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Macromolecular and colloidal systems used for the systemic delivery of drugs
and genes promise to improve the way we treat and prevent numerous dis-
eases. New generations of drug and gene delivery systems (DGDS) are being
designed to enhance further efficiency by using a range of endogenous and
external stimuli. This review focuses on three qualitatively distinct ways a
stimulus can improve the efficiency of DGDS; namely, by selectively triggering
release of the therapeutic agent from the DGDS, by modulating physical
properties of DGDS and by favourably altering physiological properties of tis-
sues to enhance DGDS transport. Recent developments in these areas are dis-
cussed to illustrate the potential of stimulus-controlled DGDS in the
development of new generations of therapeutics.
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1. Introduction

Macromolecular and colloidal systems used for the systemic delivery of traditional
small-molecule drugs and modern biotech macromolecular drugs evolved
immensely in the last decade, resulting in a number of successful clinical appli-
cations, with more promising clinical results arising from trials [1]. Such drug and
gene delivery systems (DGDS) use water-soluble polymers that allow flexible opti-
misation of their structure and properties, subsequent to the known pathophysiol-
ogy of the target disease. The use of DGDS, however, often creates a new set of
challenges that are usually related to their relatively large size. Irrespective of the size,
a drug must safely reach its target cell and the appropriate location within the target
cell to achieve the desired therapeutic effect. Small-molecule drugs are transported
freely and enter cells by diffusion; therefore, reaching the desired subcellular location
is often straightforward. Unlike small-molecule drugs, the transport of DGDS is
severely restricted due to their large size, which can range from several nanometers
up to several micrometers. Distribution of intravenously injected DGDS is, there-
fore, usually restricted to the intravascular space, due to the low capillary permeabil-
ity in most organs with continuous capillary beds. The physiology of liver and many
solid tumours characterised by discontinuous endothelial capillaries provides a reli-
able rationale for the advantageous use of DGDS in tumour and hepatic targeting.
Similarly, DGDS cannot usually cross cellular membranes and are restricted to fewer
subcellular compartments compared with small-molecule drugs. Although the lim-
ited ability of DGDS to enter cells is widely exploited to their advantage by attach-
ing ligands that can target them to specific cells, the overall difficulties in crossing
biological membranes are the major problems compromising the therapeutic effi-
ciency of many DGDS. Therefore, the efficient delivery of therapeutic macromole-
cules to designated cells and subcellular locations greatly relies on the successful
passage across biological membranes. Properties of DGDS can often be modified to
improve the efficiency of their transport across a selected barrier, but it has become
apparent that different biophysical and biological properties are required for the
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DGDS to successfully overcome each of the barriers faced by
intravenously administered delivery systems. Growing exper-
tise in designing more complex and sophisticated macromole-
cules and nanostructures led to the development of second-
generation delivery technologies, containing a variety of spe-
cific responsive elements. One of the most promising
approaches to overcome the multiple barriers faced by DGDS
relies on the use of a specific stimulus to improve the effi-
ciency of DGDS-mediated delivery by temporal and spatial
control of drug release from DGDS, properties of DGDS, or
physiological properties of target tissues. This review focuses
on recent developments in the three selected areas of stimuli-
controlled delivery of drugs and genes. To document the
opportunities available, examples of approaches that use redox
potential gradients and hyperthermia as the specific
endogenous and external stimuli have been selected.

2. Selected stimuli for improvement of drug
and gene delivery systems efficiency

A variety of external and endogenous stimuli can be used to
improve the overall efficiency of DGDS. Although the exter-
nal stimuli are by nature physical (ultrasound, heat, magnetic
field, light), the endogenous ones offer a wider variety, rang-
ing from simple chemical to complex biochemical stimuli.
Irrespective of its nature, a given stimulus can improve DGDS
efficiency by one of three distinct mechanisms; first, a stimu-
lus can be used to facilitate spatial and temporal control of the
release of a therapeutic agent from DGDS. Stimuli-triggered
release of drugs and genes from DGDS is probably the most
widely used and investigated approach among those dis-
cussed. The mechanism of action is usually based on chemical
or biochemical gradients existing within body. Examples of
successfully used stimuli to release small-molecule drugs from
macromolecular DGDS include pH gradient and redox
potential gradient. In addition, site-specific enzymatic release
of drugs is another widely used approach [2-4]. Second, a stim-
ulus can be used to alter properties of DGDS, enabling them
to overcome selected barriers. This approach has not been as
extensively investigated as the first one and can be based on
both external and endogenous stimuli (heat, ultrasound, pH
gradient, redox potential gradient). Third, a stimulus can be
used to favourably alter the physiological properties of target
tissues to increase the efficiency of DGDS. This approach cre-
ates potential risks, as well as benefits, and is limited to exter-
nal stimuli such as local hyperthermia or acoustic cavitation.
Three stimuli for discussion have been selected in this review
to illustrate the potential of all three mechanisms of action for
improving DGDS efficiency.

