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Endo/lysosome entrapment is the key barrier for gene delivery using synthetic polycations. Although the
introduction of a membrane-lytic peptide into polycations could facilitate efficient endo/lysosome
release and improve gene delivery efficiency, it is always accompanied by serious safety concerns. In this
work, the widely used polycations, poly(2-dimethylaminoethyl methacrylate (PDMAEMA), poly(L-lysine)
(PLL) and polyethylenimine (PEl), are modified with a pH-sensitive peptide (C6M3) with selective lytic
activity to produce three functional polycations to address the issue of endo/lysosome entrapment and
facilitate efficient gene transfer. Hemolysis study shows that the functionalized polycations show good
biocompatibility toward red blood cells at neutral pH, and exhibit potent membrane lysis activity under
acidic conditions, which are both on-demand for the ideal gene carriers. In vitro transfection studies
demonstrate that the peptide modified polycations mediate promising gene delivery efficiency with the
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luciferase plasmid and the green fluorescence protein plasmid in Hela cells compared to the parent poly-
cations. Owing to the facile preparation and selective lysis activity of the C6M3 modified polycations,
these smart gene vectors may be good candidates for the transfer of various nucleic acids and further
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1. Introduction

Delivery of therapeutic nucleic acids into target cells is
regarded as an efficient way to tackle a myriad of acquired or
congenital diseases." ® However, the poor stability under phys-
iological conditions and the impermeability of cell membranes
to nucleic acids significantly compromise the gene therapy
efficiency. Hence, the assistance of a carrier to successfully
transfer nucleic acids into the intracellular parts is of impor-
tance for gene delivery.” ' Compared to viral carriers, non-
viral carriers, especially polycations, feature various advan-
tages, such as affordable facile preparation and functionali-
zation, low immunogenicity and inflammation, which have
been widely employed for the delivery of plasmid DNA
(pDNA),”*"” small interfering RNA (siRNA),"®* messenger
RNA (mRNA) and micro RNA (miRNA).>>*' However, due to
the limited capability to overcome various physiological bar-
riers, the gene delivery efficiency is usually orders of magni-
tude lower than those of their viral counterparts.**>°
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Endo/lysosome entrapment is the key obstacle for polyca-
tion-based intracellular gene delivery.*® If the formed com-
plexes of nucleic acids and polycations are trapped in the
endosome and cannot escape in time, it will be automatically
routed into lysosome degradation, leading to failed gene
transfer.’’*° Tremendous efforts have been made to address
this issue.’””*> The proton sponge effect is the widely used
method for polycation mediated endosomal release.*®"
However, it cannot be translated into in vivo applications due
to the requirement of a large amount of polymer accumulation
in the endo/lysosome, which may raise safety concerns. As an
alternative way, peptides with membrane-lytic activity, such as
melittin and sHGP, have been introduced into polycations to
facilitate endo/lysosomal escape.*®*° The peptide-conjugated
polymers can significantly improve the gene delivery efficiency
compared to the parent polymers. But due to off-site lysis,
serious cytotoxicity was also detected. We recently designed a
pH-sensitive block copolymer, called VIPER (virus-inspired
polymer for endosomal release), aiming to minimize the side
effect.>®"> VIPER can assemble into nanoparticles with a lytic
peptide shielded in the core; that responds to endosomal acid-
ification by revealing a membrane-lytic peptide that is conju-
gated to a reversibly hydrophobic polymer block, followed by
promising gene transfer efficiency in various cell lines in vitro
and different tissues in vivo. However, the cleavage of the di-
sulfide linkage between melittin and the polymer may raise
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Scheme 1 |llustration of C6M3 modified polycations for successful
gene delivery.

undesired safety concerns because of the native lytic activity of
melittin under physiological conditions.”"

