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Abstract

Stimuli-responsive polymers show a sharp change in properties upon a small or modest change in environmental condition,
e.g. temperature, light, salt concentration or pH. This behaviour can be utilised for the preparation of so-called ‘smart’ drug
delivery systems, which mimic biological response behaviour to a certain extent. The possible environmental conditions to use
for this purpose are limited due to the biomedical setting of drug delivery as application. Different organs, tissues and cellular
compartments may have large differences in pH, which makes the pH a suitable stimulus. Therefore the majority of examples,
discussed in this paper, deal with pH-responsive drug delivery system. Thermo-responsive polymer is also covered to a large
extent, as well as double-responsive system. The physico-chemical behaviour underlying the phase transition will be discussed
in brief. Then selected examples of applications are described.
© 2006 Published by Elsevier B.V.
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1. Introduction

Synthetic polymers are of increasing interest in
drug delivery as therapeutic agent. Polymers show
usually an improved pharmacokinetics compared to
small molecule drugs with longer circulation time and
the potential for tissue targeting. Synthetic polymers
are being used as drug delivery systems as a polymeric
drug itself or in combination with small molecule
drugs or with biomacromolecules such as proteins and
poly(nucleic acids). The classification is not complete
without mentioning hybrid materials such as modified
biopolymers (e.g. modified chitosans) or modified
synthetic polymers (e.g. polymer peptide conjugates).
The field is usually characterised by the terms
‘polymer therapeutics’ or ‘nanomedicines’. Polymer
therapeutics are here divided into 5 subclasses:
polymeric drugs, polymer-drug conjugates, polymer—
protein conjugates, polymeric micelles and polyplexes
(complexes of polymers and poly(nucleic acids)) [1,2].
The area of polymer therapeutics can then be
considered as a subcategory in the field of nanome-
dicines, which encompasses analytical tools and
diagnostics, imaging techniques and innovative drug
delivery systems, therapeutics and systems for tissue
regeneration and repair. All of these are materials
within the nanometer size range [3—6]. Therefore any
kind of polymers, including stimuli-responsive poly-
mers, falls within this category.

There is an extensive list of criteria a polymer has to
fulfil, in order to be applied safely as a polymer
therapeutics or as an agent in tissue regeneration and

repair. If the polymer is not a drug itself, it often
provides a passive function as a drug carrier, reducing
immunogenicity, toxicity or degradation, whilst im-
proving circulation time and potentially a passive
targeting function. In this case the polymer has to be
water-soluble, non-toxic, non-immunogenic and it
needs to be safe at all stages of the drug delivery
process (e.g. before and after the drug has been
released) including a safe excretion. If the polymer is
non-degradable (e.g. poly(meth)acrylates), the size
needs to be below the renal threshold ensuring that it is
not accumulated in the body. If the polymer is
degradable (e.g. polyesters), the toxicity and/or
immune response of the degradation products have
to be considered as well. Polymer therapeutics are new
chemical entities, which means that they have to be
assessed as such. Besides its application in a passive
fashion, synthetic polymers often adopt a more active
role such as releasing a drug molecule, peptide or
oligo/poly(nucleic acid) upon an external stimulus. In
this case, we consider these polymers as stimuli-
responsive polymers.

Stimuli-responsive polymers mimic biological sys-
tems in a crude way where an external stimulus (e.g.
change in pH or temperature) results in a change in
properties. This can be a change in conformation,
change in solubility, alteration of the hydrophilic/
hydrophobic balance or release of a bioactive molecule
(e.g. drug molecule). This also includes a combination
of several responses at the same time.

In medicine, stimuli-responsive polymers and
hydrogels have to show their response properties
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Fig. 1. Potential stimuli and responses of synthetic polymers.

within the setting of biological conditions, hence there
is a large variety of different approaches and only a
few selected examples will be discussed here. Further
examples are discussed in several review articles [7,8].
Typical stimuli are temperature [9-12], pH [13,14],
electric field [15], light [16,17], magnetic field [18],
concentration of e.g. electrolytes or glucose. And the
responses can also be manifold: dissolution/precipita-
tion, degradation, drug release, change in hydration
state, swelling/collapsing, hydrophilic/hydrophobic
surface, change in shape, conformational change and
micellisation (Fig. 1). The most important stimuli are
pH, temperature, ionic strength, light and redox
potential [19,20]. This article will focus on tempera-
ture and pH as external stimuli, since these systems
are predominantly studied. The temperature has to be
altered externally in most cases except maybe hyper-
thermia therapy within narrow limits. But the pH
changes within the body and it can therefore be used to
direct the response to a certain tissue or cellular com-
partment (Table 1).

The obvious change in pH along the GI tract [21]
from acidic in the stomach (pH=2) to basic in the
intestine (pH=5-8) has to be considered for oral
delivery of any kind of drug, but there are also more
subtle changes within different tissue. Certain cancers
as well as inflamed or wound tissue exhibit a pH
different from 7.4 as it is in circulation. For example,
chronic wounds have been reported to have pH values
between 7.4 and 5.4 [22] and cancer tissue is also
reported to be acidic extracellularly [23,24]. The same
is valid for different cellular compartments [25,26].
Polymers are usually taken up into cells by fluid-phase
pinocytosis or receptor-mediated endocytosis. Within
the early endosome towards the lysosomes (via late

endosomes) the pH drops from 6.2 to 5.0 giving a large
change in proton concentration inside these compart-
ments. The drop in pH (as well as lysosomal enzymes)
have been utilised in order to release drug molecules
from the lysomes to the cytosol [1]. Intracellular de-
livery of oligo/poly(nucleic acids) usually uses cationic
polymers, which complex the negatively charged nu-
cleic acids. These cationic polymers are then deproto-
nated within the endosomes, which triggers endosome
membrane disruption and release into the cytosol be-
fore reaching lysosome with its hydrolytic enzymes
[27]. Thus, tailoring the protonation/deprotonation by
altering the polymer structure can largely allow fine-
tuning of the response in a specific compartment.

In addition, the combination of a pH-responsive
system with a thermo-responsive polymer can further
alter the hydrophilic/hydrophobic balance. This allows
a polymer to become membrane active at a specific
temperature [28] and/or a specific pH [29]. In
conclusion, this allows a wide range of polymer
properties to be used in order to e.g. a) bind to a cell
surface, b) disrupt cellular or compartamental mem-

Table 1

pH in various tissues and cellular compartments [21,25,26]
Tissue/cellular compartment pH
Blood 7.35-7.45
Stomach 1.0-3.0
Duodenum 4.8-8.2
Colon 7.0-7.5
Early endosome 6.0-6.5
Late endosome 5.0-6.0
Lysosome 4.5-5.0
Golgi 6.4
Tumour, extracellular 7.2-6.5
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branes or c) release a bioactive compound. Even
though we mostly assume that the environmental
properties of cellular compartments are constant, one
has to note that the polymers themselves can influence
the pH of a compartment for example. This is
especially the case when the ratio of charges on the
polymer to the compartment volume is large, thus the
buffering capacity is not sufficient.

Biological systems consist largely of regulation
systems; these natural feedback regulation systems are
very important to stabilize such non-equilibrium
systems like a living organism. One example is release
of hormones from secretory cells, which is regulated
by physiological cycles or by specific input signals. It
is not surprising that also regenerative medicine and
drug delivery are utilizing similar responsive strategies
in a biomimetic fashion.

Stimuli-responsive polymers have been used in a
large variety of applications [30-33]. Even though
there are systems, which show a linear response to an
external stimulus, it is more interesting to study those
polymers with a non-linear behaviour, because bio-
logical systems also accomplish specific settings of
environmental conditions in different parts of the
body (Table 1). This means that a polymer exhibits a
large change in properties (response) as a result of a
small change in environmental condition (stimulus),
which is in addition often reversible. The lower
critical solution temperature (LCST) behaviour, as
discussed in the next section, is a classical example
of a non-linear behaviour. The response can be a
reversible collapse/expansion of a polymer chain, a
bulk hydrogel or a surface-immobilised hydrogel
(Fig. 2).

