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Background: An essential prerequisite for successful gene therapy is the
development of safe and efficient gene delivery carriers. For this purpose,
cationic polymers have been widely studied as non-viral carriers, but they
generally suffer from low transfection efficiency and/or high cytotoxicity. To
address these problems, disulfide-based cationic polymers have been designed
as intelligent gene carriers that are capable of inducing highly efficient gene
transfection with low cytotoxicity. Objective: The present review discusses
the effects of the disulfide linker on the gene delivery properties of cationic
polymers in relation to various gene delivery barriers. Methods: The literature
regarding the gene delivery barriers encountered by polymeric gene delivery
is reviewed and discussed in relation to the presence of the disulfide moiety
in these gene carriers. Conclusions: The presence of disulfide linkages in
cationic polymers can in many aspects favorably influence the gene delivery
properties, such as increasing DNA binding ability, enabling de-shielding of
‘stealth’ (PEG) groups, fine-tuning of the buffer capacity for enhanced
endosomal escape, improving carrier-unpacking and decreasing cytotoxicity.
Therefore, disulfide-based cationic polymers are promising candidates for the
next generation of non-viral carriers.

Keywords: bioreducible polymer, cationic polymer, disulfide, gene carrier, gene delivery,
gene delivery barrier
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1. Introduction

Gene therapy has shown tremendous promise in curing human diseases like
cancer [1-3]. The main process of gene therapy involves the delivery of encoded
genes into host somatic cells, producing on-demand therapeutic proteins. For
successful gene delivery, the development of safe and efficient gene delivery carriers
is an essential requisite [4]. Gene delivery carriers can be divided into two categories:
viral carriers and non-viral carriers. Viral gene carriers derived from natural viruses
are still popular in clinical gene therapy due to their inherent high transfection
capability. However, the clinical application of viral carriers is associated with
considerable safety concerns such as high cytotoxicity, insertional mutagenesis and
undesirable immune response [5]. Compared to viral carriers, non-viral carriers such
as cationic polymers provide better opportunities for low cytotoxicity and low
immunogenicity in gene therapy and have additional advantages in facile manu-
facturing, large-scale production and unlimited gene-carrying capacity [6]. Therefore,
non-viral carriers are emerging as attractive alternatives to viral carriers.

Many cationic polymers such as polyethylenimine (pEI) and poly(L-lysine) (pLL)
have been and still are being extensively investigated as non-viral carriers for gene
delivery #n vitro and in vivo (7-11]. However, the clinical practice of these polymer
systems is seriously hampered by their relatively low transfection efficiency as
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compared to viral carriers. This low efficiency can be attributed
to their incapability to overcome the multiple extracellular and
intracellular barriers on the pathway to gene expression [12,13].
To overcome these barriers, cationic polymers need to possess
a multitude of appropriate gene delivery properties, such as
good DNA binding ability to form nanosized complexes
(polyplexes), protection of DNA from degradation by nucleases,
efficient escape of polyplexes from the endosomes and DNA
unpacking from the polyplexes in the cytosol or nucleus.
Thus, multifunctional cationic polymers displaying various
properties in the spatio-temporal domain are needed to meet
these requirements and to be capable of inducing high gene
transfection [11].

The utilization of different biological stimuli, such as
temperature, pH value and redox potential, offers interesting
opportunities for the design of multifunctional cationic
polymers for non-viral gene delivery [14,15]. This review focuses
on the utilization of the bioreducible disulfide bond in polymeric
gene carriers. It has been well established that disulfide bonds
as redox-sensitive linkages can be cleaved in the presence of
high amounts of reducing enzymes like glutathione reductase
or thiol-based components such as glutathione. Since the
concentration of these reducing species is much higher in the
cytoplasm than in plasma (e.g., intracellular vs. extracellular
glutathione concentration is 0.5 — 10 mM vs. 2 — 20 pM [16)),
the disulfide bond is relatively stable in the extracellular envi-
ronment, but can be rapidly degraded inside the cells. This
feature thus invoked the design of disulfide-based cationic
polymers as smart multifunctional gene carriers.

