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size than the nuclear pore (~ 9 nm) [35], it is
reasonable to assume that the nanoparticles may
dissolve in the cytoplasm with significantly lowered
calcium and higher phosphate ion concentrations
compared to the extracellular environment, releasing
free ODN to diffuse into the nucleus through the
nuclear pore [36]. Although some punctate fluores-
cence was still observed, presumably corresponding
to the nanoparticles remaining in the endosomal
compartment, these results strongly suggest that
ODN was successfully released from the nanoparticles
in the cytoplasmic compartment due to their dissoci-
ation, being consistent with the dialysis experiments
as previously mentioned.

3.4. Biological activity

To demonstrate the biological significance of these
nanoparticulate carrier systems, the inhibitory activity
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Fig. 8. Biological activities of siRNA incorporated in the hybrid
nanoparticles formed at various concentrations of PEG-PAA. Ratios
of Photinus pyralis GL3 luciferase to Remifla reniformis RL
luciferase were normalized to cells treated with nanoparticles formed
without sIRNA. Grey bars indicate the ratios of GL3 to RL in the
presence of the nanoparticles entrapping siRNA targeting GL3
luciferase. White bars indicate GL3 to RL in the presence of the
nanoparticles entrapping non-silencing siRNA used as a control. The
mean + S.EM. of the six experiments is presented. Stars indicate
significant difference, with p<0.01 (*} behween cells treated with
GL3 siRNA- and non-silencing siRNA-incorporated nanoparticles,

of ODN and siRNA against p(GL3-luciferase gene was
evaluated. The inhibitory activity was evaluated from
the relative silencing of the pGL3-luciferase expres-
sion against the pRL-TK expression used as an
intemal standard [25] (Fig. 8). Obviously, appreciable
silencing of the GL3 luciferase gene expression (up to
about 60%) was observed for the siRNA-incorporated
nanoparticles prepared over the polymer concentration
range from 420 to 700 pg/ml. This is in sharp contrast
with the negligible silencing effect of naked siRNA,
empty nanoparticles and nanoparticles entrapping
non-silencing siRNA used as.a control. Furthermore,
these results indicate that siIRNA in the nanoparticles
is indeed released in the cytoplasm keeping its active
form. On the other hand, no remarkable inhibition of
gene expression was recognized for ODN-incorporat-
ed nanoparticles. This result might be attributed to the
difference of the target sequences for ODN and
siRNA and/or the higher potency of RNA} than
ODN [37].

4. Conclusions

The present study reports on organic—inorganic
hybrid nanoparticles composed of block copolymers
and CaP crystals, devised for utilization as an ODN
or siRNA carrier. The hybrid nanoparticles exhibited
diameters in the hectonanometer range, good colloi-
dal stability and high ODN- or siRNA-loading
capacity. Furthermore, the incorporation of ODN
into the nanoparticles resulted in the enhanced
cellular uptake in the in vitro experiment. Finally,
the environment-sensitivity against the gap in the
calcivm and phosphate ion concentrations was
revealed, suggesting the intracellular selective dis-
sociation of the hybrid nanoparticles.

These results could be of great significance for
ODN or siRNA delivery in vivo. To further enhance
the efficacy of the delivery, the ligand conjugation to

“induce receptor-mediated cellular uptake and the in-

clusion of endosomotropic reagents into the system
are likely to be promising. Furthermore, it should be
noted that the hybrid nanoparticles reported here
might also find application as a carrier for versatile
compounds such as anticancer drugs and proteins,
because of the high binding affinity of CaP to these
compounds.
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Abstract: A block catiomer polyplex, showing a high stability in the extracellular medium and an efficient
release of plasmid DNA {pDNA) in the intracellular compartment, was developed by controlling both the
cationic charge and disulfide cross-linking densities of the backbone pelycations. Poly(ethylene glycol)-
poly{t-lysine) block copolymer (PEG-PLL) was thiolated using either of two thiclation reagents, N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP) or 2-iminothiclane (Traut's reagent), to investigate the effects of both
the charge and disulfide cross-finking densities on the properties of the polyplexes. The introduction of
thial groups by SPDP proceeded through the formation of amide linkages to concomitantly decrease the
cationic charge density of PLL segment, whereas Traut's reagent promoted the thiolation with the introduction
of cationic imino groups to keep the charge density constant. These thiolated PEG-PLLs were complexed
with pDNA to form the disulfide cross-linked block catiomer polyplexes, which had the size of approximately
100 nm. Both thiolation methods were similarly effective in introducing disulfide cross-links to prevent the
polyplex from the dissoctation through a counter polyanion exchange in the extracellular oxidative condition.
On the other hand, the efficient release of pDNA responding to the reductive condition mimicking the
intracellular environment was only achieved for the polyplex thiclated with SPDP, a system compensating
for the decrease in the charge density with the disulfide cross-linking. This distinctive sensitivity toward
pxidative and reductive environments was nicely correlated with the remarkable difference in the fransfection
efficiency between these two types of thiolated polyplexes (SPDP and Traut's reagent types): the former
revealed approximately 50 times higher transfection efficiency toward 293T cells than the latter. Obviously,
the balance between the densities of the cationic charge and disulfide cross-linking in the thiclated polyplex
played a crucial role in the delivery and contrelled release of entrapped pDNA into the microenvironment