2.1 Redox potential gradient

One of the several microenvironmental features that can be
exploited for improving the efficiency of DGDS is the redox
potential gradient existing between the extracellular envi-
ronment and various subcellular organelles in normal, as

well as pathological, states. The existence of a high redox
potential gradient between the oxidising extracellular space
and the reducing environment of subcellular organelles has
been exploited, mainly by incorporating a disulfide bond(s)
into the structure of the DGDS to provide them with the
capability to release the therapeutic agent (drug or gene)
selectively in the subcellular reducing space [5]. Two features
make the disulfide bonds especially attractive; easy intra-
cellular reversibility and relative extracellular stability. The
intracellular reduction of disulfide bonds is mediated by
small redox molecules such as glutathione (GSH) and
thioredoxin, either alone or with the help of redox
enzymes [6]. The concentrations of GSH, the most abundant
cellular reducing component, are in a mM range. In con-
trast, GSH concentrations in blood plasma are typically
~ 10 uM [7.81. GSH plays a role in various cellular processes
including DNA and protein synthesis, the maintenance of
cell membrane integrity, drug and chemical metabolism and
protection from oxidative stress. The lowest redox potential
in the cell can be found within the nucleus, where it is
required for DNA synthesis and repair as well as to maintain
a number of transcription factors in a reduced state [s-11].
The concentration of GSH has been reported to be ~4 mM
in the cytoplasm and ~ 20 mM in the nucleus [12-14]. The
subcellular distribution of GSH suggests that the intracellu-
lar reduction of disulfide bonds in the DGDS will proceed
mainly in the cytoplasm and nucleus [15-17]. Available evi-
dence also suggests the possibility of plasma membrane,
endosomal and lysosomal reduction [18-20].

In addition, altered GSH concentration and compartmen-
talisation associated with a variety of pathological states rep-
resent an exciting opportunity for enhanced selectivity of
DGDS delivery in specific diseased cells [10,21-26]; for exam-
ple, overexpression of the antiapoptotic protein Bcl-2, which
is a critical regulator of susceptibility towards cell death, is
known to be associated with increased GSH levels and
altered subcellular distribution of GSH [27.28]. Using HeLa
cells transfected with Bcl-2 under the control of a tetra-
cycline-repressible promoter, Voehringer ez al. demonstrated
that Bcl-2 overexpression leads to GSH redistribution from
the cytoplasm to the cell nucleus. This was documented by
the GSH nuclear concentration increasing from 6 mM in
cells with Bcl-2 expression switched off, to 16 mM in cells
with the Bcl-2 expression switched on [22]. At the same time,
the overall cellular GSH content underwent no statistically
significant change, suggesting its redistribution to the
nucleus. Bcl-2 overexpression is often implicated in the
resistance of cancer cells to apoptosis through antioxidant
pathways, which involve cellular sulthydryls and, as such, can
potentially be used for enhanced therapeutic selectivity in
Bcl-2-overexpressing tumours [29,30].

2.2 Local hyperthermia
Localised increase of temperature (hyperthermia) is a relatively
easily applicable external stimulus that can be used to control
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the delivery of drugs and genes. Part of the attractiveness of
using locally elevated temperatures as a specific stimulus for
improving DGDS delivery is the wide availability of the neces-
sary instrumentation to many radiology departments. In gen-
eral, hyperthermia is a clinical procedure based on raising the
temperature of a tumour region of the body to treat cancer.
Hyperthermia itself has been successfully used as an adjunct
therapy in multimodal oncological strategies with other estab-
lished cancer treatments, such as radiotherapy and chemother-
apy. Several clinical trials have shown a beneficial effect of
hyperthermia for the local control or management of various
types of tumours, including recurrent breast cancer,
melanoma, or head and neck cancers [31-37. Novel oncological
therapies, such as gene therapy, could be triggered by a temper-
ature increase or could be improved with hyperthermia; for
example, a novel and very promising approach to targeting
therapeutic gene expression to tumour cells has been developed
and relies on engineering a hyperthermia-activated heat-shock
promoter into gene delivery vectors. The heat-shock protein
promoter 70 has been studied most extensively. The promoter
is induced by up to three orders of magnitude following the
application of hyperthermia.