Over the past decade, many disulfide-based polymeric systems
have been developed as non-viral carriers for gene delivery
in vitro and in vive. The presence of disulfide bonds in cationic
polymers frequently plays a dominant role in their gene delivery
properties. Although there have been appeared recently a few
excellent reviews on disulfide-based cationic polymers for non-
viral gene delivery [17,18], the primary focus of this review is
on understanding the effects of disulfide bonds on gene delivery
properties that are important to overcome gene delivery barriers.
In this article, first the non-viral gene delivery barriers are
briefly described, then the strategies to design disulfide-
based polymeric gene carriers are outlined, and finally we discuss
the effects of disulfide bonds in cationic polymers on gene
delivery properties such as DNA binding ability, protonation of
amino groups (buffer capacity), intracellular carrier-unpacking
and cytotoxicity.

2. Non-viral gene delivery barriers

As mentioned above, polymeric gene carriers must overcome
various hurdles before genes can be efficiently delivered into the
targeted cells. Therefore, for the design of efficient polymeric
gene carriers, it is essential to understand the molecular pro-
cesses that are connected with the gene delivery barriers. A sche-
matic illustration of the process of cationic polymer-mediated
gene delivery is given in Figure 1.

The first step in the transport of genes into cells is that
the cationic polymers need to self-assemble by electrostatic
interactions with negatively charged genes into nano-sized
polymer/gene complexes (polyplexes). In general, polyplexes
with positive surface charge are formed when the number of
positive charges of the polymer exceeds that of the negative
charges in DNA. In order to deliver DNA to distant abnormal
organs/tissues, i.v. administration is often performed. After
i.v. administration of polyplexes, these nanoparticles have to
pass several barriers in the extracellular environment [12]. First,
nucleases present in the intravascular or in the intercellular
environment can eliminate polynucleotides by enzymatic
degradation. Generally, cationic polymers may prevent DNA
from such degradation by shielding the DNA in the polyplexes.
Second, the physical stability of polyplexes in the physiological
milieu forms a great barrier. The high ionic strength due to
the presence of salts in the extracellular fluid weakens the
electrostatic interaction between cationic polymers and DNA,
resulting in destabilization and eventual dissociation of the
polyplexes. Third, non-specific interactions between polyplexes
and proteins or cellular surfaces are an important barrier.
Polyplexes generally have a positively charged surface when
they show optimal delivery efficacy, due to absorption to the
negatively charged cell membrane and subsequent endocytosis.
However, negatively charged blood proteins, such as albumin,
can also adsorb to positive polyplexes, leading to the formation
of large-sized particles or aggregates. Moreover, polyplexes
can interact with negatively charged blood cell membranes
and induce aggregates of erythrocytes. Fourth, during circu-
lation in the bloodstream, polyplexes can be accumulated in
tissues such as lung and liver or cleaned by phagocytosis.

Polymeric vectors have to overcome not only these
extracellular barriers, but also quite a number of intracellular
barriers [13]. The cellular membrane that excludes the extra-
cellular environment from the cellular interior is the first
barrier. Generally, polyplexes may interact with negatively
charged cellular membranes to trigger cellular endocytosis
by different mechanisms. After cellular internalization of
polyplexes, the endosome-lysosomal degradation pathway is
a great barrier to efficient gene delivery. Polyplexes located
in the endosomes can undergo degradation during the acidifi-
cation process from early to late endosomes and finally the
fusion with lysosomes. Genes are easily degraded by enzymes
present in the acidic endosomes (pH 5 — 7) and lysosomes
(pH 4.5) 1191. Therefore, the escape of the polyplexes from
the endosomes into the cytosol is required to deliver their
cargo to the nucleus. Once in the cytosol, the cytosolic traffic-
king of polyplexes to the nucleus is the third hurdle to
overcome, since the cytoplasm contains many proteins, RNA
and organelles that may seriously hamper the diffusion
movement of polyplexes. It was reported that the movement
of polyplexes to the nucleus along the cytoskeletal network
could be mediated by binding of polyplexes with anionic
microtubules or molecular motor proteins [2021]. Fourth,
vector unpacking is a barrier to gene delivery. It has been
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Figure 1. Schematic illustration of cationic polymer-mediated gene delivery. (a) Formation of cationic polymer/DNA complexes
(polyplexes); (b) i.v. administration of polyplexes; (c) cellular uptake of polyplexes by endocytosis; (d) endosomal pathway of polyplexes; (e)
endosomal escape of polyplexes; (f) polyplexes unpacking and nuclear translocation of DNA; (g) degradation of polyplexes in lysosome.