of intracellular compartment to achieve the high transfection efficiency.

Introduction

Despite the current enormous interest in cationic pelymer-
based gene delivery systems (polyplexes), the rationale to design
efMicient systems has not yet been oblained. Especially, in vivo
gene delivery systems through a systemic route demand a high
stability during blood circulation and an etticient gene expres-
sion at the target site. Cationic block copolymers with hydro-
philic segments, such as poly(ethylene glycol) (PEG), effectively
induce a condensation of plasmid DNA (pDNA) upon complex-
ation to form core—shell-type polyplexes with the hydrophilic
outer layer surrounding the pelyion complex (PIC) core.! =3 This
provides the increased colloidal stability to the polyplexes ina
proteinaceous medium, allowing the substantial increase in their
blood circulation time.? Nevertheless, there is still a possibility

t Graduate Schoel of Engineering, The University of Tokyo.
3 National Institute for Materials Science.
§ School of Medicine, The University of Tokyo,

10.1021/|a0379666 CCC: §27.50 © 2004 American Chemical Soclety

of the block catiomer polyplexes to unfavorably dissociate be-
fore entering the cytoplasm of target cells through the interaction
with negatively charged biomacromolccules in the entity,?
Thus, a strategy is needed to keep the polyplex structure stable
in the extracytoplasmic environment, while inducing the efficient
release of entrapped pDNA from the polyplexes after their
movement into the cytoplasmic compartment,

(1) (a) Katayose. S.; Kataoka, K, Advanced Biomaterialy in Biomedical
Eugineering and Drug Delivery Svstemy:, Springer: Tokyo, 1996: pp 319—
320. (b) Katayose, S.; Kataoka, K. Biaconjugate Chem, 1997, &, 702~
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1999, 88, 9961003,
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Scheme 1. Thiolation Schemes of PEG-PLL
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A promising approach to realize this strategy is to reversibly
cross-link the PIC core of the block catiomer polyplex with
disulfide bonds cleavable in intracetlular reductive environments,
where the glutathione concentration is ~50—1000 times higher
than that in extracellular milicu.? Indeed, the utility of this
strategy was demonstrated with the PIC of model polyanions,’
oligo-DNA,'% and pDNA, 712 showing that the disulfide cross-
linking substantially stabilized polyplexes to achicve longevity
in the blood circulation. However, the introduction of disulfide
cross-links eventually led to the decreased transfection efficiency
because of the overstabilization of the complex structure to
hinder pDNA release in the intracellular compartment.!! [n this
regard, the balance between cationic charge and disulfide cross-
linking densities of the polyplex should be crucial for the
disulfide cross-linked polyplexes achieving the environment-
sensitive release of entrapped pDNA in the cyteplasm while
maintaining its high stability in an extracellular environment,
Nevertheless, previous works regarding the disulfide cross-
linking of the polyplexes have not clarified this important issuc,
directing us to the present study devoting to design the polyplex
system with regulated densities of charge and disulfide cross-
linking to achieve the enhanced gene expression,

Here the charge and disulfide cross-linking densities of block
catiomer polyplexes from PEG-poly(L-lysine) block copolymer
{PEG-PLL} were regulated by the usc of two types of thiola-
tion reagents: N-succinimidyl 3-(2-pyridyldithio)propionate
(SPDP)'? and 2-iminothiolane (Traut’s reagent).!* Thiolation
using SPDP proceeds by substituting amide groups for the