This article will review advances in stimuli-respon-
sive polymers in drug delivery. It will show how
polymers can be used in a smart fashion potentially
leading to multiple responses at the desired point of
action. A description of the physical basis behind these
effects will be provided and the most important types
of polymers used will be reviewed. A selection of
examples in drug delivery is given and a brief outlook
into future aspects is added at the end of this article.
Some polymers, which have not been studied within
the settings of drug delivery but show potential there-
fore, will also be discussed. There is a vast number of
publications available on this topic, therefore only a
selection of examples will be discussed.

2. Thermo-responsive polymers in drug delivery
2.1. Volume phase transitions

Ilmain et al. have classified volume phase transi-
tions according to the nature of the intermolecular
forces for hydrogels for example [34]. The phase
transitions in terms of the biologically relevant
intermolecular forces can rely on several different
interactions. (1) Van-der-Waals interaction: Van-der-
Waals interaction causes a phase transition in hydro-
philic gels in mixed solvents, such as an acrylamide
gel in an acetone—water mixture. The non-polar
solvent is needed to decrease the dieletric constant of
the solvent. (2) Hydrophobic interaction: hydrophobic
gels, such as N-isopropylacrylamide (NIPAM) gels,
undergo a phase transition in pure water, from a
swollen state at low temperature to a collapsed state at
high temperature. (3) Hydrogen bonding with change
in ionic interaction: gels with cooperative hydrogen
bonding, such as an interpenetrating polymer network
(IPN) of poly(acrylic acid) and poly(acrylamide),
undergo a phase transition in pure water (the swollen
state at high temperatures). The repulsive ionic
interaction determines the transition temperature and
the volume change at the transition [35]. (4) Attractive
ionic interaction: the attractive ionic interaction is
responsible for the pH-driven phase transition, such as
in acrylamide-sodium acrylate/methacrylamidopropyl-
trimethyl ammonium chloride gels.

stgu:‘- .

Fig. 2. Collapse/expansion of a polymer chain, a bulk hydrogel or a
surface-immobilised hydrogel as response to an external stimulus.
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2.2. Thermo-responsive polymers

Temperature-responsive polymers and hydrogels
exhibit a volume phase transition at a certain
temperature, which causes a sudden change in the
solvation state. Polymers, which become insoluble
upon heating, have a so-called lower critical solution
temperature (LCST). Systems, which become soluble
upon heating, have an upper critical solution temper-
ature (UCST). LCST and UCST systems are not
restricted to an aqueous solvent environment, but only
the aqueous systems are of interest for biomedical
applications. The change in the hydration state, which
causes the volume phase transition, reflects competing
hydrogen bonding properties, where intra- and inter-
molecular hydrogen bonding of the polymer molecules
are favoured compared to a solubilisation by water.
Thermodynamics can explain this with a balance
between entropic effects due to the dissolution process
itself and due to the ordered state of water molecules in
the vicinity of the polymer. Enthalpic effects are due to
the balance between intra- and intermolecular forces
and due to solvation, e.g. hydrogen bonding and
hydrophobic interaction. The transition is then accom-
panied by coil-to-globule transition. There are also
systems, which exhibit both LCST and UCST

behaviour, but that is usually not occurring within
the setting of the intended biomedical applications.
The corresponding hydrogels have similar transitions,
the so-called lower gel transition temperature (LGTT)
or upper gel transition temperature (UGTT).

Typical LCST polymers are based on N-isopropy-
lacrylamide (NIPAM) [36,37], N,N-diethylacrylamide
(DEAM) [38], methylvinylether (MVE) [39,40], and
N-vinylcaprolactam (NVCI) [41,42] as monomers
(Fig. 3). A typical UCST system is based on a
combination of acrylamide (AAm) and acrylic acid
(AAc) [43]. PEO-b-PPO block copolymers, PEO-b-
PPO-b-PEO and PEG-b-PLGA-b-PEG will not be
discussed in detail even though there are some
interesting applications [44—46].

The combination of a thermo-responsive monomer
like NIPAM with one of a pH-responsive monomer
yields double-responsive copolymers [47].

Most applications use the change from e.g. room
temperature to body temperature in order to induce a
change in the physical properties for e.g. gelation,
especially in topical applications and in injectable
biodegradable scaffolds. In-vitro applications in cell
culture are also using the stimulated swelling and
collapsing of hydrogels with their change in surface
properties.

R—N
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Fig. 3. Chemical structure of selected LCST polymers.
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2.3. LCST and UCST behaviour

The solubility of a polymer in aqueous solution is
dependent on various factors such as molecular
weight, temperature or addition of a co-solvent or
additive. If the phase diagram of a polymer/solvent
mixture vs. temperature shows both a one-phase and a
two-phase region, one can identify the critical solution
temperature: the UCST or LCST. Often the terms
UCST and LCST are used in a misleading fashion,
therefore, it has to be noted that they should only be
used, if the phase diagram has been determined. Then
it is the maximum (UCST) or the minimum (LCST),
respectively, of the phase diagram. Any other
transition from soluble to insoluble or vice versa (at
a given concentration) should be denoted as transition
temperature 7y,. However, some polymers like PNI-
PAM exhibit a phase transition, which is almost
independent of the concentration or molecular weight.
Then the Ty, at any given concentration is almost
identical to the LCST. Table 2 gives a selection of
polymers with either LCST or UCST behaviour in
aqueous solution. These polymers have the transition
temperature in the temperature region, which is
interesting for biomedical applications (~20-40 °C).
It has to be noted that the transition temperature can be
strongly dependent on factors such as solvent quality,
salt concentration, etc. (besides molecular weight and

Table 2
Selected polymers with LCST or UCST behaviour in the temperature
region interesting for biomedical applications

Polymer Phase transition References
temperature in aqueous
solution
LCST behaviour:
PNIPAM 30-34 °C [36,37]
Poly(N,N-diethylacrylamide) 32-34 °C [38]
Poly(methyl vinyl ether) 37°C [40]
Poly(N-vinylcaprolactam) 30-50 °C (a) [41,42]
PEO-b-PPO (b) 20-85 °C [44]
Poly(GVGVP) 28-30 °C [48]
UCST behaviour:
PAAm/PAAc IPN 25°C [43]

(a) Strongly dependent on
MW and concentration

(b) Pluronics, tetronics,
poloxamer

concentration). Obviously, the transition temperature
has to be determined for the setting of the intended
application.

One example of a pseudo-natural polymer will be
discussed as well. It is the elastin-like polypeptide poly
(GVGP), which is usually prepared by genetic
engineering [48].

2.4. Influence of the salt concentration, surfactants or
co-solvents on the transition temperature

Since the thermo-responsive behaviour depends on
the solvent interaction with the polymer and the
hydrophilic/hydrophobic balance within the polymer
molecules, it is not surprising that additives to
polymer/solvent system can influence the position of
the volume phase transition. Three interesting “addi-
tives” are salts, surfactants and a co-solvent, because
all of them relate to the biomedical applications
discussed in a later chapter, either as additive in a
potential drug formulation or as molecules present in
an in-vivo environment. All additives can alter the
solvent quality and therefore can alter the polymer—
solvent (+additive) interactions. Surfactants are as
amphiphiles of particular interest, because as soon as a
surfactant absorbs to a polymer molecule it substan-
tially alters the hydrophilic/hydrophobic balance.
Therefore, the transition temperature can be shifted
to a large extent or it can even disappear. Other
aggregation forms such as micellisation can also occur
(in contrast to a coil-to-globule transition) [42].

PNIPAM and PVCa differ in their response to
addition of a surfactant. Where PNIPAM shows a
monotonous increase in the hydrodynamic radius ry
upon addition of an ionic surfactant like sodium
dodecyl sulfate (SDS), rg of PVCa is initially
decreasing when adding SDS. In both cases the
transition temperature increases with increasing sur-
factant concentration until it levels out at a certain
surfactant concentration [42,49].