shown that the release of DNA from polyplexes is a limiting
step for high levels of gene expression [22]. Although the
optimal stage of vector-unpacking is not fully understood
and could vary for different polyplexes, it is obvious that
genes should be sufficiently released from polyplexes for
transgene expression. Finally, the nuclear membrane is an
important obstacle for the entry of polyplexes. Polyplexes
can enter the nucleus as the nuclear envelope opens during
the mitosis of dividing cells [23]. However, in non-dividing
cells the transport of polyplexes into the nucleus occurs via
an active transport mechanism that is mediated by nuclear
pore complexes [24,25).

3. Strategies to design disulfide-based
polymeric systems as gene carriers

There are two different conceptual strategies in the design of
disulfide-based cationic polymeric systems for gene delivery.

The first strategy is to prepare disulfide-containing cationic
polymers via chemical synthesis or modifications and to
use these polymers in the further preparation of the
gene carriers. The second strategy is the formation of
disulfide bonds (S-S crosslinks) in appropriately functional-
ized cationic polymer/DNA polyplexes (post-crosslinking
of polyplexes).

3.1 Disulfide-containing cationic polymers as gene
carriers
Disulfide-containing cationic polymers refer to those cationic
polymers that have the disulfide linkages in the polymeric
main chain and/or in the side chains. The different synthetic
routes that were developed to prepare such polymers for
non-viral gene delivery are summarized in Figure 2.

One important route is via the preparation of precursor
polymers possessing pyridyldithio residues and the reaction of
these residues with appropriate sulthydryl (thiol) compounds

Expert Opin. Drug Deliv. (2009) 6(4) 423
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to form new disulfide bonds (Figure 2a). The disulfide linkage
of the pyridyldithio group is excellently suited for an exchange
reaction with thiol compounds since the pyridine-2-thiolate
acts as a good leaving group, forming the non-reactive
pyridine-2-thione (that is thermodynamically more stable
than its pyridine-2-thiol tautomer). The method was used
by Midoux ¢t al. to prepare pLLs with disulfide linkages in
the side chains (Poly[Lys-(AEDTP)]) by modification of the
amino groups of pLLs with N-succinimidyl-3-(2-pyridyldithio)
propionate (SPDP) and subsequent exchanging reaction with
mercaptoethylamine [26]. Recently, Langer ez al. reported the
synthesis of poly(amino ester)s with pyridyldithio groups in
the side chain by Michael addition polymerization of the
2-(pyridyldithio)-ethylamine to diacrylates. These polymers
were further modified with mercaptoethylamine or thiol peptide
such as RGDC, giving poly(amino ester)s with disulfide linkages
in the side chains [27].

Another route to obtain cationic polymers with disulfide
bonds in the polymeric main chain is by polyoxidation of
disulthydryl-based macromonomers containing amino groups
(Figure 2b). Typical examples are linear disulfide-containing
cationic polymers based on pEI [28], pLL [29] and pPDMAEMA
(Table 1) [30). The synthesis of these polymers requires
multiple steps as disulthydryl-based oligoamines need to be
synthesized as starting compounds for the oxidative polym-
erization. Park ez al. reported on the synthesis of disulthydryl-
containing oligoamines with different amounts of amino
units via multiple-step organic synthesis involving protection
and deprotection of amino groups [28]. Oupicky er al.
reported the synthesis of well-defined disulthydryl-containing
pDMAEMA oligomers via reversible addition-fragmentation
chain transfer (RAFT) polymerization using a difunc
tional chain transfer agent and subsequent aminolysis [30].
Seymour et al. prepared disulthydryl-terminal oligopeptides
(Cys-Lys;(-Cys) via solid-phase supported organic synthesis [31].
Disulthydryl-based oligoamines can be oxidized in the
presence of dimethyl sulfoxide (DMSO) as the oxidizing
agent to yield disulfide-containing polymers with a relatively
high molecular weight in the range of 10 — 100 kDa. In the
reaction, other disulthydryl-functional groups, for example
nuclear localization sequences comprising two cysteine resi-
dues, can be incorporated in the polyoxidation reaction with
disulthydryl-based oligoamines, giving disulfide-containing
multiblock copolymers [32]. Since different disulthydryl
amines can be prepared via chemical synthesis, the polyoxi-
dation reaction of disulthydryl macromonomers allows the
generation of new disulfide-containing cationic polymers for
non-viral gene delivery.

