Zuschriften

Gene Delivery

DOI: 10.1002/ange.200703203

Virion-Mimicking Nanocapsules from pH-Controlled Hierarchical

Self-Assembly for Gene Delivery**

Peisheng Xu, Shi-Yan Li, Qun Li, Edward A. Van Kirk, Jun Ren,* William J. Murdoch,
Zhaojie Zhang, Maciej Radosz, and Youqing Shen*

Polymer gene delivery is considered a promising alternative
to viral vectors'? owing to its safety and the ready availability
of a variety of polymer carriers such as polyethyleneimine
(PED)P>! and poly(B-aminoester)s,'”! whose structures may be
optimized by using high-throughput methods.” Nanoparticles
with surface-coated ligands® or magnetic properties,” lay-
ered structures,'”! linear-dendritic polymers,""! triblock
copolymers,'Z polyion micelles,” surface-charge-shielded
PEI polyplexes,* dendrimers,™ and inorganic nanotubes!'’!
have also been tested as carriers.

In polymer-mediated gene delivery, cationic polymers
generally complex plasmids to compact them into nano-
particles and to shield their negative charges for effective
cellular internalization.!'! Tight packing is also needed for
DNA trafficking to the nucleus and prevention from enzy-
matic degradation."”? However, this tight complexation is one
of the main barriers to efficient DNA transcription because
the complexed DNA is inaccessible to the transcription
machine."® Facilitated dissociation of the complexes using
short,™ reversibly cross-linked,”™ degradable,**!! or low-
charge-density cationic chains®! or charge-reversible amphi-
philes™! could significantly enhance transgenic efficiency.

We hypothesized that nanocarriers that could release free
DNA into the nucleus would possess high transfection
efficiency. Herein, we present the design, synthesis, and
evaluation of a unique virion-mimicking polymer/DNA nano-
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capsule carrying free DNA fabricated from pH-controlled
hierarchical self-assembly of an A/B/C-type terpolymer
poly(e-caprolactone)/poly[2-(N,N-diethyl)aminoethyl metha-
crylate]/poly(ethylene glycol) (PCL/PDEA/PEG) brush and
DNA (Scheme 1). The pH-responsive PDEA chains were
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Scheme 1. Nanocapsule formation by a pH-controlled hierarchical self-
assembly of PCL/PDEA/PEG and DNA. The PDEA chains are positively
charged owing to protonation at pH 5 (a) and then complex with DNA
to form a hydrophilic core. The hydrophobic PCL chains collapse and
form a membrane surrounding the core; the hydrophilic PEG chains
are incompatible with the hydrophobic PCL layer and thus extend into
the aqueous solution as a PEG outer layer (b). After the solution pH is
raised to 7.4, the PDEA chains are deprotonated, become insoluble,
and are thus dissociated from the DNA, leaving free DNA in the

core (c).

used to pack DNA into the nanocapsule at an acidic pH value
and to tightly bind DNA once in lysosomes to protect it from
degradation; the chains then dissociate from the DNA at a
neutral pH value. The hydrophobic PCL chains were used to
form the nanocapsule through their hydrophobic-hydropho-
bic interactions, while their degradation in the acidic lyso-
some was used to disintegrate the nanocapsule to release the
free DNA. The PEG chains were used to impart stealth
properties (see below) to the nanocapsules. The nanocapsules
were very efficient in gene transfection once internalized, and
were also promising for in vivo cancer gene therapy.

The terpolymer brush PCL/PDEA/PEG was synthesized
by copolymerization of the macromonomers PCL (M,
3KDa), PEG (M, 2.1 KDa), and PDEA (M, 2.5 KDa). Its
molecular weight was 10.8 KDa with a polydispersity of 1.8
(see the Supporting Information). PDEA is a pH-sensitive
polymer® that is insoluble in water at pH values above 6.5
but becomes soluble by protonation and carries cationic
charges at pH values less than 6. The copolymer brush
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formed micelles with a critical micelle concentration of
4mgL™" at pH7.2 and 15.8 mgL™" at pHS5. The micelles
had a diameter of about 82 nm at pH 7.4 and 88 nm at pH 5.
At pH 5, they formed stable complexes with pEGFP DNA
when the N/P ratio (defined as the ratio of nitrogen atoms of
the polymer to phosphate units of the plasmid DNA) was
greater than 2 (Figure S1 in the Supporting Information). The
TEM images confirm that at this pH the DNA was tightly
packed into small particles (Figure 1a). The particles became

