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Abstract: The design and synthesis of safe efficient non-viral vectors for gene delivery has attracted significant attention
in recent years due primarily to the severe side-effect profile reported with the use of their viral counterparts. Previous ex-
periments have revealed that the strong interaction between the carriers and nucleic acid may well hinder the release of the
gene from the complex in the cytosol adversely affecting transfection efficiency. However, incorporating reducible disul-
fide bonds within the delivery systems themselves which are then cleaved in the glutathione-rich intracellular environment
may help in solving this puzzle. This review focuses on recent development of these reducible carriers. The biological ra-
tionale and approaches to the synthesis of reducible vectors are discussed in detail. The in vitro and in vivo evaluations of
reducible carriers are also summarized and it is evident that they offer a promising approach in non-viral gene delivery

system design.
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1. INTRODUCTION

Gene therapy is a promising and rapidly developing
medical approach, which aims to cure diseases of genetic
origin by correcting the over- or under-expression of genes
[1]. In 1983 a bacterial gene was successfully transferred
into mouse haematopoietic progenitor cells using a retroviral
vector [2]. Several years later, in 1990, Drs. William French
Anderson, Michael Blaese and Ken Culver at the National
Institutes of Health carried out the first successful viral vec-
tor-mediated gene therapy trial on the then four-year-old
Ashanthi DeSilva with the goal of treating adenosine
deaminase (ADA) deficiency - a rare and severe immunode-
ficiency disease afflicting children [3]. In 1993 the first non-
viral gene vector formulation entered clinical trials, in which
a DNA-liposome formulation was injected into five HLA-
B7-negative patients with stage IV melanoma. The results
indicated that recombinant protein was detected in all five
patients taking part in the trial [4]. On October 16, 2003, the
Chinese Food and Drug Administration approved the largely
controversial and first ever adenovirus-based gene therapy
product Gendicine” - a treatment for head and neck
squamous cell carcinoma (HNSCC). This approval remains
controversial as it was granted after 5 years of trials in a
mere 120 patients [5].

Although significant progress has been made in the area
of gene delivery, the approach is still hampered by the lack
of both safe and effective vectors for gene delivery of which
non-viral vectors offer a promising and viable solution. Over
the last 30 years, numerous approaches have been developed
and trialed to conquer the many challenges facing gene de-
livery research. These approaches can be classified into three
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major modes of delivery: physical methods for gene therapy,
viral & non-viral vector-mediated gene delivery. In recent
years, although physical approaches to gene delivery have
made some progress, they are still hampered by the issue of
impracticality [6]. Viruses, as the products of natural evolu-
tion over millions of years, possess an excellent natural abil-
ity to traffic foreign genes to host cells. However, their in-
herent drawbacks, have included the stimulation of strong
immune responses, oncogenesis and with fatalities also hav-
ing resulted; this has greatly limited both the utility and ac-
ceptance of viral vectors in gene therapy by the US-FDA [7-
12]. Hence, in recent years, attention has turned towards de-
veloping efficient non-viral vectors which are notably absent
of such detrimental effects.

Many studies have shown that the ineffective release of a
gene from its vector is a major intracellular hurdle and rate-
limiting step in gene delivery — caused by the strong electro-
static interactions that exist between cationic-vector and ani-
onic-gene [13, 14]. To help in addressing this issue, in recent
years a number of disulfide bond-containing vectors have
been designed which facilitate release of the gene from its
vector, selectively in the cytosol. This was deemed possible
due to the existence of a high redox potential gradient be-
tween the oxidizing extracellular space and the highly reduc-
ing cytosolic environment. Thus, the focus of this review is
on the biological rationale of such vectors, approaches to the
synthesis of reducible vectors and their evaluation in vitro
and in vivo.

2. BIOLOGICAL RATIONALE OF DISULFIDE
BOND-CONTAINING CARRIERS

2.1. The Five Major Barriers to Gene Delivery

Universally, in order for a gene to efficiently transfect a
host cell population, it must first overcome five major barri-
ers (see below) in vivo as illustrated in Fig. (1) [15-17].

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). Five major biological barriers to gene delivery.

The first being that a gene (and any vector used to deliv-
ery it) must overcome extracellular physical and bio-
chemical degradation to reach target cells intact [18]. The
colloidal stability of gene delivery systems in extracellu-
lar compartments is a major obstacle due to the positively
charged carrier-gene complexes readily interacting with
negative-charged and highly abundant plasma proteins
(e.g. serum albumin), resulting in rapid elimination of the
formulation by the hosts reticuloendothelial system
(RES).

Transfer into and passing through the membrane of target
cells is the next hurdle. For most non-viral vectors, cati-
onic carrier-gene complexes interact with the negatively
charged eukaryotic cell membranes via primarily electro-
static interactions, resulting in enhanced cellular uptake
[19]. However, the overall net charge of any formulation
must be moderated as too high a cationic charge can lead
to cytotoxicity, resulting from cell lysis [20].

After translocating across the cell membrane complexes
generally enter the endosomal-lysosomal pathway [17].
Once inside the endosome the pH of the endosomal envi-
ronment then rapidly decreases until a pH ~ 4 is reached
which then triggers fusion of the now “late-endosome”
with lysosomes and the release a barrage of degradative
enzymes.

If the formulation readily escapes the endosomal pathway
we are a step closer to achieving transfection, although
what happens between now and transfection being ob-
served, is still very much based upon speculation. Many
studies show ineffective DNA release from its vector as a
major intracellular hurdle and rate-limiting step in gene
delivery due to strong electrostatic interactions between
cationic-vector and anionic-gene [13, 14]. So, the release
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of gene from its carrier is a critical step that must not be
overlooked in order for effective gene delivery to take
place.

e The final obstacle for gene transfer of plasmid DNA
(pDNA) is migration across the nuclear membrane and
entry into the nucleus. Nuclear delivery can occur by one
of two approaches: the first is via the breakdown of the
nuclear membrane during the period of mitosis and the
other is through the nuclear pore complex (NPC) [21].
Several research groups have indicated that the mem-
brane of the nucleus hinders trafficking of either free
DNA or the carrier-gene complex from the cytosol and
consider it a major barrier to transfection [22-25]. It is
important here to also note that in the case of RNA-
interference (gene silencing using short interfering RNA
or “siRNA”) the cytosol is the target delivery site, not the
nucleus, as is the case for pDNA and oligonucleotide
(ODN) based-therapeutics [26].