Previous studies showed that the C6M3 peptide (a peptide
derived from C6) features pH-triggered lytic activity, and prom-
ising membrane lysis was observed under endo/lysosomal
acidic conditions rather than at a normal pH value.”"** We
hypothesize that the incorporation of polycations with C6M3
could not only enhance the gene delivery efficiency through
the promotion of endo/lysosomal escape but also avoid off-site
toxicity. As shown in Scheme 1, the C6M3 modified polyca-
tions condense DNA into nanoparticles, which can be endo-
cytosed by cells through the endosome pathway. Afterward,
C6M3 can be activated to mediate endo/lysosomal escape of
the polyplexes. In this work, three widely used polycations,
poly(2-dimethylaminoethyl methacrylate (PDMAEMA), poly(t-
lysine) (PLL) and branched polyethylenimine (PEI), are modi-
fied with the C6M3 peptide (Fig. 1), and the pH selective
hemolysis was evaluated with mouse red blood cells to verify
the desired membrane-lytic activity. The functionalized polyca-
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Fig. 1 Chemical structures of the polycations and the sequence of
C6M3.
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tions are also well assessed. To explore the potential for gene
therapy, the luciferase plasmid and the green fluorescence
protein (GFP) plasmid as reporter genes are employed to evalu-
ate the gene delivery efficiency of the polycations in vitro.

2. Experimental section
2.1. Materials

The chemical and biological reagents used in this work are
listed in the ESL ¥

2.2. Characterization

The 'H nuclear magnetic resonance ("H NMR) spectra were
recorded on a Bruker Avance 400 spectrometer (400 MHz). The
size and surface charge of the polyplexes were tested on a
Malvern ZEN 3690 system. The morphology of all the poly-
plexes in the dried state was imaged with a JEOL JEM-2100
electron microscope using an acceleration voltage of 120 kV.
UV-vis absorption spectra were measured with a Shimadzu
UV-2550 spectrometer.

2.3. Polymer synthesis

2.3.1. Synthesis of PDMAEMA-co-PDSEMA. Pyridyl di-
sulfide ethyl methacrylate (PDSEMA) (9.14 mg, 7.2 mmol), 2-
(dimethylamino)ethyl methacrylate (DMAEMA) (557 mg,
64.5 mmol), N,N-azobisisobutyronitrile (AIBN) (3.92 mg,
0.072 mmol) and 4-cyanopentanoic acid dithiobenzoate
(CPADB) (10 mg, 0.072 mmol) were dissolved in dioxane
(896 pL). After purging with nitrogen for 30 min, the polymer-
ization was initiated in an oil bath at 70 °C and the mixture
was stirred for 24 h. The monomer conversion was monitored
by '"H NMR spectroscopy. The polymerization was quenched
by immersing the reaction flask in liquid nitrogen. The
polymer, PDMAEMA-co-PDSEMA, was collected by three cycles
of dissolving/precipitating with dichloromethane/hexane.

2.3.2. Synthesis of PLL-SPDP. PLL was synthesized accord-
ing to the previous work.>® The degree of polymerization was
44 determined by '"H NMR spectroscopy. 3-(Pyridin-2-yldisulfa-
nyl)propanoic acid (PDSPA) was synthesized as shown in
Scheme S1 in the ESL{ PDSPA (0.039 g, 0.18 mmol) was first
dissolved in a mixture of DMSO and water (1 mL) followed by
the addition of EDC (0.036 g, 0.19 mmol) and NHS (0.022 g,
0.19 mmol). The reaction mixture was stirred at room tempera-
ture for 0.5 h to obtain 3-(2-pyridyldithio)propionic acid
N-hydroxysuccinimide ester (SPDP). Afterward, the solution of
SPDP was slowly added to PLL (500 mg, 0.09 mmol) dissolved
in a mixture of DMSO and water (2 mL), and the reaction
mixture was stirred at room temperature for an additional
72 h. PLL-SPDP was obtained by dialysis and lyophilization.

2.3.3. Synthesis of PEI-SPDP. The conjugation of PDSPA to
PEI was similar to that for PLL as shown above, and PEI-SPDP
was obtained by dialysis and lyophilization.

2.3.4. Synthesis of C6M3 modified polycations. Cys-C6M3
was conjugated to the polycations through a disulfide
exchange reaction. For example, PDMAEMA-co-PDSEMA
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(7.5 mg, 0.001 mmol PDS groups) was dissolved in 2 mL PB
(0.2 M, pH 5.7) in a 10 mL flask. Then, 6.1 mg (0.002 mmol, 2
equiv. relative to PDS groups) of cys-C6M3 was added into the
flask and allowed to stir under nitrogen at room temperature.
The reaction was monitored by UV spectroscopy at 340 nm for
the release of 2-thiopyridine. After 24 h, the absorption was
saturated and the reaction mixture was passed through a
PD-10 column to remove the side product and unreacted
peptide followed by lyophilization. The conjugations of C6M3
to PLL-SPDP and PEI-SPDP were performed with the same pro-
cedure. The peptide modified polycations were denoted as
PDMAEMA-C6M3, PLL-C6M3 and PEI-C6M3.