Figure 1. High-resolution TEM images of PCL/PDEA/PEG/DNA com-
plexes at pH 5.0 (a) and pH 7.2 (b); N/P=10; scale bars: 50 nm.

less tightly packed at pH 7.2 and had a membrane surround-
ing the core (Figure 1b). At pH 7.2, the particles in solution
were about 200 nm in diameter depending on the N/P ratio.
The particles became neutrally charged at an N/P ratio of 10
(Figure S3 in the Supporting Information). The neutral
particles slightly aggregate, and thus the size measured by
laser light scattering was larger, and the PDI of the particles
was about 0.5 at an N/P ratio of 10. The neutral complexes,
however, are especially suitable for in vivo gene transfec-
tion.”®! The polymer exhibited very low toxicity (Figure S4 in
the Supporting Information).

The state of the DNA in the complexes, free or
complexed, was probed by an ethidium bromide (EB)
exclusion assay using fluorescence microscopy.”” EB is
positively charged and can bind free DNA plasmids to form
complexes having strong fluorescence, but it cannot bind the
plasmids that are already complexed with cationic polymers.
Free EB has weak fluorescence,?” and its fluorescence is not
pH-dependent in the range of pH 5-7.2.%% The particles with
EB were invisible from the fluorescence channel at pH 5 but
very bright at pH 7.2 (Figure 2). This observation indicates
that the DNA was complexed with positively charged PDEA
at pH 5 but was free or only very weakly associated with the
uncharged PDEA at pH 7.2.

The presence of a hydrophobic membrane surrounding
the DNA core was observed using confocal laser scanning
microscopy. The complexes were prepared from the terpol-
ymer brush and DNA in the presence of the hydrophobic dye
PKH26. Under the fluorescence channel, a bright layer
surrounding a core without any fluorescence was clearly
visible (Figure 3). As a control, the terpolymer brush alone
was observed to assemble into spherical micelles with a
hydrophobic core (Figure S5 in the Supporting Information).
This result is consistent with the TEM result that at pH 7.2 the
particle had a polymeric membrane surrounding the DNA
core. This hydrophobic membrane consisted of the PCL
chains and the PDEA chains dissociated from the plasmids
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Figure 2. Ethidium bromide exclusion assay of the DNA in the PCL/
PDEA/PEG/DNA complexes at pH 5.0 (a,b) and pH 7.2 (c,d) observed
from the transmittance (a,c) and EB fluorescence (b,d) channels using
fluorescence microscopy; N/P=10. Original magnification is 400x.

Transmiftance channel PKH26 fluorescence channel

Figure 3. Confocal microscopy images of PCL/PDEA/PEG/DNA nano-
capsules (N/P=10) at pH 7.2 labeled with PKH26. Original magpnifica-
tion is 2016 x.

after the solution pH was adjusted to 7.2 (Scheme 1). The
tightness of the hydrophobic membrane was probed by using
EB. When EB was added to the nanocapsule solution at
pH 7.2, it took about 20 min for the fluorescence of EB/DNA
to reach its maximum, while the fluorescence of the free DNA
with EB in solution reached the maximum immediately
(Figure S6 in the Supporting Information). This observation
suggests that cationic hydrophilic EB could only slowly
diffuse and cross the hydrophobic membrane, and therefore,
the membrane must be continuous and tight. Thus, the as-
prepared PCL/PDEA/PEG/DNA complexes are indeed
nanocapsules with free DNA in the core, a tight hydrophobic
middle layer, and a PEG outer layer. The hydrophobic middle
layer membrane protects the free plasmids from degradation
and keeps the nanocapsule integrated to hold the negatively
charged DNA after it dissociates from the PDEA at pH 7.2.