The strong transcriptional response exhibited by heat-
shock genes, in addition to the beneficial therapeutic effects of
hyperthermia, has led to the development of heat-directed
gene-targeting strategies for cancer treatment [3839]. The
major advantage of this therapeutic strategy is the potential to
control and limit transgene expression within the body, even
when the vectors are administered systemically. Hyperthermia
itself has a marked effect at every biological level; for example,
it decreases DNA synthesis, alters protein synthesis (including
the induction of heat-shock proteins), disrupts the micro-
tubule organising centre, alters the expression of receptors and
the binding of growth factors and changes cell morphology
and attachments. Importantly for DGDS anticancer thera-
pies, hyperthermia, at temperatures between 40 and 45°C, is
also known to increase tumour blood flow and vascular per-
meability compared with normal vasculature; indeed, the
increased thermal sensitivity of tumour vasculature compared
with normal vasculature has led to the use of local hyperther-
mia as a therapeutic modality for solid tumours in combina-
tion with thermally insensitive drugs. To reach and maintain
temperatures clearly above the systemic temperature of 37°C
in a defined target volume is a technical challenge and still
under development. The major problem, especially with
maintaining the increased local temperature, is that the physi-
ological response of the body is to increase perfusion rates in
the area to counteract the temperature rise. Perfusion rates in
human tumours are around 5 — 15 ml/100 g/min, and vary
widely. To reach a therapeutic temperature of ~ 42°C, at least
in some parts of such tumours, necessitates power density of
about 20 — 40 W/kg at the target region [40]. In comparison,
human basal metabolic rate is ~ 1 W/kg. The potential to
control power distributions 7z vive has been significantly
improved lately by the development of techniques that offer
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better spatial control of the hyperthermia. The typical tem-
perature increase of tumour tissues to 40 — 43°C can be
achieved by various methods, which are, in many cases,
already in clinical use [40,41].

2.3 Non-thermal ultrasound effects
Ultrasound is the primary example of a stimulus that can
improve DGDS delivery by altering the physiological proper-
ties of treated tissues [42]. The biological effects of ultrasound,
which can potentially cause physical perturbation of cells and
tissues, may generally be categorised as thermal (heating) and
non-thermal (cavitation). The thermal bioeffects are mani-
fested by heating, which occurs as the ultrasonic energy is
absorbed in a medium; for example, the intensity of ultra-
sound at a frequency of 1 MHz can decrease to about a half
for each 10 cm of propagation, most of which appears as heat.
Any process that can produce a biological effect without a
significant degree of heating (< ~ 1°C) is a non-thermal
mechanism. Acoustic cavitation is a non-thermal interaction
between a propagating ultrasound pressure wave and a gase-
ous inclusion in aqueous media. A gas bubble pulsates at
ultrasound amplitudes that depend on its size and are max-
imised at the resonance frequency of the bubble; for example,
a resonance size of a free bubble in water at 1 MHz is ~ 7 pm
in diameter. As a part of cavitation activity, gas bubbles
implode, leading to the generation of intense heat and light
(sonoluminescence), free radical production and the genera-
tion of wave, which can introduce secondary bioeffects
whenever bubbles or cavitation nuclei are present in a biolog-
ical medium exposed to ultrasound. Cavitation causes
mechanical perturbation in the vicinity of active bubbles,
which can lead to membrane effects on individual cells and
to capillary rupture 77 vivo [43.44l. The membrane effects
range from sonoporation (the transient opening of holes in
the membrane) to cell lysis or even fragmentation. During
sonoporation, sublethal membrane damage occurs, allowing
cells to freely exchange large molecules with the surrounding
medium through the transient holes, followed by membrane
sealing and cell survival. This allows foreign macromolecules
and particles to be trapped inside the cell. It comes as no sur-
prise that tissues naturally containing gas-liquid interfaces
are more susceptible to the mechanical effects of ultrasound
because cavitation depends on the presence of gas bodies.
Microscopic haemorrhage in the lungs and intestine was
repeatedly demonstrated after exposure to high acoustic pres-
sures. Among other reported non-thermal bioeffects of ultra-
sound are increased vasoconstriction, vessel rupture and
enhanced thrombolysis. The development of ultrasound con-
trast agents (suspensions of stabilised gas bodies of diameters
suitable to passage through the circulation and also for return
of strong echoes) for diagnostic purposes, introduced cavita-
tion phenomena into an otherwise high threshold in vivo
environment, with the potential for new therapeutic (or
deleterious) biological effects. Promising applications medi-
ated by ultrasound contrast agents include the reduction of
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established blood clots 451, delivery of drugs from the blood
to the interstitium and across the blood—brain barrier [46-4s],
and gene transfer [49]. The drug delivery application is partic-
ularly robust; for example, diagnostic contrast ultrasound (as
for echocardiography) readily yields microvascular permeabi-
lisation above pressure amplitudes of 0.4 MPa, with a sub-
stantial and reliable delivery of large molecules and particles
up to the size of erythrocytes to the interstitium [50,51].

3. Selected examples of stimuli-controlled
drug and gene delivery systems

Two examples have been selected that illustrate the potential
of stimulus-controlled DGDS in the development of new
generations of the delivery systems. The possibility to use
redox potential gradients to control the release of therapeutic
nucleic acids from DGDS specifically in selected intracellular
compartments as well as to control the toxicity of DGDS is
discussed first. The utility of local hyperthermia for altering
properties of temperature-responsive DGDS in order to
increase their accumulation in tumours and/or control their
activity is described in the following section. The potential of
the third discussed stimulus, ultrasound treatment for
improving vascular extravasation and transmembrane trans-
port of DGDS by altering physiological properties of treated
tissues, has been extensively discussed in a recent issue of this
journal [52].