(8} Meister, A.; Anderson, M. E. dAnmw. Rew. Biochem. 1983, 52, 711-760.
(9) Kakizawa, Y., Harada, A.; Kataoka, K. J. Am. Chem. Sec. 1999, 121,
1124711248,
(10) Kakizawa, Y.; Harada, A.; Kataoka, K. Biomacromolecules 2001, 2,491 —
497

(11} Trubetskoy, S. V.; Loomis, A.; $lattum, M. P.; Hagstrom, E. J.; Budker,
G, V.; Wolfl, A, ). Bioconjugate Chem. 1999, 14, 624—628,

(12} McKenzie, D. L.; Kwok. K. Y.: Rice, K. G. J. Biel Chenr. 2000, 275,
9970—9977.

(L3} Carlsson, J.; Drevin, H.; Axen. R. Biochem. J. 1978, 173, 723-1737.

{14} King, T. P.; Li, Y.; Kochoumian. L. Prepr. Protein Conjugates 1978, 17,
14%9—1506.
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e-amino groups of the lysine residue, resulting in the decreased
charge density compensated by the introduction of 3-(2-pyri-
dyldithio)propionyl groups, while the charge density of the PLL
segments remained unchanged even after thiclation by Traut's
reagent, because the reaction was accompanied by the introduc-
tion of cationic imino groups. Consequently, the former system,
balancing the densities of charge and disulfide ecross-linking,
achieved for the first time a remarkable increase in the trans-
fection efficiency compared to non-cross-linked control while
maintaining its stability in the extracellular environment,

Experimental Section.

Materials. a-Methoxy-w-amino-poty(ethylene glycol} (Af, = 12 000)
was a kind gift from Nippon Qil and Fats Co.. Lid. (Tokyo, Japan).
The PEG-PLL block copolymers with an average polymerization degree
of PLL segment of 71 were synthesized as previously described.!
N-Suceinimidyl 3-(2-pyridyldithio)propionate (SPDP), dithiothreitol
(DTT), and sodium dextran sulfate (M, = 25 000) were purchased from
Wako Pure Chemical Co., Ltd. (Osaka, Japan). 2-Iminothiolane (Traut's
reagent) and Micro BCA protein assay reagent kit were purchased from
PIERCE Co., Inc. {Rockford, IL). N-Methyl-2-pyrrelidene (NMP) was
purchased from Aldrich Co., Inc. (Milwaukee, WI). A pGL3 control
vector, which was purchased from Promega Co., Inc. (Madison, WI},
was used as pDNA in all the experiments. This pDNA was amplified
in competent DHSa Escherichia coli and purified using HiSpeed
Plasmid MaxiKit purchased from QIAGEN Sciences Co., Inc, (Ger-
mantown, MD).

Synthesis of Thiolated PEG-PLL. Introduction of thicl groups to
the side chain of PEG-PLL was performed using cither a heterobi-
tunctional reagent SPDP {Scheme 1a) or a cyclic thivimidate Traut’s
reagent'? (Scheme 1b). The typical synthetic procedure is described as
follows for the PEG-PLL-PDP (37 mol % substitution); PEG-PLL (51
mg, 1.90 gmel) and SPDP (60 mg, 192 gmol) were separately dissolved
in NMP containing 5 wt % LiCl (2 mL {or PEG-PLL, 6 mL for SPDP).
The solution containing SPDP (2.5 mL) was zdded to PEG-PLL solution
{2 mL) and stirred at room temperature for 24 h afier the addition of
[0% volume of N N-diisopropylcthylamine. Then, the mixture was
precipitated into an approximately 20-times-excess volume of dicthyl
ether. The crude precipitate was washed twice with diethyl ether to
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obtain white powder. The polymer was dissolved in (.01 N HCI
solution, dialyzed against distilled water ovemight, and lyophilized to
obtain the final product. The reaction of PEG-PLL with Traut’s reagent
was carricd out in a similar way, ez, Traut’s reagent (20 myg, 145
pmol) in NMP (2 mL} was added to PEG-PLL (29 mg, 1.10 gmol} in
NMP (2 mL) to obtain the PEG-PLL-IM (22 mol % substitution).
Thiolated PEG-PLLs with different thiolation degrees were obtained
by changing molar ratio of SPDP or Traut's reagent to the e-amine
groups of PEG-PLL according o the afurementioned method. The
degree of the thiol substitution for each thiolated PEG-PLL was
determined from the peak intensity ratio of the methylene protons of
PEG (OCH,CH,;, & = 3.5 ppm) to the pyridyl protons of the 3-(2-
pyridyldithio)propionyl groups (CsHYN, & = 7.2—8.3 ppm) or the newly
introduced methylene protons of | -imino-4-mercaptobuty] groups (HS—
(CH)—C(NH:™Y", 6 = 2.1~3.4 ppm) in 'H NMR spectra taken in
DO at 25 *C.