Given the barriers outlined above our focus was drawn
towards gaining a better understanding of, and ultimately
quantifying the underlying process that dictates binding of
carrier and gene — a factor that has been largely overlooked
to-date in non-viral vectors design, however, is paramount to
achieving release of the gene once at the target site and sub-
sequent transfection.

2.2. Biological Rationale of Disulfide Bond-Containing
Carriers

The fundamental basis for employing disulphide bonds
within carrier systems is to exploit the very large differences
in intra- and extracellular glutathione concentrations (see
Fig. (1)). Typically, glutathione is present within cells in
both the oxidized (GSSG) and reduced (GSH) forms with the



1244 Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 10

intracellular redox state of various subcellular organelles
commonly stated as the GSH:GSSG ratio [27, 28].

Although different physiological states influence the
GSH level of different subcellular organelles, significant
redox potential gradients are in existence between the ex-
tracellular space and various intracellular compartments. The
GSH concentration in the extracellular space is ~ 1.5 pM
with the ratio of GSH: GSSG being ~ 7:1 [29, 30]. However,
its concentration in the cytosol is some 1000-fold higher (1-
11 mM), which is the principal site of GSH biosynthesis [31-
33]. Recent studies indicate that both the endosomes and
lysosomes are oxidising rather than reducing, which would
render them inefficient in disulfide bond reduction [34]. The
GSH concentration in the nucleus is much higher (up to
20mM) [35] while that of the mitochondria is similar to that
of the cytosol at SmM [36].

Thus, marked differences in glutathione levels between
the extracellular environment and the intracellular space en-
ables disulfide bond cleavage preferentially in the reductive
cytoplasmic environment. It is proposed that this leads to
selective and more efficient intracellular gene release when
reducible vectors are employed and so higher transfection
efficiency rates.

3. REDUCIBLE CARRIERS

Recently, there has been a drive by researchers working
in the field to develop disulfide bond-containing carriers for
selective intracellular gene release, and these have included
reducible cationic lipids, disulfide-linked poly(L-lysine)
(PLL), disulfide bond-containing poly(ethylene imine) (PEI),
thiol-reactive polymers, disulfide cross-linked peptides and
disulfide-modified genes. Studies where these reducible car-
riers have been employed are summarized in Table 1 and
discussed below.

3.1. Reducible Cationic Lipids for Gene Delivery

Reduction-triggered lipids were initially reported in 1998
[37-42]. Among those first studying their efficacy, Hughes
J.A. et al. [37, 38, 43] demonstrated that reducible cationic
lipids had a higher transfection efficiency and lower toxicity
than non-reducible lipids. Later Wetzer et al. found that the
position of disulfide bond within the lipid molecules influ-
enced the reduction kinetics of disulfide bond in lipid-DNA
complexes and the disulfide linker was more readily reduced
in hydrophilic environments [40]. In vitro experiments
showed that complexes formed with these optimal reducible
lipids had up to 1000-fold higher transfection efficiency than
their analogues absent of disulfide linkages.

3.2. Disulfide-Bond Containing Poly-L-Lysine (PLL)

In recent years, several disulfide-containing PLL-based
vectors have been designed and prepared [44-48]. Miyata K.
et al. synthesized PEG-PLL using two different thiolation
reagents and formulated PEGylated polyplex micelles with
disulfide crosslinked cores [46, 47]. The results show that
one key factor to effectively transfecting cells is the balance
between the densities of the positive charge and the degree
of disulfide cross-linking of the carriers. Furthermore, stud-
ies have shown that the degree of thiolation within the carri-
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ers should not exceed 28% if high transfection rates are to be
maintained [46, 47].

3.3. Disulfide-Bond Containing Polyethylenimine (PEI)

Due to the benefits of rapid escape from the endosome
and selective release in the cytosol, reducible PEI has at-
tracted added attention in the last two years with promising
results obtained in the numerous studies conducted [49-54].
Transfection efficiency of reducible poly(amido ethylen-
imine)s was almost 20-fold higher than that of standard PEI
[51]. Even the addition of 10% serum to the medium, which
very often abolishes activity, did not diminish the already
high transfection efficiency. In addition, confocal micros-
copy has highlighted that complexes formed with reducible
carriers revealed greater intracellular distribution of pDNA
when compared to native PEI, this being proposed due to the
reductively-triggered release of pDNA in the cytosol.

3.4. Thiol-Reactive Polymers

An assortment of polymers containing disulfide bonds
have been synthesized and evaluated for gene delivery, such
as poly(amido amine)s [55-62], poly(B-amino ester)s [63],
polyaspartamide [64], oligomerized polyamines [65], am-
phiphilic copolymer consisting of methacrytic acid, butyl
acrylate and pyridyl disulfide acrylate [66], cationic amphi-
hiles from a-lipoic (6,8-thioctic) acid, reducible poly(2-
dimethylaminoethyl methacrylates)[67, 68], biocleavable
polyrotaxane [69], chitosan [70, 71] and degradable hyaluro-
nic acid nanogels [72]. Almost all reducible polymers
showed higher transfection efficiencies and lower toxicity in
vitro than the non-reducible systems tested.

3.5. Disulfide Cross-Linked Polypeptides

Disulfide bonds can very easily be incorporated into pep-
tides via the natural amino acid cysteine, hence reducible
polypeptides have been studied as a means to improving
transfection efficiency of various genes [73-78]. Research
undertaken by McKenzie et al. showed that disulfide cross-
linking peptides increased gene expression without enhanc-
ing gene uptake by the cells and the observed increased gene
expression depended primarily on intracellular release of a
gene Via reduction of disulfide bonds [73]. Furthermore, they
introduced histidine into the disulfide cross-linking peptides
to provide endosome buffering capacity [74]. These peptides
comprising combinations of the residues lysine, cysteine, and
histidine significantly improved gene transfer properties in
vitro.

3.6. Disulfide-Modified Gene

Strategies whereby the gene itself is chemically tethered
to another ‘helper’ molecule (e.g. PEG) to augment delivery
and transfection has also been employed and some examples
where this has been successful include bisPNA-peptide con-
jugates [79], DNA-cysteine conjugates [80], PEG-S-S-anti-
sense oligodeoxynucleotide (asODN) [81] and PEG-S-S-
siRNA against VEGF [82]. Micelles formed with anti-angio-
genic siRNA-S-S-PEG/PEI were shown to suppress VEGF
gene expression by up to 96.5% in prostate carcinoma cells,
a result which proved markedly better than antiVEGF
siRNA-PEG/PEI complexes (~25% suppression) with both
studies being conducted in the presence of serum [82].
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Table 1.

