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profile of TCP-CCPs was further compared with a
commercially available transfection reagent, ExGen 500 (linear
polyethyleneimine (LPEI)). Compared to TCP-CCPs, LPEI
polyplexes prepared at [amine]/[phosphate] (N/P) = 6,
according to the manufacturer’s protocol, allowed much higher
transfection efficiency (Supporting Information, Figure 3), but
also induced higher cytotoxicity (Supporting Information,
Figure 4). On the other hand, TCP-CCPs achieved higher
transfection efficiency with lower cytotoxicity compared to
LPEI polyplexes prepared at N/P = 2, close to the charge-
neutralized point between LPEI and pDNA. Altogether, the
TCP-CCPs demonstrated enhanced transfection efficiency with
decreased cytotoxicity.

3.6. Intracellular Trafficking of Polyplex Formulations.
Successful gene transfection in the GLuc assay encouraged us
to further investigate the intracellular trafficking of the TCP-
CCPs to elucidate the mechanism of enhanced transfection
efficiency. Thus, the intracellular trafficking (specifically, the
endosomal escape) of each polyplex (BPs, BCPs, TCP-CCPs,
and TCP-nCCPs) incorporating CyS-labeled pDNA was
observed with CLSM after 24, 48, and 72 h incubation with
Huh-7 cells. In the CLSM images, pDNA entrapped by the late
endosome/lysosome appears yellow due to a combination of
the CyS-labeled pDNA signal (red) overlapping with the late
endosome/lysosome signals (green) stained with LysoTracker
Green. Successful release of pDNA from the late endosomes/
lysosomes results in an increase of red pixels (or a decrease of
yellow pixels) in the CLSM image. The number of red pixels
clearly increased after 48 h incubation with TCP-CCPs,
compared to the other polyplexes (Figure 6a—d), suggesting
that a substantial portion of CyS-labeled pDNA was delivered
into the cytoplasm. Note that a large fraction of the red signals
were shown as a punctate pattern, similar to the previously
reported CLSM images observed for nanoparticles featuring the
endosomal escaping functionality.”®™** The punctate pattern
might be due to substantially small diffusion coefficients of the
polyplexes carrying pDNA (or uncomplexed pDNAs) in the
cytoplasm.*** The endosomal escape efficiency of each
polyplex was then quantified based on the colocalization ratio
of Cy5-labeled pDNA signals with the late endosome/lysosome
signals in each CLSM image (Figure 6a—d and Supporting
Information, Figure S). This analysis showed that TCP-CCPs
exhibited significantly lower colocalization ratios of pDNA with
the late endosome/lysosome, compared to the other polyplexes
(Figure 6e), indicating that the most effective endosomal
escape was achieved by coating BCPs with PEG-CCP. Note
that TCP-nCCPs exhibited significantly higher colocalization
ratios than the template BCPs, suggesting that coating BCPs
with PEG-nCCP compromised their endosomal escape. This
compromised endosomal escape could be explained by the fact
that TCP-nCCPs lacking acidic pH-sensitivity were equipped
with stable PEG palisades in the acidic conditions (Figure 2b),
rendering the positively charged template BCPs less active for
the endosomal membrane. The obtained colocalization ratios
(Figure 6e) were well-correlated with the transfection efficiency
(Figure 4), indicating that the enhanced transfection efficiency
of TCP-CCPs was most likely due to the endosomal escape
facilitated by the charge-conversional property of PAsp(DET-
Aco) segment.

4. CONCLUSIONS

The present study was aimed to develop a smart gene carrier,
that is, a biological environment-responsive TCP-CCP
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formulation, featuring reversible stability, endosomal escaping
functionality, and also high biocompatibility based on pH/
disulfide reduction dual intracellular environment-responsive
chemistries. The obtained results demonstrated that reversible
stability was achieved by disulfide cross-linking of polyplexes
and endosomal escaping functionality was provided by coating
polyplexes with acidic pH-sensitive PEG-CCP. Ultimately, the
TCP-CCP appreciably enhanced gene transfection efficiency
without associated cytotoxicity. The TCP-CCP formulation
described here represents a fundamental step toward develop-
ment of synthetic gene vectors that can mimic the multifunc-
tional abilities of their natural viral counterparts. The
fundamental improvements in gene carrier performance open
the door to further improvements for enhanced site-specific
accumulation and cell uptake of polyplexes by presentation of
bioactive moieties (e.g., cyclic RGD ’47’48) on their surface.
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@ Supporting Information

'H NMR spectrum of thiolated PLys, size distribution
(intensity) histograms of polyplexes, transfection study in
comparison with a commercially available transfection reagent
ExGen 500, cytotoxicity study in comparison with ExGen 500,
and CLSM images showing intracellular distribution of
polyplexes (or CyS-labeled pDNA) at varying incubation
times are represented in Supporting Figures 1, 2, 3, 4, and §,
respectively. This material is available free of charge via the
Internet at http://pubs.acs.org.
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nCCP)
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mall interfering RNA (siRNA) has gen-
erated tremendous research interestin
=+ therapeutic applications for the treat-
ment of various intractable diseases caused
by aberrant gene expression, such as can-
cer."? This interest stems from the highly
specific and potent gene silencing ability
inherent to siRNA, termed RNA interference
(RNAI). In order to attain therapeutic benefit,
siRNA needs to overcome several biological
hurdles, such as rapid renal clearance, enzy-
matic decomposition, distribution in nontar-
get tissues, inefficient cellular uptake, and
endosomal/lysosomal entrapment. To date,
various types of nanoparticle formulations
have been developed as a delivery vehicle
of siRNA, eg., polymer-based complexes

(polyplexes)>~'? lipid-based complexes
(lipoplexes),'* =" silica nanoparticles,’®"” cal-
18,19

cium phosphate nanoparticles, gold
nanoparticles,?®*' and also their hybrid sys-
tems. Nevertheless, further improvement of
siRNA vehicles is still demanded to gain
better therapeutic efficacy for their transla-
tion into pharmaceutical agents.

Several properties required for the ideal
siRNA vehicle are apparently conflicting, i.e.,
high stability for siRNA protection in extra-
cellular conditions vs smooth payload re-
lease within the cytoplasm and reduced
nonspecific interactions with biomacromo-
lecules (or biocompatibility) vs efficient cel-
lular uptake (endocytosis) and subsequent
endosomal escape in target cells. One pro-
mising solution to these conflicts is to de-
sign several smart materials, which exert
the desired function in response to the
specific biological environment, and then

SUMA ET AL.

Bt Mullilaverad Assembly (SMA)

ABSTRACT Multifunctonal
delivery systems of small inter-
fering RNA (siRNA) are needed
to overcome the intrinsic bio-
logical bariers toward effidient
gene silencing in the cell cyto-
plasm. In this repori, a smart
multilayered assembly {SMA) was fabricated by a layer-by-layer method with polyionic materials. The
SMA was designed to feature a siRNA-loaded core, a transiently core-stabilizing silica interlayer, an
endosome-disrupting polycation interlayer, and a biocompatible poly(ethylene glycol) (PEG) shell with
reductive environment-responsive detachability. The SMA was confirmed to be approximately 160 nm
in size with namow distribution and spherical morphology by DLS and TEM analyses. The PEG
detachability of the SMA based on disulfide deavage was also confirmed by the increase in both
C-potential and size due to the exposure of the polycation interlayer and the compromised colloidal
stability. The silica interlayer rendered the SMA highly tolerant to dissodation induced by anionic lipids,
while after 24 h dialysis SiRNA release from the SMA was clearly observed, presumably due to gradual
dissolution of the silica interfayer based on the equilibrium shift to silicate ions. The entrapment ratio of
siRNA delivered by the SMA within the endosome was significantly lower than that by nondisulfide
control (NDC) without PEG detachability, suggesting the improved endosomal escape of SMA with the
exposed, endosome-disrupting interlayer afier PEG detachment. SMAs induced significantly higher
gene silencing efficiency in various cultured cells, compared to NDC, without associated cytotoxicity. The
systemic administration of SMAs for subcutaneous tumor-bearing mice achieved significant
endogenous gene silencing in tumor tissue without hematological toxicity.

KEYWORDS: siRNA delivery - polyion complex - silica - poly(ethylene glycol) -
layer-by-layer

to integrate those component materials

facile integration of a variety of charged

* Address correspondence to
kataoka@bmw.t.u-tokyo.ac.jp,
miyata@bmw.t.u-tokyo.ac.jp.

into one formulation toward multifunction-
alities. For this purpose, construction of
multilayered polyion complexes (PICs) by
a layer-by-layer (LbL) technique allows the
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components with different functionality as  1¢.1021/nn301164a

well as negatively charged nucleic acids

into one nanoparticle.’2 2% A few recent  ©2012 American Chemical Saciety
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polycation

PEG-SS-PASPOET) "\, ]

Figure 1. Preparation schemes of a smart multilayered assembly (SMA) by the layer-by-layer method. (a) Preparation of silica-
coated PIC (sPIC) by silica-coating of the template PIC (tPIC). (b) Preparation of the SMA (PEG-SS-PAsp(DET)/silica-coated
PAsp(DET)/siRNA PIC) by additional coating with PEG-block-polycation.

studies reported that the LbL technigue successfully
prepared siRNA-incorporating nano/microparticles
from gold nanoparticle templates or mesoporous
silica microparticle templates with several charged
components for enhanced siRNA delivery.?> =27