The cellular uptake of the nanocapsules was measured by
flow cytometry and compared with that of the polyplexes of
PEI (branched, M =25 KDa), a standard for polymer gene
transfection. Figure 4 shows that the nanocapsules enter the
cells much more slowly than the PEI polyplexes. This result
was further confirmed by confocal microscopy (Figure S7 in
the Supporting Information). PEI/DNA polyplexes are pos-
itively charged and thus are easily taken up by cells through
electrostatically adsorptive endocytosis.”?*) The nanocapsules
are neutral and have a PEG outer layer, as was designed for
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Figure 4. Cellular internalization and transfection of the nanocapsules
(NC) at varied N/P ratios and the PEI/DNA polyplexes at an N/P ratio
of 5:1 measured by flow cytometry. For the cellular-internalization
measurements, the plasmids were labeled with Cy3, and the nano-
capsules or PEI polyplexes were cultured with SKOV-3 ovarian cancer
cells at a DNA concentration of 2 pgmL™" at 37°C for 1 h. For gene
transfection, the cells were transfected for 48 h, and 10000 cells were
counted per sample. The reporter gene was pEGFP. The corresponding
blank polymer controls were used as the background in the measure-
ments.

providing invivo “stealth properties” by minimizing the
nanocapsule—cell interaction, and thus exhibit a slowed
endocytosis.*

The subsequent lysosomal and nuclear colocalization was
observed by confocal microscopy using a multifluorescence-
labeling method (Figure 5).*Y After 4 h culture, most nano-
capsules were localized in lysosomes (yellow spots in Fig-
ure 5d), but some nanocapsules were already associated with
the nuclei (pink dots; see Figure S8 in the Supporting
Information for an enlargement of Figure 5d).

The invitro gene transfection of the nanocapsules to
SKOV-3 cancer cells was tested using the pEGFP gene as a
reporter gene. The gene transfection efficiency was measured
in terms of the percentage of cells expressing GFP. The data
were plotted together with the cellular uptake results in
Figure 4 for a direct comparison. Nanocapsules at an N/P

a) b)

Figure 5. Subcellular colocalization of PCL/PDEA/PEG/DNA nanocap-
sules labeled with PKH26 after 4 h incubation with SKOV-3 cells
observed by confocal microscopy from a) LysoTracker channel,

b) PKH26 channel, c) nuclear dye Draq5 channel. d) Overlap of the
transmittance channel image with (a—c); see Figure S8 in the
Supporting Information for a larger image. Original magnification is
63 x.
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ratio of 10 were most efficient in transfection. About 11 % of
the cells transfected with the nanocapsules expressed GFP. In
contrast, the cells transfected with the PEI polyplexes under
optimal transfection conditions had only 15 % GFP-positive
cells despite a cellular uptake rate of about four times that of
the nanocapsules. Similar results were found in gene trans-
fection to neonatal mouse cardiomyocytes using pALDH2 as
a reporter gene and western immunoblotting assay as a
quantitation method (Figures S9 and S10 in the Supporting
Information). Thus, it can be concluded that once internal-
ized, the nanocapsules are more efficient in gene transcription
than the PEI polyplexes.

In vivo gene transfection was also conducted to evaluate
the nanocapsules as an in vivo gene carrier. Athymic mice
were xenografted with subcutaneous tumors using human
SKOV-3 ovarian cancer cells (Figure 6). The nanocapsule
solution in PBS buffer (15 ug DNA) was injected into the tail

Control

Nanocapsules
c) i

Figure 6. In vivo GFP gene expression in tissues of athymic mice
inoculated with SKOV-3 ovarian tumors and transfected with the
nanocapsules. Control mouse (a,b) and transfected mouse (c,d)
injected with the nanocapsule solution containing 15 pg pEGFP
plasmid through the tail vein. After 48 h, tissues were isolated.
Representative images of tumor (a,c) and liver (b,d) were taken using
fluorescence microscopy. Original magnification is 100x. See
Figure S11 in the Supporting Information for a larger image of (c),
Figure S12 in the Supporting Information for the hematoxylin and
eosin staining image of the tumor, and Figure S13 in the Supporting
Information for the corresponding images of muscle.