Types of Reducible Carriers for Gene Delivery
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Carriers Gene Cell Line Reference
PEG-S-S-DOPE Calcein, pEGFP A431 cells [42]
Disulfide-linker lipid Plasmid DNA CHO, COS-1, and MCF-7 cells [41]
Disulfide bond within the hydrophilic moiety or .
. . Plasmid DNA Hela cells [40]
hydrophobic chain
Reduction-sensitive lipopolyamine Plasmid DNA HepG2 and HeLa cells [39]
1°-2” dioleoyl-sn-glycero-3’-succinyl-2-hydroxyethyl Primary rat cerebral cortical astroglial and microglial
1oreoyl-sn-glycero- -succiny-EyAroxyethy Plasmid DNA y g 9% 137, 38]
disulfide ornithine conjugate (DOGSDSO) cultures, SKnSH cells, HEK 293 cells, COS-1 cells
Thiolated PEG-poly(L-lysine) block copolymers Plasmid DNA 293T cells, BALB/c mice [46, 47]
Poly[Lys-(AEDTP)] Plasmid DNA 293T7 and HepG2 cells [44]
Disulfide crosslinked PLL/DNA complexes Plasmid DNA B16F10 cells, BALB/c mice [45]
. . I . NIH-3T3, BAEC, H9C2 and A7RS5 cells,
Disulfide poly(amido ethylenediamine) (SS-PAED) Plasmid DNA . . [51, 83]
rabbit myocardial infarct model
. CHO-K1, COS-7, NIH-3T3, HepG2,
S-S-PEI Plasmid DNA [84]
HCT116, HeLa, and HEK-293 cells
Crosslinked PEI Plasmid DNA NIH-3T3 cells, BALB/c mice [49]
I-PEIS Plasmid DNA HepG2 and HeLa cells [50]
PEI-S-S-integrin Plasmid DNA HelLa and MRCS5 cells [85]
Bioreducible poly(amido amine)s Plasmid DNA COS-7 cells [55, 56]
Poly(B-amino ester)s with thiol-reactive side chains Plasmid DNA HCC cells [63]
PESC Plasmid DNA B16F10 and N2A cells [64]
Oligomerized polyamines Plasmid DNA B16F10, Neuro2a, HUH-7 and HT-22 neuronal cells [65]
Amphiphilic copolymer consisting of methacrytic acid and Antisense .
. . . . 3T3 and THP-1 macrophage-like cells [66]
butyl acrylate and pyridyl disulfide acrylate oligonucleotide;
Lipoic acid-derived amphiphiles Plasmid DNA HeLa, A549 and BHK cells [86]
Thiolated chitosan Plasmid DNA HEK?293, MDCK and Hep-2 cells [70]
Chitosan-thiobutylamidine Plasmid DNA Caco? cells [71]
. . . . B16F10, HelLa, 4T1, MCF-7,
Multiblock reducible copolypeptides Plasmid DNA [76]
COS-7 and EA.hy926 cells
Sulfhydryl cross-linked PEG-Peptide/Glycopeptide Plasmid DNA Hepatocytes and Kupffer cells, mice [75]
Low molecular weight disulfide cross-linking peptides Plasmid DNA HepG2, COS-7 and CHO cells [73,74]
Disulfide cross-linked peptide Plasmid DNA COS-7, 293T3 and HUVE cells [77]
SiRNA-S-S-PEG SiRNA Prostate carcinoma cells (PC-3) [82]
PEG-S-S-asODN Plasmid DNA HuH-7 human cancer cells [81]
Cysteine-DNA conjugates DNA oligonucleotides [80]
Bis-PNA-S-S-peptide BisPNA [79]
Cleavable polycation/plasmid DNA multilayers Plasmid DNA [87,88]
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4. INTRODUCTION OF DISULFIDE BONDS TO
GENE CARRIERS Vi4 CHEMICAL APPROACHES

To-date many reports have been published describing
various strategies to introduce disulfide bonds into the final
structure of polyplexes [45, 46, 49-51, 55, 56, 65, 70, 71, 84,
86, 87]. These methods can be divided into three basic types:
disulfide cross-linked polymers, polymers where disulfide
bonds are introduced into their side-chains or where they are
cross-linked via cysteine-containing peptides — the major
contributions for each are reviewed below.

4.1. Disulfide Cross-Linked Polymers

Here disulfide bonds have been introduced into the back-
bone of polymers using thioglycolic acid (TGA) [70, 71],
dithiobis-(succinimidylpropionate) (DSP) [49, 65, 84], di-
methyl-3,3’-dithiobispropionimidate (DTBP) [45, 65], lipoic
acid [86] and potassium thioacetate [50]. Among these, the
most common cross-linking reagent is N,N’-cystaminebis-
acrylamide (CBA) [51, 55, 56, 87] and the typical synthetic
method is highlighted in Fig. (2). Usually, CBA is used to
synthesize bioreducible polyamidoamines (S-S-PAA) via
addition of a primary amine [56]. The main advantage of this
process is that it can be used to readily introduce a variety of
functional groups into the polymer because the primary
amines present on the side groups readily conjugate to the
acrylamide [55].

4.2. Disulfide Linkage in Polymer Side-Chains

The introduction of disulfide bonds to the side-chains of
polymers is another approach that has been explored, with
reagents such as by 2-(pyridyldithio)-ethylamine (PDA) [63],
N-succinimidyl-3-(2-pyridyldithio)-propionate (SPDP) [44,
64] and pyridyl disulfide acrylate (PDSA) [66] commonly
employed. Among these, two methods employing PDA [63]
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and SPDP [44] are of particular interest and a schematic out-
lining processes for both are outlined in Figs. (3 & 4). In
addition, these reagents have successfully been used to tether
various bioactive molecules directly to their carriers via di-
sulfide linkages, and examples include disulfide-containing
cationic lipid [37-41], PEG-S-S-dioleoylphosphatidylethanol-
amine (PEG-S-S-DOPE) [42], bisPNA-peptide conjugates
[79], DNA-cysteine conjugates [80], PEG-S-S-oligodeoxy-
nucleotide [81], PEG-S-S-siRNA [82].

......

Fig. (2). Synthesis of bioreducible poly(amido amine)s by CBA
(reprinted from [56], with permission).