The most commonly used route to prepare disulfide-containing
cationic polymers is by reaction of amine compounds or
oligoamines with disulfide-containing reagents, such as cystamine
bisacrylamide (CBA) in a Michael-type polyaddition [33-3¢]
(Figure 2c), or with dithiobis(succinimidyl propionate) (DTSP) and
dithiobispropionimidate (DTBP) [57,38] in a polycondensation
reaction (Figures 2d, 2e). These reactions allow for the

preparation of linear or branched disulfide-containing cat-
ionic polymers with large variation in chemical structures. Lee
et al. pioneered the synthesis of disulfide-containing branched
pEl by chemical crosslinking of low molecular weight pEI
with DTSP or DTBP (3738). We have synthesized several
groups of disulfide-containing poly(amido amine) homopoly-
mers (SS-PAA) and copolymers by Michael addition reaction
of CBA to primary amines [36,39], (disulfide-based) secondary
diamines [40-42] or oligoamines [4344]. The structural effects of
these polymers on gene delivery properties were systematically
investigated [45].

The aforementioned methods usually give polymers with
a certain polydispersity in molecular weight and sometimes
a less defined structure, depending on the type of reaction
and monomers. Although well-defined cationic polymers are not
always necessary for non-viral gene delivery, cationic polymers
that have a well-defined molecular weight and structure
may provide accurate structural information that can be
helpful for the investigation of structure-activity relationships.
Borner et al. [46-48] reported on the synthesis of well-defined
disulfide-containing cationic polymers (3 — 10 monomer units)
by an alternating condensation coupling reaction of disulfide-
containing diamines and diacids via solid-phase supported
organic synthesis (Figure 2f).

3.2 Disulfide-crosslinked polymer/DNA complexes

The second strategy to obtain disulfide-based gene delivery
carriers is post-crosslinking of polymer chains after the
complexes between DNA and the polymers have been formed.

In the first post-crosslinking method, the disulfide moieties
are introduced by reaction of free amino groups in the polymer/
DNA complexes (polyplexes) with a disulfide-containing
crosslinking reagent susceptible for reaction with the amino
groups, for example a reagent with activated ester groups
(Figure 3a). Seymour e al. prepared crosslinked polyplexes of
pLLs by reaction of the crosslinking reagent DTSP with the
primary amino groups in the side chains of the polymers [49).
In a similar way, Budker ez al. prepared crosslinked polyplexes
of pLL with DTBP 50]. Since pLLs showed poor gene trans-
fection, Kissel e al. selected polyplexes of pEIl that were
crosslinked with DTSP [51,52].

Another post-crosslinking method deals with thiolated
cationic polymers (Figure 3b, Table 2). Polyplexes of thiolated
cationic polymers can be crosslinked to form disulfide-
based polyplexes by spontaneous oxidation of thiol groups
in air to disulfide bonds. In original studies, thiol-based
peptides with cysteine residues were first reported by
Rice e al. and used for the preparation of disulfide-based
polyplexes which could mediate non-viral gene delivery
in vitro and in vivo [53-56). Thiolated pEI and pLL were also
synthesized via chemical modifications using 2-iminothiolane
(Traut’s reagent) or N-succinimidyl 3-(2-pyridyldithio)
propionate (SPDP) [57-621. In another route, thiolated pEls
were produced via ring opening reaction of low molecular
pEI with methylthiirane (63).

426 Expert Opin. Drug Deliv. (2009) 6(4)
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Polyplexes

Polyplexes

Crosslinked polyplexes

Figure 3. Different approaches to obtaining disulfide-based polyplexes via post-crosslinking.

