle diameter and zeta potential of cationic liposomes and lipoplexes at
various N/P ratios. b) Cryo-TEM images of cationic liposomes. ¢) Fluorescence intensity of
Cy5-labeled siRNA in the supernatant after complexing with cationic liposomes (N/
P = 10/1).

3.3. siRNA condensation results of the lipoplexes

Modification of cationic liposomes with PEG extends the circulation
lifetime of the cationic liposomes. However, the PEGylation results in
low gene entrapment efficiency due to the decline of positive charge
[35,36]. It has been reported that zwitterionic poly (sulfobetaine)
(PSB) with a quaternary ammonium group did not interfere with the
DNA condensation of polymers [27]. This indicated that PCB, which
had a positive quaternary ammonium group, might also have less effect
on the entrapment efficiency compared to that of neutral PEG. Herein,
agarose gel electrophoresis retardation assay was performed to investi-
gate the influence of PCB coating on encapsulation ability of cationic li-
posomes. As shown in Fig. 2a, the complete retardation of siRNA was
achieved at N/P ratios of 1/1, 5/1 and 10/1 for bare lipoplexes, DSPE-
PCBy lipoplexes and DSPE-PCB,q lipoplexes, respectively. DSPE-PCB1q
and DSPE-PCB,q showed a slight down-regulation compared with bare
lipoplexes. However, DSPE-PEG lipoplexes could retardate the siRNA
completely at higher N/P ratio of 20/1. It was revealed that siRNA con-
densation capacity of DSPE-PCB;, and DSPE-PCB,q lipoplexes was
higher than that of DSPE-PEG lipoplexes. The siRNA encapsulation effi-
ciency was further measured using fluorescence spectrophotometer.
It was demonstrated that the encapsulation efficiency of siRNA for
DSPE-PCB,, lipoplexes could reach 92% at N/P ratio of 20/1, but only
73% for DSPE-PEG lipoplexes. Even at N/P ratio of 5/1, the encapsulation
efficiency of DSPE-PCB,, lipoplexes was 67%, with only 39% for DSPE-
PEG lipoplexes obtained (Fig. 2b). The rational reason might be that
the cationic quaternary amine group of zwitterionic polymer PCB
could facilitate the condensation of siRNA, which was favorable for the
following gene transport.

3.4. Stability of the lipoplexes

In order to achieve significantly gene silencing efficiency in vivo, it
is required that the delivery system for siRNA should be sufficiently
stable in the circulatory system. The serum stability of bare
lipoplexes, DSPE-PEG lipoplexes, DSPE-PCB, lipoplexes and DSPE-
PCB,g lipoplexes was evaluated in DMEM culture medium contain-
ing fetal bovine serum (FBS). The average particle diameter was
measured to evaluate the stability of lipoplexes. As shown in Fig. 3,
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Fig. 2. a) Agarose gel electrophoresis retardation assay of bare cationic lipoplexes, DSPE-
PEG lipoplexes, DSPE-PCB; lipoplexes and DSPE-PCB, lipoplexes. b) The siRNA encapsu-
lation efficiency of DSPE-PEG lipoplexes, DSPE-PCB;o lipoplexes and DSPE-PCB,q
lipoplexes at N/P ratios of 5/1, 10/1 and 20/1, detected by fluorescence spectrophotometer.

the diameter of bare cationic lipoplexes reached approximately
2400 nm after 7 days of incubation, indicating significant protein ad-
sorption of bare cationic lipoplexes. In the case of DSPE-PCB,q
lipoplexes, only a slight increase in size from 150 nm to approxi-
mately 200 nm after 7 days of incubation was observed. The result
suggested that DSPE-PCB,o molecules were distributed on the
outer surface of the lipoplexes, which can prevent nonspecific pro-
tein adsorption and resist aggregation of the lipoplexes. It is worth
noting that the stability of DSPE-PCB, was equivalent to commercial
DSPE-PEG 2000 in the experimental range. The diameter of the
DSPE-PCB lipoplexes increased from 140 nm to approximately
700 nm after 7 days of incubation, indicating that PCB;, was not as
effective as PCB, for protecting the lipoplexes from protein adsorp-
tion. In view of the above discussion, DSPE-PCB,, was selected for a
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Fig. 3. Changes in particle diameters of the lipoplexes at N/P ratio of 10/1 following incu-
bation with DMEM containing 10% FBS.

detailed comparative study with DSPE-PEG 2000 in the further
work, since its protein resistant adsorption ability was comparable
with that of DSPE-PEG 2000.