4.3. Disulfide Cross-Linking of Peptides Via Cysteine

The cysteine residue is widely used to introduce disulfide
bonds to various polypeptides and it has the added advantage
of being compatible with many synthesis procedures and
reagents commonly employed [73-75, 77]. The main benefits
of this strategy are fast and efficient synthesis as well as high
yields obtained as a result of well-established solid phase
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Fig. (3). Synthesis of disulfide-containing side chain by PDA. (Reprinted from [63], with permission).
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peptide synthesis procedures being utilized in their prepara-
tion. In general, once synthesized, peptides are maintained in
their reduced form when subjected to a low pH and an inert
atmosphere (e.g. N, or Ar), while the cysteine residues can
be made to readily form disulfide cross-linked polyplexes in
the presence of a gene at neutral pH [73, 74].
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Fig. (4). Synthesis of disulfide-containing side-chain polymers via
SPDP (reprinted from [44], with permission).

5. IN VITRO AND IN VIVO EVALUATION OF RE-
DUCIBLE CARRIERS

Recently, most studies on reducible carriers have focused
on their properties in vitro, with very limited research being
conducted on their behaviour in vivo. In this section, we will
discuss some of their notable physicochemical properties,
which dictate their activity in vitro. We then conclude by
briefly exploring the behaviour of these disulfide-containing
vector-gene complexes in vivo.

5.1. Physicochemical Characterization

Typically, the diameter of carrier-gene complexes is de-
termined by two independent approaches, dynamic light
scattering (DLS) or various microscopic methods (e.g.
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Transmission Electron Microscopy (TEM)). The diameter of
carrier-gene complexes are often measured by DLS, where
the size of the particle together with the hydrodynamic
boundary surrounding it is measured. Almost all complexes
range in size from 100-1000nm in diameter [49, 51, 59]. As
mentioned, microscopic approaches are also commonly em-
ployed, and these include atomic force microscopy (AFM),
TEM, scanning electron microscopy (SEM) and scanning
tunnelling microscopy (STM). Microscopy not only provides
the direct size of a carrier-gene complex (in the absence of
water), but also detailed morphological information with
studies employing both approaches present widely in the
literature [45, 47, 54, 71, 72, 78].

Another important characteristic of any given complex is
its ‘zeta potential’. It is the potential difference between the
dispersion medium and the hydrodynamic boundary of the
charged particle, and correlates to the stability of the com-
plex. It can usually be determined at the same time as the
hydrodynamic diameter using Zetasizer instrumentation [55,
61]. It should be noted however that the zeta potential of a
given formulation is greatly influenced by both salt concen-
tration and pH of the medium in which testing takes place.

To predict the dissociation of a gene from its vector in
the cytosol, reduction experiments have been performed us-
ing reagents, such as dithiothreitol (DTT) [37, 44, 56, 65, 71,
87, 88] and glutathione (GSH) [50, 64, 66, 81, 89]. Lee et al.
designed a very interesting study on GSH dependent siRNA
release by determining siRNA release profiles from reduci-
ble hyaluronic acid nanogels at different GSH concentrations
[72]. In the absence of GSH, only a small amount of siRNA
(< 6%) was released after 2 hours, while in the presence of
10 mM GSH, all the siRNA present within the nanogel was
released. These results indicate that hyaluronic acid nanogels
are stable in the extracellular space, whereas they can release
the entrapped siRNA rapidly and quantitatively in the reduc-
tive cytosolic environment.

5.2. Transfection Efficiency and Cytotoxicity of Reduci-
ble Carriers

To-date a variety of nucleic acids including pDNA,
asODN, siRNA and mRNA have been used with reducible
gene delivery systems (see Table 1). Almost all the studies
show that complexes with reducible carriers resulted in much
higher gene expression than their analogues where disulfide
bonds were absent (see Fig. (5)) [44]. Wetzer and co-workers
designed and synthesized various reducible cationic lipids
and determined that the reduction kinetics of disulfide bonds
within pDNA-lipid complexes rely on the position of the
disulfide bond within the lipid molecule [40]. RNA-based
therapeutics, such as siRNA and mRNA, may benefit more
from the reducible delivery systems because SiRNA or
mMRNA does not require transfer into the nucleus. As men-
tioned earlier Kim et al. developed a novel siRNA delivery
system based on polyelectrolyte complex (PEC) micelles,
which was formed by the interaction between siRNA-S-S-
PEG and PEI [82]. The micelles showed significantly better
silencing of VEGF in prostate carcinoma cells compared to
SiRNA-PEI complexes.

Another advantage of reducible polycations in gene de-
livery is that reducible carriers have been shown to be far
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less cytotoxic than conventional polycation-based systems
[44-54]. For instance, the PEI carrier ExGen 500 with a
non-biodegradable backbone shows noticeably high cytotox-
icity at concentrations of 20 pg/mL, while linear PEI deriva-
tives with degradable disulfide linkage have negligible toxic-
ity even at the concentration of 100 pg/mL [50]. A possible
explanation for this may be that after reduction of the poly-
cations, a decrease in their net molecular weight due to
fragmentation leads to a lower charge density (due to disper-
sion of the fragments) and so lower cytotoxicity [27].

A50

293T7
40 A

w
o
L

RLU x 106
b

=

HepG2

w
L

RLU x 1076
N

poly[Lys-(AEDTP)] poly[Lys]

Fig. (5). Luciferase gene expression of 3-(2-aminoethyldithio)
propionyl-substituted ~ poly-L-lysine  conjugate  (poly[Lys-
(AEDTP)]) and poly(L-lysine) in different cells in the presence of
10% fetal bovine serum and 100 uM chloroquine. (A) 293T7 cells;
(B) HepG2 cells. (reprinted from [44], with permission).

5.3. In Vivo Behaviour of Reducible Polycations

To-date there has only been a limited number of studies
describing the behaviour of reducible polycations in vivo [45,
47, 49, 75, 83]. The first challenge as mentioned above for
reducible polyplexes in Vvivo is maintaining their stability in
plasma directly after administration. In order to determine
the stability of disulfide cross-linked complexes both disul-
fide cross-linked and non-crosslinked PLL/DNA complexes
coated with PEG were injected into the tail vein of female
Balb/c mice [45]. The results showed that crosslinked com-
plexes displayed remarkably higher blood concentrations (~
7-fold increase) 30 minutes after injection compared with
non-crosslinked controls, which were rapidly cleared from
the circulation.

