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Fusogenic Reactive Oxygen Species Triggered
Charge-Reversal Vector for Effective Gene Delivery

Xin Liu, Jigjia Xiang, Dingcheng Zhu, Liming Jiang, Zhuxian Zhou, Jianbin Tang,
Xiangrui Liu, Yongzhuo Huang, and Youging Shen*

Gene therapy has been proven to be an effective approach for
cancer treatment with few side effects.!) Nonviral gene vectors
including cationic lipids, polymers, dendrimers and peptides
are particularly attractive in terms of safety, low immuno-
genicity, biocompatibility, and the potential for large-scale man-
ufacture. However, their applications are bottlenecked by low
transfection efficiency compared with viral vectors. Great efforts
have therefore been devoted to increasing the gene transfection
efficiency of nonviral vectors by screening molecular structures
via combinatorial chemistry®®l and designing virus-mimicking
nanostructures or formulationsP! based on extensive mecha-
nism studiesl® and improved tumor targeting.’!

In nonviral gene delivery, cationic polymers are generally
used to neutralize the negative charges of DNA and condense
the large macromolecules into nanoparticles to protect them
from degradation and facilitate its cellular internalization. How-
ever, DNA/polymer complexes (polyplexes) are thermodynami-
cally stable and inherently resistant to dissociation, which is
necessary to release the DNA for transcription once inside the
cell.®l Therefore, many designs have been proposed to facilitate
DNA release including making polymers degradable into short
chains and/or by exploiting pH-, reduction-, enzyme-, or tem-
perature-mediated release mechanisms,”! or lowering charge
density.'% However, it was shown that even a lipid molecule
carrying a single cationic charge may interact with the DNA
transcription machine and subsequently affect transcription,®!
let alone short cationic chains.

We propose a positive to negative charge-reversal concept
in which the cationic polymer responds to intracellular sig-
nals and becomes fully negatively charged to quickly release
the packed DNA, minimizing interference with the DNA tran-
scription machine. Herein we demonstrate this concept using
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a reactive oxygen species (ROS)-labile charge-reversal polymer,
poly[(2-acryloyl)ethyl(p-boronic acid benzyl)diethylammonium
bromide] (B-PDEAEA). Upon oxidation of the boronic acid
group by ROS (e.g., H,0,), the quaternary ammonium releases
p-quinone methide (p-hydroxylmethylenephenol (HMP)) and
becomes a tertiary amine, which subsequently self-catalyzes
fast hydrolysis of the ester group producing poly(acrylic acid)!?
(Scheme 1a). Intracellular signaling ROS including H,0,,
superoxide anions (O,7) and hydroxyl radicals are known to
be elevated in cancerous cells"3 and capable of oxidizing ben-
zylboronic acid/esters!’**'4l to trigger drug release,'* activa-
tion of prodrugs,*! and fluorescence.l'™! Furthermore, boronic
acid can form cyclic boronate esters with various diols and thus
may be used to enhance the interaction of nanocarriers with
cancer cells!!® or ribonucleotides of DNA and RNAs in gene
delivery.'”l Importantly, boronate acid/esters and their end
products are considered nontoxic to humans.[7>18]

The general cellular internalization pathway of polyplex
nanoparticles is endocytosis, which is mostly further trafficked
into lysosomes, causing DNA degradation. A lipid envelope was
thus further coated to the highly positive polyplexes and tuned
to be able to fuse with cell membrane like a paramyxovirus!*”!
ejecting the polyplex into the cytosol, thereby avoiding the lyso-
some trapping (Scheme 1b). The virus-mimicking fusogenic
lipopolyplexes (FLPPs) were very stable in blood circulation,
effectively accumulated in the tumor, and efficiently expressed
the carried genes after further PEGylated and functionalized
with the tumor-homing short peptide CRGDK.

The synthesis of B-PDEAEA is shown in Scheme S1 (Sup-
porting Information). The tertiary amine-based polymer poly[2-
(N,N-diethylamino)ethyl acrylate] (PDEAEA) was prepared
by radical polymerization. Its quaternization reaction with an
excess of 4-(bromomethyl)phenylboronic acid produced water-
soluble B-PDEAEA. The polymer effectively condensed plasmid
DNA at N/P ratios of above 3, as probed by gel electrophoresis
(Figure Sla, Supporting Information) and formed spherical
polyplexes of =40 nm in diameter with a zeta potential of +15 to
+20 mV (Figure 1a and Figure S1b, Supporting Information).