2.4. Gel retardation

For polyplex preparation, the parent and peptide modified
polymer solutions with different concentrations were added to
the luciferase plasmid solution (v/v = 1:1), and the formed
polyplex solutions were vortexed for 15 seconds and incubated
at room temperature for 10 min. The polyplex solution (12 pL)
with different N/P ratios was subjected to electrophoresis on
agarose gel (1%) at 100 V for 45 min to test the DNA conden-
sing ability.

2.5. Hemolysis of polycations

Hemolysis assay was used to evaluate the acid-triggered mem-
brane-lytic activity of the synthetic materials at pH 7.4 and 5.7.
The details are presented in the ESL}

2.6. Invitro transfection

Luciferase and GFP plasmids were used to evaluate the gene
delivery efficiency of the polycations. HeLa cells were seeded
with a density of 20 000 cells per well (24 well plate) in MEM
medium supplemented with 10% FBS and 1% antibiotic/anti-
microbial. Cells were firstly incubated at 37 °C under 5% CO,
for 24 h. Polyplexes were prepared at different N/P ratios using
1 pg of pGL3 in 20 pL total volume. Each sample was diluted
with 180 pL OptiMEM medium. For transfection study, the
cells were washed with PBS, followed by the addition of the
polyplex solution. After incubation for 4 h, the cells were
rinsed with PBS twice and complete cell culture medium
(500 pL) was added. After an additional 44 h of incubation,
luciferase activity was quantified with a luciferase assay kit
(Promega Corp, Fitchburg, WI). The total protein content in
each well was measured using a BCA Protein Assay Kit. The
GFP plasmid delivery study was the same as that with the luci-
ferase plasmid. Flow cytometry was used to analyze the percen-
tage of the transfected cells.”* All experiments were conducted
in triplicate.

2.7. Statistical analysis

All statistical analyses were performed using a two-tailed
Student’s t-test with unequal variance.
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3. Results and discussion
3.1. Polymer synthesis and characterization

The synthetic routes of the polycations are shown in
Scheme 2A-C. To synthesize C6M3 modified PDMAEMA, a
functional monomer, PDSEMA, was first copolymerized with
DMAEMA to afford P(DMAEMA-co-PDSEMA). The 'H NMR
spectra are shown in Fig. S1, and all the signals were
assigned. The composition of the polymer was determined to
be P(DMAEMAys-co-PDSEMA,) based on the conversion
(~100%) of the monomers. The GPC results showed that the
molecular weight of the copolymer was 218 000, and the poly-
dispersity index was 1.19. PZLL was synthesized by the ring-
opening  polymerization of 3-benzyloxycarbonyl-r-lysine
N-carboxyanhydride (ZLL NCA) in the presence of hexylamine.
The degree of polymerization of PZLL was determined to be 44
based on the 'H NMR spectrum (Fig. S21), and the molecular
weight of PZLL was 166 000 with a polydispersity index of 1.24.
After deprotection in the presence of trifluoroacetic acid, the
obtained PLL was used to react with SPDP by EDC/NHS chem-
istry. Based on the "H NMR spectra shown in Fig. S2,7 there
were 1.2 SPDP linked to the side chain of PLL. The SPDP modi-
fied PEI was prepared using the same protocol, and the signals
at 8.3, 7.8 and 7.2 ppm demonstrated the successful incorpor-
ation of SPDP (Fig. S31). We used the UV spectrum to quantify
the amount of the functional group (Fig. S47), and the results
showed that there was 0.9 PDSPA per PEI. Next, cysteine-C6M3
was introduced into the polycations through a disulfide
exchange reaction, and the reactions were monitored by UV
spectroscopy (Fig. S5t). After 24 h, the absorption was satu-
rated, indicating the completion of the modification. Based on
the above results, three C6M3 modified polycations were suc-
cessfully obtained, and there were 2, 1.2 and 0.9 C6M3 for
PDMAEMA, PLL and PEI, respectively.