Preparation of the Cross-Linked Block Catiomer Polyplex. Each
thivlated PEG-PLL was dissolved in 10 mM Tris-HC| bufter (pH 7.4}
at 1 =2 mg/mL, followed by the addition of 10% volume of 100 mM
DTT solution. After a 30 min incubation at room temperature, the
polymer solutions were diluted up to the residual molar concentration
of the cationic moictics (primary amino and imino groups) to equal
0.6135 gmol/mL by the same buffer. Then, the polymer solutions were
added to a 2-times-excess volume of 50 geg/mL pDNA solation (0.154
pmolfml, phosphate groups) to form the polyplex at a charge ratio of
2. The final concentration of pDNA in all the samples was adjusted to
33 pg/mL. Charge ratio was defined as the residual molar ratio of
positive charge of PEG-PLL or thiclaied PEG-PLL to phosphate group
of pDNA. After an overnight incubation at room temperature, the
polyplex solutions were dialyzed against 16 mM Tris-HCL (pH 7.4}
containing 0.5% dimethyl sulfoxide at 37 °C for 24 h 10 remove the
impuritics, followed by 2 days of additional dialysis for removal of
dimethy! sulfoxide. During the dialysis, the thiof groups of thiolated
PEG-PLI. were oxidized to form the disultide cross-links. To follow
the process of oxidation, the temaining thiol groups in disulfide cross-
linked polyplexes were determined by Ellman's method.

Size of Cross-Linked Block Catiomer Polyplex. To estimate the
hydrodynamic diameters of cross-linked block catiomer polyplexes,
dynamic light scattering (DLS) measurements were carried out using
a DLS-7000 instrument (Otuka Electronics Co. Ltd., Hirakata, Japan).
An Ar ion laser (4 = 438 nm) was used as an incident beam. Block
catiomer polyplex solutions with a charge ratio of 2 were adjusted to
have a concentration of 33 up pDNA/mL. The data cobtained at a
detection angle of Y0° at 25 °C were analyzed by the cumulant method
e oblain the hydrodynamic diameters and polydispersity indices
(T2} of the polyplexes.'®

For AFM imaging of DNA complexes, 4 4L of each sample solution
was deposited on a freshly cleaved mica substrate for 30 s. The solution
was dried under a gentle flow of nitrogen gas. AFM imaging was
performed in tapping mode with standard silicon probes (160 g#m in
length, Olympus, Tokyo, Japan) on a NVBI0O microscope (Olympus)
controlled by an operating scftware of Nanoscope IHa (Digital
Ingtruments, Santa Barbara, CA), Cantilever oscillation frequency was
tuned o the resonance frequency of the cantilever, 260—340 kHz. The
256 x 256 images were recorded at a 0.5—2 gm/s linear scanning speed
at a sampling density of 4—60 nm? per pixcl. Raw AFM images have
been processed only tor background removal (flattening) using the
microscope manufacturer’s image-processing software.

Dye Exclusion Assay. Block catiomer polyplex solutions (33 ug
pDNA/mML) prepared at a charge ratio of 2 were adjusted to have 10
#g pDNA/IML with 2.5 pg Etc/mL and 150 mM NaCl by adding 10
mM Tris-HCI1 (pH 7.4) buffer containing EtBr and NaCl. The solutions

(15) Riddles, P, W,; Blakeley, R. L.; Zerner. B, Anal. Biochem. 1979, 94, 75—

81,
(16} Ttaka, K.. Yamauchi, K.;: Ilarada, A.; Nakamura, K.; Kawaguchi, 1;
Kataokd, K. Biomaicrials 2003, 24, 4495—4506,

were incubated at ambient temperature overnight. Fluorescence mea-
surements of sample solutions were carried out at 25 °C using a spec-
trofluorometer (FP-6500, Jasco, Tokyo, Japan). Fluorescence intensity
of the samples at 590 nm was measured with excitation at 510 nm.
Relative fluorescence intensity was calculated as follows:

F,={(F,

sample - FD)"‘(FIDO - FD)
where Fompie was tluorescence intensity for the samples, Fioo was free
pDNA, and Fy was background.