3.1 Gene delivery controlled by redox potential
gradients

The original interest in gene delivery systems controlled by
redox potential gradients was guided by the need to transiently
enhance physical stability of polycation-based vectors (poly-
plexes) during systemic iz vivo transport. The tendency to
undergo polyelectrolyte exchange reactions in the bloodstream
seems to be one of the most challenging aspects of the instabil-
ity of polyplexes. Many cells, surfaces and macromolecules
in vivo have polyionic characteristics and can compete with
polyions in the polyplexes for binding, leading to destabilisa-
tion of the polyplexes and rapid clearance from the plasma. It
was hypothesised that, not only careful control of surface
properties and steric stability, but also significantly increased
resistance against polyelectrolyte exchange reactions are
required to permit increased circulation times of polyplexes.
The adopted approach relies on decreasing or fully suppressing
the disassembly of polyplexes in the oxidative plasma environ-
ment by introducing disulfide bonds into the structure of lin-
ear polycations, or by crosslinking the polyplex nanoparticles.
In both cases, the disassembly rates of polyplexes are control-
led by modifying the molecular weight of the polycations.
This approach was successfully applied to improving systemic
intravenous delivery of various peptide-based polyplexes; for
example, Park e al synthesised disulfide crosslinked poly-
plexes further equipped with a protective polyethylene glycol
layer and carbohydrate rtargeting ligands. The authors

demonstrated that these polyplexes can efficiently target the
transgene expression selectively into hepatocytes and provide
expression of secreted alkaline phosphatase in mouse serum for
an extended period of 12 days [s3].

An alternative approach to disulfide crosslinking aimed at
achieving a reversible stabilisation of intravenously injected poly-
plexes was proposed by Oupicky ez al. 54,55. Multivalent NV-(2-
hydroxypropyl)methacrylamide (HPMA) copolymers were used
to bind around the surface of polyplexes, linking surface amino
groups and providing the polyplexes with a combination of steric
and lateral stability (Figure 1). The lateral stabilisation was dis-
tinctly demonstrated by reduced disassembly rates and increased
resistance to polyelectrolyte exchange reactions. Whereas typical
polyplexes release DNA following incubation with polyanions,
the polyplexes coated with multivalent HPMA copolymers were
laterally stabilised and resistant to the exchange reactions. The
polyplexes coated with multivalent HPMA copolymers exhibited
significantly extended plasma circulation compared with the par-
ent polyplexes. The authors identified several structural factors
affecting the pharmacokinetics of these polyplexes, including
molecular weight of the polycation, molecular weight of the
HPMA copolymer and the amount of HPMA attached to the
polyplexes. It was shown that efficient lateral stabilisation and
subsequent prolonged circulation of the HPMA-coated poly-
plexes demands the use of HPMA copolymers with a minimal
molecular weight of 30,000 and that the concentration of
HPMA used plays a vital role in enabling prolonged circulation.
Using 2 mg/ml of HPMA copolymers in the coating reaction
led, not only to significantly increased circulatory half-life com-
pared with 0.2 mg/ml, but, most importantly, to these polyplexes
exhibiting long circulating properties, even at low administered
doses. The increased amount of HPMA bound to the polyplexes
at 2 mg/ml, together with the possibly of further improved lateral
stability, are most likely to be important reasons. Overall, increas-
ing the concentration of HPMA resulted in increased lateral sta-
bility, reduced rate of hepatic clearance, reduced dose-
dependence of the pharmacokinetics, and increased circulation
times. Using the optimised formulation of HPMA-coated poly-
ethylenimine (PEI)/DNA polyplexes resulted in circulation half-
lifes of almost 90 min in mice after intravenous injection, a sig-
nificant improvement over the typical 3 — 5 min observed for
typical polycation/DNA polyplexes. The prolonged plasma cir-
culation also enabled passive accumulation of the HPMA-coated
polyplexes in solid subcutaneous tumours at levels comparable to
sterically-stabilised liposomes. Unfortunately, the irreversibility
of HPMA-crosslinking in the originally developed polyplexes
resulted in significantly reduced transfection activity due to the
low disassembly rates that had adverse effects on the transcrip-
tional availability of DNA. A dependence of the HPMA-induced
stabilisation on the molecular weight of the polycations was,
therefore, utilised for intracellular-specific activaton of the vec-
tors following cellular uptake (Figure 1). A high molecular weight
reducible poly-L-lysine (rPLL), containing disulfide bonds in the
backbone, was synthesised by oxidative polycondensation of Cys-
(Lys);cCys peptide, and used for the preparatdon of the
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stability achieved by surface modification with multivalent HPMA copolymers, and the principle of intracellular-specific
activation of reducible PLL-containing polyplexes by reduction with GSH. Adapted from OUPICKY D, PARKER AL, SEYMOUR LW:
Laterally stabilized complexes of DNA with linear reducible polycations: strategy for triggered intracellular activation of DNA delivery

vectors. J. Am. Chem. Soc. (2002) 124:8-9.