3.5. In vitro cytotoxicity of the lipoplexes

It has been shown that the free positive charge outside lipoplexes
facilitates the cellular uptake through a nonspecific electrostatic in-
teraction between lipoplexes and negatively charged cell mem-
branes. On the other hand, more free positive charge was also a
major underlying cause for cytotoxicity. For this reason, the MTT
assay was employed in Hela-Luc cells to evaluate the cytotoxicity of
the DSPE-PCByq lipoplexes, DSPE-PEG lipoplexes and Lipofectamine
2000. The cell viability of DSPE-PEG lipoplexes and DSPE-PCByq
lipoplexes reduced with the increase of N/P ratios, since higher concen-
tration of cationic liposomes led to relatively higher cytotoxicity. Cell vi-
ability of DSPE-PCB,, complexes at N/P ratio of 5/1 was 97% after 24 h of
incubation, and nearly 88% at N/P ratio of 20/1 (Fig.S2). The cytotoxicity
of the DSPE-PCB,q was comparable to that of DSPE-PEG lipoplexes at
the same N/P ratio, and much lower than that of Lipofectamine 2000.
The results suggested that the DSPE-PCB,o polymer had the same
good biocompatibility as DSPE-PEG 2000.

3.6. Cellular uptake and endosomal/lysosomal escape of the lipoplexes

The surface shielding of gene delivery systems with PEG has become
a preferential strategy to prolong blood circulation [37]. However, the
gene transport efficiency may be compromised by PEGylation, for the
steric and electrostatic hindrance to entry target cells caused by PEG.
Moreover, the PEG layer can still act as a barrier for the efficient escape
of endosomes/lysosomes even after the lipoplexes are endocytosed by
the target cell [38,39]. As a potential long circulation candidate for
gene delivery, PCB has been proven to reduce protein adsorption and
aggregation. A major concern is whether DSPE-PCB,, lipoplexes could
be internalized by the cells and escape from the endosomes/lysosomes
efficiently.

The cellular uptake and intracellular distribution of the lipoplexes
were studied by flow cytometry and confocal microscopy. As shown in
Fig. 4a, naked siRNA showed low level cellular internalization, only a
tiny amount of Hela-Luc cells displayed green fluorescence. Cationic li-
posomes led to an increase of intracellular siRNA fluorescence, and
more fluorescence was observed for Lipofectamine 2000, DSPE-PEG
lipoplexes and DSPE-PCByg lipoplexes. The DSPE-PCB,, based siRNA
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Fig. 4. a) Flow cytometry analyses of Hela-Luc cells after incubation with naked FAM-
labeled siRNA and lipoplexes at N/P ratio of 10/1. b) Confocal microscopy images of intra-
cellular trafficking of lipoplexes (N/P = 10/1) in Hela-Luc cells. Cell nuclei and
endosomes/lysosomes were counterstained with DAPI (blue) and LysoTracker Red
(red), respectively.

lipoplexes showed 78% cellular internalization, much higher than that
of DSPE-PEG lipoplexes (32%) and Lipofectamine 2000 (58%). The re-
sults were further confirmed by confocal microscopy. Stronger green
fluorescence was found in cells incubated with DSPE-PCB,q lipoplexes
than with DSPE-PEG lipoplexes and Lipofectamine 2000 (Fig. 4b). The
excellent cellular uptake of DSPE-PCB,, lipoplexes might be related to
the synergistic effect of higher siRNA encapsulation efficiency and ex-
cellent protein resistant adsorption ability of DSPE-PCB,g lipoplexes.
Endosomal/lysosomal escape of siRNA after entering the cell is
important for subsequent post-transcriptional gene silencing in the
cytoplasm [40]. Herein, intracellular trafficking of the cationic
liposome/FAM-labeled siRNA complexes against Hela-Luc cells was
evaluated by IN Cell Analyzer 2000 system. The endosomes/lysosomes
and cell nuclei were counterstained with LysoTracker Red and DAPI,
respectively. As shown in Fig. 5a, DSPE-PEG lipoplexes were almost
completely entrapped in endosomes/lysosomes after 4 h, as shown by
the co-location of red and green fluorescence, indicating that the
lipoplexes resided in endosomes/lysosomes. After 8 h of incubation,
DSPE-PEG lipoplexes carrying FAM-labeled siRNA were still mainly
colocalized with LysoTracker Red stained organelles. Comparatively,
the separation of green and red fluorescence was significant when
cells were incubated with DSPE-PCB,, lipoplexes, suggesting that
DSPE-PCB,q lipoplexes could escape from endosomes/lysosomes effi-
ciently and release siRNA into the cytoplasm. The co-localization ratio
between endosomes/lysosomes and FAM-labeled siRNA of DSPE-
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Fig. 5. a) Assessment by IN Cell Analyzer 2000 of endosomal/lysosomal escape of
lipoplexes at N/P ratio of 10/1 in Hela-Luc cells after incubation for 4 h and 8 h. The
endosomes/lysosomes and cell nucleic were counterstained with LysoTracker Red and
DAPI, respectively. b) The co-localization ratio of intensity of green fluorescence in red
and total green fluorescence was qualified with IN Cell Analyzer 2000. ¢) Mean green fluo-
rescence intensity of total FAM-labeled siRNA was qualified with IN Cell Analyzer 2000. d)
Changes in zeta potential of lipoplexes at N/P ratio of 10/1 following incubation with dif-
ferent pH of PB solution. e) Lipid mixing between lipoplexes (N/P = 10/1) and anionic li-
posomes at pH 7.4 and pH 5.0 detected by FRET.