Gel Retardation Analysis. Sodium dextran sulfate (0.83 mM, M,
=25 000) in 10 mM Tris-HCl (pH 7.4} buffer was added to the same
volume of polyplex solutions (33 pg pDNA/mML) prepared at a charge
ratio of 2 in 10 mM Tris-TiC) (plf 7.4) buffer to have an approximately
20-times-excess charge ratio of sodium dextran sulfate to pDNA in
the mixture. The mixed sulution was then diluted up to 8.3 gg pDNA/
mL by the same volume of 16 mM Tris-1ICE (pH 7.4} bufter with or
without 50 mM DTT. After an overnight incubation at 37 °C in a sealed
container, 20 L of each sample (166 ng pDNA) was electrophoresed
at 100V for | hon a 0.9 wit % agarose gel in 20 mM Tris-acetic acid
buffer containing 1¢ mM sodium acetic acid (pH 7.8). pDNA in the
gel was visualized by EtBr (0.5 ug/mL} staining,

Transfection. 293T cells were plated into six well gelatin-coated
culture plates, After a 24 h incubation in 1.5 mL of Dulbecco’s modified
eagle medium (DMEM) containing 10% serum, the medium was
replaced with 1 mL of a transfection medium containing 10% serum
and 100 uM hydroxychlorequine, Ninety uL of each polyplex solution
(33 pg/mL pDNA} was then applied to each well for the transfection.
The amount of pDNA was adjusted to 3 gp per well. Atter 24 h of
incubation, the medium was replaced with 1 mL of the medium
containing 0% serum, followed by an additional 24 h incubation. The
luciferase gene expression was then evaluated from the intensity of
photoluminescence using Fluoroskan Ascent FL system {Labsystems,
Helsinki, Finland). The amount of protein in exch well was concomi-
tantly determined using a Micro BCA Protein Assay Reageat Kit.

Effect of Freeze—Thawing Process of Polyplexes on Trans{ection.
Polyplex solutions with a charge ratio ot 2 were prepared as de-
seribed in the preceding section to adjust the pDNA concentration of
33 pg/mL. Each sample was frozen at —20 °C for 2 h, fellowed by
thawing at room temperature for 30 min. Both nonfrozen and frecze—
thawed polyplexes were subjected to the Juciferase transfection assay
using 293T cells.

Results and Discussion

Thiolation of PEG-PLL. Thiolated PEG-PLLs were syn-
thesized using two types of thiolation reagents, i.e,, SPDP and
Traut's reagent. The activated ester of SPDP reacts with the
€-amino group of lysine residue, resulting in the introduction
of the 3-(2-pyridyldithio)propionyl (PDP)} groups via amide
linkage into the side chain of the PLL segment of PEG-PLL
(Scheme la}. Consequently, the cationic charge density of the
PLL segment was decreased through the thiclation. Samples
with varying thiolation degree were prepared by this method
and abbreviated as PDP-X, where X stands for the percent
thiolation (%) of the e-amino groups calculated from the peak
intensity ratio of the methylene protons of PEG (OCH,CH;, &
= 3.5 ppm) to the pyridyl protons of the 3-(2-pyridyldithio)-
propionyl groups (CsH4N, § == 7.2—8.3 ppm) in 'H NMR
spectium as typically seen in Figure 1 (PDP-37). Treatment of
PDP-X with an excess amount of DTT gave the reduced form
having flanking 3-mercaptoproptony! groups, which we ab-
breviated as MP-X.