2.5. Selected thermo-responsive polymer classes

2.5.1. Poly(N-alkylacrylamide)s

Poly(NIPAM) is the most prominent candidate a
thermo-responsive polymer even though a second
polymer in this class has a nearly identical transition
temperature: poly(N,N-diethylacrylamide) (PDEAM)
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[36]. However, the transition temperature of PDEAM
depends on the tacticity of the polymer, which is in
contrast to PNIPAM. Its biocompatibility and the
position of the LCST at 32—-33 °C makes PNIPAM a
very interesting material, e.g. for controlled release
application. The LCST of PNIPAM is independent of
the molecular weight and the concentration [50], but it
can be changed upon shifting the hydrophilic/hydro-
phobic balance. This can be achieved by copolymer-
isation with a second monomer. Hydrophobic
comonomers increase the LCST, whereas hydrophilic
comonomers have the opposite effect [51,52].

Wang et al. have investigated the coil-to-globule
transition of PNIPAM in water [53]. They found a
hysteresis between the radius of gyration during the
heating and the cooling curve and they observed two
intermediate states, which gives in total four different,
thermodynamically stable states: coil, crumpled coil,
molten globule, globule. The fully collapsed globule
still contains ~66% water in its hydrodynamic
volume. A change in the solvent quality can alter the
volume phase transitions, e.g. by replacing water by
deuterated water, which causes an increase in the
LCST by 1-2 K indicating that D,O is a better solvent
than water [54].

2.5.2. PNIPAM in drug delivery

PNIPAM copolymers have been mainly studied for
the oral delivery of calcitonin and insulin. The peptide
or hormone is immobilised in polymeric beads, which
stay stable while passing through the stomach. Then in
the alkaline intestine the beads disintegrate and the
drug is released. Serres et al. [55] and Ramkisson-
Ganorkar et al. [56] synthesised P(NIPAM-co-BMA-
co-AAc) for the intestinal delivery of human calcito-
nin. Kim et al. investigated the delivery of insulin [57].
In all cases the combination of the hydrophobic BMA
moiety (butylmethacrylate) and the acrylic acid (AAc),
which is non-ionised at low pH, prevents disintegra-
tion of the beads in the acidic environment of the
stomach. At elevated pH the beads disintegrated due to
the solubilisation by the now ionised AAc. In this case
the thermal stimulus from the PNIPAM is not needed
for the delivery but it is utilised for the preparation of
the loaded bead. Similar systems based on NIPAM and
AAc have also been used in the form of hydrogels
[58]. Again it was aimed at controlled delivery to the
intestine.

2.5.3. Poly(methyl vinyl ether) PMVE

Poly(methyl vinyl ether) has a transition tempera-
ture exactly at 37 °C, which makes it very interesting
for biomedical application. The polymer exhibits a
typical type III demixing behaviour, which is in
contrast to the thermal behaviour of PNIPAM [59].
Similar to the case of PEtOx (0), PMVE has to be
synthesised by cationic polymerisation using inert
condition. Nucleophiles like alcohol or amino groups
cannot be tolerated during the synthesis, which limits
the potential of PMVE.

2.5.4. Poly(N-vinyl caprolactam) PVCa

Poly(N-vinyl caprolactam) PVCa has not been
studied as intensively as e.g. PNIPAM, but it also
possesses very interesting properties for medical and
biotechnological applications, e.g. solubility in water
and organic solvents, biocompatibility, high absorp-
tion ability and a transition temperature within the
settings of these applications (33 °C) [42].

2.5.5. Poly(N-ethyl oxazoline) PEtOx

Poly(N-ethyl oxazoline)s have a transition temper-
ature around 62 °C, which is too high for any drug
delivery application. However we recently prepared a
double thermo-responsive system by graft polymeri-
sation of EtOx onto a modified PNIPAM backbone
[60]. Currently these systems are explored for their
potential in drug delivery, because they tend to
aggregate micellise above the LCST. Unfortunately
the poly(oxazoline) chemistry has the disadvantage
that it is not very tolerant against unprotected
functionalities.

2.5.6. Elastin-like oligo- and polypeptides
Polypeptides can also show LCST behaviour, when
hydrophilic and hydrophobic residues are balanced
well. A polymer made out of the pentapeptide GVGVP
as repeating unit exhibits a volume phase transition
at 30 °C, which is the hydrophobic folding and
assembling transition. Below the phase transition,
water molecules are structured around the polymer
molecule; the attractive forces weaken upon heating
and they finally go into the bulk phase. Above their
phase transition temperature, there is the stabilization
of secondary supramolecular structure, i.e. a twisted
filament structure of P-spirals, which have type II
p-turns [61]. The phase transition of these protein-
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based polymers can be described in terms of an
increase in order. It occurs due to hydrophobic folding
and assembly.

The field of elastin-like polypeptides has recently
been reviewed by Rodriguez-Cabello et al. [62].
Therefore only one example in drug delivery should
be mentioned. Chilkoti et al. have designed a double-
responsive doxorubicin-polypeptide conjugate for
cancer therapy [63,64]. Since the conjugate is a
polymer it can be utilised for passive targeting by the
EPR effect [65]. The LCST behaviour of these
polymers is tailored in a way that the slightly higher
temperature of the tumour is enough to undergo a
phase transition, which means that the conjugate
becomes insoluble once it reached the targeted tumour.
The second responsive is the release of doxorubicin
(Dox) via an acid-labile linker. So far the LCST and the
linker chemistry has been optimised for Dox release at
low pH with in vivo studies to come.

2.5.7. Poly(acrylic acid-co-acrylamide)

An interpenetrating network of poly(acrylic acid)
and polyacrylamide is one of the few examples of a
system with UCST behaviour within the biomedical
setting. The transition temperature is at 25 °C [43]. The
UCST behaviour is caused by the cooperative effects
coming from the hydrogen bonding between AAc and
AAm units.

A similar situation is found for 1:1 copolymers of
acrylic acid and acrylamide. So far these systems have
been studied as hydrogels including the determination
of diffusion coefficients for drug molecules in and out
of the hydrogel [66].

3. pH-responsive polymers in drug delivery

The pH is an important signal, which can be
addressed through pH-responsive materials. The
physiological pH changes have been mentioned earlier
(Table 1). Ionisable polymers with a pK, value
between 3 and 10 are candidates for pH-responsive
systems [67]. Weak acids and bases like carboxylic
acids, phosporic acid and amines, respectively, exhibit
a change in the ionisation state upon variation of the
pH. This leads to a conformational change for the
soluble polymers and a change in the swelling
behaviour of the hydrogels when these ionisable
groups are linked to the polymer structure.

Classical monomers are acrylic acid (AAc),
methacrylic acid (MAAc), maleic anhydride (MA), and
N,N-dimethylaminoethyl methacrylate (DMAEMA).
But also polymers containing phosphoric acid deriva-
tives have been reported [68,69].

The pH-responsive swelling and collapsing behav-
iour has been used to induce controlled release of
model compounds like caffeine [70], drugs like
indomethacin [47], or cationic proteins like lysozome
[70,71].

The poly(amidoamine)s designed by Duncan et al.
are slightly different since they combine positive and
negative charges within the polymer backbone
(ISA23: Fig. 8) [72]. On the one side a very unique
profile in size changes upon protonation/deprotonation
was found with neutron scattering and NMR experi-
ments [73]. The amphoteric backbone yields an
expanded shape at low pH, which slowly collapsed
when neutral pH is approached. This seems to be the
reason that these polymers exhibit endosomolytic
properties, which makes them very interesting candi-
dates in cancer therapy, e.g. by delivery of non-
permeant toxins like gelonin.