3.2. Hemolysis testing of the polycations

It is reported that C6M3 exhibits pH dependence for mem-
brane lysis. To verify the pH selective lytic activity, we incu-
bated the peptide modified polycations (10-100 pg mL™") with
mouse red blood cells at different pH values for 1 h at 37 °C.
The absorption at 541 nm attributed to the characteristic peak
of hemoglobin in the UV spectrum was then used to quantify
the hemolytic activity. As shown in Fig. 2, negligible hemolysis
was detected when the concentration of the polymers was
lower than 80 pg mL™" at pH 7.4. However, obvious hemolysis
was detected when the pH of the culture media was 5.7, and
the lytic activity showed concentration dependence. Previous
work demonstrated that the ECs, (the concentration of free
peptide for 50% hemolysis) value of C6M3 was ~16 pg mL, ">
which was much lower than those in our work (29.7, 27.0 and
33.8 pg mL™" for PDMAEMA-C6M3, PEI-C6M3 and PLL-C6M3,
respectively). This may be attributed to the fact that the conju-
gation of C6M3 to polycations compromises the lytic activity.
Meanwhile, no obvious hemolysis was observed for
PDMAEMA, PEI and PLL at pH 7.4 and 5.7 in the tested con-
centration range, indicating that membrane lysis is caused by
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Fig. 2 Hemolysis activity of polycations and C6M3 modified polycations at various concentrations and pH values. Data are shown as mean + SD (n

=3).

the pH triggered activation of C6M3 rather than the polymer
backbone.

3.3. Polyplex characterization

We performed agarose gel electrophoresis assay to evaluate the
DNA binding ability of the parent polycations and the C6M3
functionalized polycations. As shown in Fig. S6,f it was
observed that all the polymers can completely retard the mobi-
lity of DNA when the N/P ratio (amine to phosphate) was
higher than 2. Moreover, we found that the introduction of the
C6M3 peptide had no obvious effect on the DNA condensing

6304 | Biomater. Sci, 2020, 8, 6301-6308

capability of the polycations. DLS was then employed to test
the size of the polyplexes with different N/P ratios. It was
found that all the polycations could condense DNA into nano-
particles with the hydrodynamic diameter in the range of
70-200 nm (Fig. 3A), which is beneficial for cellular endocyto-
sis. The increase in the N/P ratio led to a smaller size owing to
the enhanced condensing capability. Besides, the incorpor-
ation of C6M3 into polycations slightly increased the size of
the polyplexes compared to the parent polymers, which may
be attributed to the relatively hydrophobic nature of the
peptide at neutral pH. Furthermore, the morphology of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Average hydrodynamic diameters of different formulations.
(B) TEM images of polymer/DNA complexes formed at N/P = 5 (scale
bar: 100 nm).

polyplexes was imaged by TEM at an N/P ratio of 5 (Fig. 3B).
We can find that all the polyplexes featured compact structures
with a relatively uniform spherical shape, and the diameter
was around 100 nm. The size based on DLS testing was larger
than that obtained by TEM, which may be attributed to the
shrinkage of the polyplexes during sample preparation in TEM
testing.

The positively charged surface of the nanoparticles is favor-
able to cellular endocytosis since the cell membrane is nega-
tively charged. The zeta potentials of all the polyplexes were
above 20 mV (Fig. 4), which is beneficial for cell membrane
binding. And the increase of the N/P ratio resulted in the
increase of the zeta potential. Because of the partial shielding
of the peptide, the surface charge of the polyplexes by
C6M3 modified polyplexes was slightly lower than that by the
parent polycations.

3.4. Invitro transfection

C6M3 modified polycations not only showed good biocompat-
ibility to cells at neutral pH (negligible hemolysis to red blood
cells), but also exhibited promising membrane lysis under
acidic conditions, both of which are desirable for an ideal
non-viral gene vector. Then we performed the gene transfec-
tion study in vitro using the luciferase plasmid and the GFP