As an approach of thiolation with keeping the charge density
unchanged, the amidination of €-amino groups of PLL segment
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Figure 1. 'H NMR spectrum of PDP-37 (solvent, D;O; temperature, 25
“C; concentration, 10 mg/mL).
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Figure 2, 'H NMR spectrum of IM-22 (solvent, Dz0; temperature, 25 °C;
cenceniration, 10 mg/mL).

was done by Traut’s reagent to introduce thiol groups with
calionic imine moieties as seen in Scheme 1b. 'H NMR spec-
trum shown in Figure 2 (IM-22} clearly indicates the introduc-
tion of both thiol and imino moieties in the sample from the
peaks of ncwly introduced micthylene protons of 1-imino-4-

2358 J. AM. CHEM. SOC. » VOL. 126, NO. 8, 2004

Table 1. Cumulant Diameters and Polydispersity Indices (#/T2) of
Block Catiomer Polyplexes

tumulant diameler polydispersity index

[nm} [P

PEG-PLL polyplex 102 0.16

(non-cross-linked)
IM-X polyplexes

(cross-linked)
IM-5 102 015
IM-22 100 0.16
MP-X polyplexes

(cross-linked)
MP-5 103 0.14
MP-13 106 0.14
MP-28 103 0.13
MP-37 115 019

mercaptobutyl groups from Traut's reagent (HS—(CHh—
C(NII;*)™, & = 2.1-3.4 ppm). Thiolated polymers containing
l-imino-4-mercaptobutyl groups were abbreviated as [IM-X,
where X stands for the percent thiolation.

Formation of Cross-Linked Block Catiomer Polyplex. The
block catiomer polyplexes from pDNA and thiolated PEG-PLL
were prepared at the charge ratio of 2, where no free pDNA
was observed in an agarose gel retardation analysis (data not
shown), To determine the process of oxidative cross-linking,
the polyplex samples were subjected to Ellman’s test for the
estimation of residual thiol groups. Afler 3 days of dialysis,
the amount of remaining thiol groups was calculated to be less
than 10% of the initial value for all the samples, indicating that ©
the core of block catiomer polyplexes was cross-linked through
covalent disulfide bonds between the side chain of PLL segment
of PEG-PLL.

The size and shape of the cross-linked polyplexes were then
evaluated by DLS and AFM measurements. Table 1 summarizes
the cumulant diameters of the polyplexes dotermined by DLS,
indicating that all of the block catiomer polyplexes, regardless
of the cross-linking and charge densities, have diameters around
100 nm with 2 moderate polydispersity between 0.13 and 0.19.
This is in line with the results of the atomic force microscopy
(AFM) of the dried polyplexes on a mica disk as scen in Figure
3. A toroidal structure in the size range of 60—100 nm and a
rodlike structure with a long axis of 150—300 nm were observed
by AFM. Our previous work on polyplex examination by static
light scattering revealed that the block catiomer polyplexes of
PEEG-PLL prepared at a charge ratio of 2 is likely to contain a
single pDNA molecule in each of the polyplexes without any
secondary coalescence.'® Present AFM imaging of the poly-
plexes is reasonably consistent with this previous estimation
based on the static hight scattering analysis.

Ethidium bromide (EtBr) is known to forny an intercalating
complex with double helical polynucleotides to show a striking
enhancement in its fluorescence intensity.!” This enhanced
fluorescence was quenched upon the condensation of DNA
through the complexation with cationic component due to the
hindered intercalation of EtBr into double-stranded structure of
DNA molecules. Thus, EtBr exclusion assay was frequently
utilized to estimate the degree of pDNA condensation in ion
complexes.'"® Ag seen in Figure 4, non-cross-linked polyplexes

(17) LePecq, J.-B.; Paoletti, C. J. Mol. Biol. 1967, 27, 87—106.
(18) Itaka, K.: [larada, A.; Nakamura, K.; Kawaguchi, 1.; Katacka, K.
Biomacromoicoules 2002, 3, 841—845.
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Figure 3. AFM images of block catiomer polyplexes. (a) PEG-PLL
polyplex (non-cross-linked), (b} IM-22 polyplex (cross-linked), and (¢) MP-
28 polyplex (cross-linked). Images are shown in amplitude mode, and all
the scale bars are equivalent to 506 nm.
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Figure 4. Effect of thiolation degree of non-cross-linked and cross-linked

block catiomer polyplexes on the flugrescence intensity of EtBr. Fluores-

cence measurements were carmied out as described in the Experimental
Section. (O) PDP-X polyplex, (M) MP-X polyplex, (a) IM-X polyplex.

from PDP-X showed a monotonic increase in the EtBr fluo-
rescence with an increase in the thiolation degree, indicating a
lowered tendency of dye exclusion. This result demonstrates
that the decreased charge density of PLL segment through the
reaction with SPDP led to a lowered capacity to induce pDNA
condensation. On the other hand, the disulfide cross-linked
polyplexes from MP-X had a substantially lowered fluorescence
intensity than the corresponding non-cross-linked polyplexes
from PDP-X and revealed the fluorescence intensity the same
as the polyplex from PEG-PLL (nonthiolated polymer), indicat-
ing their characteristic to compensate for the decreased cationic
charge with disulfide cross-linking. Furthermore, the cross-
linked polyplexes from IM-X with a fixed charge density
exhibited even lower fluorescence intensity than the cross-linked
MP polyplexes with a decreased charge density, showing that
the additional disulfide eross-linking to the electrostatic interac-
tion further promotes the condensation of pDNA.