The premise of this design is ROS-triggered cascade charge
reversal. The oxidation of the carbon-boron bond by H,0,
induced deboronation, followed by the release of p-quinone
methide, which in water quickly turns into p-hydroxymethyl-
phenol (HMP) (Scheme 1a). Thus, the ROS-responsiveness
was tracked by the release of the intermediate HMP using
high performance liquid chromatography (HPLC) (Figure 1b)
and also NMR spectra (Figure S2, Supporting Information).
In 1 x 107 m H,0, the polymer degraded quickly in the first
30 min and almost completely within 2 h (Figure 1c). The
charge reversal was monitored by the zeta potential change of
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Scheme 1. Schematic representation of reaction oxygen species (ROS)-responsive charge-reversal polymer and its CRGDK-receptor targeting fuso-
genic lipopolyplex (RGDK-FLPPs) for systemic gene delivery. a) Poly2-acryloylethyl (p-boronic acid)benzyldiethylammonium bromide] (B-PDEAEA) and
its ROS-triggered charge reversal to anionic polyacrylic acid; b) B-PDEAEA/DNA complexation forming polyplexes (1) and coating with lipids to form
targeted FLPPs (2); Once intravenously injected, the FLPPs accumulate in tumor, where their RGDK ligands bind their receptors on the cell membrane,
inducing the lipid layer to fuse with the cell membrane, ejecting the polyplexes into the cytosol (3); The intracellular ROS oxidize B-PDEAEA and trigger
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its charge reversal and release of DNA (4); The released DNA enters the nucleus for transcription (5).

B-PDEAEA in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer with H,0,. At pH 7.4, the zeta poten-
tial of B-PDEAEA quickly decreased from +28 to +17 mV, as
the quaternary ammonium turned into a tertiary amine trig-
gered by H,0,. Then the zeta potential decreased gradually as
the ester group underwent self-catalyzed hydrolysis and pro-
duced poly(acrylic acid). The zeta potential became negative in
=10 h. The charge-reversal was much faster, in less than 6 h, if

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

B-PDEAEA was first incubated at pH 5.0 with H,0, for 2 h and
then at pH 7.4 because the oxidation potential of H,0, is higher
in acidic solution (Figure 1d). This suggests that if B-PDEAEA
localizes in lysosomes for a while and then escapes, its charge-
reversal would be accelerated. Accordingly, its polyplexes
released the DNA after 1 h in 0.5 x 107> M H,0, as detected
by gel electrophoresis (Figure 1le). The loosening of the poly-
plexes was also reflected by their increased size, from 40 nm to

Adv. Mater. 2016, 28, 1743-1752
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Figure 1. The DNA complexation and oxidative response of B-PDEAEA. a) The volume-averaged size and zeta potential of polyplexes of DNA with
B-PDEAEA with different molecular weights at different N/P molar ratios. b) The HPLC traces of HMP released in the solution of 0.3 mg mL™" B-PDEAEA
with 1 x 1073 m H,0, at different times at 37 °C and c) the calculated release kinetics. d) The charge-reversal kinetics of B-PDEAEA (3 mg mL™") at
37 °Cin pH 7.4 buffer with H,0, or first incubated at pH 5.0 solution with H,O, for 2 h and then at pH 7.4. The H,0, concentration was 80 X 107 m
e) Gel retardation assay of DNA released from polyplexes at an N/P ratio of 13 after 1 h incubation in H,0O, solution at different concentrations at 37 °C.

=1 pm (Figure S3, Supporting Information). The polymer had
very low toxicity due to its conversion from a highly cationic
state to polyacrylic acid, which has low toxicity (Figure S4, Sup-
porting Information). Thus, the ROS-triggered charge-reversal
vectors may be advantageous over rapidly biodegradable vectors
(e.g., acid-cleavable vectors and bioreducible vectors) in that the
resulting negatively charged polymer not only quickly releases
DNA but also, unlike the degraded cationic fragments, does not
interfere with the gene transcription process.