GSH: Glutathione; HPMA: N-(2-Hydroxypropyl)methacrylamide; PLL: Poly-L-lysine; SH: Sulfhydryl group; SS: Disulfide bond.

polyplexes. These polycations were capable of reductive degrada-
tion into low molecular weight species in the reducing intracellu-
lar environment, and permitted to reverse the lateral stabilisation
and facilitate the release of the DNA (Figure 1). Efficient intracel-
lular activation of rPLL-based polyplexes by reductive degrada-
tion of rPLL was implied by > 60-fold increase of transfection
activity of the polyplexes compared with control polyplexes based
on PLL. In addition, the circulation half-life of rPLL polyplexes
coated with HPMA copolymers was shorter but comparable to
that of parent PLL-based polyplexes (Unpublished observation,
Oupicky [2002]). This observation confirmed that the reduc-
tion-mediated destabilisation of the vectors in blood plasma is
not significant and that rPLL-based vectors are suitable for
systemic application.

Using multivalent HPMA copolymers for coating of the
polyplexes permits simultaneous easy linkage of protein-tar-
geting ligands to the surface of the polyplexes without the
need for a complex chemistry (Figure 1). Such polyplexes then
offer an open platform, where a variety of biologically active
compounds can be incorporated, allowing an easy control of
the tropism of the polyplexes. Vascular endothelial growth
factor, transferrin and basic fibroblast growth factor have each
been linked to HPMA-stabilised polyplexes [55-57]. Such lig-
and-targeted polyplexes demonstrated an increased uptake
into receptor-positive cells that could be antagonised with
excess free ligand. Targeted polyplexes also exhibited increased
transfection activity and resistance to inhibition by serum
when compared with non-targeted polyplexes. In a recently

reported alternative approach, reducible disulfide bonds were
introduced into the backbone of the coating of HPMA
copolymers, instead of the polycation, and used to reversibly
stabilise PEI/DNA polyplexes, while successfully enhancing
the transfection efficiency [58].

Polyplexes capable of responding to environmental changes
by altering their properties and behaviour could significantly
improve qualitative and quantitative understanding of the
gene delivery process. The redox potential gradient represents
a highly specific stimulus that can be exploited for such pur-
poses. Based on the available evidence, the subcellular traffick-
ing of polyplexes based on reducible polycations can be
schematically described as shown in Figure 2. The overall
transfection activity of DNA polyplexes in such a scheme is
determined by the relative rates of the steps leading to nuclear
delivery and expression compared with the steps leading to
DNA degradation. One can hypothesise that the intracellular
reduction of reducible polycations within polyplexes leads to
increased rates of polyplex disassembly, and that this ulti-
mately promotes better transcription/translation of the deliv-
ered DNA/mRNA. One can also expect that, not only the
total rates and extent of the reduction, but also the location,
and, therefore, the subcellular compartmentalisation of GSH,
will modulate the overall levels and kinetics of the transgene
expression. Indeed, available evidence clearly suggests that
altering the overall GSH levels affects the binding affinity of
nucleic acids to the reducible polycations and, subsequently,
transfection efficiency [s8-60]. Using different means of
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degradation of the reducible polycations within polyplexes into non-toxic small cationic fragments, and release of DNA from the polyplex

due to enhanced disassembly rates. The polyplex disassembly then allows the transcription apparatus access to the DNA.

GSH: Glutathione; SH: Sulfhydryl group; SS: Disulfide bond.

inhibition of GSH, it is even possible to alter GSH concentra-
tions within selected subcellular compartments; for example,
buthionine sulfoximine (BSO) inhibits y-glutamylcysteine
synthetase, which is necessary for cytosolic GSH biosynthesis
[61]. On the other hand, diethyl maleate permits the depletion
of GSH within all cellular pools by directly conjugating with
thiols. Membrane permeable ethyl ester of GSH (GSH-Ex)
can be used to increase the intracellular GSH concentration
[59.62]. It was shown, for example, that depleting intracellular
GSH by inhibiting its de novo synthesis with BSO decreased
the efficiency of early gene expression of DGDS sensitive to
the redox potential gradients, whereas augmentation of
intracellular  GSH by means of membrane-permeable
GSH-Eg, had the opposite effect. Similar effects of increasing

GSH concentrations on enhanced transfection efficiency were
reported by Read e al. [60]. Because of the higher GSH con-
centration present in the cell nucleus compared with the cyto-
plasm, polyplex disassembly is likely to occur more efficiently
in the nucleus than in the cytoplasm. Improved subcellular
disassembly of polyplexes based on reducible polycations
proved to be highly beneficial for enzyme prodrug gene ther-
apy, demonstrating efficiency comparable with that previously
attained with adenoviral vectors [60].