Stability of Cress-Linked Systems. The stability of the
cross-linked polyplexes against the counter polyanion exchange
reaction may play a key role in pDNA release from the
polyplexes in the intracellular compartment and was thus
evaluated by the agarose gel electrophoresis as seen in Figure
5. The effects of cross-linking and charge densities on counter
polyanion-induced dissociation of the polyplexes in nonreductive
and reductive conditions were evaluated by this method.
Obviously, in the nonreductive condition (Figure $a, lane 2 and
Figure 5b, lane 2), the bands of the free pDNA (super-coil and
open-circular forms) were ebserved for the non-cross-linked
systems (PEG-PLL and PDP-28 polyplexes). On the contrary,
the free pDNA bands were not detected in the condition without
DTT (Figure 5a, lanes 3 and 4 and Figure 5b, lanes 3—6) for
all of the cross-linked systems (IM- and MP-polyplexes),
indicating the substantial stabilization of the cross-linked
polyplexes against the exchange reaction. Noteworthy is the
behavior of MP-28 in the reductive medium containing 25 mM
DTT (Figure 5b, lane 9): The free pDNA bands were enly
clearly observed for this system among all of the cross-linked
polyplexes. This result indicates that the release of pDNA
through the cleavage of the disulfide cross-linking occurs
effectively with the polyplex designed to optimally balance the
densities of charge and disulfide cross-linking.

In Vitro Transfection Efficiency of Cross-Linked Block
Catiomer Polyplex. To assess the environmental sensitivity in
the intraceltular compartment, transfection of luciferase gene
(pGL3) to cultured 293T cells was then carried out using these
cross-linked polyplexes (Figure 6a). The cross-linked polyplexes
of IM series, showing no release of entrapped pDNA in the
electrophoretic assay under the reductive environment, resulted
in an even lower transfection than the non-cross-linked control
(PEG-PLL). This indicates that an additional introduction of
disulfide cross-links to the polyplex with an appreciably high
cationic charge density works synergistically to prevent pDNA
release from the polyplex even in the reductive intracellular
environment, resulting in a lowered transfection efficicncy.
Notably, the cross-linked polyplexes of MP series, the system
compensating for the decrease in the charge density with the
disulfide cross-linking, revealed an increased transfection ef-
ficiency compared to PEG-PLL, taking a maximum efficiency
at MP-28 to achicve 1 order of magnitude higher luciferase

_expression than PEG-PLL. Note that this is reasonably consistent

with their capability of pDNA release in the reductive environ-
ment as demonstrated in electrophoretic assay (Figure Sb).
Progressive increase in gene expression with an increased
thiolation degree up to 28% for MP serics may be aseribed to
the facilitated release of pDNA from the polyplex in the
intracellular reductive environment due to the decreased charge
density of ion-complexed polycation segment. On the other
hand, MP-37 apparently revealed a lowered gene expression
compared to MP-28. Release of pDNA from MP-37 is likely
to be impeded even in the intracellular reductive environment,
presumably due to the overstabilization through the excessive
disulfide cross-linking. As seen in Figure 6b, PDP-28, the non-
cross-linked control of MP-28, revealed only a 2 times higher
transfection efficiency than PEG-PLL, indicating that the
lowered charge density is not the main reason for the signifi-
cantly higher efficiency of the MP-28 polyplex. It is reasonable
to assume that disulfide cross-links may inhibit the MP-28
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Figure 5. Aparose gel retardation analysis. Each sample was mixed with dextran sulfate (M, = 25 000, ca. 20 times excess charge ratio to pDNA) and
incubated af 37 °C for 24 h, followed by gel electrophoresis (final concentration of pDNA: 8.3 #g/mL). The reductive condition was prepared by adding
DTT (25 mM). (a) Retardation assay for IM series. From left: lane 1, free pDNA, lane 2, PEG-PLL polyplex; lanes 3 and 4, IM-X polyplex without DTT:
lanes 5 and 6, IM-X polyplexes with 25 mM DTT, (b) Retardation assay for MP series. From left: lane 1, fee pDNA; lane 2, PDP-28; lanes 3—6, MP-X
without DTT; lanes 7—10, MP-X with 25 mM DTT. (s.c., supercoiled; o.c., open circular form of pDNA). :
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Figure 6. Transfection of luciferase gene to 293T cells by the block catiomer polyplexes. 293T cells were incubated with the polyplexes in the medium
containing 100 uM hydroxychlorequine (HC) and 10% serum for 24 h, followed by an additional 24 h culture without the polyplexes and HC in the medium
containing 10% serum. (a) Effect of the thiolation degree on the transfection efficiency. (M) MP-X polyplex, (4) IM-X polyplex. (b} Progressive increase
in fransfection with a modulation in the structure of PLL-based polyplexes. PLL (poly(L-lysine) homopotymer, M, = 18 000) was used as the control