<50 o
> aN/P=3 wN/P=5 uN/P=§

E

=

b=

=

3

=]
-4

=

R

3 38 > v >
Psy‘\?‘ NC@A g@ G L@“\ Ra% ‘c’g@\
o o < Y
®

Fig. 4 Zeta potential of different formulations. Data are shown as mean
+ SD (n = 3).
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plasmid as reporter genes in HeLa cells to evaluate the delivery
efficiency using the six polycations. As shown in Fig. 54, for
PDMAEMA, the transfection efficiency increased with the N/P
ratio from 3 to 8, and the same trend was also observed for
PEL However, the cell viability at the N/P ratio of 8 was lower
than 80%, indicating potential cytotoxicity due to the excess
polycations. PLL also showed enhanced delivery efficiency
when the N/P ratio increased from 3 to 5, but further improve-
ment of the N/P ratio led to compromised luciferase transgene
expression, which may be attributed to the hard unpackaging
of the payloads in the cytoplasm. When the pH-sensitive
peptide was introduced into the polycations, the transfection
efficiency was significantly enhanced. The luciferase
expression mediated by PDMAEMA-C6M3, PEI-C6M3 and
PLL-C6M3 at the N/P ratio of 5 was around 5.7, 3.1 and 7.8
times higher than that by PDMAEMA, PEI and PLL, respect-
ively. The relative cell viability results in Fig. 5B reveal that the
polycations showed acceptable cell biocompatibility at N/P
ratios of 3 and 5 (>80%).

Furthermore, based on the promising luciferase plasmid
delivery efficiency and acceptable cell compatibility mediated
by the N/P ratio of 5, we selected the corresponding formu-
lations to deliver the GFP plasmid to quantify the percentage
of the transfected cells using a flow cytometer. As shown in
Fig. 6, we found that around 22% and 29% cells were trans-
fected by PDMAEMA-C6M3 and PEI-C6M3, which were much
higher than those mediated by the parent PDMAEMA and PEI
(7.0% and 16.3%). Although the percentage of transfected cells
by PLL and PLL-C6M3 was much lower, the obvious
improvement also can be observed after the introduction of
C6M3 into PLL. Fig. S7t shows the representative results of the
flow cytometry analysis. Furthermore, the GFP positive
cells in the transfection study were also observed by fluo-
rescence microscopy (Fig. S8t). We can find that cells trans-
fected by the C6M3 modified polycations showed enhanced
fluorescence intensity, suggesting that more cells were
transfected.

It is reported that melittin modified polycations could
improve the gene delivery efficiency owing to the membrane
Iytic nature, but serious cytotoxicity was observed when the
N/P ratio was higher than 3, which was attributed to off-site
lysis.”® In order to address the off-site toxicity, the Wagner
group developed functional polycations with anhydride
masked melittin to selectively shield the undesirable lysis for
gene delivery. The resulting polycations can deactivate the
peptide at neutral pH, and mediated successful endosomal
escape of the polyplexes through the acidic pH triggered hydro-
lysis of the anhydride, further leading to promising siRNA
delivery efficiency.*® Although acceptable biocompatibility and
excellent delivery efficiency were achieved, the anhydride pro-
tecting group is reversible and susceptible to hydrolysis even at
neutral pH,”* which may raise safety issues during long-term
storage. Since C6M3 features pH selective lytic activity, the
modified polycations could avoid the toxicity toward cells
extracellularly; in the acidic endo/lysosomal environment, the
activated lysis capability induces the disruption of the mem-
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Fig. 6 In vitro GFP plasmid delivery efficiency with Hela cells using
different polyplexes (N/P = 5). Data are shown as mean + SD (n = 3;
Student’s t-test, **p < 0.01).

brane structure and facilitates efficient escape from endo/lyso-
some entrapment. Furthermore, the peptide can be de-acti-
vated again after release, and recover the safe nature. Hence,
our C6M3 modified polycations could realize successful
nucleic acid delivery while avoiding off-site cytotoxicity, which
may endow the polycations with outstanding advantages for
clinical applications.

4. Conclusions

In summary, three widely used polycations (PDMAEMA, PLL
and PEI) functionalized with a pH-sensitive peptide C6M3
were employed as gene vectors to mediate efficient endo/lyso-
some release and further successful gene delivery.
PDMAEMA-C6M3, PLL-C6M3 and PEI-C6M3 showed selective
membrane lysis behavior under endo/lysosomal acidic con-
ditions, and did not cause off-site safety concerns as the
parent polycations. Furthermore, in vitro transfection results
demonstrated that the C6M3 modified polycations exhibited
higher gene transfer capability using luciferase and GFP plas-
mids in HeLa cells than that by the parent polycations with
good biocompatibility. Our work provides a facile, safe and

6306 | Biomater: Sci, 2020, 8, 6301-6308

efficient way to address the issue of endo/lysosome entrapment
for polycation-based gene therapy, and may promote the trans-
lation of non-viral vectors for clinical applications.
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