Other studies primarily focus on the biodistribution, me-
tabolism and gene expression of reducible carriers and gene
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[27, 45, 47, 75]. Most show that the reducible gene delivery
systems outlined in this review accumulate mostly in the
liver and are reduced in hepatocytes due to the high concen-
tration of GSH present in liver tissue [47, 49, 75]. After in-
travenous administration of disulfide crosslinked PEI/DNA
complexes in mice, the concentration of polyplexes in the
serum was high and transfection was predominantly ob-
served in the liver, with a significant absence of deposition in
lungs which was unexpected [49]. Kwok et al. studied the
behaviour of sulfhydryl cross-linked PEG-peptide/glyco-
peptide DNA co-condensates and achieved good targeting to
hepatocytes [75]. The intravenous injection of the PEGylated
polyplex micelles containing disulfide linkages into mice
obtained similar results further suggesting that reducible
cationic carriers hold many advantages over non-selectively
reducible vectors in vivo.

6. CONCLUSIONS

Disulfide-containing gene delivery systems certainly go
some way in addressing the difficulties of gene-vector re-
lease by exploiting the redox potential gradient between ex-
tra- and intra-cellular environments. Reducible carriers show
excellent transfection efficiency and possess a desirable tox-
icity profile both in vitro and in vivo. However, this approach
still requires fine-tuning and strategies whereby disulphide
bridges can be more facilely and cheaply introduced into
existing systems are yet to be fully developed, and these
would most certainly pave the way for carriers that were
both highly efficient in gene transfer and highly tolerable in
vivo.

REFERENCES

[1] www.ornl.gov/hgmis Human Genome Program.

[2] Joyner, A.; Keller, G.; Phillips, R. A.; Bernstein, A. Retrovirus
transfer of a bacterial gene into mouse haematopoietic progenitor
cells. Nature, 1983, 305, 556-558

[3] Blaese, R. M.; Culver, K. W.; Miller, A. D.; Carter, C. S.; Fleisher,
T.; Clerici, M.; Shearer, G.; Chang, L.; Chiang, Y.; Tolstoshev, P.;
Greenblatt, J. J.; Rosenberg, S. A.; Klien, H.; Berger, M.; Muller,
C. A.; Ramsey, J. W.; Muul, L.; Morgan, R. A.; Anderson , W. F.
T-lymphocyte-directed gene therapy for ADA (-) deficiency SCID:
Initial trial results after 4 years. Science, 1995, 270, 475-480.

[4] Nabel, G. J.; Nabel, E. G.; Yang, Z. Y.; Fox, B. A.; Plautz, G. E;
Gao, X.; Huang, L.; Shu, S.; Gordon, D.; Chang, A. E. Direct gene
transfer with DNA-liposome complexes in melanoma: expression,
biologic activity, and lack of toxicity in humans. Proc. Natl. Acad.
Sci. U.S.A,, 1993, 90, (23), 11307-11.

[5] Pearson, S.; Jia, H. P.; Kandachi, K. China approves first gene
therapy. Nat. Biotechnol., 2004, 22, 3-4.

[6] Mehier-Humbert, S.; Guy, R. Physical methods for gene transfer:
improving the kinetics of gene delivery into cells. Adv. Drug Deliv.
Rev., 2005, 57, (5), 733-53.

[7] Check, E. Gene therapy put on hold as third child develops cancer.
Nature, 2005, 433, (7026), 561.

[8] Check, E. Harmful potential of viral vectors fuels doubts over gene
therapy. Nature, 2003, 423, (6940), 573-4.

[9] Check, E. Cancer risk prompts US to curb gene therapy. Nature,
2003, 422, (6927), 7.

[10] Check, E. Cancer fears cast doubts on future of gene therapy. Na-
ture, 2003, 421, (6924), 678.

[11] Check, E. Second cancer case halts gene-therapy trials. Nature,
2003, 421, (6921), 305.

[12] Marshall, E., Gene therapy death prompts review of adenovirus
vector. Science, 1999, 286, (5448), 2244-5.

[13] Zabner, J.; Fasbender, A. J.; Moninger, T.; Poellinger, K. A
Welsh, M. J. Cellular and molecular barriers to gene transfer by a
cationic lipid. J. Biol. Chem., 1995, 270, (32), 18997-9007.



Reducible Disulfide-Based Non-Viral Gene Delivery Systems

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Schaffer, D. V.; Fidelman, N. A.; Dan, N.; Lauffenburger, D. A.
Vector unpacking as a potential barrier for receptor-mediated poly-
plex gene delivery. Biotechnol. Bioeng., 2000, 67, (5), 598-606.
Niidome, T.; Huang, L., Gene therapy progress and prospects:
nonviral vectors. Gene Ther., 2002, 9, (24), 1647-52.

Pouton, C. W.; Seymour, L. W. Key issues in non-viral gene deliv-
ery. Adv. Drug Deliv. Rev., 2001, 46, (1-3), 187-203.

Roth, C. M.; Sundaram, S. Engineering synthetic vectors for im-
proved DNA delivery: insights from intracellular pathways. Annu.
Rev. Biomed. Eng., 2004, 6, 397-426.

Gersting, S. W.; Schillinger, U.; Lausier, J.; Nicklaus, P.; Rudolph,
C.; Plank, C.; Reinhardt, D.; Rosenecker, J. Gene delivery to respi-
ratory epithelial cells by magnetofection. J. Gene. Med., 2004, 6,
(8), 913-22.

Ruponen, M.; Honkakoski, P.; Ronkko, S.; Pelkonen, J.; Tammi,
M.; Urtti, A. Extracellular and intracellular barriers in non-viral
gene delivery. J. Control. Release, 2003, 93, (2), 213-7.

Lee, C. C.; Liu, Y.; Reineke, T. M. General structure-activity rela-
tionship for poly(glycoamidoamine)s: The effect of amine density
on cytotoxicity and DNA delivery efficiency. Bioconjug. Chem.,
2008, 19, (2), 428-440.

Lechardeur D, L. G. Intracellular barriers to non-viral gene trans-
fer. Curr. Gene Ther., 2002, 2, (2), 183-94.

Pollard, H.; Remy, J. S.; Loussouarn, G.; Demolombe, S.; Behr, J.
P.; Escande, D. Polyethylenimine but not cationic lipids promotes
transgene delivery to the nucleus in mammalian cells. J. Biol.
Chem., 1998, 273, (13), 7507-11.

Subramanian, A.; Ranganathan, P.; Diamond, S. L. Nuclear target-
ing peptide scaffolds for lipofection of nondividing mammalian
cells. Nat. Biotechnol., 1999, 17, (9), 873-7.

Dowty, M. E.; Williams, P.; Zhang, G.; Hagstrom, J. E.; Wolff, J.
A. Plasmid DNA entry into postmitotic nuclei of primary rat myo-
tubes. Proc. Natl. Acad. Sci. USA, 1995, 92, (10), 4572-6.