polyplex.

polyplex from disintegrating in the cxtracytoplasmic environ-
ment, allowing the effective intracellular delivery of pDNA.
Subsequently, the cleavage of the disulfide bond in the reductive
intracellular compartment triggess the efficient release of pDNA
from the MP-28 polyplex, because it should induce a substantial
decrease in the association force in the polyplex. a system
compensating the decreased charge with disulfide cross-linking.

From a practical viewpoint, long-term storage of gene carriers
in a regulatory condition, including powdered and frozen
formulations, is a crucial issue. Nevertheless, the conventional
lipoplexes and polyplexes are not tolerant of freezing, resulting
in a significant foss in the transfection efficiency in the absence
of particular saccharide compounds as lyoprotectants,!®~2! As

(19) Talsma, H.; Cherng. J.-Y.: Lehrmann, H.; Kursa, M.; Ogris, M.; Hennink,
W. E.; Cotten, M.; Wagner, E, Int. J. Pharm. 1997, 157, 233—238,

(20) Cherng, J.-¥.: Wetering, P.; Talsma, H.: Crommelin, D. 1. A.; Hennink,
W. E. Pharm. Res. 1997, 14, 18381841,
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seen in Figure 7, the disulfide cross-linking (MP-28) completely
protects the transfection capacity of the block cattomer poly-
plexes even afier the simple freeze—thawing without using any
protective reagents. This is in a sharp contrast to the significandy
lowered transfection efficiency of non-cross-linked polyplexes
after the frecze—thawing process. The disulfide cross-linking
obviously prevents the polyplex from the structural change
induced by freezing stress. Indeéd, there was no substantial
change in AFM images of the cross-linked polyplexes before
and after the freeze—thawing process {data not shown).

Conclusions

Here, the disulfide cross-linked polyplex is shown to undergo
the environment-sensitive release of pDNA through the regulated

(21) Awchordoquy, T. I.; Carpenter, J. F.; Kroll, Dn J. Arch. Bivcherm. Biophys.
1997, 348, 199-206.
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Figure 7. Effect of freeze—thawing on the transfection efficiency of
polyplexes. Open bar: nonfrezen sample. Closed bar: freeze—thawed
sampie. All the polyplex samples were frozen at —20 °C for 2 h, followed

by thawing at room temperature for 30 min. PLL represents poly(L-lysine}
homopolymer (M, = 18 000).

cleavage of disulfide bond in the reductive condition. The cross-
linked polyplexes with a lowered charge density (MP-X
polyplexes), in particular MP-28, achieved significantly higher
transfection than those with a fixed charge density (IM-X

polyplexes). The presence of the optimal thiolation degree (28%)
in MP-X supports our hypothesis that the efficient transfection
in the disulfide cross-linked polyplexes can be achieved by
controlling the balance between the cationic charge and disulfide
cross-linking densities. Qur results should provide a compre-
hensive knowledge of designing the environment-sensitive
polyplex systems with high stability in extracellular environ-
ments and an cffective releasing capacity of pDNA in intrac-
ellular compartments for the efficient transfection. Our recent
animal study revealed an appreciable gene expression in mouse
liver for intravenously injected MP-28, and detailed results will
be reported elsewhere in near future.
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