The overall in vitro gene transfection efficiency of B-PDEAEA
polyplexes was evaluated using a luciferase plasmid as
the reporter gene in A549, Hela, and SW480 cancer cells
(Figure 2a and Figure S5, Supporting Information). In the
serum-free medium, the highest luciferase transfection efficiency
of B-PDEAEA polyplexes was achieved at an N/P ratio of 13, at
which the transfection efficiency was 15 400 times higher than
that of PDEAEA quaternized with iodomethane, (poly(N,N,N-di-
ehylmethylaminoethyl acrylate, DEM), which is known to tightly
pack DNA and have low intracellular dissociation and thus inef-
ficient endosomal escape,?”l suggesting that the ROS-triggered
charge reversal did play an important role in gene transfection.
This transfection efficiency was also eight times higher than
that of the gold standard, branched poly(ethylenimine) with a
molecular weight of 25 KDa (PEI) at an N/P ratio of 7. Notably,
the B-PDEAEA polyplexes at N/P ratios greater than 60 were
not sensitive to serum any more, whose transfection efficiency
was only slightly lower than the maximum transfection without
serum and =100 times higher than that of PEI25K polyplexes
under the same conditions (Figure 2a).
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To further investigate whether intracellular ROS are involved
in gene transfection of the B-PDEAEA polyplexes, diphenylene-
iodonium (DPI), an inhibitor of intracellular ROS production
mediated by flavoenzymes, particularly nicotinamide adenine
dinucleotide phosphate (NAD(P)H) oxidase, was used to lower
the intracellular ROS level.?!) As shown in Figure 2b, the lucif
erase gene expression in the DPI-treated cells decreased by up
to two orders of magnitude, indicating that without ROS the
polyplexes could not release the plasmids efficiently.

The efficiency of the polyplexes was further evaluated by
measuring the percentage of cells expressing green fluores-
cence protein (GFP) using an enhanced green fluorescence
protein (EGFP) reporter gene (Figure 2¢,d). In the serum-free
medium, B-PDEAEA polyplexes at an N/P ratio of 13 trans-
fected 78.4% cells and the PEI polyplexes transfected 30.7%
cells. In the medium with 10% serum, the B-PDEAEA poly-
plexes at an N/P ratio of 13 were no longer efficient and the PEI
polyplexes could only transfected 5.0% of the cells; however, the
B-PDEAEA polyplexes at high N/P ratios could still transfected
90.0% cells (Figure 2d). These results were clearly seen in the
fluorescence microscopy that in the presence of serum PEI
polyplexes transfected few cells, whereas the B-PDEAEA poly-
plexes transfected cells more and uniformly. To achieve high
therapeutic efficacy in cancer gene therapy, it is more desirable
for all of the cells to express an amount of therapeutic protein
(e.g., tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)) sufficient to induce apoptosis than for a few cells to
express a large amount of the protein. Thus, compared with
PEI-mediated gene transfection, B-PDEAEA is advantageous
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Figure 2. Gene transfection of polyplexes in A549 cells: a) Luciferase gene transfection of polyplexes without or with serum. Cells were transfected
at 2.2 yg mL™' DNA for 4 h followed by 44 h culture; the control polyplexes were of PEI (N/P = 7) or PDEAEA quaternized with iodomethane (DEM,
N/P =13). b) Luciferase expression of B-PDEAEA polyplexes in cells pretreated with ROS inhibitor DPI without serum. Cells were pretreated with DPI
at different concentrations for 30 min and transfected at 2.2 pg mL™" DNA for 4 h followed by 6 h culture with the same DPI concentration. c) EGFP
gene transfection of PEI or B-PDEAEA polyplexes observed by fluorescence microscopy (scale bar = 200 ym); A549 cells (2.5 x 10°) were transfected at
3.3 yg mL™' DNA without or with 10% fetal calf serum (FBS) for 4 h followed by incubation in cell culture medium for 44 h, and d) EGFP transfection
efficiency in terms of percentage of GFP-positive cells measured by flow cytometry. e) The A549-tumor luciferase transfection in nude mice at 48 h
postintratumoral injection of polyplexes of B-PDEAEA (N/P=13) or PEl (N/P=7) (n=6, 15 pg DNA per mouse in 60 yL HEPES).

in effectively infecting cells and inducing efficient gene expres-
sion in a list of commonly used tumor cells (Figures S5 and S6,
Supporting Information).