4. Disulfide linkages play an important role in
gene delivery properties

4.1 Effect of disulfides on DNA condensation ability
of cationic polymers
DNA condensation capability of cationic polymers is an
important factor for gene delivery. A high condensation
capability of the polymers will induce the formation of
nanosized polyplexes that may undergo cellular uptake via
endocytosis. The primary driving force in DNA condensation
by cationic polymers is electrostatic interaction between the
positive charges of the cationic polymer and the negative
charges of DNA. Hence, cationic polymers having a high
charge density (e.g., pEI) normally reveal strong condensation
capacity to DNA. Moreover, there exist secondary driving
forces in the polyplexes that may contribute to DNA
condensation. These forces are generally weaker than the
electrostatic binding and can be derived from the physico-
chemical and structural properties of the cationic polymers,
for example hydrogen bonding interactions, dipole interactions
and hydrophobic interactions.

The hydrophilicity/hydrophobicity of a functional group can

be evaluated from the octanol-water partition coefficient

(log P) of a series of relevant compounds. The fragmentary
log P value of the disulfide group is 0.5497 and lower than
that of two CH, groups (2 x 0.4911) (64]. This indicates
that the disulfide group has more hydrophilic character than
an ethylene group, which is understandable considering the
more electronegative character of the sulfur atoms. The
disulfide groups thus can, albeit weakly, contribute to DNA
complexation by hydrogen bond acceptation. In addition,
sulfur atoms possess a much higher polarizability than
methylene groups, which implies that the disulfide moiety
may contribute to DNA condensation by interaction with the
polarizable aromatic nucleotide bases. Another aspect is that
the disulfide bond is considerably longer than the ethylene
carbon—carbon bond (0.203 vs. 0.154 nm) and unlike the
carbon—carbon bond, it has no further substituents that
contribute to the rotational barrier. This implies that disulfide-
containing polymeric chains have a higher degree of flexibility
as compared to carbon analogs without disulfide linkages. It
is thus expected that relatively free chain folding and movement
of disulfide-containing cationic polymeric chains can also
contribute to the facilitated polymer/DNA interaction and
condensation. In a study of DNA-poly(amido amine)
condensation parameters, dynamic light scattering measurements

430 Expert Opin. Drug Deliv. (2009) 6(4)
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Table 2. Structures of thiol-containing cationic polymers as non-viral gene carriers (continued).

Ref.

Structure

Polymer name

[62]

PHEA-EDA-SH

SH

EDA: Ethylenediamine; PHEA: a,B-poly(N-2-hydroxyethyl)-D,L-aspartamide.

Lin & Engbersen

indicated that the disulfide-containing poly(amido amine)s
p(CBA-AEP) (Table 1) show stronger DNA condensation
capability than their analogs lacking the disulfide bonds, and
form smaller particles after DNA complexation [41]. Therefore,
the presence of disulfide bonds in cationic polymers may
promote the DNA condensation by these polymers, which is
important for the internalization of polyplexes via endocytosis.

4.2 Effect of disulfides on PEG de-shielding from
polyplexes

As mentioned in section 2, blood components in the extracellular
environment, such as salts and proteins, can make polyplexes
unstable. One important concept in the design of colloid-stable
polyplexes involves the surface shielding of positively charged
polyplexes. This can be achieved by conjugation of the
cationic polymers with biocompatible hydrophilic polymers,
such as poly(ethylene glycol) (PEG). The complexation of
PEG-conjugated cationic polymers with DNA affords polyplexes
with a PEG corona that show improved colloid stability due
to reduced interaction with blood components, resulting in pro-
longed circulation [65,66. However, compared to positively
charged polyplexes, PEGylated polyplexes showed signifi-
cantly decreased transfection efficiency because their neutral
surface compromises efficient cellular association and inter-
nalization. Moreover, PEGylated polyplexes also impair the
escape of the polyplexes from the acidic endosomes [67.68]. In
order to address the PEG dilemma, Kataoka ez al. designed
PEG detachable polyplexes that are sensitive to reducing
environment [69]. The disulfide bonds linked between the
PEG and the cationic polymers are expected to be cleaved in
the endosomes or on the exofacial surface of cells, followed
by subsequent endocytosis of the de-PEGylated polyplexes.
Moreover, some cell surface-associated proteins such as
NADH-oxidase are known to be involved in disulfide—thiol
interchange activity, especially in cancerous cells such as
Hela and hepatoma cells [70]. It was suggested that disulfide-
linked PEGylated polyplexes have one to three orders of
magnitudes higher transfection efficiency than the polyplexes
without disulfide linkages. Thus, a redox-sensitive disulfide
linker has a favorable effect on the PEG detachment from
PEGylated polyplexes, leading to improved transfection.