For transient stabilization of PIC structures, the
covering of their surface with a silica layer is one of
the promising approaches, because the silica layer (i)
can be easily prepared on the surface of cationic PICs,
(ii) is negatively charged, thus available as a substrate
for additional adsorption of the oppositely charged
components, and (i) substantially stabilizes the PIC,
while gradually dissolving for payload release under
highly dilute conditions based on the equilibrium shift
to silicate ions.?** Indeed, our previous study revealed
that the plasmid DNA-carrying PIC was successfully
coated with a silica layer by simple incubation with
sodium silicate solutions and was reversibly stabilized
in a silicate concentration-dependent manner, leading
to enhanced gene expression in cultured cells.>® Mean-
while, for the preparation of biocompatible nanoparti-
cles, installation of poly(ethylene glycol) (PEG) on their
surface, termed PEGylation, is one of the most promis-
ing strategies. PEGylated nanoparticles are sterically
stabilized by highly flexible and hydrated PEG
chains, preventing the nanoparticles from secondary
aggregate formation and nonspecific interactions with
biomacromolecules, such as serum components and
blood cells.>* =32 However, in the case of nucleic acid
delivery, such PEG shielding has concurrently compro-
mised the membrane-disrupting (or endosomal
escape) functionality of nanoparticles, resulting in low-
er transfection efficiency (termed PEG dilemma).®®
To bypass this dilemma, several previous studies, includ-
ing ours, demonstrated the utiiity' of PEG-detachable
systems, which are constructed by smart block copoly-
mers of PEG and an endosome-disrupting polycation
tethered by cleavable linkers in the endosome/lysosome,
eg. a reductive environment-responsive disulfide
bond**>* and an acidic pH-responsive hydrazone 3 The
PEG detachment within the endosome can expose the
endosome-disrupting polycation on the nanoparticle
surface for facilitated endosomal escape.

SUMA ET AL.

In the present study, a smart multilayered assembly
(SMA) was developed with the PIC featuring a siRNA-
loaded core, a transiently core-stabilizing silica inter-
layer, an endosome-disrupting polycation interlayer,
and a detachable PEG shell, altogether aimed toward
biocompatible and mutifunctional siRNA delivery
(Figure 1). The distinctive feature of this formulation
was that SMAs were constructed with soft materials,
i.e., hydrophilic polymers and nonannealed silica. They
can be metabolized more rapidly in the body com-
pared to previous formulations prepared from iron, gold,
or annealed mesoporous silica nanoparticles, thereby
providing a great advantage for multiple-dose adminis-
tration. As the endosome-disrupting polycation, a poly-
aspartamide derivative bearing two repeating units of
aminoethylene (termed PAsp(DET)) was selected and
further tethered with PEG through a disulfide bond
(—S5—), which can be cleaved by reducing enzymes on
the cellular membrane or in the endosome/lysosome. %37
PAsp(DET) has been extensively shown to induce strong
membrane disruption selectively at endosomal acidic pH
(~5.5) for efficient, less toxic endosomal escape, probably
due to the distinctive change in the protonated structure
in the side chain, i.e, the monoprotonated state at extra-
cellular pH 74 and the diprotonated state at acidic
pH.3~% The utility of SMAs was physicochemically and
biologically investigated in comparison with the control
without PEG detachability. In particular, the feasibility of
SMAs for siRNA-based cancer therapy was examined with
regard to endogenous gene silencing efficiency in a
subcutaneous tumor model and also hematological toxi-
city after systemic administration. Ultimately, we demon-
strate that SMAs may be promising formulations for
successful siRNA delivery.

RESULTS AND DISCUSSION

Preparation and Physicochemical Characterization of the
SMA. A SMA, that is, PEG-SS-PAsp(DET)/silica-coated
PAsp(DET)/siRNA PIC, was prepared as illustrated in
Figure 1. At first, the PAsp(DET)/siRNA-based template
PIC (tPIC) was prepared by mixing siRNA with PAsp-
(DET) in a buffer solution (Figure 1a). A residual molar
ratio of amines in PAsp(DET) to phosphate in siRNA =3,
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corresponding to a residual molar ratio of protonated
amines in PAsp(DET) to phosphates in siRNA of 1.5,
was selected to obtain the positively charged tPIC with
a minimal amount of unbound polycations for effective
silica-coating. The formation of tPICs with a hydro-
dynamic size of 115 nm, a polydispersity index (PDI) of
less than 0.1, and a positive -potential (~20 mV) was
confirmed with the Zetasizer (Table 1 and Figure 2a).
It should be noted that PAsp(DET) was selected as
a component polycation because of its considerably
low cytotoxicity and excellent endosome-disrupting
capability.*®*? In detalil, the protonation state of the
side chain of PAsp(DET) changes from a monoproto-
nated state to a diprotonated state in response to the
endosomal acidification. The membrane-disrupting
activity of PAsp(DET) is quite low in the monoproto-
nated state, but is significantly augmented in the
diprotonated state for effective endosome disruption.
Despite the excellent endosome-disrupting capability
of PAsp(DET), the low stability of PAsp(DET)/siRNA PICs
in serum-containing media has substantially limited
their gene silencing efficiency,'***** thereby requiring
additional stabilization strategies for successful siRNA
delivery.

According to the previously reported protocol,”®
silica-coating was performed by incubation of tPIC
with sodium silicates in 10 mM HEPES buffer (pH 7.3)
for 24 h at room temperature, then characterized
with the Zetasizer. In the range of sodium silicate

- . S
TABLE 1. Size and Polydispersity Index (PDI) of PICs in
10 mM HEPES Buffer (pH 7.3), Determined by Dynamic
Light Scattering

concentrations above 3 mM, the obtained PICs
showed almost the same sizes (~130 nm) and negative
{-potentials (~—20 mV) (Supporting Figure 2).
Through incubation with silicates, the PIC size was
considerably increased, and the Z-potential was con-
verted from the positive to the negative, well consis-
tent with the formation of the anionic silica layer on
the PIC surface. It should be noted that no leakage
of siRNA from PICs was observed after silica-coating
(Supporting Figure 3). The silica-coated PIC (sPIC) pre-
pared at 3.5 mM sodium silicate was selected for
the following experiments, as it exhibited the smallest
size with relatively less silicates; at 3.5 mM sodium
silicate sPICs had a hydrodynamic size of 125 nm, and
a relatively narrow size distribution (PDI = 0.08) for a
polymer-based self-assembly, a negative {-potential
(=19 mV), and spherical morphology, as shown in
dynamic light scattering (DLS) results (Table 1 and
Figure 2a and b) and transmission electron microscopy
(TEM) images (Figure 2d and Supporting Figure 5a).
Next, a smart polymer, PEG-SS-PAsp(DET), was uti-
lized for the additional covering of sPIC for construc-
tion of the SMA (Figure 1b). Prior to addition of the
polymer, the sPIC solution was applied to ultrafiltra-
tion (3000g, molecular weight cutoff: 300000 Da) to
remove the unbound silica species. Then, the purified
sPIC solution was mixed with the polymer solution with
varying concentrations, followed by 1 h incubation at
room temperature. In the mixed solution, large aggre-
gates (several um in diameter) were formed in lower
polymer concentrations (<250 4M in polymer amine)
(Supporting Figure 4), probably due to the diminished
electrostatic repulsion between the sPICs through
charge neutralization of the surface silica by polymer

diameter (nm) ol binding. With further increase in polymer concentra-
tPIC Mn5+38 0.08 == 0.01 tion, the PIC size was gradually decreased, presumably
sPIC 125413 008=001  pecause of effective PEG-shielding, and consequently
SMA 159+ 8 0.10 + 0.03 the size change leveled off at around a residual amino
NDC 159 10 0.08 £ 0.03 . . .

NPC 144 1 014 4 0.04 group concentration of 400 uM (equivalent to 5 times
the siRNA phosphates in the solution). Considering the
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Figure 2. Physicochemical characterization of nanoparticle formulations. (a) {-Potential of PICs in 10 mM HEPES buffer
(pH 7.3). (b, <) Intensity-based histograms of PICs determined by DLS: (b) sPIC and (c) SMA. (d, €) TEM images of PICs: (d) sPIC
and (e) SMA (scale bar: 100 nm). PIC samples (2 M siRNA) were applied onto a copper TEM grid with carbon-coated collodion
film and stained with uranyl acetate solution (2% w/v).
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Figure 3. Reductive environment responsiveness of the SMA. (a) {-Potentials of the SMA and NDC after 30 min incubation in
10 mM HEPES buffer (pH 7.3) with or without DTT (0, 10 #M and 10 mM DTT). Results are expressed as mean and standard
deviation (n = 3). (b) Time-dependent change in size of the SMA in 10 mM HEPES buffer containing 150 mM Nacl (solid
squares); in 10 mM HEPES buffer containing 150 mM NaCl and 10 uM DTT (solid triangles); and in 10 mM HEPES buffer
containing 150 mM NaCl and 10 mM DTT (solid circles), measured by DLS.

fact that an excess increase in polymer concentration
may generate free (or uncomplexed) polymer in the
solution, the sample prepared at a residual amino
group concentration of 400 uM was selected for further
studies.

The hydrodynamic size and -potential of a series of
siRNA PICs are summatrized in Table 1 and Figure 2a.
A non-PEGylated control (NPC), which was prepared
by mixing sPIC with PAsp(DET) homopolymer, had a
hydrodynamic size of 143 nm with a PDI of 0.14 and a
strongly positive {-potential of 28 mV, suggesting the
formation of a cationic PAsp(DET) outer layer. In con-
trast, the SMA as well as the nondisulfide control (NDC),
which was prepared from PEG-PAsp(DET), had a hydro-
dynamic size of 159 nm with the PDI of ~0.10 and a
C-potential close to neutral (~4 mV). The larger size
(P < 0.05 for NPC) and the almost neutral {-potential
of the SMA and NDC, compared with NPC, suggest
that the sPIC should be successfully covered with a
neutral PEG outer layer via the electrostatic interaction
between anionic silica and the cationic PAsp(DET)
segment of the block copolymers. Furthermore, the
DLS and TEM histograms (Figure 2c and Supporting
Figure 5b, respectively) and TEM images (Figure 2e and
Supporting Figure 6) of the SMAs revealed that the
relatively narrow size distribution and spherical mor-
phology of sPICs were maintained. Note that the size
distribution histograms obtained from TEM images
were comparable to those from the number statistics
of DLS (Supporting Figure 5).