Liu, G.; Li, D.; Pasumarthy, M. K.; Kowalczyk, T. H.; Gedeon, C.
R.; Hyatt, S. L.; Payne, J. M.; Miller, T. J.; Brunovskis, P.; Fink, T.
L.; Muhammad, O.; Moen, R. C.; Hanson, R. W.; Cooper, M. J.
Nanoparticles of compacted DNA transfect postmitotic cells. J.
Biol. Chem., 2003, 278, (35), 32578-86.

Fire, A.; Xu, S.; Montgomery, M. K.; Kostas, S. A.; Driver, S. E.;
Mello, C. C. Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans. Nature, 1998, 391,
(6669), 806-11.

Manickam, D. S.; Oupicky, D. Polyplex gene delivery modulated
by redox potential gradients. J. Drug Target, 2006, 14, (8), 519-
526.

Saito, G.; Swanson, J. A.; Lee, K. D. Drug delivery strategy utiliz-
ing conjugation via reversible disulfide linkages: role and site of
cellular reducing activities. Adv. Drug Deliv. Rev., 2003, 55, (2),
199-215.

Smith, C. V.; Jones, D. P.; Guenthner, T. M.; Lash, L. H.; Lauter-
burg, B. H. Compartmentation of glutathione: implications for the
study of toxicity and disease. Toxicol. Appl. Pharmacol., 1996,
140, (1), 1-12.

Jones, D. P.; Carlson, J. L.; Samiec, P. S.; Sternberg, P., Jr.; Mody,
V. C., Jr.; Reed, R. L.; Brown, L. A. Glutathione measurement in
human plasma. Evaluation of sample collection, storage and de-
rivatization conditions for analysis of dansyl derivatives by HPLC.
Clin. Chim. Acta, 1998, 275, (2), 175-84.

Kosower, N. S.; Kosower, E. M. The glutathione status of cells. Int.
Rev. Cytol., 1978, 54, 109-60.

Gilbert, H. F. Molecular and cellular aspects of thiol-disulfide
exchange. Adv. Enzymol. Relat. Areas. Mol. Biol., 1990, 63, 69-
172.

Hwang, C.; Lodish, H. F.; Sinskey, A. J. Measurement of glu-
tathione redox state in cytosol and secretory pathway of cultured
cells. Methods Enzymol., 1995, 251, 212-21.

Austin, C. D.; Wen, X.; Gazzard, L.; Nelson, C.; Scheller, R. H.;
Scales, S. J. Oxidizing potential of endosomes and lysosomes limits
intracellular cleavage of disulfide-based antibody-drug conjugates.
Proc. Natl. Acad. Sci. USA, 2005, 102, (50), 17987-92.

Bellomo, G.; Vairetti, M.; Stivala, L.; Mirabelli, F.; Richelmi, P.;
Orrenius, S. Demonstration of nuclear compartmentalization of
glutathione in hepatocytes. Proc. Natl. Acad. Sci. USA, 1992, 89,
(10), 4412-6.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 10 1249

Wahllander, A.; Soboll, S.; Sies, H.; Linke, I.; Muller, M. Hepatic
mitochondrial and cytosolic glutathione content and the subcellular
distribution of GSH-S-transferases. FEBS Lett., 1979, 97, (1), 138-
40.

Tang, F. X.; Hughes, J. A. Introduction of a disulfide bond into a
cationic lipid enhances transgene expression of plasmid DNA. Bio-
chem. Biophys. Res. Commun., 1998, 242, (1), 141-145.

Ajmani, P. S.; Tang, F. X.; Krishnaswami, S.; Meyer, E. M,;
Sumners, C.; Hughes, J. A. Enhanced transgene expression in rat
brain cell cultures with a disulfide-containing cationic lipid. Neuro-
sci. Lett., 1999, 277, (3), 141-144.

Byk, G.; Wetzer, B.; Frederic, M.; Dubertret, C.; Pitard, B.; Jaslin,
G.; Scherman, D. Reduction-sensitive lipopolyamines as a novel
nonviral gene delivery system for modulated release of DNA with
improved transgene expression. J. Med. Chem., 2000, 43, (23),
4377-4387.

Wetzer, B.; Byk, G.; Frederic, M.; Airiau, M.; Blanche, F.; Pitard,
B.; Scherman, D. Reducible cationic lipids for gene transfer. Bio-
chem. J., 2001, 356, 747-756.

Kumar, V. V.; Chaudhuri, A. On the disulfide-linker strategy for
designing efficacious cationic transfection lipids: an unexpected
transfection profile. FEBS Lett., 2004, 571, (1-3), 205-211.

Maeda, T.; Fujimoto, K. A reduction-triggered delivery by a
liposomal carrier possessing membrane-permeable ligands and a
detachable coating. Colloids Surf., B 2006, 49, (1), 15-21.

Hirko, A.; Tang, F. X.; Hughes, J. A. Cationic lipid vectors for
plasmid DNA delivery. Curr. Med. Chem., 2003, 10, (14), 1185-
1193.

Pichon, C.; LeCam, E.; Guerin, B.; Coulaud, D.; Delain, E,;
Midoux, P. Poly[Lys-(AEDTP)]: A cationic polymer that allows
dissociation of pDNA/cationic polymer complexes in a reductive
medium and enhances polyfection. Bioconjug. Chem., 2002, 13,
(1), 76-82.

Oupicky, D.; Carlisle, R. C.; Seymour, L. W. Triggered intracellu-
lar activation of disulfide crosslinked polyelectrolyte gene delivery
complexes with extended systemic circulation in vivo. Gene Ther.,
2001, 8, (9), 713-724.

Miyata, K.; Kakizawa, Y.; Nishiyama, N.; Harada, A.; Yamasaki,
Y.; Koyama, H.; Kataoka, K. Block catiomer polyplexes with regu-
lated densities of charge and disulfide cross-linking directed to en-
hance gene expression. J. Am. Chem. Soc., 2004, 126, (8), 2355-
2361.

Miyata, K.; Kakizawa, Y.; Nishiyama, N.; Yamasaki, Y.; Wata-
nabe, T.; Kohara, M.; Kataoka, K. Freeze-dried formulations for in
vivo gene delivery of PEGylated polyplex micelles with disulfide
crosslinked cores to the liver. J. Control. Release, 2005, 109, (1-3),
15-23.

Braunova, A.; Pechar, M.; Laga, R.; Ulbrich, K. Hydrolytically and
reductively degradable high-molecular-weight poly(ethylene gly-
col)s. Macromol. Chem. Phys., 2007, 208, (24), 2642-2653.