3.1. Polycations in non-viral gene therapy

Cationic polymers are also used in non-viral gene
therapy [2]. The polycations can complex nucleotides
through electrostatic interaction. The responsive
character of the polymer is important when the pH
drops during cellular uptake as the polymer becomes
more and more charged and triggers osmotic, endoso-
molytic or other events subsequently. Various amine-
based polymers are currently under investigation
(Fig. 4), however, there is no clear solution available.
So far, transfection efficiency is still below that of viral
vectors. In addition, the currently investigated poly-
cations are still too toxic. Hence the search is still on
for the right synthetic vector with high transfection
efficiency whilst having a tolerable toxicity. Yet, the
current studies provide some understanding of the
underlying mechanism.

Poly(ethylene imine) (PEI) is still the golden standard
against which every new polymer is being tested [74,75],
even though a large number of investigated polymers
perform better in terms of cytotoxicity and transfection
efficiency. Some other candidates are PAMAM and other
dendrimers [76-79], poly(N,N-dimethylaminoethyl
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Fig. 4. Chemical structure of some candidates for non-viral gene delivery.

methacrylate) (PDMAEMA) [80,81], poly(amido
amine)s [82,83], poly(L-lysine) (PLL) [84] or modified
chitosan [85]. Furthermore, the group of Langer has
screened a library of different poly(amidoamine) chem-
istries in order to find molecular parameters, which
support efficient transfection [§83,86]. Even though some
lead compounds where identified, there was no clear
direction towards which chemical make-up improves
transfection. However not only the chemistry needs to be
considered, other factor like charge density, polymer
architecture and molecular weight need to be studied as
well. For example, there are changes in cellular
trafficking between linear PEI and branched PEI [87].
Thanou et al. studied trimethylated chitosan in relation to
molecular weight and degree of trimethylation. Besides
the fact that transfection efficiency was improved
compared to PEI, the study showed that cytotoxicity
decrease with decreasing molecular weight and decreas-
ing degree of trimethylation [85]. Langer et al. studied a
series of dendritic-linear hybrid polymer based on
PAMAM dendrimers and poly(ethylene glycol) (PEG),
which also contain a targeting moiety for a cell surface
receptor [88]. These hybrid polymers self-assemble
together with DNA to nanoparticles of around 200 nm
diameter, which have a PEGylated outer shell bearing
cell surface receptor targeting moieties (Fig. 5). Com-
pared to PEIL the results show an improved transfection
with lower toxicity. This example is interesting, because

it also demonstrates a certain relationship between
transfection efficiency and size and polymer architecture.
This indicates that there is potentially a multitude of
factors responsible for an efficient cellular uptake with
low toxicity. Furthermore, one should not forget that
there are also differences depending on the choice of
cellular or tissue model.

A non-viral gene delivery agent needs to fulfil a
whole set of requirements to become successful (Fig. 6).
The first step is the condensation of the polycation with
the anionic oligo/polynucleotide. This polyion complex
(or polyplex) is usually very compact with a size of tens

buffering
Plasmid DNA

Primary amines: charge
neutralisation

Targeting ligands

Hydrophilic corona

Fig. 5. Self-assembly of PAMAM-PEG-mannose dendritic-linear
hybrid polymer with mannose targeting moiety; the system contains
primary amines buffering (pK,=6.9) for complexation of plasmid
DNA and tertiary amines (pK,=3.9) for endosomal buffering, PEG
stabilises the polyplex.
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to hundreds of nanometers. The preparation method has
a large influence on the structure and shape of the
polyplex [89]. There is slight excess of positive charges
for protection of the nucleotides from destruction by
nucleases, but also to effectively bind to the negatively
charged cell surface. Once the target tissue is reached,
the complex needs to be taken up by the cells. This
happens usually through fluid-phase pinocytosis or
receptor-mediated endocytosis. The endosome is the
first cellular compartment, however with ongoing time
the early endosome matures towards a late endosome
and finally it becomes a lysosome. This mean the
environment becomes more and more hostile for the
polynucleotides, because the pH continuously drops and
hydrolytic enzymes are added to the mixture. Therefore
the complex or the dissociated polynucleotides needs to
escape the endosome into the cytosol. Here the pH-
responsiveness of the polycation comes into play,
because as soon as the cell tries to acidify the late
endosome, the polycation can buffer the system and
keep the pH higher than normally expected. This either
increases the osmotic pressure in such a way that the
endosome burst and releases its content into the cytosol
(proton-sponge effect [90]). This is happening for
example with PEI upon cellular uptake. Otherwise the
complex translocates from the endosome by another
mechanism. Once inside the cytosol the polynucleotides
still needs to find its target. Entering the nucleus is a
particular bottleneck. Usually this is enhanced during
mitosis when the nuclear membrane is temporarily
absent [91].

After successful gene delivery, the encoded protein
needs to be expressed efficiently. There is still ongoing
debate about a suitable method and target due to the
currently low transfection efficiencies.

3.2. Acid triggered drug release in cancer targeting

A change in pH can be utilised in two ways in order
to have controlled and triggered release of a drug load.
First, in the extracellular tissue: tumour tissue has
extracellularly a pH, of 6.5-7.2, thus slightly lower
than the normal pH of 7.4 [92]. A second is used after
cellular uptake when the drug conjugate reaches the
lysosomes with a pH of 4.5-5.0. In the latter case,
hydrolytic enzymes, such as cathepsin B, are also
frequently utilised to release a drug load [1]. The
nanometer size of the drug conjugates or micellar
structures allows passive targeting by the EPR effect
both cases [65].

Bae et al. investigated the weak acid sulfonamide
(SD) as trigger for extracellular delivery of doxorubi-
cin [92]. Micelles with system are kept in solution due
to the partial charges at the SD. If SD (as a weak acid)
is further deprotonated upon acidification, the micelle
collapses and is no longer solvated. This means
collapsed nanoparticles with doxorubicin accumulate
in the tumour tissue and are subsequently taken up the
cells. Poly(L-histidine)-6-PEG in combination with
PLLA-b-PEG and adriamycin as drug was also studied
for an extracellular tumour targeting. The system
shows a very sharp transition from non-ionised (non-
protonated) and hydrophobic at pH 7.4, where the
mixed micelles are stable, to ionised and micelle-
destabilising at ca. pH 6.6. Adriamycin is rapidly
released from the micelles at this pH value [93].

Drug molecules conjugated to a polymer are
usually inactive. Therefore these conjugates are called
prodrug. This is an advantage for cytotoxic drugs,
e.g. in cancer therapy, because the incorporation of a
targeting system can avoid or at least minimise adverse
side reactions due to non-specific toxicity. However,
only an efficient release of the drug at the site of
action gives these prodrugs the full advantage. Aside
from the aforementioned pH drop in the extracellular
cancer tissue, the delivery of the polymer inside the
cell to the lysosome after cellular uptake can be used
for a release mechanism a) through hydrolytic en-
zymes present in the lysosome (e.g. cathepsin B) and
b) through the acidic environment; both paths have
been used [1,94]. Most prominent acid-labile linkers,
which have been used in a pH-triggered release
mechanisms, are cis-aconityl acid, Schiff’s base de-
rivatives (Fig. 7).
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For example adriamycin has been conjugated to
IgM via a cis-aconityl linker [95].

3.3. Polyanions and amphoteric polymers for en-
dosomolytic delivery

If a polyanion is slowly acidified, the carboxylate
will be increasingly protonated and the polymer
backbone becomes increasingly hydrophobic. At a
certain point the deprotonated polymer becomes
membrane active. This is accompanied by a coil-to-
globule transition of the polymer [92]. The pH, at
which this is happening, depends on the hydrophilic/
hydrophobic balance, e.g. poly(acrylic acid) is pro-
tonated at ca. pH 3. Addition of more hydrophobic
alkyl residue to the backbone shifts the transition to
higher values (Fig. 8). This opens an avenue towards
endosomolytic delivery, if the drug must not reach the
lysosome. If the transition happens at endosomal pH
(ca. pH 6.0), the drug load can escape to the cytosol
and exert its action. Several polymers have been
proposed and studied (Fig. 8). First experiments are
usually carried out with liposomes or vesicles,
sometimes a haemolysis test is conducted.

However, conclusions can be misleading because
the lipid composition of the model systems is different
from that of endosomes.