Reductive Environment Responsiveness of the SMA. In
order to examine the reductive environment-responsive
PEG detachment from the SMA, the {-potential of the
SMA was examined in 10 mM HEPES buffer (pH 7.3)
containing different amounts of a reducing agent,
dithiothreitol (DTT) (0, 10 uM and 10 mM). Note that
10 uM and 10 mM DTT were chosen to mimic the
extracellular and the intracellular reducing potentials,

SUMA ET AL.

respectively, generated by glutathione.®® In 10 mM
HEPES buffer (pH 7.3), the SMA was observed to have
a Z-potential close to neutral (~4 mV), suggesting the
presence of a PEG shell that covers the nanoparticle.
In contrast, after 30 min incubation in 10 mM HEPES
buffer (pH 7.3) containing 10 mM DTT, the SMA ex-
hibited an appreciably increased Z-potential (24 mV),
comparable to NPC, whereas a much lower -potential
was observed in the 10 uM DTT condition (Figure 3a).
The appreciably increased -potential of the SMA in
the stronger reductive condition is well consistent with
the exposure of the positively charged PAsp(DET) layer
due to the PEG detachment based on the disulfide
cleavage. The pivotal role of the disulfide bond for PEG
detachment in the SMA is also suggested by the result
that the NDC maintained the neutral {-potential even
in the stronger reductive conditions (Figure 3a). The
PEG detachability in the SMA was further examined
from the standpoint of the colloidal stability of the
nanoparticles. DLS measurement was conducted to
monitor the size change of SMAs as well as NDCs and
NPCs in 10 mM HEPES buffer (pH 7.3) containing
150 mM NaCl. First, the NDC and NPC were compared
to estimate the effect of PEG on the size change. The
size of the NPCs clearly increased over the incubation
period, reaching um dimensions in 30 min, presumably
due to secondary aggregate formation under the
physiological salt conditions, which attenuates the
electrostatic repulsion between the charged nanopar-
ticles (Supporting Figure 7). In contrast, this secondary
aggregate formation was dramatically suppressed in
the NDC formulation (Supporting Figure 7), demon-
strating the enhanced colloidal stability of PICs with
PEG palisades. Next, the SMAs were similarly evaluated
by DLS in the same buffer with or without DTT
(Figure 3b). At 0 and 10 uM DTT, no size change of
the SMAs was observed following 30 min incubation,
similar to NDCs, indicating that the colloidal stability of
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Figure 4. Tolerability of PICs against dissociation triggered by anionic lipids. siRNA release from PICs was evaluated by
agarose gel electrophoresis. (a) Each PIC was incubated in 10 mM HEPES buffer (pH 7.3) containing anionic lipids, DOPS, for
48 h at a molar ratio of carboxyl groups in DOPS to phosphate groups in siRNA of 32. (b, ¢) Each PIC solution was dialyzed
{molecular weight cutoff: 5000 Da) against a 1000-fold excess of 10 mM HEPES buffer (pH 7.3) for (b) 3 h and (c) 24 h. Then,
each PIC solution was mixed with DOPS and incubated for 24 h, followed by electrophoresis.

the SMA was maintained even in mild reductive con-
ditions. In sharp contrast, in the conditions containing
10 mM DTT, the increase in size of the SMA was clearly
observed over the incubation period, similar to NPC
(Supporting Figure 7), indicating the significantly com-
promised colloidal stability presumably due to the
PEG detachment. Altogether, the PEG palisade in the
SMA may sterically stabilize siRNA PICs in extra-
cellular conditions, but can be removed on the cellular
surface and/or in the endosome/lysosome with higher
reducing potentials,***” to expose the endosome-
disrupting PAsp(DET) layer.

Stability Shift in the SMA with a Dissolvable Silica Interlayer.
When administered in the body, siRNA PICs encounter
abundant charged biomolecules, such as serum pro-
teins and cell membranes, which may nonspecifically
bind to the PICs, possibly leading to undesirable dis-
sociation. Thus, high resistance toward such dissocia-
tion is a prerequisite for in vivo applications of siRNA
PICs. In addition, once delivered into the cytoplasm,
siRNA must also be released from PICs to allow associa-
tion with RNAi-related proteins. Integration of a silica
layer onto siRNA PICs should be a promising solution to
overcome this conflicting requirement, because the
silica layer stabilizes the siRNA PICs while also dissol-
ving in a time-dependent manner in dilute conditions
based on the equilibrium shift in the silicate ions.?>*®

To investigate the stability shift induced by silica
dissolution, the SMA was challenged by an anionic

lipid, 1,2-dioleoyl-sn-glycero-3-phospho-t-serine sodium

salt (DOPS),*® before and after dialysis against a
1000-fold volume of 10 mM HEPES buffer (pH 7.3) for
3 and 24 h for removal of generated free silicates. Note
that DOPS was selected as a model anionic molecule in
this assay, as phosphatidylserine is one of the major
components of cell membranes that can interact with
siRNA PICs in intracellular conditions, thereby is useful
for estimation of the feasibility of siRNA release from
PICs in cells. Each sample was incubated with DOPS
(the mixing ratio was set at a molar ratio of carboxyl
groups in DOPS to phosphate groups in siRNA of 32),
followed by agarose gel electrophoresis. As shown in

SUMA ET AL.

Figure 4a, the band corresponding to naked siRNA was
clearly observed for the tPIC sample incubated with
DOPS, indicating PIC dissociation. In contrast, siRNA
release was significantly suppressed for the SMA for-
mulation as well as sPICs before dialysis. Thus, it was
confirmed that the silica layer rendered siRNA PICs
highly tolerant to counteranion-triggered dissociation.
On the other hand, siRNA was considerably released
from SMAs after dialysis for 24 h (Figure 4c), whereas
release was still limited after dialysis for 3 h (Figure 4b).
Note that a similar tendency was also observed for
NDCs and NPCs featuring a silica layer (Figure 4a—c).
These results demonstrate that the dissolvable silica
layer in siRNA PICs can induce a stability shift for
smooth release of siRNA in the cytoplasm.

Gene Silencing and Cell Viability Assays. The efficiency
of gene silencing was evaluated using a luciferase
assay against HuH7-Luc, a human hepatoma cell stably
expressing luciferase. A linear polyethyleneimine-
based transfection reagent (ExGen 500) was used as
a positive control in this assay. As shown in Figure 5a,
the SMA as well as NDC and NPC appreciably enhanced
the gene silencing efficiency at higher siRNA concen-
trations, compared to tPIC and sPIC, suggesting that
PAsp(DET)-based polymers bound onto a sPIC surface
improved the siRNA delivery efficiency. Although there
was no significant difference between SMAs and NDCs
at the lowest siRNA concentration tested, the SMAs
exerted significantly higher gene silencing efficiency
than NDCs at higher siRNA concentrations (P < 0.01 at
200, 300, and 400 nM siRNA), suggesting that the
enhanced efficiency of the SMA should be due to the
PEG detachability. The exposure of the PAsp(DET) layer
after the PEG detachment may improve the endosomal
escape efficiency of siRNA PICs. On the other hand, the
gene silencing efficiency of the SMAs was lower than
that of NPCs as well as ExGen 500 (Figure 5a), probably
due to more efficient cellular uptake of the non-
PEGylated PICs, as shown in the next section. Despite
lower gene silencing efficiency, the SMA formulation
with PEG palisades is more suitable for systemic ad-
ministration in vivo, because the much lower colloidal
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Figure 5. (a) Gene silencing activity against HuH7-Luc cells. Scramble siRNA (siSCR) was used as a control sequence for GL3
luciferase siRNA (siGL3). HuH7-Luc cells were treated with each PIC for 48 h (siRNA concentrations from the left: 100, 200, 300,
and 400 nM) and subjected to the luciferase assay. Relative luciferase expression was calculated as the ratio of luciferase
expression relative to nontreated cells. Results are expressed as mean and standard deviation (n =4). *P < 0.01 for NDC. (b) Cell
viability of HuH7-Luc cells in the same conditions as the gene silencing study was determined with the Cell Counting Kit-8
assay, with the cell viability of the nontreated cells set to 1. Results are expressed as mean and standard deviation (n = 8).
*P < 0.01 compared to other samples. In both experiments, ExGen 500 was used according to the manufacturer's protocolas a

commercially available positive control.

stability and strong positive ¢-potential of the non-
PEGylated PICs would likely lead to the formation of
secondary aggregates through nonspecific interac-
tions with biomacromolecules during blood circula-
tion.>2 Note that a similar profile in gene silencing
efficiency was also observed in other luciferase-
expressing cell lines, human lung cancer (A549-Luc)
and human ovarian cancer (SKOV3-Luc) (Supporting
Figure 8). Meanwhile, all the PAsp(DET)-based PICs
(tPIC, sPIC, NDC, SMA, and NDC) did not show sub-
stantial toxicity in cultured cells, which was in sharp
contrast to ExGen 500 (Figure 5b). Reduced cytotox-
icity of PAsp(DET)-based formulations is consistent
with the previous reports of nucleic acid delivery using
PAsp(DET), which features a monoprotonated state in
each side chain at an extracellular neutral pH with
appreciably less cytoplasmic membrane damage com-
pared to other polycations, such as polyethylenei-
mine.'2*°~%2 Thus, the SMA is demonstrated to en-
hance the siRNA delivery efficiency without increasing
the cytotoxicity.

