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Controlled drug delivery systems represent advanced systems that can be
tightly modulated by stimuli in order to treat diseases in which sustained
drug release is undesirable. Among the many different stimuli-sensitive
delivery systems, temperature-sensitive drug delivery systems offer great
potential over their counterparts due to their versatility in design, tunability
of phase transition temperatures, passive targeting ability and in situ phase
transitions. Thus, thermosensitive drug delivery systems can overcome many
of the hurdles of conventional drug delivery systems in order to increase
drug efficacies, drug targeting and decrease drug toxicities. In an effort to
further control existing temperature-responsive systems, current innovative
applications have combined temperature with other stimuli such as pH and
light. The result has been the development of highly sophisticated systems,
which demonstrate exquisite control over drug release and represent huge
advances in biomedical research.
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1. Introduction: modulated delivery systems

Controlled drug delivery systems have evolved from traditional drug delivery
systems in order to tailor drug release profiles to the physiological need for a
particular drug. Such clinical conditions as diabetes, rhythmic heart disorder,
hormone replacement therapy, birth control and chemotherapy require the release
of the drug in response to biological rhythms (chronopharmacology) or at the
onset of a certain disease condition [1]. Consequently, these controlled delivery
systems are intended to deliver drugs in response to physiological requirements or
the presence of certain biomolecular stimuli at predetermined time intervals. The
most strategic approach would be to deliver the drug precisely upon physiological
need to the delivery site via site-specific targeting at the proper times to ensure
maximum drug efficacy. Such an approach requires an in-depth understanding of
the pathophysiology of the disease so as to be able to design advanced drug
delivery systems that can respond not only to the environment, but also to the
intricate and sensitive homeostatic needs of the body.

In recent years, there has been significant progress towards the design of ‘smart’
delivery systems, which are designed to mimic normal physiological processes or
to respond to the presence of specific stimuli. These systems can be broadly
classified into either closed-loop or open-loop delivery systems, depending on the
nature of drug release from the system. In closed-loop delivery systems, the drug
is released in response to biochemical changes in the local environment, that is
the presence or absence of specific molecules. Several research groups have
designed delivery systems that facilitate the release of the drug in response to local
changes in pH (23], glucose [45] and chloride ions (6. In contrast, open-loop
delivery systems involve the release of the drug in response to an external stimuli
such as ultrasound (7], electric and magnetic fields (891, light [10], mechanical

10.1517/17425240802379846 © 2008 Informa UK Ltd ISSN 1742-5247 1077

All rights reserved: reproduction in whole or in part not permitted
RIGHTS LI M

-:'l‘,-



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Thermo-responsive systems for controlled drug delivery

forces [11] and temperature. These open-loop delivery systems
are commonly referred to as ‘pulsatile’ or ‘externally regulated’
systems and they are by far the most frequently explored
systems for controlled drug release.

Temperature-sensitive drug delivery systems are the most
widely explored class of environmentally sensitive polymers
because of their ease of control and preparation, as well as
for their practical applications. In particular, injectable
thermo-responsive polymers can be introduced into the body
in a minimally invasive manner prior to undergoing a phase
transition to a solid or gel state, thereby circumventing the
need for a surgical procedure for placement of the system.
These systems can thus be molded into any desired shape
in situ and can be formulated with therapeutic molecules by
simple mixing. In addition, temperature-sensitive polymers
used in all drug delivery systems are functional in the
physiological range as well as the tumor-targeted range
involving hyperthermia (42°C). Thus, temperature-sensitive
systems are very promising stimuli-sensitive systems that
have practical applications for controlled drug delivery.

This review will focus on the recent developments
in drug delivery systems that are based on temperature-
sensitive systems, which are able to undergo reversible
volume phase transition and sol-gel phase transition in
response to temperature. These drug delivery systems include
poly(N-isopropylacrylamide) (PNIPAAm) copolymers; thermo-
sensitive poly(ethylene glycol) (PEG) analogs; thermogelling
systems; thermoresponsive elastin-like peptides (ELPs); and
thermosensitive liposomes.