The tumor gene transfection efficiency of B-PDEAEA and
PEI polyplexes was examined after intratumoral injection.
The luciferase expression in the tumor at 48 h postinjection of
B-PDEAEA polyplexes with an N/P ratio of 13 was =12 times
higher than the positive control PEI polyplexes (Figure 2e),
indicating that the B-PDEAEA polyplexes would efficiently
transfect tumor cells once arriving tumor tissue. Surprisingly,
even though the in vitro transfection level of the polyplexes at
an N/P ratio of 60 was higher in the presence of serum, their
intratumoral transfection was lower than the polyplexes at an
N/P ratio of 13 probably due to the hindered tumor penetration
caused by the excess cationic polymer.

The intracellular trafficking of the B-PDEAEA polyplex in
A549 cells was investigated to probe the mechanism behind
its high transfection efficacy. Flow cytometry showed that cel-
lular uptake of the polyplexes was suppressed at 4 °C, or by the
inhibitor chlorpromazine, but not by filipin III, wortmannin,
or cytochalasin D (Figure 3a); accordingly, the presence of
chlorpromazine dramatically decreased the transfection effi-
ciency (Figure 3b), indicating that its endocytosis was via the
clathrin-mediated pathway. As observed by confocal microscopy

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Figure 3c) and a movie in the Supporting Information, the poly-
plexes of CyS-labeled DNA (red) with B-PDEAEA (N/P ratio of
13) first interacted with the cellular membrane and were inter-
nalized within only 5 min, probably due to the binding of the
positively charged polyplexes to the negatively charged cell mem-
brane and boronic acid to the glycocalyx.?2l Red fluorescence was
initially associated with lysosomes stained by LysoTracker Green
as yellow dots, but at 10 and 30 min, little red fluorescence was
found in the lysosomes (Figure 3c and Figure S7, Supporting
Information). Particularly, at 30 min most of the DNA did not
overlap with the lysosomes but was scattered in the cytoplasm
and some had even reached the nuclei (Figure 3c), indicating a
quick and efficient escape of the polyplexes from the lysosomes.
After 5 h incubation, more red fluorescence was visible in the
perinuclear region and more red dots were visible in the nuclei
(Figure 3c and see Figure S8 (Supporting Information) for
enlarged view of full images). The ability of B-PDEAEA to escape
from lysosomes was confirmed by a hemolysis assay.?3! The
polymer induced 57% hemolysis at 20 pg mL™ at pH 6.0 and
almost 100% hemolysis at 40 pg mL™" at pH 5.0 after 1 h incuba-
tion at 37 °C (Figure S9, Supporting Information).

The intracellular polyplex dissociation was observed by con-
focal microscopy using dually labeled polyplexes made from
Cy5-labeled DNA (®DNA) and fluorescein isothiocyanate

Adv. Mater. 2016, 28, 1743-1752
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Figure 3. Cellular uptake and intracellular trafficking of B-PDEAEA/DNA polyplexes in A549 cells. a) Cy5-positive A549 cells measured by flow cytometry
after treatment with polyplexes at 15 ng mL™' ©*DNA for 2 h in serum-free medium. The cells were cooled at 4 °C or separately pretreated with the
inhibitors for 0.5 h at 37 °C. b) The luciferase gene transfection efficiency of polyplexes in A549 cells after 48 h. Cells were pretreated with each inhibitor
for 0.5 h and then transfected at 2.2 pg mL™" DNA for 4 h without serum and followed by 44 h culture. c) Confocal laser scanning microscopy images
of A549 cells cultured with “>DNA polyplexes in serum-free medium at 0.64 pg mL™" 93DNA for 5 min, 0.5 or 5 h (4 h followed by washing and then
culturing in fresh medium for additional 1 h). “>*DNA is shown in red, lysosomes dyed with LysoTracker Green are shown in green, and the cell nuclei
stained with Hoechst 33342 are in blue. d) Observation of intracellular dissociation of F'TB-PDEAEA/9°DNA polyplex of cells in serum-free medium
at 0.64 pg mL™ 9°DNA at 3, 6, or 16 h (4 h followed by washing and then culturing in fresh medium for additional 2 or 12 h). > DNA is shown in red,
FITCB-PDEAEA is shown in green, and the cell nuclei stained with Hoechst 33342 are in blue. All scale bars are 10 pm.