Cellular Uptake and Intracellular Distribution Studies. The
mechanism of the enhanced gene silencing achieved
by the SMA was further investigated in comparison
with the controls (NDC and NPC as well as sPIC).

SUMA ET AL.

To quantify the cellular uptake of each siRNA PIC
by HuH7-Luc cells, the cells were incubated with the
PICs prepared from Cy3-labeled siRNA (Cy3-siRNA) for
24 h and then subjected to flow cytometric analysis.
As shown in Figure 6, the cellular uptake of Cy3-siRNA
PICs was increased in the polymer/silica-coated sys-
tems (SMA, NDC, and NPC), compared to sPIC. In detail,
the Cy3-siRNA uptake of the SMA was significantly
higher than that of sPIC (P < 0.05) and significantly
less than that of NPC (P < 0.01), whereas no statistical
difference was observed between PEGylated systems
(SMA and NDC) (P > 0.05). The observed cellular uptake
profile was apparently correlated with the surface
charge of PICs; higher fluorescence (or cellular uptake)
was obtained by the PICs showing a higher {-potential
(Figure 2a), possibly due to the fact that the positively
charged surface should facilitate an association with
the anionic cytoplasmic membrane.*’*¢ It should be
noted that NPCs are likely to form secondary aggre-
gates in the cell culture medium due to their lower
colloidal stability (Supporting Figure 7), possibly affect-
ing the cellular association and uptake. The signifi-
cantly limited uptake efficiency observed for the
SMA, compared to NPC, suggests that the PEG shell
in the SMA might be effectively maintained during
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Figure 6. Cellular uptake of Cy3-siRNA PICs evaluated by flow cytometric analysis. HuH7-Luc cells were incubated with each
PIC (siRNA concentration: 400 nM) for 24 h. (a) Flow cytometric data shown in the histogram. (b) Flow cytometric data shown
in the bar graph. Results are expressed as mean and standard deviation (n = 3). *P < 0.01 for NPC. **P < 0.05 for sPIC,
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Figure 7. Intracellular distribution of Cy3-siRNA PICs. (a—d) CLSM images of (a) sPIC, (b) NDC, (c) SMA, and (d) NPC (red:
Cy3-siRNA, green: LysoTracker Green, biue: Hoechst33342). HuH7-Luc cells were incubated with each PIC at 400 nM siRNA for
24 h. (e) Co-localization ratio of Cy3-siRNA with the late endosome/lysosome marker (LysoTracker Green) calculated from the
number of pixels in the obtained CLSM images. Results are expressed as mean and standard deviation (n = 20). *P < 0.01 for NDC.

incubation in the cell culture medium. The facilitated
cellular uptake in the polymer/silica-coated systems,
especially in NPC, might contribute to their enhanced
gene silencing efficiency (Figure 5a). Nevertheless, the
similar uptake efficiency between the SMA and NDC
also suggests that there is another crucial factor to

SUMA ET AL.

explain their significantly different gene silencing effi-
ciency (Figure 5a), as demonstrated by the following
confocal laser scanning microscopic (CLSM) analysis.
Once endocytosed by cells, siRNA PICs were gen-
erally transported to the late endosome/lysosome,
which is the digestive organelle. Thus, the efficient
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endosomal escape of PICs is critical for successful
siRNA delivery into the cytoplasm. Herein, the intra-
cellular distribution of Cy3-siRNA PICs was observed
using CLSM after 24 h incubation with the cells. In the
obtained CLSM images, the signals from Cy3-siRNA,
LysoTracker Green, and Hoechst33342 are shown in
red, green, and blue, respectively (Figure 7a—d). The
endosomal entrapment efficiency was further esti-
mated by calculating the number ratio of the pixels
of Cy3-siRNA co-localizing with the late endosome/
lysosome marker (yellow) to all the pixels of Cy3-siRNA
(yellow and red). Obviously, the co-localization ratios in
the polymer/silica-coated systems (SMA, NDC, and
NPC) were lower than that in sPIC (Figure 7e), indicat-
ing that efficient endosomal escape should be induced
by the coating of sPIC with PAsp(DET)-based polymers.
Notably, the SMA featuring the detachable PEG shell
showed a significantly lower co-localization ratio than
NDC (P < 0.01), suggesting that reductive environ-
ment-responsive PEG detachment (Figure 3} might
accelerate the endosomal escape of the SMA for
the significantly enhanced gene silencing efficiency
(Figure 5a).

Therapeutic Gene Silencing in Vitro and in Vive. To further
examine the potential utility of the SMA formulation for
siRNA-based cancer therapy, the gene silencing ability
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Figure 8. (a) In vitro VEGF gene silencing activity of SMAs in
OS-RC-2 cells determined by RT-PCR. OS-RC-2 cells were
incubated with SMAs for 48 h (siRNA concentration: 200 nM)
prior to RT-PCR analysis. (b) /n vivo VEGF gene silencing
activity of SMAs in subcutaneous OS-RC-2 tumors. SMAs
were intravenously injected into mice (1.25 mg siRNA/kg
mouse) at days 1 and 2, and at day 3 subcutaneous tumors
were excised and total RNA was extracted. In both in vitro
and in vivo experiments, the level of VEGF mRNA was
normalized to actin mRNA, and scramble siRNA (siSCR)
was used as a control sequence for VEGF siRNA (siVEGF).
Results are expressed as mean and standard error of the
mean (n = 4). *¥P < 0.05 compared to siSCR.
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TABLE 2. Hematological Parameters of Mice Treated with SMA”

of SMAs was investigated in vitro and in vivo for a
therapeutic gene targeting the human renal cancer cell
line OS-RC-2. Treatment of renal cancer with siRNA is
a particularly attractive therapeutic target, as highly
effective clinical anticancer drugs are currently unavail-
able. Vascular endothelial growth factor (VEGF) was
selected as the target gene, because VEGF is a proan-
giogenic molecule that is overexpressed in a wide
variety of cancer cells to stimulate angiogenesis and
tumor growth.*® To date, several previous studies
demonstrated that VEGF gene silencing in tumor
tissues significantly inhibits tumor growth3%%0~%3
Thus, the gene silencing ability of SMAs containing
siRNA targeted toward VEGF (siVEGF) was examined in
cultured OS-RC-2 cells by real-time reverse transcrip-
tional PCR (RT-PCR). As shown in Figure 8a, SMAs
containing siVEGF significantly reduced the VEGF
mMRNA level (~57%), compared to control SMAs con-
taining scramble siRNA (siSCR).

Next, the in vivo gene silencing activity of siRNA
delivered in SMAs was investigated using a subcuta-
neous OS-RC-2 tumor model following systemic ad-
ministration by tail vein injection (1.25 mg siRNA/kg
mouse). Prior to the gene silencing assay, several
hematological parameters of mice treated with SMAs
containing siSCR were monitored 24 h after systemic
administration as indices of in vivo toxicity. Analysis of
hematological parameters revealed that systemically
administered SMA induced no problematic hematolo-
gical toxicity (Table 2). For in vivo gene silencing assays,
each mouse was injected twice at days 1 and 2, and at
day 3 subcutaneous tumors were excised and RNA
was extracted for RT-PCR. Figure 8b clearly shows that
systemic administration of SMAs containing siVEGF
induced significant reduction in the VEGF mRNA level
(~50%) in the tumor tissue, compared to the con-
trol containing siSCR (P < 0.05), demonstrating the
sequence-specific gene silencing ability of siRNA deliv-
ered by SMAs. Altogether, these results demonstrate
the strong potential of SMAs for systemic siRNA deliv-
ery to tumor tissues without adverse side effects.

COMNCLUSIONS

In this study, a smart multilayered assembly was
prepared by a layer-by-layer method with PICs to
feature a siRNA-loaded core, a transiently core-stabilizing
silica interlayer, an endosome-disrupting PAsp-
(DET) interlayer, and a detachable PEG shell for

siRNA dose (mg/kg) ALT (U/L) AST (UNL) RBC (x10%/1eL) WBC (x10%ul) hemoglobin (g/dL)
buffer control 0 484 5442 100 £ 2 274 144 £ 03
SMA 1.25 4345 49+ 4 97+ 4 30+4 144 £ 05

“Blood samples (n = 4) were collected 24 h after systemic administration. ALT: alanine aminotransferase; AST, aspartate aminotransferase; RBC, red blood cells; WBC, white
blood cells.
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multifunctional siRNA delivery. The successful pre-
paration was confirmed by the change in size and
g-potential of the PICs as well as their TEM images.
The PEG detachability of the SMA in response to the
reductive conditions was also confirmed by the change
in size (or colloidal stability) and {-potential. The silica
interlayer in the SMA substantially improved the toler-
ability of siRNA PICs to the dissociation triggered by the
anionic lipids, while significant siRNA release was
induced after the dialysis for removal of generated
free silicates, indicating the dissolvable nature of
the silica interlayer. SMAs significantly enhanced gene
silencing for not only a reporter gene but also an

endogenous therapeutic gene (VEGF) in cultured can-
cer cells without increased cytotoxicity. The major
mechanism for the enhanced gene silencing in
SMA was probably the facilitated endosomal escape
of siRNA PICs through endosome disruption by
the exposed PAsp(DET) layer after PEG detachment.
Ultimately, systemic administration of SMAs into sub-
cutaneous tumor-bearing mice resulted in significant
VEGF gene silencing in the tumor tissue without
problematic hematological toxicity. These results de-
monstrate the potential utility of the SMA formula-
tion for systemic siRNA delivery aimed toward cancer
therapy.