4.3 Effect of disulfides on protonation of amino
groups in cationic polymers

In order to avoid the degradative lysosomal pathway, polyplexes
have to be designed to induce efficient endosomal escape. A
frequently followed approach is to design cationic polymers
which possess functional amino groups (e.g., secondary and
tertiary amino groups) that become protonated upon acidi-
fication of the endosome after uptake of the polyplexes. The
mechanism of endosomal escape that is induced by this type
of polymer is frequently explained by the buffer effect in the
range of endosomal pH change (pH 7.4 — 5.1). The increasing
protonation of the polymer upon decrease of the pH in the
endosomes induces an influx of counter ions (CI") and water

Expert Opin. Drug Deliv. (2009) 6(4) 433
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(osmotic pressure) resulting in membrane rupture of the
endosomes (‘proton sponge effect) [711. However, conformational
changes that occur on protonation and increased membrane
interaction of the polymers may also contribute to the endo-
somal escape [72.73]. Typical cationic polymers that are considered
to take advantage of the ‘proton sponge effect’ include
polyethylenimine and polyamidoamine dendrimers [74].

In bioreducible poly(amido amine)s prepared by Michael
addition of the bisacrylamides to the disulfide-containing
secondary diamine N,N’-dimethylcystamine [40], the tertiary
amino groups in, for example, p(CBA-DMC) (Table 1) have
apparent pK, values of 6.6 — 7.3, much lower than that of
low-molecular tertiary amines (pK, ~ 9 — 10). Thus, these
polymers showed high buffer capacities in the pH range pH
5.1 — 7.4. The relatively low apparent pK, of these polymers
can be attributed to the inductive electron-withdrawing effect
of the disulfide group at the B-position to the amine groups
in the polymers. Transfection studies indicated that these
polymers are capable to induce high levels of gene expression
in COS-7 cells as compared to pEL Thus, in the design of
cationic polymers with a high buffer capacity, the presence of
disulfide bond in the B-position to protonable amino groups has
a positive effect on the buffer capacity of these amino groups.
This is important for the endosomal escape of the polyplexes
and may lead to more efficient gene transfection.

4.4 Effect of disulfides on intracellular DNA release

It has been demonstrated that intracellular carrier unpacking
to release DNA is possibly an important barrier for efficient
gene delivery [221. A few approaches have been reported in
the design of polymeric carriers aiming at effective gene
release inside the cells, thereby inducing improved gene
transfection [18]. Among these approaches, the use of disul-
fides in cationic polymers may eventually lead to smart gene
carriers that trigger controlled carrier-unpacking for efficient
gene delivery.

Although many disulfide-based cationic polymers were
designed for triggered gene delivery, for many of them it is
not clear whether their genes are unloaded in the cytoplasm
or in the nucleus. Since DNA release is associated with the
cleavage of disulfide bonds in the polymers and the subse-
quent dissociation of the polyplexes, the release can be
deduced by understanding the degradation profile of the
disulfide-based polymers in the cells. Supporting evidence
that disulfide-based cationic polymers are degraded inside
the cytosol, thereby releasing DNA, have recently been
obtained by fluorescence-labeling studies. We have studied
the intracellular distributions of the fluorescence-labeled
poly(amido amine) containing multiple disulfide linkages in
the polymeric main chain (p(CBA-ABOL), Table 1)) and its
disulfide-free analog p(BAP-ABOL). For the p(CBA-ABOL),
a homogeneously dispersed fluorescence was observed both
in the cytoplasm and in the nucleus, whereas for the p(BAP-
ABOL) many micro-sized aggregated clumps were located
in the perinuclear space. The results may serve as an indication