As mentioned earlier amphoteric poly(amido
amine)s (PAA) show endosomolytic activity. Again
the adjustment of the pK, and the spatial position of
the charges seem to have an influence on the transition
point [82,96]. One example of such an ampholytic
PAA is ISA23 (Fig. 8). A second class are the poly(L-
histidine)s with a pK, of 6.0. These were successfully

Dru
9 7 COOH
(0] Drug
Schiff's base cis-aconityl

Fig. 7. Acid-labile linker for drug conjugation.

NN N/—<N
0.0 Ng © 0

n HO

ISA23, amphoteric PAA PEAA

P(NIPAM-co-MAA-co-ODA)

Fig. 8. Chemical structure of endosomolytic polymers and potential
candidates, PEAA = poly(2-ethylacrylic acid), MAA = methacrylic
acid, ODA = octadecylacrylate.

used in gene delivery in combination with poly(L-
lysine) [97].

4. Expansion of concepts of stimuli-responsiveness

4.1. Double-responsive systems and micelles with
stimuli-responsive behaviour

A series of double-responsive system, some of
which assemble into micelles, have been reported.
Double- or multi-responsive systems can be distin-
guished generally based on the polymer architecture.
Random copolymers are used to tailor the transition
point depending on two independent parameters, e.g.
pH and temperature. In contrast block copolymer tend
to self-assemble reversibly and form micelles depend-
ing on the environmental conditions.

The micelles are then either stabilised through
strong non-covalent interaction (e.g. ionic) or fixed
through subsequent crosslinking. In both cases one is
receiving a nano-object, which can be utilised as a
micellar responsive drug delivery system, but it can
also mimic biological entities like e.g. vesicles [98].

Armes et al. produced shell crosslinked micelles by
polyelectrolyte complexation by ATRP polymerisation
[99]. The controlled polymerisation technique leads to
uniform di- and triblock copolymers, which assemble
into micelles with pH dependent size: 25-30 nm
in acidic solution and 35-50 nm in alkali solution
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Fig. 9. Formation of shell crosslinked micelles by polyelectrolyte
complexation. The cationic triblock copolymer PEO-b-[QDMA/
DMA]-5-DEA has a pH tunable PDEA block, which causes micelle
formation at high pH; addition of the anionic diblock copolymer
PEO-bH-NaStS stabilises the micelle through ion complex formation.

(Fig. 9). These micelles remain stable between pH 3
and 10 even though they are only non-covalently
bound. This is due to the pH-responsive behaviour of
the PDEA block in the centre of the micelle.

Other examples have been reported by Wooley
et al. [100] and Laschewski et al. [101] They used
different crosslinking mechanism and various types of
responsive behaviour for the formation and stabilisa-
tion of the micelles.
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Fig. 11. Controlled cell adhesion and detachment through thermo-
responsive hydrogels. PNIPAM based hydrogels are non-adherent
below the LCST and adherent above the LCST; at high temperature
bioactive molecule can be entrapped and subsequently released upon
lowering the temperature.

4.2. Responsive polymer—protein conjugates

Responsive polymer—protein conjugates have been
designed in various ways. Three important strategies
will be highlighted briefly (Fig. 10). Usually a polymer
is conjugated to a protein to influence the accessibility
of the active site of e.g. an enzyme or a receptor
binding-site. One strategy seeks to attenuate this
accessibility (and therefore the proteins activity) in a
reversible fashion. Thus by changing the environmental
condition, it is possible to alter e.g. an enzyme activity.
Hoffman et al. developed both thermo- and photo-
responsive polymer—protein conjugates [102,103].
They synthesized a photoresponsive PNIPAM-endoglu-
canase conjugate by site-specific conjugation. The
endoglucanase becomes inactive for glycoside hydroly-
sis under irradiation at 350 nm [103].

Protein precipitates:
purification possible

Protein retains its
activity reversibly:
multi-cycle switch

Proteins retains its
activity irreversibly:
single-cycle switch

Fig. 10. Responsive polymer—protein conjugates. An enzyme E with an active site A is conjugated to a polymer; the activity changes depending

on the position of the attachment and the kind of switch.
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A second strategy is masking potentially toxic
protein or avoiding adverse immune response before
the protein reaches its target tissue. Once the target
tissue is reached, a trigger is used to irreversibly
remove the masking polymer and release the
unmasked protein, which in an ideal situation retains
its full activity at the site of action.

Duncan et al. studied polymer-phospholipase
conjugates, where the enzyme activity can be tuned
by conjugation of the polymer to the enzyme [104].
They further conjugated various poly(amido amine)s
to melittin and were able to mask the haemolytic
activity of melittin almost completely [105]. This
opens the possibility of melittin delivery as an anti-
cancer agent.

The third strategy is simply to make the polymer—
protein conjugate insoluble when the polymer goes
through the phase transition. This allows an easy
purification step by centrifugation while the product
stays in the supernatant. This particular application is
interesting in biotechnology, where often the only
alternative is to immobilise the protein on a solid
substrate (ec.g. beads) with severe loss in activity.
Hoffmann et al. demonstrated this strategy with the
conjugation of PNIPAM to trypsin [106]. The
conjugate was stable over multiple cycles and retained
95% of the native activity throughout.

4.3. Responsive hydrogels

A lot of work has been carried out on stimuli-
responsive hydrogels, especially temperature-sensitive
hydrogels using PNIPAM as the thermo-responsive
unit. Various groups [107—110] work on cell culture
carrier with or without the option of immobilising
bioactive molecules and subsequently releasing them
(Fig. 11). This technique may be applied e.g. in the
transplantation of retinal pigment epithelial cell sheets,
which can be recovered without any defects [111].

In contrast, there are also studies on micro- or nano-
gels, which can again be used in drug delivery.
Especially the immobilisation of hydrolytically sensi-
tive molecules like peptides and proteins has been
accomplished, e.g. lysozyme was immobilised in
PLGA [112], and Peppas et al. prepared anionic pH-
sensitive hydrogels for calcitonin entrapment [113].
These proteins can then be released upon a thermal
stimulus since they are only physically entrapped.

Current developments go towards the synthesis of
fast responding PNIPAM hydrogels avoiding the
skin layer formation upon rapid temperature change.
This has been achieved by grafting the thermo-res-
ponsive PNIPAM arms onto an inert hydrogel matrix
[58].

5. Conclusion

Stimuli-responsive polymers offer great advantages
in drug delivery. Instead of acting passively as pure
drug carriers, they will interact and respond to the
environmental setting. This allows us to aim further for
tailor-made drug delivery with superior pharmacoki-
netics while having all safety questions addressed.
Unfortunately, we often do not know the basic pa-
rameters in order to establish where, how and when
our drug delivery system reaches a particular tissue or
cellular compartment. The many open questions e.g.
around gene delivery indicate that much more need to
be understood to synthesize the most suitable vector or
polymer therapeutic.

The discussion of targeting extracellular cancer
tissue indicates that we are often operating within
narrow margins. Within these limits, we wish to have
ideally an on—off response. This leads to further effort
on the synthesis of the responsive polymer. Similar to
the ongoing trend towards site-specific protein conju-
gation, we should aim for (nearly) monodisperse
sample with all reaction sites known. Besides the
better control over the purity of our samples, this
would lead to more reliable structure—property
relationships and potentially increases the patient’s
safety.

Relatively new synthetic strategies like dendrimer
synthesis and controlled polymerisation techniques
are now quite well established for achieving these
goals.

Acknowledgements

DS thanks EPSRC (EP/C013220/1 platform grant),
BBSRC (BB/D013038/1), DFG and the Welsh School
of Pharmacy for financial support of this work.

References

[1] R. Duncan, The dawning era of polymer therapeutics, Nat.
Rev., Drug Discov. 2 (2003) 347-360.



1668 D. Schmaljohann / Advanced Drug Delivery Reviews 58 (2006) 1655—-1670

[2] B. Twaites, C. de las Heras Alarcon, C. Alexander, Synthetic
polymers as drugs and therapeutics, J. Mater. Chem. 15
(2005) 441-455.