(FITC)-labeled B-PDEAEA (FITB-PDEAEA). After the poly-
plexes were incubated with cells for 3 h, most green and red
fluorescence was still overlapped and seen as yellow dots, while
a few red dots were observed in the nuclei and some green dots
were in the cytosol, which indicates some dissociation of the
polyplexes. After incubation for 16 h, almost no yellow dots
were observed in most cells, but separate red and green dots
appeared (Figure 3d and see Figure S10 (Supporting Informa-
tion) for the enlarged view of full images), confirming dissocia-
tion of the polyplexes triggered by intracellular ROS.

The intracellular fluorescence of FITCB-PDEAEA seemed
faded away gradually, particularly after 12 h culturing
(Figure S1la, Supporting Information), so the possible exo-
cytosis of the polymer and the DNA was probed by dually
labeled polyplexes. A549 cells were first cultured with
FITCB.PDEAEA/®DNA polyplexes for 4 h and then the medium
was replaced with fresh medium. The fluorescence intensity

Adv. Mater. 2016, 28, 1743-1752
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in the fresh medium of Cy5 did not change while the fluores-
cence intensity of FITC increased over time (Figure S11b,c,
Supporting Information). These results indicate that after
B-PDEAEA was oxidized by intracellular ROS and transformed
into polyacrylic acid, it was removed from the cells by exocytosis,
while the DNA remained in the cells, further confirming
the dissociation of the polyplexes. This also suggests that unlike
in siRNA delivery,® endocytic recycling may not be a limiting
factor in DNA delivery in this case.

For intravenous administration, the positive charges of
the polyplexes must be shielded by coating the particles with
polyethylene glycol (PEG)?4 or a lipid layer.?’! The boronic
acid groups on the polyplex surface were first employed to coat
the polyplexes with dopamine bisphenol-functionalized PEG
(PEG-DA)?l or hyaluronic acid (HA-DA).?] Electrostatic
adsorption was also used to coat the positively charged poly-
plexes with a negatively charged short peptide composed of
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16 unit-polyglutamic acid (polyE), 6-unit neutral polyglycine,
and an RGDK targeting sequence (arginine-glycine-aspartic
acid-lysine, mRGD) (polyE-mRGD)!'%! capable of binding to a
ov-integrins and neuropilin-1 (Nrp-1), which are overexpressed
on the endothelium of tumor vessels.?®! Coating PEG-DA,
HA-DA, and polyE-mRGD to the polyplexes all produced very
stable nanoparticles (Figure S12, Supporting Information).
Some of them transfected cells well (Figure S13, Supporting
Information) and were able to circulate long in the blood-
stream, but unfortunately they did not induce sufficient lucif-
erase expression in the tumor after intravenous administration
(Figure S14, Supporting Information), very possibly due to the
slower cellular internalization caused by the coating.

Motivated by our previous lipid-coated dendrimer
nanoassembly?’l and multifunctional envelope-type nanodevice
(MEND),*I we hypothesized that while coating polyplexes
with a PEGylated lipid layer would render them stealth proper-
ties, more importantly, the lipid layer might be engineered to
fuse with the cell membrane and eject the polyplexes directly
into the cytosol, mimicking the viropexis of a paramyxovirus,
enabling the polyplexes to bypass the lysosomal pathway
and thus avoid DNA degradation. Thus, a fusogenic lipid,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and
a PEGylated lipid 1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG) were
used as our previous report.?’l A negatively charged fusogenic
lipid, cholesteryl hemisuccinate (CHEMS), was used as a helper
lipid to bind the positively charged polyplex to make the sur-
face hydrophobic for DOPE and DSPE-PEG coating. The lipid
ratios were fine-tuned and found that at a DOPE/CHEMS/
DSPE-PEG ratio of 7.65/2/1.35, where DSPE-PEG was 15% of
total lipid, hydration of the polyplexes (N/P of 13) with the lipid
film formed spherical FLPPs of around 120 nm in diameter
with a zeta potential of -6 mV (Figure 4a and Figure S15a,
Supporting Information). Upon addition of 0.24 vol% Triton
X-100, the FLPP returned to the same size as the polyplexes,
indicating that the lipid layer of the FLPP could be peeled
off and each FLPP contained a single polyplex nanoparticle
(Figure S15b, Supporting Information). In 10% serum medium,
the PEGylated FLPPs expressed luciferase as efficiently as the
noncoated polyplexes and was about ten times more efficient
than the PEI polyplexes (Figure 4b). Significantly, the PEGylated
FLPPs infected cells much more efficiently (42% cells) than the
PEI polyplexes (5% cells) and noncoated B-PDEAEA polyplexes
(N/P of 13) (9% cells) (Figure 4c and Figure S16, Supporting
Information).