vein of the mice. After 48 h, the GFP expressions in the tumor
and several key organs were observed using fluorescence
microscopy. Under the GFP-fluorescence channel, the tumor
transfected with the nanocapsules had many very bright zones
as shown in Figure 6¢ (marked with a dotted line; see also
Figure S11 in the Supporting Information), thus suggesting
that the nanocapsules extravasate from the tumor’s porous
blood vessels as a result of the enhanced permeation and
retention effect,’ enter the cells, and efficiently express GFP.
There was no sign of GFP in the muscle (Figure S13 in the
Supporting Information) and little expression in the liver
(Figure 6d), which is the major organ that sequestrates
PEGylated neutral particles.” Thus, the nanocapsules are
promising as in vivo cancer gene transfection carriers.

The intracellular release of free DNA is proposed as the
reason for the high transfection efficiency of the nanocapsules

Angew. Chem. 2008, 120, 1280 -1284


http://www.angewandte.de

in the cells. The hydrophobic interaction among the PCL
chains in the tight hydrophobic membrane layer acts as
physical cross-linkers to keep the nanocapsules integrated
and hold negatively charged DNA in the core at neutral pH.
After the nanocapsules are internalized and transferred to
lysosomes (Figure 5), the nanocapsules are exposed to a pH of
about 4-5.5 Discher et al. showed that PCL in PCL-PEG
worm micelles or polymersomes degrade much faster than
their bulk materials, particularly at low pH values (e.g., at
pH 5).°1 Thus, the thin PCL layer of the nanocapsules quickly
hydrolyzes in lysosomes, thereby weakening its hydrophobic—
hydrophobic interactions. In lysosomes, the PDEA is pos-
itively charged and thus binds the DNA tightly (Scheme 1).
Therefore, the DNA is not released into the lysosome even
with hydrolysis of the PCL membrane, and is thereby still
protected. Protonation of the PDEA chains also induces the
influx of chloride ions and subsequent osmotic swelling/lysis
of the lysosomes (proton-sponge effect®), thus releasing the
nanocapsules into the cytosol. Once in the cytosol or in the
nucleus, the PDEA is deprotonated and dissociated from the
DNA. The degraded PCL membrane can not hold the free
DNA any more owing to its strong electrostatic repulsion,
thereby releasing the free DNA.

In conclusion, we demonstrate a novel concept for
fabricating nanocarriers carrying free DNA for gene delivery.
The pH-controlled hierarchical self-assembly of a pH-respon-
sive terpolymer brush and DNA can form virion-like nano-
capsules. The plasmids in free form are encapsulated in the
core of the nanocapsule, which is surrounded by a tight
hydrophobic membrane that acts like the capsid of a virion
protecting the DNA from degradation and keeping the
nanocapsule integrated after the plasmids and PDEA disso-
ciate at neutral pH. The fluffy PEG outer layer and the
neutral surface provide the nanocapsules with “stealth
properties”. The in vitro and in vivo transfection experiments
indicate that the nanocapsules are very efficient in gene
transfection once internalized and are very promising for
in vivo cancer gene therapy. A detailed intracellular-traffick-
ing study of the nanocapsules, optimization of the polymer
properties such as the degradation rate of the hydrolyzable
chains, and functionalization of the carrier to enhance its
cellular uptake and further increase the transfection effi-
ciency are currently underway.

Experimental Section

Polymer synthesis: Preparation of the PDEA macromonomer and its
copolymerization with the macromonomers of PCL and PEG to
synthesize the PCL/PDEA/PEG terpolymer brush by radical copoly-
merization are given in the Supporting Information.

Nanocapsule preparation: Plasmids (2 pg) in 25 mm sodium
acetic acid buffer at pH 5.0 (50 pL) were added to a gently vortexing
solution of the terpolymer (50 pL in a pH 5.0 buffer; the polymer
concentration was adjusted to yield a designated N/P ratio, defined as
the ratio of nitrogen atoms of the polymer to phosphate units of the
plasmid DNA). The mixture was incubated at room temperature for
30 min for complex formation. The solution pH was adjusted to 7.2 by
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using 1.5M Tris buffer. PEI/DNA polyplexes were prepared at pH 7.4
at an N/P ratio of 5 without adjusting the pH.
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