[3] European Science Foundations’ Forward Look on Nanome-
dicines, www.esf.org (2005).

[4] M. Ferrari, Cancer nanotechnology: opportunities and chal-
lenges, Nat. Rev., Cancer 5 (2005) 161-171.

[5] R. Duncan, Nanomedicines in action, Pharm. J. 273 (2004) 1-4.

[6] R. Duncan, Polymer conjugates as anticancer nanomedicines,
Nat. Rev., Cancer 6 (2006) 688—701.

[7]1 T. Miyata, T. Uragami, Polymeric Biomaterials, in: S. Dumitriu
(Ed.), 2nd ed., Marcel Dekker, New York, 2002, pp. 959-974.

[8] R.M. Ottenbrite, S.W. Kim (Eds.), Polymeric Drugs and Drug
Delivery Systems, CRC Press, Boca Raton, 2001.

[9] T. Tanaka, Phys. Rev. Lett. 40 (1978) 820.

[10] Y. Hirokawa, T. Tanaka, J. Chem. Phys. 81 (1984) 6379.

[11] T. Amiya, Y. Hirokawa, Y. Hirose, Y. Li, T. Tanaka, J. Chem.
Phys. 86 (1987) 2375.

[12] G. Chen, A.S. Hoffman, Nature 373 (1995) 49.

[13] T. Tanaka, I. Nishio, S.-T. Sun, S. Ueno-Nishio, Science 218
(1982) 467.

[14] Y. Osada, H. Okuzaki, H. Hori, Nature 355 (1992) 242.

[15] T. Tanaka, D. Fillmore, S.-T. Sun, I. Nishio, G. Swislow, A.
Shah, Phys. Rev. Lett. 45 (1980) 1636.

[16] M. Irie, Adv. Polym. Sci. 110 (1993) 49.

[17] A. Suzuki, T. Tanaka, Nature 346 (1990) 345.

[18] D.Szabo, G. Szeghy, M. Zrinyi, Macromolecules 31 (1998) 6541.

[19] A.S. Hoffiman, et al., Polym. Gels 268 (1991) 82.

[20] C. de las Heras Alarcon, S. Pennadam, C. Alexander, Stimuli-
responsive polymers for biomedical applications, Chem. Soc.
Rev. 34 (2005) 276-285.

[21] A.T. Florence, D. Attwood, Physicochemical Principles of
Pharmacy, 3rd ed., Macmillan Press, London, 1998, p. 380.

[22] J. Dissemond, M. Witthoff, T.C. Brauns, D. Harberer, M. Gros,
pH values on chronic wounds: evaluation during modern wound
therapy, Hautarzt 54 (2001) 959-965.

[23] P. Vaupel, F. Kallinowski, P. Okunieff, Blood flow, oxygen
and nutrient supply, and metabolic microenvironment of
human tumors: a review, Cancer Res. 49 (1989) 6449—6465.

[24] EXK. Rofstad, B. Mathiesen, K. Kindem, K. Galappathi,
Acidic extracellular pH promotes experimental metastasis of
human melanoma cells in athymic nude mice, Cancer Res. 66
(2006) 6699—6707.

[25] P. Watson, A.T. Jones, D.J. Stephens, Intracellular trafficking
pathways and drug delivery: fluorescence imaging of living
and fixed cells, Adv. Drug Deliv. Rev. 57 (2005) 43-61.

[26] M. Grabe, G. Oster, Regulation of organelle acidity, J. Gen.
Physiol. 117 (2001) 329-344.

[27] H. Storrie, D.J. Mooney, Sustained delivery of plasmid DNA
from polymeric scaffolds for tissue engineering, Adv. Drug
Deliv. Rev. 58 (2006) 500-514.

[28] H. Ringsdorf, J. Venzmer, F.M. Winnik, Interaction of
hydrophobically-modified poly-N-isopropylacrylamides with
model membranes — or playing a molecular accordion,
Angew. Chem., Int. Ed. Engl. 30 (1991) 315-318.

[29] C. Kusonwiriyawong, P. Wetering, J.A. Hubbell, H.P. Merkle,
E. Walter, Evaluation of pH-dependent membrane disruptive

properties of poly(acrylic acid) derived polymers, Eur. J. Pharm.
Biopharm. 56 (2003) 237-246.

[30] S.L.R. Barker, D. Ross, M.J. Tarlov, M. Gaitan, L.E.
Locascio, Anal. Chem. 72 (2000) 5925-5929.

[31] A. Kikuchi, T. Okano, Adv. Drug Deliv. Rev. 54 (2002)
53-77.

[32] D. Cunliffe, C. de las Heras Alarcon, V. Peters, J.R. Smith, C.
Alexander, Langmuir 19 (2003) 2888-2899.

[33] J. Hoffmann, M. Plotner, D. Kuckling, W.J. Fischer, Sens.
Actuators 77 (1999) 139-144.

[34] F. Ilmain, T. Tanaka, E. Kokufuta, Nature 349 (1991) 400.

[35] T. Tanaka, Phys. Rev. Lett. 45 (1982) 1636.

[36] H.G. Schild, Poly(N-isopropylacrylamide): experiment, theo-
ry and application, Prog. Polym. Sci. 17 (1992) 163-249.

[37] M. Shibayama, T. Norisuye, S. Nomura, Macromolecules 29
(1996) 8746.

[38] I. Idziak, D. Avoce, D. Lessard, D. Gravel, X.X. Zhu,
Macromolecules 32 (1999) 1260.

[39] R. Horne, J.P. Almeida, A.F. Day, N. Yu, J. Colloid Interface
Sci. 35 (1971) 77-84.

[40] L.M. Mikheeva, N.V. Grinberg, A.Y. Mashkevich, V.Y.
Grinberg, L.T.M. Thanh, E.E. Makhaeva, A.R. Khokhlov,
Macromolecules 30 (1997) 2693.

[41] K. Van Durme, S. Verbrugghe, F.E. Du Prez, B. Van Mele,
Macromolecules 37 (2004) 1054.

[42] E.E. Makhaeva, H. Tenhu, A.R. Khokhlov, Macromolecules
31 (1998) 6112.

[43] T. Aoki, M. Kawashima, H. Katono, K. Sanui, N. Ogata, T.
Okano, Y. Sakurai, Macromolecules 27 (1994) 947.

[44] YM. Kwon, S.W. Kim, Thermosensitive biodegradable
hydrogels for the delivery of therapeutic agents, in: G.S.
Kwon (Ed.), Polymeric Drug Delivery Systems, Taylor &
Francis, Boca Raton, 2005, pp. 251-274.

[45] G.M. Zentner, R. Rathi, C. Shih, J.C. McRea, M.-H. Seo, H. Oh,
B.G. Rhee, J. Mestecky, Z. Moldoveanu, M. Morgan, S. Weitman,
Biodegradable block copolymers for delivery of proteins and
water-insoluble drugs, J. Control. Release 72 (2001) 203-215.

[46] P. Alexandridis, T.A. Hatton, Colloids Surf., A Physicochem.
Eng. Asp. 96 (1995) 1-46.

[47] L.-C. Dong, A.S. Hoffman, J. Control. Release 15 (1991) 141.

[48] J. Lee, C.W. Macosko, D.W. Urry, Macromolecules 34 (2001)
4114.

[49] M. Meewes, J. Ricka, M. de Silva, R. Nyffenegger, T. Binkert,
Macromolecules 24 (1991) 5811.

[50] S. Fujishige, K. Kubota, I. Ando, J. Phys. Chem. 93 (1989)
3311-3313.

[51] D. Kuckling, H.J.P. Adler, K.F. Arndt, L. Ling, W.D.
Habicher, Macromol. Chem. Phys. 201 (2000) 273.

[52] T. Principi, C.C.E. Goh, R.C.W. Liu, F.M. Winnik, Macro-
molecules 33 (2000) 2958.