Cellular internalization of the FLPPs was subsequently
probed by flow cytometry (Figure 4d). While low temperature
suppressed cellular uptake of FLPPs, inhibitors including
chlorpromazine, filipin III, wortmannin, and cytochalasin D
did not affect cellular uptake of FLPPs (Figure 4d) and their
luciferase expression (Figure 4e). These results indicate that
cellular internalization of the FLPPs was not via common endo-
cytosis, macropinocytosis, or phagocytosis. Cellular uptake of
the FLPPs was confirmed in A549 cells by confocal microscopy.
After the FLPPs with @ DNA (red) were incubated with cells
for 1 h, the “>’DNA was found attached to the cell membrane;
after 6 h incubation, more red fluorescence was visible in the
cytoplasm and nuclei (Figure 4f). Notably, at no time did the
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red fluorescence overlap with lysosomes (green) (Figure 4f and
see Figure S17, Supporting Information, for the enlarged view
of full images). These results may suggest that the FLPPs were
internalized via membrane fusion and thus bypassed the endo-
cytic pathway.

The fusion and intracellular dissociation of FLPPs were
observed using the FLPPs triply labeled with >DNA (red),
FITCB.PDEAEA (green), and Rhodamine B-labeled DOPE
(RhoBDOPE, purple). After the FLPPs were incubated with cells
for 1 h, the three colors were mainly found attached to the cell
membrane and mostly overlapped. After 6 h incubation, the
lipids were still on the cell membrane, some polymer and DNA
(vellow spots) were colocalized in the cytoplasm, and most free
DNA (red) was in cytoplasm, in the perinuclear region or in the
nuclei. These results confirmed that the lipid layer fused with
the cell membrane, releasing polyplexes into the cytoplasm and
avoiding the endocytosis pathway; the polyplexes then dissoci-
ated in the cytoplasm as discussed above (Figure 4g and see
Figure S18, Supporting Information, for the enlarged view of
full images).

The lipid layer—cell membrane fusion process of the FLPPs
was further tracked by fluorescence resonance energy transfer
(FRET) technique as we reported.?”l DOPE lipids were sepa-
rately labeled with a pair of FRET dyes, Rhodamine B and
7-nitro-2,1,3-benzoxadiazole (R"*PDOPE and NBPDOPE), and
the mixed lipid at a DOPE/R"*BEDOPE/NPPDOPE molar ratio
of 94:1:5 was used to fabricate the FRET FLPP (FRETFLPP). If
the lipid layer fuses with the cell membrane, the FRET emis-
sion at 585 nm excited at 450 nm will be inhibited. A FRET
efficiency index, R, was calculated from the intensity ratio of
RhoBDOPE fluorescence at 585 nm to NBPDOPE fluorescence at
525 nm when excited at 450 nm. The "™ETFLPP solution had
a strong FRET fluorescence peak with an R value of 3.8. The
cells treated with FRETFLPP initially had the FRET peak with an
R value of 1.3 at 3 h posttreatment, but the FRET peak gradu-
ally reduced and finally disappeared with an R value of only
0.6 after 48 h (Figure S19, Supporting Information).

Lipopolyplexes are generally taken up by cells via endo-
cytosis,% for instance, the MEND developed by the Harashima
group.®*31 The FLPPs developed here entered cells by fusion
of their lipid envelope with the cell membrane, mimicking para-
myxovirus. The membrane fusion rather than endocytosis of
FLPPs was enabled by the right affinity of the lipid layer to the
polyplexes. B-PDEAEA was a relatively hydrophobic polymer
and adjusting the content of the anchoring lipid CHEMS in
the lipid layer can fine tune the affinity. At the DOPE/CHEMS/
DSPE-PEG ratio of 7.65/2/1.35, the FLPP’s lipid layer was just
sufficiently stable on the polyplexes surface but labile enough
to leave from the polyplex surface once contacting the cell
membrane.