that the disulfide-containing poly(amido amine) is degraded
relatively quickly in the cytosol by reductive cleavage of the
disulfide bonds, resulting in a diffuse distribution of polymer
fragments inside the cells. In contrast, the slow, or absence
of, degradation of p(BAP-ABOL) may result in the forma-
tion of aggregates. Transfection experiments in COS-7 cells
showed that the polyplexes of p(CBA-ABOL) induce
about 20-fold higher transfection efficiency than those of
p(BAP-ABOL). Fluorescence labeling of DNA provides
similar results. Kim ¢# /. and our group showed that disulfide-
containing poly(amido ethyleneamine) (SS-PAE, see Table 1)
and its analog pEIl, lacking the disulfide groups, mediate
different intracellular distributions of DNA [42). A dispersed
DNA fluorescence was observed in the cytoplasm after 24 h
gene transfection with SS-PAE, where for pEI many micro-
sized aggregated clumps of DNA fluorescence were located
inside the cells. In another study, Park ez /. investigated the
degradation profiles of disulfide-containing pEls by fluores-
cence microscopy using the probe—probe dequenching effect
of BODIPY-FL fluorescent dye. This study indicated that
full degradation of the polymers inside the cells occurs
within 4 h [28]. A number of other studies on the fate of
disulfides in the extra- and intracellular environment have
been performed (7576] and some of these have been out-
lined in a recent review paper [17]. It appears that disulfide
degradation mainly proceeds in the cytosol and in the
nucleus. However, depending on the type of cells and the
polymer constructs, the degradation can also occur in the micro
environment of the cell surface [70,77], the endosomes and
the lysosomes [78,79]. Further studies are thus needed to
understand the factors governing the degree of degradation
at specific locations.

Gel electrophoresis has also been used as a tool to study gene
delivery factors that are triggered by disulfide-based cationic
polymers. We have examined gene delivery from polyplexes
of poly(amido amine) copolymers p(HMBA,/CBA -AED)
containing various amounts of disulfide linkages, determined
by the ratios x/y of the HMBA and CBA monomeric units,
respectively. Gel electrophoresis experiments showed that a
limited amount of disulfide linkages in the repeating bisacryl-
amide units (y = 60%) of the copolymers is necessary to
afford sufficient DNA release in a reductive environment.
Transfection experiments in COS-7 revealed that the disulfide-
containing poly(amido amine) p(CBA-AEP) (Table 1) induced
threefold higher transfection efficiency than its analog without
the disulfide p(HMBA-AEP) (411.

Taken together, these experiments suggest that disulfide-based
cationic polymers efficiently release the genes inside the
cells via the cleavage of disulfides, thereby yielding higher

transfection efficiencies.

4.5 Effect of disulfides on cytotoxicity

Although cationic polymers like pEI exhibit relatively
effective gene transfection, their therapeutic application is
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seriously hampered by their high cytotoxicity. Further studies
on cytotoxicity of cationic polymers such as pEl and pLL
showed that various structural properties of these polymers
affect their cytotoxicity, including molecular weight (8],
charge density [81], amine type [82.83], topological structure
and conformational flexibility (81. The mechanisms of cyto-
toxicity caused by cationic polymers are not fully under-
stood. For pEl-mediated transfection, a two-stage cytotoxicity
has been proposed [8485]. In the first stage, free pEl may
destabilize the cellular membrane, inducing necrosis-related
cytotoxicity. The purification of polyplexes from free pEI
indeed leads to lower cytotoxicity [s6]. In the second stage,
free pEI dissociated from the polyplexes inside the cells
may interact with the negatively charged mitochondrial
membrane, leading to cellular apoptosis. Thus, the cytotox-
icity in this stage could be diminished when cationic poly-
mers are intracellularly degraded into small pieces. Since
disulfide bonds are intracellularly degradable, incorporation
of disulfide linkages between relatively short cationic oli-
gomer or polymer chains may lead to low cytotoxicity in
gene delivery.

Many suggest that disulfide-based
polymers indeed have much lower cytotoxicities than their
non-degradable analogs (87]. We established that disulfide-
based poly(amido amine)s have lower cytotoxicity profiles
than their analogs lacking the disulfide [36,41]. Park ez al.
showed that disulfide-containing pEls have significantly
lower cytotoxicity than 25 kDa linear pEI against Caco-2 cells
(> 100 pg/ml vs. 20 pg/ml) [28). However, structural properties
of the polymer can also dominate the cytotoxicity, as was

studies cationic

demonstrated by Davis et al. for B-cyclodextrin-containing
cationic polymers. Introduction of disulfide bonds did not result
in a decrease in cytotoxicity, and it was shown that the cyto-
toxicity was dependent on different types of amino groups
present in these polymers [s8].