MATERIALS AND METHODS

Materials. a-Methoxy-w-mercapto poly(ethylene glycol)
(PEG-SH, M,, = 10000) and a-methoxy-w-amino poly(ethylene
glycol) (PEG-NH,, M,, = 12000) were obtained from NOF Co.
(Tokyo, Japan). -Benzyl L-aspartate N-carboxy anhydride (BLA-
NCA) was purchased from Chuo Kaseihin Co., Inc. (Tokyo, Japan).
Methanol (MeOH), 2-aminoethanethiol, benzene, hexane,
ethyl acetate, N,N-dimethylformamide (DMF), dichloromethane
(DCM), diethylenetriamine (DET), N-methyl-2-pyrrolidone
(NMP), n-butylamine, and dithiothreitol (DTT) were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). DMF,
DCM, NMP, n-butylamine, and DET were distilled before use.
Dulbecco's modified Eagle's medium (DMEM) was purchased
from Sigma Aldrich (St. Louis, MO, USA). Fetal bovine serum
(FBS) was purchased from Dainippon Sumitomo Pharma Co,
Ltd. (Osaka, Japan). Sterile HEPES (1 M, pH 7.3) was purchased
from Amresco (Solon, OH, USA). The luciferase assay system was
purchased from Promega Co. (Madison, Wi, USA). All the RNA
molecules, including 5'-Cy3-labeled RNA, were synthesized by
Hokkaido System Science (Hokkaido, Japan). The sequences are
as follows: GL3 luciferase siRNA (sense: 5'-(Cy3-)CUU ACG CUG
AGU ACU UCG AdTdT-3, antisense: 5'-UCG AAG UAC UCA GCG
UAA GdTdT-3’), human VEGF siRNA (sense: 5-GAU CUC AUC
AGG GUA CUC CdTdT-3/, antisense: 5'-GGA GUA CCC UGA UGA
GAU CdTdT-3'), and scramble siRNA (sense: 5/-UUC UCC GAA
CGU GUC ACG UdTdT-3’, antisense: 5'-ACG UGA CAC GUU CGG
AGA AdTdT-3').

Synthesis of PEG-SS-NH,. o-Methoxy-w-dithioamino poly-
(ethylene glycol) (PEG-SS-NH;) was synthesized as previously
described. In brief, PEG-SH (3.75 g, 0.375 mmol) was dissolved
in methanol (400 mL) containing 28% sodium methoxide.
2-Aminoethanethiol (4.23 g, 37.3 mmol) was added to the
PEG-SH solution, and the mixture was stirred for 5 days at room
temperature. Then, the reaction solution was neutralized with
cold 5 N HCI (8.15 mL, 40.8 mmol), followed by dialysis against
distilled water for 1 day. The dialyzed solution was further
purified through the ijon-exchange resin (SP-Sephadex C-50,
solute: H,0), followed by lyophilization to obtain PEG-55-NH, as
a chloride salt form. Finally, PEG-SS-NH5Cl dissolved in deio-
nized water was dialyzed against 0.1% NHj3 solution for 1 day to
deprotonate the amino group of the PEG-SS-NH.. Then, the
sample (PEG-SS-NH,) was lyophilized and collected (2.76 g,
0.276 mmol).

Synthesis of PEG-SS-PBLA, PEG-PBLA, and PBLA. Poly(ethylene
glycol)-disulfide-poly(B-benzyl L-aspartate) (PEG-SS-PBLA),
poly(ethylene glycol)-poly(B-benzyl -aspartate) (PEG-PBLA),
and poly(S-benzyl -aspartate) (PBLA) were synthesized by the
ring-opening polymerization of BLA-NCA initiated by PEG-SS-
NH,, PEG-NH,, and n-butylamine, respectively, according to
the previously described method.*® The typical synthetic pro-
cedure is briefly shown for PEG-SS-PBLA. PEG-SS-NH, (0.40 g,
0.04 mmol) and BLA-NCA (1.08 g, 4.32 mmol) were dissolved
in DCM (6.0 mL) and DMF (1.5 mL), respectively. The solution
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containing BLA-NCA was added to the PEG-SS-NH; solution and
stirred at 35 °C under an argon atmosphere. After 48 h, the
reaction solution was precipitated in hexane/ethyl acetate
(6:4 v/v) and dried overnight under reduced pressure to
obtain PEG-SS-PBLA (1.12 g, yield 87%). In order to determine
the molecular weight distribution (M,,/JM,,) of the obtained
polymer, size exclusion chromatography (SEC) was performed
using a TOSOH HLC-8820 equipped with TSK gel columns
(SuperAW4000 and SuperAW3000 x 2, TOSOH, Japan) and an
internal refractive index detector at a flow rate of 0.3 mL min ™"
at 40 °C. NMP with 10 mM LiBr was used as an eluent. A narrow
M./M, (= 1.10) was confirmed from the SEC (data not shown).
PEG-PBLA and PBLA were synthesized in a similar manner;
e.g. BLA-NCA (840 mg, 3.36 mmol) and PEG-NH, (370 mg,
0.03 mmol) for PEG-PBLA (926 myg, yield 93%); and BLA-NCA
(1.40 g, 4.86 mmol or 1.21 mg, 4.20 mmol) and n-butylamine
(6.00 mL, 0.0607 mmol or 2.93 uL, 0.0296 mmol) for PBLA with
different degrees of polymerization (DPs) (888 mg, yield 77% or
910 mg, yield 91%), respectively. The DPs of the PBLA segment
in PEG-SS-PBLA and PEG-PBLA were calculated to be 87 and 92,
respectively, from the peak intensity ratio of the PEG protons
to the benzyl protons (CgHsCHy—, & = 5.1 and 7.3 ppm) at
the side chain, and the DPs of two PBLAs were determined to be
92 and 225 from the peak intensity ratio of the butyl protons
(CH3CH,CH,CHy—, 6 = 0.8—1.5 ppm) at the a-~chain end to
the benzyl protons (CeHsCH,—, & = 5.1 and 7.3 ppm) at the
side chain in the "H NMR spectrum (polymer concentration:
10 mg/mL, solvent: dimethyl sulfoxide-ds, temperature: 80 °C)
(data not shown).

Synthesis of PEG-SS-PAsp(DET), PEG-PAsp(DET), and PAsp(DET).
introduction of a N-[N-(2-aminoethyl)-2-aminoethyl] moiety
into the polyaspartamide side chain was performed by the
aminolysis reaction of benzyl groups of the PBLA segment
with DET as previously described.®® Briefly, a typical synthetic
procedure is shown for polylethylene glycol)-disulfide-
poly{N'-[N-(2-aminoethyl)-2-aminoethyl]aspartamide} (PEG-SS-
PAsp(DET)). PEG-SS-PBLA (200 mg, 7 umol) lyophilized from
a mixed solution of DCM (5 mL) and benzene (20 mL) was
dissolved in NMP (10 mL) under an argon atmosphere. DET
(3.44 mL, 32 mmol, 50 equiv to benzyl group in PEG-SS-PBLA)
was dissolved in NMP (3.44 mL). The PEG-SS-PBLA solution was
then added to the cooled DET solution and stirred at 4 °Cfor 1 h
under an argon atmosphere, The reaction solution was added
dropwise into cold 5 N HCl,q (19.2 mL, 96 mmol) for neutraliza-
tion and subsequently dialyzed against 0.01 M HCl, for 24 hand
deionized water for an additional 24 h using a dialysis membrane
(molecular weight cutoff: 6000—8000 Da). The dialyzed solution
was lyophilized to obtain PEG-55-PAsp(DET) as a hydrochloride
salt (170 mg, yield 70%). Poly(ethylene glycol)-poly{N'-[N-(2-
aminoethyl)-2-aminoethyllaspartamide} (PEG-PAsp(DET)) and
poly{N'-[N-(2-aminoethyl)-2-aminoethyllaspartamide}
(PAsp(DET)) were synthesized in a similar manner, e.g., PEG-PBLA
(103 mg, 3.20 umol) and DET (1.5 mL, 14.7 mmol) for PEG-
PAsp(DET) (98.0 myg, yield 85%); and PBLA (149 mg, 7.90 umol)
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and DET (3.9 mL, 38.2 mmol) for PAsp(DET) (182 mg, yield 91%).
The quantitative conversion of PBLA to PAsp(DET) in PEG-SS-
PAsp(DET) and PEG-PAsp(DET) was confirmed from the peak
intensity ratio of the protons of the PEG chain (—(CH,),-0—, 6 =
3.7 ppm) to those of the ethylene unit in the 1,2-diaminoethane
(HoN(CH,),NH(CH,),NH—, 6 = 3.1—3.5 ppm) moieties in the side
chain of PAsp(DET) in the "H NMR spectra (polymer concentra-
tion: 10 mg/mL, solvent: DO, temperature: 80 °C) (Supporting
Figure 1a and b, respectively). In the case of PAsp(DET), the
quantitative conversion was confirmed from the peak intensity
ratio of the protons of the butyl group at the co-chain end
(CH3CH,CH-CH,—, 6 = 0.8—1.5 ppm) to the ethylene protons
in the 1,2-diaminoethane (H,N(CH-),NH(CH,),NH—, § = 3.1—
3.5 ppm) moieties in the side chain of PAsp(DET) in the 'H NMR
spectra (polymer concentration: 10 mg/mL, solvent: D0,
temperature: 80 °C) (Supporting Figure 1c and d).