[53] X. Wang, X. Qiu, C. Wu, Macromolecules 31 (1998) 2972.

[54] X. Wang, C. Wu, Macromolecules 32 (1999) 4299.

[55] A. Serres, M. Baudys, S.W. Kim, Temperature and pH-
sensitive polymers for human calcitonin delivery, Pharm. Res.
13 (1996) 196-201.

[56] C. Ramkissoon-Ganorkar, F. Liu, M. Baudys, S.W. Kim,
Effect of molecular weight and polydispersity on kinetics of


http://www.esf.org

D. Schmaljohann / Advanced Drug Delivery Reviews 58 (2006) 1655-1670 1669

dissolution and release from pH/temperature-sensitive poly-
mers, J. Biomater. Sci., Polym. Ed. 10 (1999) 1149-1161.

[57] Y.-H. Kim, Y.H. Bae, S.W. Kim, pH/temperature-sensitive
polymers for macromolecular drug loading and release,
J. Control. Release 28 (1994) 143—152.

[58] A. Kikuchi, T. Okano, Stimuli-sensitive hydrogels, in: G.S.
Kwon (Ed.), Polymeric Drug Delivery Systems, Taylor &
Francis, Boca Raton, 2005, pp. 275-322.

[59] R. Moerkerke, F. Meeussen, R. Koningsveld, H. Berghmans,
W. Mondelaers, E. Schacht, K. Dusek, K. Solc, Macro-
molecules 31 (1998) 2223.

[60] J. Rueda, S. Zschoche, H. Komber, D. Schmaljohann, B. Voit,
Synthesis and characterization of thermoresponsive graft co-
polymers of NIPAAm and 2-alkyl-2-oxazolines by the “grafting
from” method, Macromolecules 38 (2005) 7330-7336.

[61] D.W. Urry, J. Phys. Chem., B 101 (1997) 11007.

[62] J.C. Rodriguez-Cabello, J. Reguera, A. Girotti, F.J. Arias, M.
Alonso, Genetic engineering of protein-based polymers: the
example of elastinlike polymers, Adv. Polym. Sci. 200 (2006)
119-167.

[63] M.R. Dreher, D. Raucher, N. Balu, O.M. Colvin, S.M.
Ludeman, A. Chilkoti, Evaluation of an elastin-like polypep-
tide-doxorubicin conjugate for cancer therapy, J. Control.
Release 91 (2003) 31-43.

[64] D.Y. Furgeson, M.R. Dreher, A. Chilkoti, Structural optimi-
zation of a “smart” doxorubicin-polypeptide conjugate for
thermally targeted delivery to solid tumors, J. Control.
Release 110 (2006) 362—369.

[65] Y. Matsumura, H. Maeda, A new concept for macromolecular
therapeutics in cancer-chemotherapy— mechanism of tumor-
itropic accumulation of proteins and the antitumor agent
SMANCS, Cancer Res. 46 (1986) 6387-6392.

[66] Y.M. Mohan, P.S.K. Murthy, J. Sreeramulu, K.M. Raju,
Swelling behavior of semi-interpenetrating polymer network
hydrogels composed of poly(vinyl alcohol) and poly(acryl-
amide-co-sodium methacrylate), J. Appl. Polym. Sci. 98
(2005) 302-314.

[67] R.A. Siegel, Adv. Polym. Sci. 109 (1993) 233.

[68] K. Nakamae, T. Miyata, A.S. Hoffman, Makromol. Chem.
193 (1992) 983.

[69] T. Miyata, K. Nakamae, A.S. Hoffman, Y. Kanzaki,
Macromol. Chem. Phys. 195 (1994) 1111.

[70] K. Nakamae, T. Nizuka, T. Miyata, M. Furukawa, T. Nishino,
K. Kato, T. Inoue, A.S. Hoffman, J. Biomater. Sci., Polym.
Ed. 9 (1997) 43.

[71] K. Nakamae, T. Nizuka, T. Miyata, T. Uragami, A.S.
Hoffman, Y. Kanzaki, in: N. Ogata, S.W. Kim, J. Feijen, T.
Okano (Eds.), Advanced Biomaterials in Biomedical Engi-
neering and Drug Delivery Systems, Springer-Verlag, Tokyo,
1996.

[72] N. Lavignac, M. Lazenby, P. Foka, B. Malgesini, I. Verpilio, P.
Ferruti, R. Duncan, Synthesis and endosomolytic properties
of poly(amidoamine) block copolymers, Macromol. Biosci. 4
(2004) 922-929.

[73] Z. Khayat, P.C. Griffiths, I. Grillo, R.K. Heenan, S.M. King,
R. Duncan, Characterising the size and shape of polyamidoa-
mines in solution as a function of pH using neutron scattering

and pulsed-gradient spin-echo NMR, Int. J. Pharm. 317
(2006) 175-186.

[74] C.L. Gebhart, A.V. Kabanov, Perspectives on polymeric gene
delivery, J. Bioact. Biocompat. Polym. 18 (2003) 147—166.

[75] W.T. Godbey, K.K. Wu, A.G. Mikos, Poly(ethylenimine)-
mediated gene delivery affects endothelial cell function and
viability, Biomaterials 22 (2001) 471-480.

[76] R. Esfand, D.A. Tomalia, Poly(amidoamine) (PAMAM)
dendrimers: from biomimicry to drug delivery and biomedical
applications, Drug Discov. Today 6 (2001) 427-436.

[77] R. Duncan, L. Izzo, Dendrimer biocompatibility and toxicity,
Adv. Drug Deliv. Rev. 57 (2005) 2215-2237.

[78] M. Hussain, M.S. Shchepinov, M. Sohail, L.F. Benter, A.J.
Hollins, E.M. Southern, S. Akhtar, A novel anionic dendrimer
for improved cellular delivery of antisense oligonucleotides,
J. Control. Release 99 (2004) 139-155.

[79] C. Dufésa, LF. Uchegbub, A.G. Schétzlein, Dendrimers in
gene delivery, Adv. Drug Deliv. Rev. 57 (2005) 2177-2202.

[80] F. Verbaan, I. van Dam, Y. Takakura, M. Hashida, W.
Hennink, G. Storm, C. Oussoren, Intravenous fate of poly(2-
(dimethylamino)ethyl methacrylate)-based polyplexes, Eur. J.
Pharm. Sci. 20 (2003) 419-427.

[81] L. Dieudonné, V. Pohl, A. Jones, D. Schmaljohann, Controlled
Synthesis Strategies for the Preparation of Tailor-Made
Polymer Therapeutics, Proc. Contr. Rel. Soc. (2006) #907.

[82] S.C.W. Richardson, N.G. Pattrick, Y.K.S. Man, P. Ferruti,
R. Duncan, Poly(amidoamine)s as potential nonviral vectors:
ability to form interpolyelectrolyte complexes and to mediate
transfection in vitro, Biomacromolecules 2 (2001) 1023—1028.

[83] D.G. Anderson, D.M. Lynn, R. Langer, Semi-automated
synthesis and screening of a large library of degradable cationic
polymers for gene delivery, Angew. Chem., Int. Ed. Engl. 42
(2003) 3153-3158.

[84] M.D. Brown, A.I. Gray, L. Tetley, A. Santovena, J. Rene, A.G.
Schatzlein, I.F. Uchegbu, In vitro and in vivo gene transfer
with poly(amino acid) vesicles, J. Control. Release 93 (2003)
193-211.

[85] T. Kean, S. Roth, M. Thanou, Trimethylated chitosans as non-
viral gene delivery vectors: cytotoxicity and transfection
efficiency, J. Control. Release 103 (2005) 643—-653.

[86] D.G. Anderson, W.D. Peng, A. Akinc, N. Hossain, A. Kohn,
R. Padera, R. Langer, J.A. Sawicki, A polymer library approach
to suicide gene therapy for cancer, Proc. Natl. Acad. Sci. 101
(2004) 16028—16033.

[87] F.P. Seib, A.T. Jones, R. Duncan, Proc. Contr. Rel. Soc.
(2004) #717.