2. Poly(N-isopropylacrylamide)-based drug
delivery systems

PNIPAAm polymer and its derivatives are some of the most
extensively studied polymers in the field of drug delivery,
due to its resilient lower critical solution temperatures
(LCST), which are in the range of 25 — 32°C [12). This
range of LCST temperatures is highly attractive because of
its close proximity to physiological temperatures that can
trigger a reversible volume phase transition of the polymers
without causing injury to surrounding tissues. The driving
force for this phase separation is governed by the balance of
hydrophilic and hydrophobic moieties along the polymer
backbone and the free energy of mixing associated with
enthalpy, entropy and the temperature of the system [13,14].
These energies are associated with the hydrogen bonding of
the caged water molecules surrounding the hydrophobic
groups on the polymer and the hydrophobic interactions
between the hydrophobic groups on the polymer chains. At
temperatures below the LCST, the polymer is in the most
thermodynamically stable state, in which water molecules
form a hydrated cage around the hydrophobic moieties
along the polymer chain. However, at temperatures above
the LCST, the hydrogen bonding between the polymer
moieties and water molecules become thermodynamically

unfavorable compared to polymer—polymer and water—water
interactions, resulting in the desolvation of the hydrophobic
moieties along the polymer chains. Thus, there is an increase
in the entropy of the water molecules of the system as
the temperature increases, resulting in the collapse of the
polymer chains as the hydrophobic interactions increases [15-17].
In addition, the LCST can be modified by adjusting the
ratio of hydrophobic or hydrophilic segments of the polymer
chains in which an increase in hydrophilic groups increases
the LCST and an increase in hydrophobic groups has the
opposite effect [14]. Tantamount to this is the fact that the
LCST of PNIPAAm is resilient to environmental conditions
such as salt, pH and concentration effects. Moreover, PNIPAAm-
based polymeric systems have demonstrated little or no
cytotoxicity and good biocompatibility. PNIPAAm/acrylic
acid hydrogels, when combined with isolated islets of
Langerhans, showed no cytotoxicities at physiological
temperatures [18]. Scaffolds consisting of PNIPAAm have
supported the regeneration of nerve fibers in cell-delivery
systems [19], enabled rapid wound healing [20] and limited
foreign body reactions after implantation [21]. In addition,
pH-responsive PNIPAAm polymeric micelle systems showed
no cytotoxicity in EMT-6 cells and biodistribution studies
revealed accumulation of the system in the liver, spleen and
lungs (221, which is typical of macromolecular delivery
systems. These properties of PNIPAAm and its ease of
preparation have made this polymer very attractive for use
in many types of drug delivery systems, including hydrogels,
block copolymers and liposomes. The structure of PNIPAAm
and some poly(N-substituted acrylamide) polymers are
shown in Figure 1.

2.1 Temperature-triggered hydrogels

Hydrogels are a well-known class of biomaterials that have
a broad range of applications in the biomedical [23.24],
pharmaceutical [25-27] and tissue engineering fields [28.29].
These materials are three-dimensional polymeric networks
formed by crosslinking the chains via covalent, physical or
ionic interactions to yield a tissue-like scaffold that imbibes
large amounts of water and can be neutral or ionic depending
on the ionization of the pendant side chains. Temperature-
sensitive hydrogels based on PNIPAAm have been widely
explored in the field of drug delivery. However, one of the
main disadvantages of PNIPAAm hydrogels in drug delivery
is their intrinsic poor mechanical properties that lead to
suboptimal drug release profiles, which are difficult to
control. Thus, even though dehydrated crosslinked
PNIPAAm hydrogels are hard and brittle, they become very
fragile in their swollen state [30].

To overcome these hurdles, hydrogels composed of
PNIPAAm have been modified via copolymerization in an
effort to not only improve their mechanical properties, but
also to develop more sophisticated devices that offer fine
control of the system. Copolymers of N-isopropylacrylamide
and butyl methacrylate (BMA) were used to prepare
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Figure 1. Chemical structures of PNIPAAm and some derivatives of poly(N-substituted acrylamide) polymers.
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Figure 2. Chemical structure of synthesized copolymers of poly(NIPAAm-co-acrylic acid-co-N-acryloxysuccinimide-co-
hydroxyethyl methacrylate-polylactide) (P(NIPAAm-co-AAc-co-NAS-co-HEMAPLA)).