Preparation of a Series of Pl(s. PAsp(DET) (DP = 225) was
dissolved in 10 mM HEPES buffer (pH 7.3) at a concentra-
tion of 5 mg/mL. Then, the PAsp(DET) solution was mixed with
15 1M siRNA (10 mM HEPES buffer, pH 7.3) to obtain an siRNA-
incorporating PIC (final siRNA concentration: 2 uM). The residual
molar ratio of amines in PAsp(DET) to phosphates in siRNA
in the PIC solution was set to 3 to obtain a slightly positive PIC
without an excess amount of polycations. After 30 min incuba-
tion at 4 °C, varying concentrations of sodium silicate solutions
(10 mM HEPES buffer (pH 7.3)) were added to the PIC solution
(final sSiRNA concentration: 1 uM). After 24 h incubation at room
temperature, the mixed solution was purified by ultrafiltration
(3000g, molecular weight cutoff: 300,000 Da) to remove the
unbound silica species. Then, the purified solutions were mixed
with the solution containing PEG-SS-PAsp(DET), PEG-PAsp(DET),
or PAsp(DET) (DP = 92) (final siRNA concentration: 2 uM),
followed by incubation at 25 °C for 1 h to obtain polymer/
silica-coated PICs.

Size and {-Potential Measurements. The size and ¢-potential of
each PIC were measured using a Zetasizer Nano-ZS instrument
(Malvern Instruments, Malvern, UK) equipped with a He—Ne ion
laser (4 = 633 nm) as an incident beam at a detection angle of
173° and at a temperature of 25 °C. In DLS, each PIC solution
(20 uL, 1 uM siRNA, 10 mM HEPES buffer (pH 7.3) with or without
150 mM NaCl) was added into a low-volume cuvette (Malvern
Instruments, Malvern, UK) for the measurements. The cumulant
method was used to analyze the data obtained from the decay
in the photon correlation function to obtain the hydrodynamic
diameters and polydispersity indices. The results were shown as
mean and standard deviation of the mean obtained from eight
samples.

For {-potential measurement, each sample (700 ul, 1 uM
siRNA, 10 mM HEPES buffer (pH 7.3)) was put into a folded
capillary cell (Malvern Instruments, Malvern, UK). The obtained
electrophoretic mobility was converted to the -potential by
applying the Smoluchowski equation: { = 4snv/e (: viscosity of
the solvent, v: electrophoretic mobility, &: dielectric constant of
the solvent). The resuits were shown as mean and standard
deviation obtained from three samples.

Transmission Electron Microscopic Observation. TEM observation
was conducted using an H-7000 electron microscope (Hitachi,
Tokyo, Japan) operated at 75 kV acceleration voltage. Copper
TEM grids with carbon-coated collodion film were glow-dis-
charged for 10 s using an Eiko IB-3 ion coater (Eiko Engineering
Co. Ltd., Japan). The grids were dipped into PIC solution (2 uM
siRNA), which was mixed with uranyl acetate solution (2% w/v)
for 60 s. After removal of excess solution with a filter paper, the
sample grids were allowed to dry in air and then TEM observa-
tion was performed.

Agarose Gel Electrophoresis. siRNA release from PICs caused by
an anionic lipid, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine so-
dium salt, was evaluated by agarose gel electrophoresis for
estimation of the PIC stability. Each PIC solution (2 uM siRNA)
was mixed with DOPS solution (2 mg/mL) at a molar ratio of
carboxyl groups in DOPS to phosphate groups in siRNA of 32.
After 48 h incubation at room temperature, the mixed solutions
were subjected to electrophoresis by 0.9 wt % agarose gel in
the TAE buffer (pH 7.4). siRNA in the gel was stained by ethidium
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bromide and analyzed by an FX molecular imager (BIO-RAD)
equipped with Quantity One software (BIO-RAD).

Gene Silencing Assay. The gene silencing efficiency of the PICs
was evaluated from the luciferase-based luminescence inten-
sity of luciferase-expressing human hepatoma cells, HuH7-Luc.
The cells were plated on a 48-well plate at a cell density of 5000
cells/well in DMEM supplemented with 10% FBS and incubated
for 24 h. Then, the old medium was replaced with fresh medium,
and PICs were added at a concentration of 100, 200, 300, and
400 nM siRNA. After 48 h incubation, the PIC-containing med-
ium was removed. After washing with 100 uL of PBS, the cells
were lysed with 100 uL of the cell culture lysis buffer (Promega).
The luciferase expression in the lysate was measured using a
luciferase assay system (Promega) and a luminescence micro-
plate reader (Mithras LB 940, Berthold Technologies, Bad Wild-
bad, Germany). The relative luciferase expression of the cells
treated with PICs was calculated as a ratio of the expression
of nontreated cells. The results were expressed as mean and
standard deviation obtained from four samples.

Cell Viability Assay. HuH7-Luc cells were plated on a 48-well
plate at a cell density of 5000 cell/well in DMEM supplemented
with 10% FBS. After incubation for 24 h, the old medium was
replaced with fresh medium, and the PICs were applied at a
concentration of 100, 200, 300, and 400 nM siRNA. After 48 h
incubation, the cell viability assay was performed using Cell
Counting Kit-8 with WST-8, a soluble tetrasolium salt, according
to the manufacturer's protocol (Dojindo, Japan). The absor-
bance was measured using a microplate reader with a filter of
450 nm (model 680, BIO-RAD). The cell viability was determined
as a percentage of the absorbance of nontreated cells. The
results were expressed as mean and standard deviation ob-
tained from eight samples.

Flow Cytometric Analysis. HuH7-Luc cells were plated on a
12-well plate at a cell density of 25000 cells/well in DMEM
supplemented with 10% FBS and incubated for 24 h. The
PICs prepared from Cy3-siRNA were applied to each well at
a concentration of 400 nM siRNA. After 24 h incubation, cells
were washed three times with PBS, treated with a trypsin-EDTA
solution, and suspended in PBS. The fluorescence intensity of
the suspended solutions was measured using a BD LSR Il flow
cytometer (BD Biosciences). The results were expressed as mean
and standard deviation obtained from three samples.

Confocal Laser Scanning Microscopic Observation. HuH7-Luc cells
were plated on a 35 mm glass-based dish (lwaki, Tokyo, Japan)
at a density of 50000 cells/well in DMEM supplemented with
10% FBS and incubated for 24 h. The old medium was replaced
with fresh medium, and each sample prepared from Cy3-siRNA
was applied at 400 nM siRNA. After 24 h treatment with PICs,
the transfection medium was removed and then staining with
LysoTracker Green (Molecular Probes, Eugene, OR, USA) and
Hoechst 33342 (Dojindo, Japan) in the medium was performed.
The CLSM imaging was conducted using a LSM 510 (Carl Zeiss,
Oberlochen, Germany) equipped with a C-Apochromat 63x
objective (Carl Zeiss). The LysoTracker Green, Cy3-siRNA, and
Hoechst 33342 were excited at 488 nm (Ar laser), 543 nm
(He—Ne laser), and 710 nm (MaiTai laser for two-photon
imaging), respectively.

The intracellular distribution of Cy3-siRNA was quantita-
tively evaluated by calculating the co-localization ratio of Cy3-
SiRNA pixels with LysoTracker Green pixels.'*? The calculation
was conducted as follows:

Co-localization ratio (%) = 100
x number of yellow pixels/
number of yellow and red pixels

The resuits are expressed as mean and standard deviation
obtained from 20 cells.

RNA Recovery from Cultured and Subcutaneous 0S-R(-2. Endoge-
nous gene silencing efficiency of SMAs was evaluated using a
human renal cell carcinoma, OS-RC-2 (RIKEN Bioresource Cen-
ter, Tsukuba, Japan). For in vitro experiments, the cells were
seeded onto a 12-well plate at a cell density of 125 000 cells/well
in RPMI-1640 containing 10% FBS. After 24 h incubation, the
medium was exchanged, and SMAs containing siVEGF or siSCR
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were added at 200 nM siRNA. After 48 h incubation, the cells
were lysed in 1 mL of Isogen (Nippon Gene, Tokyo, Japan),
followed by RNA extraction by a conventional method with
chloroform and 2-propanol. For in vivo experiments, Balb/c
nude mice (male, 6-weeks-old) were subcutaneously inoculated
with OS-RC-2 cells (107 cells/mouse), and tumors were allowed
to grow for 1 week before sample injection. SMAs prepared at
2 1M siVEGF or siSCR were concentrated to 10 4M siRNA using a
Vivaspin column (Sartorius Stedim Biotech, Bohemia, NY, USA)
and then injected via the tail vein two times at days 1 and 2
(25 ug of SIRNA in 200 uL per injection). At day 3, each tumor was
excised and lysed in 0.5 mL of Isogen with sonication, followed
by RNA extraction.

Real-Time RT-PCR. After RNA extraction, the RNA concentra-
tion in each sample was adjusted to ~20 ug/mL. Genomic
DNA elimination and ¢cDNA synthesis were performed using a
ReverTra Ace gPCR RT Master Mix with gDNA Remover (Toyobo,
Osaka, Japan) according to the manufacturer's protocol. Real-
time RT-PCR was performed using an ABI 7500 Fast real-time
RT-PCR system (Applied Biosystems, Foster City, CA, USA)
with QuantiTect SYBR Green PCR Master Mix (Qiagen, Valecia,
CA, USA). Human actin was used as a housekeeper gene
(internal standard), and obtained data were normalized
before statistical analysis. VEGF primer (forward: AGTGGTC-
CCAGGCTGCAC, reverse: TCCATGAACTTCACCACTTCGT) and
actin primer (forward: CCAACCGCGAGAAGATGA, reverse: CC-
AGAGGCGTACAGGGATAG) used for RT-PCR were obtained
from Hokkaido System Science (Hokkaido, Japan). The results
were expressed as mean and standard error of the mean from
four samples.