[88] K.C. Wood, S.R. Little, R. Langer, P.T. Hammond, A family
of hierarchically self-assembling linear-dendritic hybrid
polymers for highly efficient targeted gene delivery, Angew.
Chem., Int. Ed. Engl. 44 (2005) 6704—6708.

[89] D.K. Chattoraj, L.C. Gosule, J.A. Schellman, DNA conden-
sation with polyamines. 2. Electron microscopic studies,
J. Mol. Biol. 121 (1978) 327-337.

[90] J.P. Behr, The proton sponge: a trick to enter cells the viruses
did not exploit, Chimia 51 (1997) 34-36.

[91] S. Brunner, E. Furtbauer, T. Sauer, M. Kursa, E. Wagner,
Overcoming the nuclear barrier: cell cycle independent



1670 D. Schmaljohann / Advanced Drug Delivery Reviews 58 (2006) 16551670

nonviral gene transfer with linear polyethylenimine or
electroporation, Molec. Ther. 5 (2002) 80—86.

[92] K. Na, Y.H. Bae, pH-sensitive polymers for drug delivery, in:
G.S. Kwon (Ed.), Polymeric Drug Delivery Systems, Taylor
& Francis, Boca Raton, 2005, pp. 129-194.

[93] E.S. Lee, K. Na, Y.H. Bae, Polymeric micelle for tumor pH
and folate-mediated targeting, J. Control. Release 91 (2003)
103-113.

[94] S. Brocchini, R. Duncan, Pendent drugs, release from
polymers, in: E. Mathiowitz (Ed.), Encyclopaedia of
Controlled Drug Delivery, John Wiley and Sons, New York,
1999, pp. 786-816.

[95] C.J.T. Hoes, M. Ankoné, J. Grootoonk, J. Feijen, E. van der
Struik, A. van Doornmalen, D. Pham, A. de Man, A. van
Ettekoven, I. Schlachter, P.J. Boon, F. Kaspersen, E.S. Bos,
Synthesis and biological evaluation of immunoconjugates of
adriamycin and a human IgM linked by poly[N5-2-hydro-
xyethyl)-glutamine], J. Control. Release 38 (1996) 245-266.

[96] P. Ferruti, S. Manzoni, S.C.W. Richardson, R. Duncan, N.G.
Pattrick, R. Mendichi, M. Casolaro, Amphoteric linear poly
(amido—amine)s as endosomolytic polymers: correlation
between physicochemical and biological properties, Macro-
molecules 33 (2000) 7793—7800.

[97] D. Putnam, A.N. Zelikin, V.A. Izumrudov, R. Langer, Poly-
histidine-PEG: DNA nanocomposites for gene delivery, Bioma-
terials 24 (2003) 4425-4433.

[98] S. Keller, I. Sauer, H. Strauss, K. Gast, M. Dathe, M. Bienert,
Membrane-mimetic nanocarriers formed by a dipalmitoylated
cell-penetrating peptide, Angew. Chem., Int. Ed. Engl. 44
(2005) 5252-5255.

[99] J.V.M. Weaver, Y. Tang, S. Liu, P.D. Iddon, R. Grigg, N.C.
Billingham, S.P. Armes, R. Hunter, S.P. Rannard, Preparation
of shell cross-linked micelles by polyelectrolyte complexa-
tion, Angew. Chem., Int. Ed. Engl. 43 (2004) 1389-1392.

[100] K.B. Thurmond, E.E. Remsen, T. Kowalewski, K.L. Wooley,
Packaging of DNA by shell crosslinked nanoparticles,
Nucleic Acids Res. 27 (1999) 2966—2971.

[101] M. Arotcarena, B. Heise, S. Ishaya, A. Laschewsky, Switch-
ing the inside and the outside of aggregates of water-soluble
block copolymers with double thermoresponsivity, J. Am.
Chem. Soc. 124 (2002) 3787-3793.

[102] Z.L. Ding, R.B. Fong, C.J. Long, P.S. Stayton, A.S. Hoffman,
Size-dependent control of the binding of biotinylated proteins

to streptavidin using a polymer shield, Nature 411 (2001)
59-62.

[103] T. Shimoboji, E. Larenas, T. Fowler, S. Kulkarni, A.S.
Hoffman, P.S. Stayton, Photoresponsive polymer-enzyme
switches, Proc. Natl. Acad. Sci. 99 (2002) 16592—16596.

[104] E.L. Ferguson, D. Schmaljohann, R. Duncan, Proc. Contr.
Rel. Soc. (2006) #660.

[105] N. Lavignac, M. Lazenby, J. Franchini, P. Ferruti, R. Duncan,
Synthesis and preliminary evaluation of poly(amidoamine)-
melittin conjugates as endosomolytic polymers and/or
potential anticancer therapeutics, Int. J. Pharm. 300 (2005)
102-112.

[106] Z.L. Ding, G.H. Chen, A.S. Hoffman, Unusual properties of
thermally sensitive oligomer-enzyme conjugates of poly(N-
isopropylacrylamide)-trypsin, J. Biomed. Mater. Res. 39
(1998) 498-505.

[107] H. Hatakeyama, A. Kikuchi, M. Yamato, T. Okano, Influence
of insulin immobilization to thermoresponsive culture sur-
faces on cell proliferation and thermally induced cell
detachment, Biomaterials 26 (2005) 5167-5176.

[108] M. Ebara, M. Yamato, T. Aoyagi, A. Kikuchi, K. Sakai, T.
Okano, Immobilization of cell-adhesive peptides to temper-
ature-responsive surfaces facilitates both serum-free cell
adhesion and noninvasive cell harvest, Tissue Eng. 10
(2004) 1125-1135.

[109] D. Schmaljohann, Thermo-responsive polymers and hydro-
gels in tissue engineering, E-Polymers 021 (2005).

[110] D. Schmaljohann, J. Oswald, B. Jorgensen, M. Nitschke, D.
Beyerlein, C. Werner, Thermo-responsive PNiAAm-g-PEG
films for controlled cell detachment, Biomacromolecules 4
(2003) 1733—-17309.

[111] A. Kubota, K. Nishida, M. Yamato, J. Yang, A. Kikuchi, T.
Okano, Y. Tano, Transplantable retinal pigment epithelial cell
sheets for tissue engineering, Biomaterials 27 (2006)
3639-3644.

[112] M. van der Weert, R. van’t Hof, J. van der Weerd, R.M.A.
Heere, G. Posthuma, W.E. Hennink, D.J.A. Crommelin,
Lysozyme distribution and conformation in a biodegradable
polymer matrix as determined by FTIR techniques, J. Control.
Release 68 (2000) 31-40.

[113] B. Kim, K. La Flamme, N.A. Peppas, Dynamic swelling
behavior of pH-sensitive anionic hydrogels used for protein
delivery, J. Appl. Polym. Sci. 89 (2003) 1606—-1613.



	Thermo- and pH-responsive polymers in drug delivery
	Introduction
	Thermo-responsive polymers in drug delivery
	Volume phase transitions
	Thermo-responsive polymers
	LCST and UCST behaviour
	Influence of the salt concentration, surfactants or co-solvents on the transition temperature
	Selected thermo-responsive polymer classes
	Poly(N-alkylacrylamide)s
	PNIPAM in drug delivery
	Poly(methyl vinyl ether) PMVE
	Poly(N-vinyl caprolactam) PVCa
	Poly(N-ethyl oxazoline) PEtOx
	Elastin-like oligo- and polypeptides
	Poly(acrylic acid-co-acrylamide)


	pH-responsive polymers in drug delivery
	Polycations in non-viral gene therapy
	Acid triggered drug release in cancer targeting
	Polyanions and amphoteric polymers for endosomolytic delivery

	Expansion of concepts of stimuli-responsiveness
	Double-responsive systems and micelles with stimuli-responsive behaviour
	Responsive polymer–protein conjugates
	Responsive hydrogels

	Conclusion
	Acknowledgements
	References