The benefits of controlled subcellular disassembly of poly-
plexes for efficient delivery of nucleic acids have also been
demonstrated for mRNA. The use of mRNA in gene therapy
has been limited due to its poor stability and short duration of
expression [63-66]. Unlike DNA, only cationic lipids can be
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used to efficiently deliver mRNA. It was suggested that the
high intracellular stability (low disassembly rates) of com-
plexes of high molecular weight polycations is responsible for
extremely low mRNA expression [67]. It has been shown that
polyplexes based on high molecular weight polycations such
as PEI (25 kDa) and PLL (54 kDa) cannot mediate efficient
translation of mRNA due to their high stability against dis-
assembly in the cytoplasm [67]. In comparison, polyplexes
formed using smaller PEI (2 kDa) and PLL (3 kDa) mediated
relatively high levels of gene expression. It was demonstrated
that the use of polyplexes based on intracellularly degradable
polycations can mediate high levels of transfection with
mRNA, even when high molecular weight polycations are
used [60]. The results proved that cytosolic reduction of the
disulfide bonds in reducible polycations causes increased
cytosolic availability of mRNA. The results obtained from
mRNA transfection experiments serve to demonstrate the fea-
sibility of using redox-potential gradient responsive polyplexes
for efficient cytosolic delivery of mRNA, and confirm the
contribution of GSH-mediated degradation to the
intracellular disassembly of such vectors.

The toxicity of polycations such as PEI is a well-known phe-
nomenon [68-70]. A successful gene delivery carrier, however,
should be able to deliver transcriptionally active genes to the
cell without negatively affecting normal functions of the host
cell. Although the precise basis of the cytotoxic action of poly-
cations remains unknown, based on the published evidence,
three mechanisms can be postulated by which they exert cyto-
toxic activity [70-76]: direct destabilisation of plasma membranes
by free polycations; destabilisation of intracellular membranes
(e.g., lysosomal, nuclear) by free polycations and polycations
released from the polyplexes; and interference of free poly-
cations and polycations released from the polyplexes with vital
cellular processes (e.g., interaction with nucleic acids, proteins
and activation of intracellular signal transduction pathways).
Structural features believed to most affect the way in which
polycations interact with cell membranes include charge den-
sity, molecular weight, type of charged centre (type of amino
group), and molecular flexibility [77-80]. Rigid molecules have
more difficulties attaching to the membranes than flexible mol-
ecules [73]; therefore, high cationic charge densities and highly
flexible polymers, such as PEI, are expected to cause greater
cytotoxic effects than those with low cationic charge density
and more rigid chains. Available data on cytotoxicity of the
reducible polycations and their DNA polyplexes show that all
the reducible polycations exhibit only a minimal toxicity when
compared with control non-reducible polycations [60,81]. In
fact, the observed cytotoxicity is often similar to that obtained
for low molecular weight degradation products of the reducible
polycations. It can be hypothesised that the observed low cyto-
toxicity of the disulfide-containing polycations is a direct conse-
quence of the reduced binding affinity for cell membranes and
vital proteins and nucleic acids after rapid intracellular reduc-
tion, and subsequent decrease of molecular weight of these
polycations. The available results also suggest that a significant
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contribution to the cytotoxicity of polycations originates from
their intracellular action, and that direct destabilisation of the
plasma membrane, may not be the major contributor to the
polycation toxicity.

3.2. Hyperthermia-controlled delivery and activity of
drugs and genes

Existing local hyperthermia treatment protocols are well
suited as the stimulus for DGDS-containing polymers, which
exhibit lower critical solution temperature (LCST) behaviour.
The possibility to control properties of soluble DGDS by
local hyperthermia has so far been utilised in several different
types of applications. This is an emerging group of stimulus-
controlled delivery systems that relies on temperature-induced
phase transition of the polymer carrier. It is the rapid, highly
nonlinear and reversible nature of such phase transitions in
response to small changes of temperature that makes these
vectors very promising in the design of delivery vectors where
rapid changes of properties are required. Temperature-respon-
sive vectors described thus far use synthetic acryl-based
copolymers or genetically engineered elastin-like polypeptides
as the temperature responsive component. One of the most
widely used polymers, poly-N-isopropylacrylamide (PNIPA),
is a water-soluble polymer that undergoes a coil-to-globule
phase transition at 32°C. This transition is caused by breaking
hydrogen bonds between the polymer and water when mov-
ing above the phase transition temperature; the polymer
expels water molecules and effectively precipitates. The transi-
tion temperature can be easily engineered by copolymeris-
ation with a suitable comonomer to levels fully compatible
with the protocols of clinical hyperthermia.

The possibility to control the solubility of DGDS by
local hyperthermia has been utilised as a simple way to
enhance their tumour accumulation; for example, hyper-
thermia (40 — 42°C) induced precipitation of conjugates of
genetically engineered elastin-like polypeptides and NIPA
copolymers was used to selectively increase accumulation in
solid tumours (82]. It was found that local tumour hyper-
thermia increased the total accumulation of the thermally
responsive DGDS twofold. Intravital fluorescence video-
microscopy further suggested that the observed increase in
total accumulation in heated tumours of the thermally
responsive carriers was due, both to an increased extra-
vasation of the thermally responsive polymer, and to the
accumulation of aggregated carrier in the vasculature.