Reproduced from [35] with permission.

thermosensitive  hydrogels with increased mechanical
strength (31-34]. These hydrogels yielded on—off drug release
profiles of the model drug indometacin, which showed
pulsatile drug release as well as release profiles for insulin
and glucose from the matrices as a function of temperature.
The release profiles for these drugs followed pseudo zero-
order or first-order release kinetics at low temperatures,
while diffusion was inhibited at high temperatures. This
on—off release was explained in terms of the formation of a
polymer surface skin that not only localized a high water
content inside of the polymer matrices, but also restricted
the diffusion of the drug out of the matrices as the
temperature increased. This modulated release of the matrix
was also found to be dependent on the length of the
methacrylate alkyl side chain. Guan er a/. have synthesized
copolymers of NIPAAm, hydroxyethyl methacrylate-polylactide
(HEMA-PLA), acrylic acid (AAc) and N-acryloxysuccinimide
(NAS) to form thermoresponsive hydrogels (Figure 2) that
were readily injectable at low temperatures and would form

gels with high tensile strength and distensibility at 37°C [3s].
The macromer HEMAPLA was included in the copolymers
so as to introduce biodegradable bonds in the hydrogels that
would increase the biocompatibility of the hydrogels upon
PLA hydrolysis. The AAc was added to increase the hydro-
philicity of the hydrogels, and NAS was used to provide
bioconjugation sites for biomolecular binding. In addition,
the researchers added type I collagen into the hydrogels so
as to improve the biocompatibility of the hydrogels.
PNIPAAm is degraded 7z vivo into monomers by hepatic
glutathione S-transferase into acrylamide that is known to
be carcinogenic [36-38]. These hydrogels showed LCSTs above
40°C with high tensile strengths from 0.3 to 1.1 MPa and
elongations at break from 344 — 1841% as a function of
NIPAAM/HEMAPLA ratio, AAc content and PLA length.
The biocompatibility of the hydrogels was comparable
to the control surfaces following collagen incorporation.
Fang er al. have also synthesized copolymers of PNIPAAm,
chitosan (CPN) and hyaluronic acid (HA) that form
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hydrogels in order to increase the biocompatibilicy and
versatility of the PNIPAAm polymers (39]. The drug release
profiles for nalbuphine, indometacin and a nalbuphine pro-
drug were obtained from these hydrogel copolymers. The
release rate of hydrophilic nalbuphine increased in the order
of CPN < CPNHA < PNIPAAm and the release of the
lipophilic drugs was opposite to that observed for nalbuphine.
The configuration of the PNIPAAm copolymers in hydrogels
has been modified to develop self-assembled gels with faster
response times. Lin and Cheng have developed block and
star block copolymers of PNIPAAm and PEG as injectable
hydrogels of various architectures of types AB, A(B),, A(B),
and A(B)g, which showed fast gelation kinetics and reversible
thermal behavior [40]. Copolymers of PNIPAAm with acrylic
acid (AA), polyamidoamine (PAMAM) dendrimers, vinyl
pyrrolidone-acrylic acid (VP-AA) and poly(hydroxyethyl
methacrylate) (PHEMA) have been designed to address the
slow deswelling rates of PNIPAAm gels and to improve the
release kinetics of the hydrogels [41-44], while sulfonamide
and hydroethylacrylate (HEAc) monomers have been polymerized
with PNIPAAm to combine pH and temperature stimuli
to develop injectable systems that do not undergo phase
transitions at the physiological LCST [4546]. Bikram ez al.
have developed composite hydrogels of silica-gold (SiO,-Au)
nanoshells and NIPAAm copolymerized with acrylamide
(NIPAAm-co-AAm) to form photothermal modulated drug
delivery system in which near infrared (NIR) light can be
used to induce the collapse of the polymeric matrix loaded
with model drug molecules (Figure 3A) [47). Nanoshells
consist of a dielectric core surrounded by an ultrathin metal
shell that impart tunable plasmon resonances within the
NIR regions [48.49]. The release profiles for the model drug
methylene blue and the proteins insulin and lysozyme from
these composite hydrogels were found to be dependent on
the concentration of the nanoshells and the fluence
of the laser used to irradiate the gels, as well as the
molecular weight of the drug molecules (Figure 3). The
release of methylene blue from the composite hydrogels
showed that there was little control of drug release from the
hydrogel despite higher amounts of the model drug released at
18 and 24.5 min (Figure 3B). The data indicated that the
low molecular weight drug was small enough to diffuse freely
from the hydrogel, independent of pore size and the tortuosity
of the hydrogel. In contrast, the data for insulin and lysozyme
release from the hydrogels showed that the pore size and
tortuosity of the hydrogel significantly affects the diffusion
of higher molecular weight proteins (Figure 3C and D).