Hematological Toxicity Assay. SMAs were intravenously injected
into the tail vein of Balb/c mice (male, 7-weeks-old), similar to
the in vivo gene silencing assay (25 g of siRNA in 200 ulL per
injection). HEPES buffer (10 mM, pH 7.4) containing 150 mM
NaCl was used as a control solution. After 24 h, the mice were
anesthetized and their blood was collected from the postcaval
vein. The collected blood was analyzed to determine the level of
ALT and AST with DRI-CHEM 7000i (Fuji Film, Tokyo, Japan) and
the level of RBC, WBC, and hemoglobin with pocH-100iV Diff
(Sysmex, Hyogo, Japan) according to the manufacturer's proto-
col. The results were expressed as mean and standard error of
the mean from four samples.

Data Analysis. The experimental data were analyzed by
Student's t-test. P < 0.05 was considered statistically significant.
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PEGylated Polyplex With Optimized PEG
Shielding Enhances Gene Introduction in Lungs
by Minimizing Inflammatory Responses
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Safety is a critical issue in clinical applications of nonviral
gene delivery systems. Safe and effective gene introduc-
tion into the lungs was previously achieved using poly-
plexes from poly(ethyleneglycol) (PEG)-block-polycation
[PEG-block-PAsp(DET)] and plasmid DNA (pDNA).
Although PEGylated polyplexes appeared to be safe,
an excess ratio of polycation to pDNA was needed to
obtain sufficient transgene expression, which may cause
toxicities shortly after gene introduction. in the present
study, we investigated the combined use of two poly-
mers, PEG-block-PAsp(DET) (B) and homo PAsp(DET)
(H) across a range of mixing ratios to construct poly-
plexes. Although transgene expressions following in vitro
transfections increased in parallel with increased propor-
tions of H, polyplexes with B/H = 50/50 formulation
produced the highest expression level following in vivo
intratracheal administration. Higher proportions of H
elicited high levels of cytokine induction with significant
inflammation as assessed by histopathological examina-
tions. Based on the aggregation behavior of polyplexes
in bronchoalveolar lavage fluids (BALFs), we suggested
that rapid aggregation of polyplexes in the lung induced
acute inflammatory responses, resulting in reduced
transgene expression. B/H formulation of polyplex can
help to improve gene therapy for the respiratory sys-
tem because it achieves both effective PEG shielding of
polyplexes and functioning of PAsp(DET) polycations to
enhance endosomal escape.

Received 3 December 2011; accepted 22 January 2012; advance online
publication 14 February 2012. doi:10.1038/mt.2012.20

INTRODUCTION

Nonviral techniques for gene introduction using plasmid DNA
(pDNA) have attracted attention for many clinical uses. Although
the definition of gene therapy includes genetic modification of

deficient cells, gene introduction using pDNA chiefly involves
providing functional proteins and peptides through transgene
expressions. The sustained synthesis of proteins and peptides,
which enables the synchronization of the kinetics of signaling
receptor expression and bioactive factor availability,' is a key
advantage of its application in many chronic diseases.

Among various gene introduction routes, pPDNA-containing
nanoparticle inhalation, a direct, noninvasive technique, is a
promising practical system that makes target cells more accessi-
ble. Gene introduction into the respiratory system has numerous
applications for treating severe lung diseases, such as cystic fibro-
sis, pulmonary hypertension, and lung cancer,” and it can systemi-
cally deliver proteins and peptides. However, because immune
responses of the respiratory system are particularly sensitive to
foreign materials, the safety of the delivery systems is extremely
important for successful gene introduction. To realize the promise
of gene therapy, it is essential to achieve adequate safety to avoid
undesirable responses.

pDNA is generally incorporated into nanoscale formulations
by complexing it with cationic lipids or polymers, which provides
greater stability and functionality.*- The safety of nanoscale particles
(nanotoxicology) has been vigorously investigated in various fields.®
Many studies revealed that the toxicity of these particles in target
tissues, typically the lungs, are primarily mediated by inflammatory
responses that occur after nanoparticle-induced oxidative stress.”*
These responses are sensitive to the physicochemical properties t
nanoparticles, including their size, chemical composition, surface
structure, solubility, shape, and aggregation.”!! For delivery into the
lungs, a biodegradable formulation of nanoparticles composed of
poly(lactic-co-glycolic acid) significantly lowered the inflammatory
responses compared with nonbiodegradable forms, although both
had comparable hydrodynamic diameters."

These safety issues motivated us to optimize pDNA-con-
taining particle structure for gene introduction into the lungs.
Polyplexes from our original cationic polymer, poly{N-[N-(2-
aminoethyl)-2-aminoethyl]aspartamide} [PAsp(DET)] and pDNA,
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is promising because they are safe and biocompatible.’*!* We have
already achieved therapeutic outcomes in monocrotaline-induced
pulmonary hypertension animal models using a system based on
PAsp(DET).”* PAsp(DET) possesses high-transfection efficiency
because of its pH-selective membrane destabilization and concomi-
tantly enhanced endosomal escape.’ Furthermore, it is biodegrada-
bile under physiological conditions. Because of rapid degradation
of PAsp(DET) to nontoxic forms after gene introduction, it does not
induce persistent tissue damage and cumulative toxicity, which may
perturb cellular homeostasis in a time-dependent manner.”

However, pDNA polyplexes from cationic polymers inevita-
bly have a high surface positive charge, which causes undesirable
responses in the body, such as polyplex aggregation and tissue
damage. Poly(ethyleneglycol) (PEG) has often been used to shield
polyplexes. Because of its hydrophilic and flexible nature, PEG
increases steric stability, prevents nonspecific interactions with
surrounding molecules, and eventually reduces toxicity.!** In our
previous studies on i# vivo administrations including the lungs,
we used pDNA polyplexes of a micellar structure surrounded
by PEG palisade, that were formed by complexing pDNA with
a block copolymer composed of PEG and PAsp(DET) [PEG-
block-PAsp(DET)].1**** These PEGylated polyplexes achieved
safe gene introduction without inducing severe inflammation,
leading to the effective treatment of rat pulmonary hyperten-
sion model using adrenomedullin-expressing pDNA.** However,
PEG also tends to reduce transgene expressions by preventing
cellular uptake of polyplexes and hampering their intracellular
processing.**¥ Indeed, to obtain sufficient transgene expressions
using the PEGylated polyplexes, we needed higher mixing ratios
of cationic polymers to pDNA (N/P ratios) to enhance the expres-
sions. The higher N/P ratios, however, caused some toxicities,
especially shortly after gene introduction.

In the present study, we investigated the optimal conditions
to break out of the dilemma of PEG, by focusing on the intravital
behavior of polyplexes in lung. We used a PEGylation strategy by
mixing PEGylated and non-PEGylated forms of polycations in the
construction of polyplexes-containing pDNA.? We found that the
optimal combination of two forms, PEG-block-PAsp(DET) (B)
and homo PAsp(DET) (H), was effective in achieving high trans-
gene expression in lungs with minimal toxicity, by balancing effec-
tive PEG shielding and functions of the polycation. Furthermore,
we acquired new insights into the mechanisms that mediate the
inflammatory responses induced by polyplexes in the lungs.

RESULTS

In vitro and in vivo transfection using polyplexes with
B/H formulations

For preparation of polyplexes with B/H formulations, the polymer
solutions of PEG-block-PAsp(DET) (B) and homo PAsp(DET)
(H) were first mixed at different ratios, and then added to pDNA
solutions. We conducted in vitro transfections toward mouse
embryonic fibroblasts and HuH-7 cells using CpG-depleted
pDNA-expressing luciferase (pCpG-ALuc); the transgene expres-
sion was increased in parallel with increased proportions of H
(Figure 1) at an N/P ratio of 8. In contrast, cell viability, evaluated
by an MT'T assay, was reduced slightly with increased proportions
of H.

Molecular Therapy vol. 20 no. 6 june 2012
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For in vivo administration, the polyplexes-containing
luciferase-expressing pDNA were injected intratracheally using
a microspray, and the luciferase expression was evaluated after
extracting the lung tissue, followed by homogenization to obtain
the proteins. Polyplexes with B/H = 50/50 formulation exhibited a
significantly higher expression in the lungs compared with poly-
plexes with B/H = 100/0 and 0/100 formulations (Figure 2). These
data were in contrast with the results of in vitro transfections
(Figure 1). To evaluate the toxic effect of polyplexes, we measured
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the induction of proinflammatory cytokines (interleukin (IL)-
6, tumor necrosis factor-a, and IL-10) and cyclooxygenase-2.
Polyplexes with B/H = 0/100 formulation induced significantly
higher mRNA levels of these inflammation-related molecules
compared with other formulations 4 hours after administration
(Figure 3). The other PEGylated polyplexes (B/H = 100/0 and
50/50) induced much lower expressions of these molecules than
polyplexes with B/H = 0/100 formulation, although the levels
of these molecules in the PEGylated groups were slightly higher
compared with the control groups that received naked pDNA or
buffer.

Furthermore, we evaluated the inflammatory responses to
administration of identical amounts of free polymers (B or H)
that were used to form the polyplexes of B/H = 100/0 or 0/100 for-
mulations, respectively. The free polymers induced inflammatory
responses that were similarly low to those by PEGylated polyplexes
(B/H = 100/0 and 50/50) (Figure 3). Thus, it is suggested that the
complexation of H polymer with pDNA augmented the inflam-
matory responses in the lungs compared with the state of free H
polymer. In contrast, PEG effectively shielded the polyplexes and
reduced the inflammatory responses in the lungs.

After 24 hours of administration, cytokine inductions were
similar to the levels observed in the controls (Supplementary
Figure S1), suggesting that the inflammation was transient and
the PAsp(DET) polycation induced no persistent tissue damage,
presumably because of the biodegradability of PAsp(DET).”” In
blood tests conducted 24 hours after administration, there were no

© The American Society of Gene & Cell Therapy

significant changes in the cell counts of white and red blood cells,
and the items for evaluations of liver and kidney functions, and
C-reactive protein, a sensitive marker for inflammatory responses,
remained in an undetectable level (Supplementary Figure S2).