The stealth property of the FLPPs was estimated by moni-
toring their blood clearance kinetics after intravenous injection.
As shown in Figure S20 (Supporting Information), the blood
clearance slowed as the DSPE-PEG content increased in the
FLPPs. At 15% DSPE-PEG molar content relative to the total
lipid, the FLPP clearance was very slow; 14% of the injected
dose remained at 7 h postinjection (Figure 5a). The stability
of FLPPs in the bloodstream was investigated using the FRET
method. FRETFLPPs fabricated as described above had an R
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Figure 4. Characterization, gene expression, cellular uptake, and intracellular trafficking of FLPPs fabricated from B-PDEAEA polyplexes (N/P = 13).
a) The size distribution measured by dynamic light scattering (DLS) and the morphology taken by transmission electron microscope (TEM) after
stained with uranyl acetate of FLPPs with 15% DSPE-PEG. The scale bar is 100 nm. b) Luciferase gene transfection in 10% serum medium of the FLPPs
containing different DSPE-PEG contents. A549 cells were cultured with FLPPs at 2.2 pg mL™" DNA for 4 h in medium containing 10% serum followed
by 44 h culture in fresh medium. c) EGFP gene transfection efficiency in A549 cells of FLPPs containing 15% DSPE-PEG in terms of GFP-positive cell
percentage measured by flow cytometry compared with PEI polyplexes (N/P = 7); DNA dose at 4 pg mL™", 4 h transfection in 10% serum medium
followed by 44 h culture in fresh medium. d) Cy5-positive A549 cells measured by flow cytometry after the cells were pretreated with each inhibitor for
0.5 h and then cultured with FLPPs (15% DSPE-PEG) at 15 ng mL™" @°DNA in 10% serum medium for 2 h at 4 °C or at 37 °C. e) The effect of the
inhibitor on the luciferase gene transfection efficiency of FLPPs (15% DSPE-PEG) in A549 cells. Cells were pretreated with each inhibitor for 0.5 h and
then transfected at 2.2 yg mL™" DNA in medium containing 10% serum for 4 h followed by 44 h culture in fresh medium. f) Confocal microscopy
images of A549 cells cultured with ®>DNA-FLPPs (15% DSPE-PEG) in 10% serum medium at 0.64 pg mL™ @>DNA for 1 or 6 h (4 h followed by washing

and then culturing in fresh medium for additional 2 h).

©SDNA is shown in red; LysoTracker Green-dyed lysosomes are shown in green and cell nuclei

stained with Hoechst 33342 are in blue. g) Observation of intracellular dissociation of triply labeled FLPPs (15% DSPE-PEG) with cells in 10% serum
medium at 0.64 ug mL™" 9°DNA for 1 or 6 h (4 h followed by washing and then culturing in fresh medium for additional 2 h). > DNA is shown in red,
FITCB.PDEAEA is shown in green, R"°EDOPE is shown in purple, and cell nuclei stained with Hoechst 33342 are shown in blue. All scale bars are 10 ym.
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Figure 5. The blood clearance and stability, tumor gene expression, and anticancer activity of FLPPs (N/P =13, 15% DSPE-PEGC) loaded with TRAIL
gene. a) The clearance kinetics from the blood circulation of FLPPs of Rhodamine B-labeled B-PDEAEA after administered via the tail vein; the inserted
is the normalized FRET spectra excited at 450 nm of FRETFLPP in the blood plasma at timed intervals (the FRETFLPP contained 1% R"°®DOPE and 5%
NBDDOPE of the total DOPE; n=3, 15 ug DNA per mouse). b) Comparison between tumor luciferase expression of FLPPs with or without CRGDK at
48 h post i.v. injection. FLPPs were administered through tail vein injection (n = 6, 50 pg DNA per mouse) and c) their representative GFP fluores-
cence images of the tumor frozen sections; 10 pm thick. Scale bar = 200 pm. d) Antitumor activity of the TRAIL plasmid-loaded RGDK-FLPPs. A549
xenografted nude mice were treated intravenously with DOX (4 mg kg™'), RGDK-FLPP (1 mg kg™' TRAIL), or PBS (n = 6 each group) for five times at
every 2 d when the tumor reached a size of =100 mm?® (17 d after inoculation); each tumor was measured at the time of the injection. e) The averaged
tumor weight and western blotting assay of TRAIL expression of each group at the end of the experiment on day 27 (* P < 0.05, ** P < 0.01). f) Rep-
resentative histological features of tumors. Tissue paraffin sections were 5 pm thick. The sections were stained with hematoxylin—eosin and examined
by light microscopy. Scale bar = 50 pm. Arrows show the nuclear shrinkage and fragmentation.
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value of 2.1. After intravenous administration, the FLPPs in
plasma had strong FRET signals at 585 nm and weak signals at
525 nm at different times even at 7 h postadministration with
an R value of 1.7, indicating that the FLPPs were very stable
in the blood circulation, explaining their slow blood clearance
(Figure 5a, inset).