Neu, M.; Germershaus, O.; Mao, S.; Voigt, K. H.; Behe, M.; Kis-
sel, T. Crosslinked nanocarriers based upon poly(ethylene imine)
for systemic plasmid delivery: In vitro characterization and in vivo
studies in mice. J. Control. Release, 2007, 118, (3), 370-380.

Lee, Y.; Mo, H.; Koo, H.; Park, J. Y.; Cho, M. Y,; Jin, G. W.; Park,
J. S. Visualization of the degradation of a disulfide polymer, linear
poly(ethylenimine sulfide), for gene delivery. Bioconjug. Chem.,
2007, 18, (1), 13-18.

Christensen, L. V.; Chang, C. W.; Kim, W. J.; Kim, S. W.; Zhong,
Z.Y.; Lin, C.; Engbersen, J. F. J.; Feijen, J. Reducible poly(amido
ethylenimine)s designed for triggered intracellular gene delivery.
Bioconjug. Chem., 2006, 17, (5), 1233-1240.

Breunig, M.; Hozsa, C.; Lungwitz, U.; Watanabe, K.; Umeda, I.;
Kato, H.; Goepferich, A. Mechanistic investigation of
poly(ethylene imine)-based siRNA delivery: Disulfide bonds boost
intracellular release of the cargo. J. Control. Release, 2008, 130,
(1), 57-63.

Wang, Y. X.; Zhu, Y.; Hu, Q. L.; Shen, J. C. Construction of caged
polyplexes with a reversible intracellular unpacking property to
improve stability and transfection. Acta Biomater., 2008, 4, (5),
1235-1243.

Peng, Q.; Zhong, Z. L.; Zhuo, R. X. Disulfide cross-linked poly-
ethylenimines (PEI) prepared via thiolation of low molecular
weight PEI as highly efficient gene vectors. Bioconjug. Chem.,
2008, 19, (2), 499-506.



1250 Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 10

[55] Lin, C.; Zhong, Z. Y.; Lok, M. C.; Jiang, X. L.; Hennink, W. E.;
Jan, F. J.; Engbersen, J. F. J. Linear poly(amido amine)s with sec-
ondary and tertiary amino groups and variable amounts of disulfide
linkages: Synthesis and in vitro gene transfer properties. J. Control.
Release, 2006, 116, (2), 130-137.

[56] Lin, C.; Zhong, Z. Y.; Lok, M. C.; Jiang, X. L.; Hennink, W. E.;
Feijen, J.; Engbersen, J. F. J. Novel bioreducible poly(amido
amine)s for highly efficient gene delivery. Bioconjug. Chem., 2007,
18, (1), 138-145.

[57] Lin, C.; Blaauboer, C. J.; Timoneda, M. M.; Lok, M. C.; van
Steenbergen, M.; Hennink, W. E.; Zhong, Z. Y.; Feijen, J.; Eng-
bersen, J. F. J. Bioreducible poly(amido amine)s with oligoamine
side chains: Synthesis, characterization, and structural effects on
gene delivery. J. Control. Release, 2008, 126, (2), 166-174.

[58] Ou, M.; Wang, X. L.; Xu, R. Z.; Chang, C. W,; Bull, D. A.; Kim,
S. W. Novel biodegradable poly(disulfide amine)s for gene deliv-
ery with high efficiency and low cytotoxicity. Bioconjug. Chem.,
2008, 19, (3), 626-633.

[59] Piest, M.; Lin, C.; Mateos-Timoneda, M. A.; Lok, M. C.; Hennink,
W. E.; Feijen, J.; Engbersen, J. F. J. Novel poly(amido amine)s
with bioreducible disulfide linkages in their diamino-units: Struc-
ture effects and in vitro gene transfer properties. J. Control. Re-
lease, 2008, 130, (1), 38-45.

[60] Ranucci, E.; Suardi, M. A.; Annunziata, R.; Ferruti, P.; Chiellini,
F.; Bartoli, C. Poly(amidoamine) conjugates with cisulfide-linked
cholesterol pendants self-assembling into redox-sensitive nanopar-
ticles. Biomacromolecules, 2008, 9, (10), 2693-2704.

[61] Lin, C.; Zhong, Z.; Lok, M. C.; Jiang, X.; Hennink, W. E.; Feijen,
J.; Engbersen, J. F. Random and block copolymers of bioreducible
poly(amido amine)s with high- and low-basicity amino groups:
study of DNA condensation and buffer capacity on gene transfec-
tion. J. Control. Release, 2007, 123, (1), 67-75.

[62] Hartmann, L.; Haefele, S.; Peschka-Suess, R.; Antonietti, M.;
Boerner, H. G. Sequence positioning of disulfide linkages to pro-
gram the degradation of monodisperse poly(amidoamines). Mac-
romolecules, 2007, 40, (22), 7771-7776.

[63] Zugates, G. T.; Anderson, D. G.; Little, S. R.; Lawhorn, I. E,;
Langer, R. Synthesis of poly(beta-amino ester)s with thiol-reactive
side chains for DNA delivery. J. Am. Chem. Soc., 2006, 128, (39),
12726-34.

[64] Cavallaro, G.; Campisi, M.; Licciardi, M.; Ogris, M.; Giammona,
G. Reversibly stable thiopolyplexes for intracellular delivery of
genes. J. Control. Release, 2006, 115, (3), 322-334.

[65] Kloeckner, J.; Wagner, E.; Ogris, M. Degradable gene carriers
based on oligomerized polyamines. Eur. J. Pharm. Sci., 2006, 29,
(5), 414-425.

[66] Bulmus, V.; Woodward, M.; Lin, L.; Murthy, N.; Stayton, P.;
Hoffman, A. A new pH-responsive and glutathione-reactive, en-
dosomal membrane-disruptive polymeric carrier for intracellular
delivery of biomolecular drugs. J. Control. Release, 2003, 93, (2),
105-120.

[67] You, Y. Z.; Zhou, Q. H.; Manickam, D. S.; Wan, L.; Mao, G. Z,;
Oupicky, D. Dually responsive multiblock copolymers via reversi-
ble addition-fragmentation chain transfer polymerization: Synthesis
of temperature- and redox-responsive copolymers of poly(N-
isopropylacrylamide) and poly(2-(dimethylamino)ethyl methacry-
late). Macromolecules, 2007, 40, (24), 8617-8624.

[68] You, Y. Z.; Manickam, D. S.; Zhou, Q. H.; Oupicky, D. In Reduci-
ble poly(2-dimethylaminoethyl methaerylate): Synthesis, cytotoxic-
ity, and gene delivery activity, 2007, pp. 217-225.