PCBy lipoplexes and DSPE-PEG lipoplexes was also quantitatively stud-
ied by IN Cell Analyzer 2000 system, and fluorescence signals of
LysoTracker Red and FAM-labeled siRNA in each well were normalized
over the DAPI signal. As shown in Table 1, the number of wells for each
sample was 5, and I; was the intensity of FAM-labeled green fluores-
cence colocalized with endosomes/lysosomes (red fluorescence) and
Ip was the total green fluorescence of FAM-labeled siRNA. The ratio
between I; and Iy was taken as a measurement of co-localization be-
tween endosomes/lysosomes and FAM-labeled siRNA. As summarized
in Fig. 5b, the co-localization ratio of DSPE-PCB, lipoplexes and DSPE-
PEG lipoplexes for 4 h was almost the same, about 80.5 + 3.4% and
85.1 + 1.4%, respectively. The ratio of DSPE-PEG lipoplexes for 8 h
was 51.4 4+ 7.8%, while it was only 24.0 + 4.1% for DSPE-PCB;q
lipoplexes. It meant that the FAM-labeled siRNA of DSPE-PCB,q
lipoplexes was less co-localized with ensosomes/lysosomes and could
more efficiently escape from endosomes/lysosomes, which was consis-
tent with the results from confocal microscopy (Fig. S3). The intensity of
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Table 1
Fluorescence intensity of FAM-labeled siRNA qualified with IN Cell Analyzer 2000 system.

Wells DSPE-PEG lipoplexes—4 h DSPE-PCB, lipoplexes—4 h DSPE-PEG lipoplexes—8 h DSPE-PCBy lipoplexes—8 h

Cells I Io Ii/lg%  Cells I Io Ii/lo%  Cells I Io Ii/lg%  Cells I Io T1/1o%

(E+ 08) (E + 08) (E+08) (E+ 08) (E+08) (E+ 08) (E+08) (E+ 08)

1 2915 2.01 241 8340 2354 4.18 5.54 7554 4183 0.0438 0.0756 57.94 3492 0.887 3.45 2571
2 2617 2.65 3.04 87.17 3003 3.82 4.90 7796 3913 0.0384 0.0645 59.33 3865 0.160 0.540 29.63
3 2568 2.03 241 84.23 2315 4.08 4.85 84.12 4286 0.0495 0.0937 52.83 3639 0.259 1.07 2421
4 3780 3.28 3.86 8497 2318 4.63 5.52 83.87 4319 0.0484 0.114 4246 3552 0.886 3.94 2249
5 2991 3.26 3.79 86.04 3129 5.27 6.50 81.07 4112 0.0677 0.152 4454 3445 0.635 349 18.19

total green fluorescence of DSPE-PCB,g lipoplexes calculated by the IN
Cell Analyzer 2000 was stronger than that of DSPE-PEG lipoplexes,
which corresponded with the results from flow cytometry (Fig. 5¢). It
has been proved that non-pH responsive zwitterionic lipids lacked the
ability to promote endsomal/lysosomal escape because they could not
be protonated at endocytic pH [41]. Therefore, it is reasonable to as-
sume that the improvement of endosomal/lysosomal escape of siRNA
might result from the pH-sensitive PCB coating outside the DSPE-
PCB, lipoplexes.