When temperature-responsive statistical copolymers of
NIPA with 2-(dimethylamino)ethyl methacrylate and butyl
methacrylate were used as part of gene delivery vectors,
increased affinity of the copolymers to DNA above the phase
transition temperature was observed, and the ability to con-
trol transfection activity by temperature was also demon-
strated [83]. The use of a copolymer with the phase transition
of 21°C (i.e., the copolymer is insoluble above and soluble
below 21°C), enabled the affinity of the copolymer to plasmid
DNA to be controlled. Although the DNA was fully retained
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Figure 3. Controlling properties of DNA polyplexes by phase state of PNIPA. Below the phase transition temperature (LCST), the
hydrated PNIPA chains (light colour) mask the positive surface charge, solubilise and cause internal swelling of polyplexes formed
between DNA, and graft copolymers between poly-i-lysine and PNIPA. As a result, polyplexes with low structural density (d) and zeta
potential () are formed. Above LCST, the collapsed PNIPA chains show reduced ability to mask the positive surface charge, causing a
significant increase in the structural density and secondary aggregation of polyplexes, documented by increased hydrodynamic radius,

Ry [84].

LCST: Lower critical solution temperature; PNIPA: Poly-N-isopropylacrylamide.
in the origin of the gel during electrophoresis at temperatures
above the phase transition, at temperatures below the phase
transition, the plasmid became partially dissociated from the
copolymer. In addition, the authors established that a temper-
ature regimen can be identified that enables the disassembly
of the vector inside the cells to be controlled and transfection
levels to be elevated.

A recent study suggested that hyperthermia can be used to
control the biophysical properties of DNA polyplexes. In
that study, biophysical properties of complexes of DNA with
graft copolymers of PLL and PNIPA were investigated [84].
The objective of the study was to demonstrate that physico-
chemical properties of DNA polyplexes are controlled by the
phase state of NIPA present in their structure. A graft copoly-
mer of PLL and PNIPA was synthesised by randomly graft-
ing semitelechelic PNIPA onto PLL (s5]. It was shown that
the phase transition temperature (LCST) of PNIPA grafts
was not significantly affected by grafting onto PLL chains,
and it remained at ~ 31 — 32°C. The effect of the phase tran-
sition of PNIPA on the properties of polyplexes was studied
at two selected temperatures; 25 and 38°C, representing 6°C
above and 6°C below the observed LCST of the PNIPA.
Although increasing the temperature from 25 to 38°C only
had a negligible effect on the physicochemical properties of
polyplexes not containing PNIPA, it caused marked changes
in the properties of NIPA-containing polyplexes. The PNIPA
transition is triggered by the loss of hydrating water, and is
manifested by a collapse of the coil conformation into the
more compact globule, and by increased polymer hydropho-
bicity. The authors demonstrated that the phase transition of
PNIPA chains caused an increased surface charge and struc-
tural density of polyplexes; observations that are compatible
with the coil-to-globule collapse. The increase of the struc-
tural density of polyplexes implied a reduction in their size.

Concomitant, hydrophobically-driven aggregation of the
polyplexes, however, prevented in most cases, the clear dem-
onstration of the size reduction of individual polyplexes.
Figure 3 schematically summarises the main physicochemical
effects induced by PNIPA-phase transition on properties of
DNA polyplexes and also shows a specific example of the
reported changes of physical properties induced by the
PNIPA-phase transition. For example, the surface charge of
some of the studied DNA complexes was increased from 8 to
32 mV by increasing the temperature above the LCST of the
PNIPA. At the same time, the internal structure of the com-
plexes was also altered, manifesting an almost 10-fold
increase in the structural density of the polyplex nanoparti-
cles. The authors hypothesised that the possibility to alter
surface properties of these complexes by small changes of
temperature can be translated into controlling the tropism of
the polyplexes. Similar control of biophysical properties by
temperature was demonstrated for polyplexes based on graft
copolymers of PEI and NIPA copolymers [86]. The major dif-
ference between the vectors discussed in [84,86,87] and those
developed by the group of Okano (83,8], is the direct involve-
ment of the temperature-responsive component in DNA
binding in [83,88]. The limited amount of data that is cur-
rently available does not allow a clear conclusion to be made
as to which of the copolymer architectures will prove to be
more beneficial for potential hyperthermia-controlled gene
delivery. More importantly, despite the promising properties
of these vectors, they have yet to demonstrate a convincing
performance under more realistic physiological conditions.
Conjugation of temperature sensitive copolymers to pro-
tein molecules has been exploited in the design of conju-
gates with temperature controlled activity. These systems
offer the possibility to design prodrug types of delivery sys-
tem, with their activity reversibly switched on and off in the
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Figure 4. Schematic representation of the N-isopropylacrylamide switch. Reprinted with permission from PENNADAM SS,
LAVIGNE MD, DUTTA CF et al.: Control of a multisubunit DNA motor by a thermoresponsive polymer switch. J. Am. Chem. Soc. (2004)

126:13208-13209. Copyright 2004 American Chemical Society.