[69] Yamashita, A.; Yui, N.; Ooya, T.; Kano, A.; Maruyama, A.; Akita,
H.; Kogure, K.; Harashima, H. Synthesis of a biocleavable polyro-
taxane-plasmid DNA (pDNA) polyplex and its use for the rapid
nonviral delivery of pDNA to cell nuclei. Nat. Prot., 2006, 1, (6),
2861-2869.

[70] Lee, D.; Zhang, W.; Shirley, S. A.; Kong, X.; Hellermann, G. R;;
Lockey, R. F.; Mohapatra, S. S. Thiolated chitosan/DNA nano-
complexes exhibit enhanced and sustained gene delivery. Pharm.
Res., 2007, 24, (1), 157-67.

Received: 01 January, 2009 Revised: 11 April, 2009 Accepted: 11 May, 2009

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

Ouyang et al.

Schmitz, T.; Bravo-Osuna, |.; Vauthier, C.; Ponchel, G.; Loretz, B.;
Bernkop-Schnurch, A. Development and in vitro evaluation of a
thiomer-based nanoparticulate gene delivery system. Biomaterials,
2007, 28, (3), 524-531.

Lee, H.; Mok, H.; Lee, S.; Oh, Y. K.; Park, T. G. Target-specific
intracellular delivery of siRNA using degradable hyaluronic acid
nanogels. J. Control. Release, 2007, 119, (2), 245-252.

McKenzie, D. L.; Kwok, K. Y.; Rice, K. G. A potent new class of
reductively activated peptide gene delivery agents. J. Biol. Chem.,
2000, 275, (14), 9970-9977.

McKenzie, D. L.; Smiley, E.; Kwok, K. Y.; Rice, K. G. Low mo-
lecular weight disulfide cross-linking peptides as nonviral gene de-
livery carriers. Bioconjug. Chem., 2000, 11, (6), 901-909.

Kwok, K. Y.; Park, Y.; Yang, Y. S.; McKenzie, D. L.; Liu, Y. H.;
Rice, K. G. In vivo gene transfer using sulfhydryl cross-linked
PEG-peptide/glycopeptide DNA co-condensates. J. Pharm. Sci.,
2003, 92, (6), 1174-1185.

Manickam, D. S.; Oupicky, D. Multiblock reducible copolypep-
tides containing histidine-rich and nuclear localization sequences
for gene delivery. Bioconjug. Chem., 2006, 17, (6), 1395-403.
Trentin, D.; Hubbell, J.; Hall, H. Non-viral gene delivery for local
and controlled DNA release. J. Control. Release, 2005, 102, (1),
263-75.

Lo, S. L.; Wang, S. An endosomolytic Tat peptide produced by
incorporation of histidine and cysteine residues as a nonviral vector
for DNA transfection. Biomaterials, 2008, 29, (15), 2408-2414.
Neuner, P.; Gallo, P.; Orsatti, L.; Fontana, L.; Monaci, P. An effi-
cient and versatile synthesis of BisPNA-peptide conjugates based
on chemoselective oxime formation. Bioconjug. Chem., 2003, 14,
(2), 276-281.

Lovrinovic, M.; Niemeyer, C. M. Rapid synthesis of DNA-cysteine
conjugates for expressed protein ligation. Biochem. Biophys. Res.
Commun., 2005, 335, (3), 943-8.

Oishi, M.; Hayama, T.; Akiyama, Y.; Takae, S.; Harada, A.; Yar-
nasaki, Y.; Nagatsugi, F.; Sasaki, S.; Nagasaki, Y.; Kataoka, K.
Supramolecular assemblies for the cytoplasmic delivery of an-
tisense oligodeoxynucleotide: Polylon complex (PIC) micelles
based on poly(ethylene glycol)-SS-oligodeoxynucleotide conju-
gate. Biomacromolecules, 2005, 6, (5), 2449-2454.

Kim, S. H.; Jeong, J. H.; Lee, S. H.; Kim, S. W.; Park, T. G. PEG
conjugated VEGF siRNA for anti-angiogenic gene therapy. J. Con-
trol. Release, 2006, 116, (2), 123-129.

Christensen, L. V.; Chang, C. W.; Yockman, J. W.; Conners, R.;
Jackson, H.; Zhong, Z. Y.; Jan, F. J.; By, D. A.; Kim, S. W. Re-
ducible poly(amido ethylenediamine) for hypoxia-inducible VEGF
delivery. J. Control. Release, 2007, 118, (2), 254-261.

Breunig, M.; Lungwitz, U.; Liebl, R.; Goepferich, A. Breaking up
the correlation between efficacy and toxicity for nonviral gene de-
livery. Proc. Natl. Acad. Sci. USA, 2007, 104, (36), 14454-9.
Erbacher, P.; Remy, J. S.; Behr, J. P. Gene transfer with synthetic
virus-like particles via the integrin-mediated endocytosis pathway.
Gene Ther., 1999, 6, (1), 138-145.

Balakirev, M.; Schoehn, G.; Chroboczek, J. Lipoic acid-derived
amphiphiles for redox-controlled DNA delivery. Chem. Biol., 2000,
7,(10), 813-819.

Chen, J.; Huang, S. W.; Lin, W. H.; Zhuo, R. X. Tunable film
degradation and sustained release of plasmid DNA from cleavable
polycation/plasmid DNA multilayers under reductive conditions.
Small, 2007, 3, (4), 636-43.

Chen, J.; Xia, X. M.; Huang, S. W.; Zhuo, R. X. A cleavable-
polycation template method for the fabrication of noncrosslinked,
porous polyelectrolyte multilayered films. Adv. Mater., 2007, 19,
(7), 979.

Kim, W. L.; Christensen, L. V.; Jo, S.; Yockman, J. W.; Jeong, J.
H.; Kim, Y. H.; Kim, S. W. Cholesteryl oligoarginine delivering
vascular endothelial growth factor siRNA effectively inhibits tumor
growth in colon adenocarcinoma. Mol. Ther., 2006, 14, (3), 343-
350.



	MR in MC_CONTENT.pdf
	00-MRMC_Contents.pdf
	01-Dios_MRMC.pdf
	02-Estepa_MRMC.pdf
	03-Marx_MRMC.pdf
	04-Chen_MRMC.pdf
	05-You_MRMC.pdf
	06-Mates_MRMC.pdf
	07-Koziolek_MRMC.pdf
	08-Reale_MRMC.pdf
	09-Parekh_MRMC.pdf
	MRMC_BACK.pdf