To confirm this hypothesis, zeta potential of lipoplexes measure-
ment experiment was performed at different pH values, mimicking
the microenvironments that the lipoplexes might encounter upon
cellular internalization through an endocytotic process. The zeta po-
tential of DSPE-PCB,q cationic liposome/siRNA complexes at N/P
ratio of 10/1 was evaluated by culturing the lipoplexes in PB with dif-
ferent pH from 7.4 to 4.5, which was consistent with the pH from the
extracellular matrix to the lysosomes [42]. The zeta potential of
DSPE-PEG lipoplexes had no significant change over the pH range
studied, whereas DSPE-PCB, lipoplexes showed a pH-dependent
zeta potential from 8.19 £ 0.53 mV at pH 7.4 to 24.6 £ 0.87 mV at
pH 4.5 (Fig. 5d). The increase in positive charge of DSPE-PCB5q
lipoplexes was due to the protonation of carboxyl acid groups of
PCB at the surface of lipoplexes under acidic condition. The observa-
tion was in agreement with the pH dependent kinetics of PCB as pub-
lished previously [31].

To further confirm that the pH-sensitive DSPE-PCB,, promoted the
interaction between lipoplexes and endosomal/lysosomal membrane,
a fluorescence resonance energy transfer (FRET) based lipid mixing
assay was conducted to quantitatively measure the lipid mixing trig-
gered by membrane fusion. The PE-conjugated FRET probes lissamine
rhodamine B (Rho-PE) and 7-nitrobenzo-2-oxa-1,3-diazole (NBD-PE)
were combined into a single DSPE-PCB5 lipoplex or DSPE-PEG lipoplex.
The distance between Rho-PE and NBD-PE is so close that the fluores-
cence of NBD is attenuated due to FRET with Rho. Upon lipid mixing
with anionic liposome membrane, NBD signal increased due to an in-
crease in average distance between Rho-PE probe and NBD probe as
they might redistribute across the two membranes [41]. As shown in
Fig. 5e, the lipid mixing between DSPE-PEG lipoplexes and anionic lipo-
somes was 20% and there was a slight increase of 6% when the pH value
decreased to 5.0. The lipid mixing between DSPE-PCB,q lipoplexes and
anionic liposomes was 23% at pH 7.4, which is roughly equivalent to
that of DSPE-PEG lipoplexes with the same pH values. While there
was approximately 60% lipid mixing between DSPE-PCB, lipoplexes
and anionic liposomes when the pH value decreased to 5.0, two times
higher than that at pH 7.4. It proved that the lipid fusion between
DSPE-PCB,q lipoplexes and anionic membrane was correlated with the
pH values, and the protonation of DSPE-PCB, in acidic environment
promoted the fusion of lipoplexes with anionic membrane. On the
basis of these results, we speculated that PCB polymer brush was ex-
pected to be in a protonated state after the DSPE-PCB,q lipoplexes
were internalized into cells, which resulted in a more positively
charged surface of DSPE-PCB, lipoplexes. The formation of positively
charged PCB-lipids facilitated the destabilization of endosomal/
lysosomal membrane by forming ion-pairs with anionic endosomal/

lysosomal membrane lipids, and releasing siRNA into the cytoplasm.
Moreover, the positively charged DSPE-PCB,q reduced the electrostatic
hindrance to cationic DDAB lipids and promoted the fusion between cat-
ionic DDAB lipids and anionic endosomal/lysosomal membrane [43,44].
Thus, PCB polymer brush is particularly desirable for endosomal/
lysosomal escape of siRNA and is an excellent alternative to PEG.

3.7. Silencing efficacy mediated by the lipoplexes in vitro

Hela-Luc cells, which could stably express luciferase, were used
to evaluate the gene silencing efficiency of DSPE-PCB;( cationic
liposome/Luc-siRNA complexes in vitro. As shown in Fig. 6, the si-
lencing efficiency of DSPE-PCB,q lipoplexes could reach 76% at N/P
ratio of 10/1, while only 41% for DSPE-PEG lipoplexes. Higher silenc-
ing efficiency of DSPE-PCBy lipoplexes was attributed to the superi-
or cellular uptake and endosomal/lysosomal escape performance of
the DSPE-PCB, lipoplexes.