Regulation of inflammatory responses in the lungs by
PEG shielding

Histopathological analyses were performed to investigate the
mechanisms between transfection capacity and toxicity. An
increase in the infiltration of inflammatory cells was observed
4 hours after administration of polyplexes with B/H = 0/100 for-
mulations (Figure 4¢). In contrast, following administration of
the PEGylated polyplexes (B/H = 100/0 and 50/50), the alveolar
structures remained intact without infiltration of inflammatory
cells (Figure 4a,b), showing good correlations with the results of
proinflammatory cytokine inductions (Figuze 3).

To determine the mechanisms underlying the inflammatory
responses, we observed the uptake of polyplexes by macrophages.
Cy5-labeled pDNAs were introduced into the lungs, followed by
immunostaining using an F4/80 antibody for macrophages and
Hoechst 33342 for cell nuclei. On obtaining fluorescent micro-
scopic images, we quantified the fluorescence intensities of
pDNASs that were colocalized in the macrophages, using an image-
analysis software (In Cell Analyzer 1000 Workstation ver.3.5; GE
Healthcare UK, Buckinghamshire, UK). Representative micro-
scopic images are shown in Figure 5a-d. As observed in the his-
tograms of the pDNA intensity in each macrophage (Figure 5e),
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Figure 4 Histological analyses of lung In hematoxylin and eosin stained sections. The images were taken 4 hours after administration of poly-
plexes with (a) B/H = 100/0, (b) B/H = 50/50, or () B/H = 0/100 formulation. (d) Control was not administered polyplexes. Bars = 100 ym. In (),

representative infiltration of inflammatory cells is marked by red circles.

polyplexes with B/H = 0/100 formulation were taken up by the
macrophages to a significantly higher extent compared with the
PEGylated polyplexes (B/H = 100/0 and 50/50).

Macrophages are known to effectively ingest large particles
(=500 um) by phagocytosis.?® Thus, it is assumed that aggrega-
tion of polyplexes in lung tissue may significantly affect the activ-
ity of macrophages. Analysis of aggregation of polyplexes under
conditions mimicking that observed in the lungs was performed.
We observed polyplexes-containing Cy5-labeled pDNAs in the
presence of bronchoalveolar lavage fluid (BALF) obtained from
mice. Fluorescence microscopy showed a clear contrast between
the polyplexes depending on the proportion of H; PEGylated
polyplexes (B/H = 100/0 and 50/50) showed uniformly distrib-
uted Cy-5 signals during BALF incubation for up to 90 minutes
(Figure 6). In contrast, polyplexes with 0/100 formulation showed
large spots of Cy-5 signals after 30 minutes of BALF incubation.
Thus, it is likely that particle aggregation of B/H = 0/100 formula-
tion was promptly induced under the physiological circumstances
in the lungs. Based on the obvious relationship between these
findings and the cytokine induction data (Figure 3), we suggest
that the aggregation of polyplexes with B/H = 0/100 formulation
activated macrophages to rapidly ingest these polyplexes.

Enhancement of transgene expressions in the
presence of H polycations

Increased proportions of H enhanced in vitro transgene expres-
sion (Figure 1). We have already revealed that PAsp(DET) has an
excellent capacity of endosomal escape because of acidity-induced
membrane destabilization.'® For the analylsis, an enzymatic assay
to detect leakage of cytoplasmic enzyme (lactate dehydrogenase)

Molecular Therapy vol. 20 no. 6 june 2012

was done after addition of free polycations to culture cells.
However, this experiment has difficulty in detecting the initial
changes within several ten minutes after transfection.

In the present study, we used a novel method that allows the
evaluation of cell membrane integrity in a highly sensitive manner
using a nuclear-binding fluorescence molecule such as YO-PRO1
or ethidium bromide.?* After transfection using polyplexes from
B/H formulations, the cells were treated with YO-PRO1 because
YO-PRO1, which was impermeable to the normal cell membrane,
can penetrate membranes of cells with perturbed integrity and
emit a strong fluorescent signal due to DNA intercalation.® As
shown in Figure 7, after 30 minutes of transfection under acidic
conditions, polyplexes with B/H = 50/50 formulation destabi-
lized cell membranes to a similar level as polyplexes with B/H =
0/100 formulation, whereas polyplexes with B/H = 100/0 formula-
tion, similar to untreated control, did not destabilize membranes
even at pH 5.5. Thus, it can be said that presence of H polyca-
tions caused efficient endosomal escape of polyplexes shortly after
transfection.

Following i#n vivo administration to the lungs, we evaluated
the amount of pDNA that was taken up into the lung tissues by
collecting total DNA, followed by quantitative PCR analyses using
specific primers for the pDNA. Prior to the extracting lung tis-
sue, extensive bronchoalveolar lavage (BAL) was done to remove
pDNAs existing in the extracellular space. Interestingly, 24 hours
after introduction of pDNA into the lungs, the amount of pDNA
did not show any significant difference among polyplexes formed
by different B/H formulations (Supplementary Figure S3).
Therefore, it is reasonably assumed that the differences in trans-
gene expressions in the lungs (Figure 2) are not attributable to
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Figure 5 Uptake of polyplexes by macrophages in lung. Fluorescent
microscopic images were taken at 4 hours after polyplex administration.
The polyplexes were prepared using Cy-5 labeled plasmid DNA (pDNA)
(red). The macrophages were immunostained using anti-F4/80 antibod-
ies (green). The cell nuclei were stained with Hoechst 33342 (blue).
Representative images of polyplexes with (a) B/H = 100/0, (b) B/H =
50/50, (¢) B/H = 0/100 formulations, or (d) control tissue without gene
administration. Bars = 50 ym. (e) Quantification of the amount of pDNA
colocalizing in each macrophage. The fluorescence intensities of Cy-5
labeled pDNA in each macrophage were quantified using an image-
analyzing software, and displayed as a histogram representing the pDNA
intensity in each macrophage.

the uptake of polyplexes into cells, but to the capacities of H poly-
cations to facilitate intracellular processes of endosomal escape,
although the direct observation of intracellular behavior of poly-
plexes was difficult in vivo.

DISCUSSION
Inflammation is a key factor in nanoparticle toxicity.'** This is
a rapid process that is initially triggered by antioxidant responses
within a few hours of exposure of biological tissue to nanoparti-
cles. Thus, it is important to evaluate these responses shortly after
the administration of nanoparticles.

In the present study, we determined that PEG shielding of
pDNA-containing nanoparticles reduces inflammatory responses
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in the lungs. PEGylated polyplexes (B/H = 100/0 and 50/50) effec-
tively alleviated inflammatory responses compared with polyplexes
with B/H = 0/100 formulation. Since the administration of free cat-
ionic polymers into the lungs did not induce such inflammatory
responses, we assume that the cationic nature of polyplexes was not
the only cause of these responses. Otherwise, the aggregation behav-
ior was different among polyplexes. Polyplexes with B/H = 0/100
formulation showed rapid aggregation in BALF, whereas PEGylated
polyplexes (B/H = 100/0 and 50/50) did not aggregate even after
incubation for > 90 minutes (Figure 6). These observations are
clearly concordant with the tendency to induce cytokine expression
and polyplex uptake by macrophages in the lungs (Figure 3). Thus,
it is reasonable to assume that aggregation of polyplex with B/H =
0/100 formulation in lung tissue caused a high uptake of the poly-
plexes by macrophages, which led to strong inflammatory responses
and the decreased transgene expressions in the lung.

Conversely, the presence of PEG on the surface of polyplexes
effectively prevents inflammatory responses. Although PEG effec-
tively prevented aggregation, in vitro and in vivo transgene expres-
sions were compromised by the increase in B polycation. Since
pDNA amounts in lung tissues after introduction of polyplexes
were not different among the B/H formulations (Supplementary
Figure $3), the decrease in the transgene expressions in parallel
with the increased ratios of PEG, appeared to be chiefly due to the
effects of PEG to hamper the intracellular processes of polyplexes.
Membrane destabilization at pH 5.5 was enhanced by the increased
amounts of H polycations (Figure 7), suggesting a critical role for
H polycations without PEG in facilitating the endosomal escape of
polyplexes.®® As a consequence, polyplexes with B/H = 50/50 formu-
lation showed the highest transgene expression levels with minimal
inflammatory responses in the lungs. This formulation successfully
took advantage of both effective PEG shielding and the functioning
of PAsp(DET) polycations to enhance intracellular processes.

These observations highlight the importance of analyzing
intravital behavior of polyplexes from the standpoint of nano-
toxicology. Typically presented as transgene expressions in this
study, therapeutic outcomes with nanoscale polyplexes can be
easily influenced by slight structural modifications, even when no
appreciable changes are detected in their in vitro physicochemical
evaluations. Careful consideration of all processes from polyplex
formation to the intravital behavior is required for effective and
safe gene and drug delivery systems, especially for administration
to the respiratory system.

Based on our originally developed polycation PAsp(DET),
which possesses high endosomal escaping capability with minimal
toxicity due to its biodegradable nature, we determined the optimal
composition of polyplexes for intratracheal administration of pDNA
by tuning the mixing ratio of PEG-block-PAsp(DET) (B) and homo
PAsp(DET) (H). In vitro transgene expressions increased in paral-
lel with increased proportions of H. In contrast, following in vivo
intratracheal administration into the lungs, polyplexes with B/H =
0/100 formulation significantly induced proinflammatory cytok-
ines and cyclooxygenase-2 expressions, and resulted in histological
findings characteristic of inflammation. Using fluorescence micros-
copy, we found that BALF containing the polyplexes with B/H =
0/100 formulations exhibited rapid aggregate formation. It is thus
reasonable to assume that the rapid aggregation of polyplexes with
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