5. Conclusions

Cationic polymers are promising candidates as non-viral
vectors for gene delivery. At present, various extra- and
intracellular barriers have been identified that limit efficient
gene transfection. Development of multifunctional smart
cationic polymers that are able to overcome these barriers is
certainly the future direction of gene delivery. The design of
cationic polymers that incorporate bioreducible disulfide
moieties in their chains offers many opportunities to arrive
at smart gene carriers.

The presence of disulfide linkages in cationic polymers
favorably influences the gene delivery properties of the polymers
by enhanced DNA binding ability, triggered de-shielding of
‘stealth’ groups, increased buffer capacity and facilitated DNA
release. Moreover, the facile intracellular degradation generally
leads to a decreased cytotoxicity. These positive effects thus result
in enhanced transfection efficiency. The results summarized
in this review strongly suggest that multifunctionalized

Lin & Engbersen

disulfide-based cationic polymers will be the next generation
in non-viral gene delivery systems.

6. Expert opinion

During the last few decades, there has been reported a great
variation of polymers that show more or less efficient gene
delivery properties. However, although polymeric gene delivery
vehicles have distinct advances over viral gene vectors with
respect to immunogenicity, mutagenicity and ease of pro-
duction, their transfection efficiency remains far behind.
Therefore, improvement of transfection efficiency of poly-
meric gene vectors by overcoming efficiently all hurdles in
the pathway of targeted delivery to expression is the main
direction of future research. This implies that polymeric vectors
must have virus-like properties, which can only be attained
if the polymers are able to fulfill a multitude of functions in
the spatio-temporal domain. Highly efficient, virus-like gene
transfection cannot be expected from simple polymeric
structures; instead multifunctional polymers are needed that
respond to various biological stimuli in time and place. To
this end, the use of stimulus-sensitive linkers in cationic
polymers may provide interesting opportunities to increase
transfection and to contribute to the understanding of the
non-viral delivery process.

Although also other stimuli-sensitive linkers, such as
acid-labile linkers (89,90, have been investigated, the use of
the redox-sensitive disulfide linker is the most straightforward
approach for intracellular disassembly of polyplexes, because
there exists a large difference in redox potential between the
extracellular environment and the intracellular environment.
Degradation profiles of acid-liable linkers (e.g., esters) are
not so easily controlled and are dependent on subtle structural
properties. For instance, amino groups in poly(amino ester)s
can promote the hydrolysis rate of acid-liable esters under
physiological conditions [91,92], leading to undesired degra-
dation of the polymer in the extracellular stage. In contrast,
the disulfide linker is chemically stable under physiological
conditions, but is prone to fast degradation in the intracel-
lular reducing environment. This property is particularly
on-demand for an ideal gene delivery carrier that is stable in
the extracellular environment, but is degraded inside the
cell to release DNA. Therefore, the presence of disulfide
moieties in cationic polymers is expected to be one of the
factors contributing to the ideal gene delivery carrier in the
near feature.

It should be noted that inside the cell the reductive cleavage
of the disulfide linker is regulated by reductive agents such
as glutathione, but that the levels of intracellular reducing
potential may be different in different types of cells, due to
different capacities for glutathione synthesis to maintain the
reductive environment [93]. Thus, disulfide degradation profiles
can by influenced by the glutathione levels. Some studies
suggest that an optimal glutathione level inside cells is needed
to result in the highest transfection [17). Therefore, further
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examinations with disulfide-based cationic polymers on gene
transfection 77 vitro and in vivo are necessary to fully understand

the effects of disulfide cleavage.

In this review, we have demonstrated that the presence of

have to be present at an optimal degree and ratio to arrive at
virus-mimicking polymeric carriers that are capable of effectively

overcoming the various gene delivery barriers and lead to

disulfide bonds can play an important role in the gene

delivery process. However, it should be stressed that addi-
tional functional groups certainly need to be incorporated
into disulfide-based cationic polymers to further enhance the
transfection efficiency. Moreover, these different functionalities
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