HsdM, HsdR, HsdS: Subunits of the enzyme EcoR124l; LCST: Lower critical solution temperature; PNIPAm: Poly-(N-isopropylacrylamide); T: Temperature.

organism by the application of a local hyperthermia. Many
of the initial studies focused on model systems, such as
streptavidin/biotin, to gain a basic understanding of the fac-
tors underlying the activity control by covalent attachment
of temperature-sensitive polymers [89-92].

Depending on the selected protein and the site of attach-
ment, the systems can be engineered to have their activity
switched on by the hyperthermia or switched off, providing a
desired flexibility for potential therapeutic use; for example, a
site-specific conjugation of /V,/N-dimethylacrylamide//N-4-
phenylazophenylacrylamide copolymers to a unique cysteine
residue positioned near the active site of an enzyme endoglu-
canase 12A, led to a conjugate where the copolymer acted as a
molecular switch of the enzymatic activity triggered by tem-
perature change (increasing the temperature acting as the
switch-off trigger) [93]. Depending on the conjugation site, the
conjugate displayed different shut-off efficiency in the col-
lapsed polymer state. Increasing the molecular weight of the
polymer was also shown to increase the shut-off efficiency of
the switch. In addition, the molecular switch efficiency was
dependent on the size of the substrate molecules.

In a recent example of an opposite molecular switch,
where the protein activity is switched on by a temperature
increase, Pennadam ez a/. conjugated NIPA copolymers to a
subunit of a hybrid EcoR124l restriction-modification
enzyme (Figure 4) [94,95]. The NIPA polymer switch was cova-
lently attached, specifically at a subunit distal to the DNA
recognition and restriction sites. The authors reported that
only 10% methylation was observed below the phase transi-
tion temperature of the NIPA copolymer. Above the transi-
tion temperature, 90 — 100% methylation was observed,
clearly indicating an activity switch due to the coil-to-globule

transition of the NIPA chains. Furthermore, the activity of
the conjugate was fully reversible and could be repeated over
multiple cycles.

4. Expert opinion

DGDS sensitive to redox potential gradients are likely to
receive increased attention in the future. In particular, their use
in gene delivery has the potential to contribute to overcoming
some of the obstacles currently faced by researchers developing
polyplex-based gene therapies. The redox potential gradient
represents a highly reliable stimulus for the intracellular release
of drugs and genes; however, there is a potential for premature
release of the therapeutic cargo in the blood plasma. Although
plasma environment is predominantly oxidising, reduction of
disulfide bonds does occur due to the presence of low concen-
trations of cysteine and GSH. This has to be taken into con-
sideration, especially in the design of DGDS for intravenous
systemic administration, where extended plasma circulation
times are expected. Local hyperthermia, the second stimulus
discussed in this review, has so far shown great promise in
combination with adenoviral gene delivery vectors containing
the heat-shock protein promoter. The use of hyperthermia to
control the behaviour of DGDS based on phase-transition
polymers has so far been less successful until now. The current
limitations in the use of DGDS responsive to hyperthermia
are, at least partly, caused by the difficulties in controlling the
phase transition behaviour in complex biological fluids such as
blood plasma. The LCST of these systems is affected by a vari-
ety of solutes and, therefore, the optimisation of the DGDS
properties and their reproducibility is often difficult. In addi-
tion, the synthetic methodology used in the preparation of the
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temperature-responsive polymers, is usually not compatible
with producing uniform polymers both in terms of molecular
weight and composition. Response uniformity is potentially
another major problem in using soluble DGDS based on tem-
perature-responsive polymers. Although this approach has yet
to clearly demonstrate utility under real physiological condi-
tions, modern approaches based on genetic engineering or
novel synthetic methodologies, such as living radical polymeri-
sation, show promise in overcoming many of the limitations.
Enhancing the microvascular and cell membrane permeability
by a local ultrasound exposure seems to represent an attractive
approach to overcoming the limited ability of blood-borne
DGDS to extravasate from the vasculature and cross cellular
membranes effectively. This approach can potentially be
applied for improving the efficiency of DGDS delivery to a
wide range of tissues and organs, including brain and solid
tumours. Potential risks of using ultrasound exposure to

control properties of tissues include microvascular damage,
haemorrhaging, and the possibility of facilitating metastatic
spread from the treated tumours.

This review discussed recent examples of polymer-based
drug and gene delivery vectors that are capable of responding
to specific endogenous or exogenous stimuli by altering their
properties or behaviour. One of the key motivations for the
development of such vectors is the requirement for diverse
properties necessary to overcome the variety of physiological
barriers encountered by the vectors during the systemic
intravenous delivery. Further developments of the stimuli-
responsive DGDS will critically depend on the enhanced
knowledge of the correlations between specific physical
properties of the vectors and their biological behaviour. In
particular, detailed quantitative description of the extracellu-
lar and intracellular phases of the delivery process will be of
importance for optimisation of the design of such vectors.
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