3.8. In vivo distribution of the lipoplexes

In vivo distribution of cationic liposome/Cy5-labeled siRNA com-
plexes was performed via tail vein injection. Comparison images of the
biodistribution in vivo are shown in Fig. S4, naked siRNA exhibited
weak fluorescence signal in the animal body. For the DSPE-PCByq
lipoplexes and DSPE-PEG lipoplexes, much siRNA uptake was observed
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Fig. 6. In vitro gene silencing efficiency of lipoplexes at various N/P ratios verified by lucif-
erase assay.
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for many organs. In addition, siRNA in DSPE-PEG lipoplexes accumulated
more than that of DSPE-PCB, lipoplexes in bladder, which is the major
excretory organ [45]. Those results indicated that siRNA in DSPE-PEG
lipoplexes excreted from circulatory system was more than that in
DSPE-PCByq lipoplexes. Therefore, it could be concluded that DSPE-
PCBy lipoplexes had long duration in the circulatory system.

Apolipoprotein B (ApoB), which serves as the scaffold to solubilize
cholesterol and fatty acids for secretion into the blood, was expressed
in the liver [46]. Herein, the accumulation and distribution of siRNA in
the liver isolated from the treated mice was observed by additional his-
tological observations (Fig. 7). It was revealed that the magnitude of in-
tracellular signals of DSPE-PCB,q lipoplexes was superior compared to
that of DSPE-PEG lipoplexes in the liver tissue.

3.9. In vivo functional study of the lipoplexes

ApoB siRNA was used to evaluate the ability of DSPE-PCB,, based
lipoplexes to mediate gene silencing in the liver. DSPE-PCB,q lipoplexes
and DSPE-PEG lipoplexes containing ApoB siRNA at N/P ratio of 10/1
were applied to mice via tail vein injection. Three days later, the mice
were sacrificed and specimens were collected and evaluated. Reduction
in ApoB mRNA was significantly enhanced by DSPE-PCB,q lipoplexes
compared to that of DSPE-PEG as reflected by the ApoB knockdown
values. In Fig. 8a, DSPE-PCB,, lipoplexes treated livers showed an inhi-
bition of 62% of ApoB mRNA expression, while only 7% for DSPE-PEG
lipoplexes. A combined effect of the excellent liver accumulation and ef-
ficient cellular transport of siRNA by DSPE-PCB,, lipoplexes could be the
main reason for the significant suppression of AopB mRNA expression.
In addition, detection of cholesterol in serum experiment showed the
same trend, and cholesterol in the serum of mice treated with DSPE-
PCBy lipoplexes was 25% lower than that of mice treated with DSPE-
PEG lipoplexes at the end of 3 days of treatment (Fig. 8b). The level of
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Fig. 7. Liver section observed under confocal microscopy. Cell nuclei and F actin were
counterstained with DAPI (blue) and Phalloidin (green), respectively.
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Fig. 8. In vivo functional study of lipoplexes in C57BL/6 mice. a) Relative ApoB mRNA ex-
pression in the liver has been analyzed after 3 days of the injection. C57BL/6 mice received
intravenous injection of DSPE-PEG lipoplexes or DSPE-PCB, lipoplexes at a dose of 2.5 mg
ApoB siRNA/kg. b) The measurement of total CHO in serum. Each bar represents the
mean + SEM (n = 4). *P < 0.05, and ***P < 0.001 vs the saline treated group.

ApoB mRNA was reduced due to the silencing of effective ApoB siRNA,
and fewer lipid molecules such as cholesterol were secreted into the
blood from the liver. This phenomenon resulted in consequently de-
creasing total cholesterol in the serum. The effect of ApoB knockdown
in vivo with the DSPE-PCB,q lipoplexes may have good application in
hypercholesterolemia-related diseases.

4. Conclusions

In summary, the findings reported herein show that the persistent
circulation of DSPE-PCB,g lipoplexes can be used as a successful siRNA
delivery system. At the same N/P ratio, the DSPE-PCB,, lipoplexes
showed superior serum stability, sSiRNA encapsulation efficiency and
cellular uptake compared to the DSPE-PEG lipoplexes in vitro. Quite dif-
ferent from DSPE-PEG, the zwitterionic DSPE-PCB,q could offer stability
without sacrificing the endosomal/lysosomal escape capacity of
lipoplexes, which was particularly favorable for siRNA delivery system.
In vivo functional studies indicated that ApoB siRNA could be successful-
ly delivered to the liver by the DSPE-PCB, lipoplexes. The level of ApoB
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mRNA was repressed and resulted in a decrease of total cholesterol in
the serum, indicating that DSPE-PCB, lipoplexes might have promising
application in hypercholesterolemia-related disease.
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