The tumor-homing peptide CRGDK?8 was coupled to DSPE-
PEG (DSPE-PEG-RGDK, Figure S21, Supporting Information)
to further enhance accumulation in tumors by active targeting.
Indeed, the FLPP functionalized with 15% DSPE-PEG-RGDK
(RGDK-FLPP) displayed tumor luciferase expression 71 times
higher than the unmodified FLPP at 48 h postintravenous
administration (Figure 5b), as also confirmed by much brighter
GFP expression than in the tumors transfected by unmodified
FLPPs and phosphate buffered saline (PBS) (Figure 5c and
Figure S22, Supporting Information).

The in vivo therapeutic efficacy of RGDK-FLPPs was subse-
quently tested in subcutaneous A549 cell tumor-bearing mice
using a therapeutic DNA, the TRAIL, which can preferentially
induce apoptosis in malignant tumor cells, but not normal cells,
and inhibit tumor-related angiogenesis.?? The first-line anti-
cancer drug DOX at a dose of 4 mg kg™! was used as a posi-
tive control. Mice were intravenously treated with RGDK-FLPP/
TRAIL at a TRAIL dose of 1 mg kg’. Both treatments with DOX
and RGDK-FLPP/TRAIL led to significant inhibition of tumor
growth compared to the PBS control, but the inhibitory effect of
the RGDK-FLPP/TRAIL was higher than that of DOX (P < 0.05)
(Figure 5d). After five treatments, the RGDK-FLPP/TRAIL had a
70% tumor inhibition rate in terms of tumor weight compared
to 42% inhibition by DOX (P < 0.01) (Figure 5e). The thera-
peutic efficacy can be compared to the targeted delivery of the
TRAIL gene to tumor xenografts by biodegradable poly(amine-
co-esters) proposed by the Saltzman group.!® Furthermore,
treatment with DOX caused 14% weight loss but this was not
seen in the RGDK-FLPP/TRAIL group (Figure S23, Supporting
Information). Western blot analysis showed that TRAIL was
strongly expressed in tumors treated by RGDK-FLPP/TRAIL
(Figure 5e). Histological analysis by hematoxylin—eosin (H&E)
staining (Figure 5f) showed that the tumors of the control group
typically consisted of tightly packed cells, whereas extensive
nuclear shrinkage and fragmentation (black arrow) was observed
in the DOX and RGDK-FLPP/TRAIL groups, more obviously in
the RGDK-FLPP/TRAIL-treated group. Histological analysis of
heart tissues showed that the RGDK-FLPP/TRAIL-treated group
had compact cardiomyocytes arranged in a clear structure sim-
ilar to normal tissue, but those of the DOX treated group were
characterized by myocardium tissue necrosis and disorganized
myofibrillar arrays, typical of cardiomyocyte damage induced by
DOX (Figure S24, Supporting Information).3’!

We have demonstrated a charge-reversal polymer B-PDEAEA
which is strongly positively charged and effectively packages
DNA into nanoparticles but becomes negatively charged once
triggered by intracellular ROS. The resulting ROS-respon-
sive polyplexes show higher gene transfection efficiency than
the traditional gold standard. The polyplexes are coated with
a fusogenic lipid layer to form CRGKD-targeting PEGylated
virus-mimicking fusogenic lipopolyplexes (FLPPs), which are
stable and long-circulating in vivo and achieve significantly
enhanced gene expression in tumor and anticancer therapeutic
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activity, even more effectively than the potent anticancer drug
DOX. The novel vector is capable of mimicking viropexis, thus
avoiding endosomal DNA degradation and not interfering with
DNA transcription. Its in vivo tumor targeting ability and high
gene expression merit it for further study of gene therapy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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