2.2 PNIPAAm block copolymers

In addition to copolymers comprised  of
N-isopropylacrylamide and pH (s0] or hydrophilic/
hydrophobic [51] groups that have been developed to
modulate the LCSTs, block copolymers consisting of
PNIPAAm and other polymers have been developed as drug
delivery systems. Block copolymers of the type AB typically

random

consist of a hydrophobic block and a hydrophilic block that
assemble into micellar structures in which the hydrophobic
block is sequestered in the core of the micelle surrounded by
the hydrophilic corona. This type of macromolecular structure
represents the most thermodynamically stable structure that
maintains the macromolecule in solution. Okano and
researchers have extensively studied polymeric micelles based
on PNIPAAm as thermoresponsive drug delivery systems [52-58].
P(NIPAAm-b-DL-lactide) (PNIPAAm-PLA) block copolymers
were synthesized by ring-opening polymerization having
LCSTs from 38 — 42°C and micelle formation was monitored
with dynamic light scattering, which showed nanoparticles
with diameters of ~ 40 nm between 20 — 30°C. Block
copolymers of PNIPAAm and butyl methacrylate (PNIPAAm-
b-PBMA) were used to load adriamycin into micelles, which
showed reversible thermoresponsive on/off switching in
response to its LCST. Neradovic ez al. developed block
copolymers of poly(ethylene glycol) (PEG) as a hydrophilic
block and PNIPAAm or poly(NIPAAm-co-N-(2-hydroxypropyl)
methacrylamide-dilactate) (poly(NIPAAm-co-HPMAm-dilactate))
as the thermosensitive block that could self-assemble into
nanoparticles [59-61]. These copolymers formed a new type of
thermosensitive micelle with a unique drug release
mechanism. The incubation of these copolymers in aqueous
solution resulted in an increased LCST of the polymers
from 31 — 37°C, due to hydrolysis of the hydrophobic
lactate ester side group, which consequently produced poly
(NIPAAm-co-HEMA) with an increase in hydrophilicity.
Thus, at temperatures above the LCST of 37°C, the particles
were destabilized to release their cargo. The size of the nano-
particles with PEG 2000 were found to be 50 — 70 nm at
temperatures below the LCST of the polymer (26.5 — 27°C),
but the size increased significantly to > 200 nm above the
LCST. This was attributed to the lack of stabilization of the
nanoparticle by the lower molecular weight PEG. In contrast,
block copolymers with PEG 5000 or PEG 10,000 produced
small particles (£ 200 nm), which was the result of an
increased dehydration of the block copolymers and more
collapse of the temperature-sensitive block, resulting in more
condensed particles. You and Oupicky developed Y-shaped
heterobifunctional block copolymers of PNIPAAm and PEG
using reversible addition-fragmentation chain transfer (RAFT)
polymerization as a means of synthesizing o, ®-functionalized
polymers having low polydispersity indices (PDIs) (Figure 4A) [62].
The LCST of the copolymers was 32°C, in which the
PNIPAAm chains collapse to form a nanoparticle core with
a hydrated PEG shell surrounding the temperature-sensitive
center (Figure 4B). The terminus of the PNIPAAm block was
functionalized with biotin to facilitate surface presentation
of ligands to the stimulus-sensitive polymer. In addition to
block copolymers, triblock, multiblock and graft copolymers
have also been prepared with PNIPAAm polymers so as to
develop tightly controlled stimuli-sensitive drug delivery
systems [63-65]. Recently, a polypeptide hybrid double
hydrophilic diblock copolymer (DHBC) consisting of
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Figure 3. Drug delivery design of composite hydrogel and the release profiles of model drugs from fabricated hydrogels.
(A) Schematic representation of laser irradiation of nanoshell-composite hydrogels loaded with drug molecules resulting in heating
above the lower critical solution temperature (LCST) and subsequent collapse of the hydrogels, (B) drug release profile of methylene blue
from composite hydrogels, (C) drug release profile of insulin protein from composite hydrogels, and (D) drug release profile of lysozyme
protein from composite hydrogels as a function of time. Legend represents: irradiated nanoshell-composite hydrogels (square), irradiated
NIPAAmM-co-AAm hydrogels (diamond), and nonirradiated NIPAAm-co-AAm hydrogels (triangle).

Data reported as mean + SD, n = 3.
Reproduced from [47] with permission.

PNIPAAm-b-poly(L-glutamic acid) (PNIPAAm-b-PLGA) was
developed by ring-opening polymerization as ‘schizophrenic’
micelles in which the polypeptide sequence of PNIPAAm-b-
PLGA was located, whether within the micelle cores or the
stabilizing coronas [c6].

2.3 Liposomes
Liposomes are considered one of the cornerstones of drug
delivery carriers in the pharmaceutical industry due to their

versatility in being able to encapsulate both hydrophobic
and hydrophilic drugs, their variations in size and their
biocompatibility. Liposomes are vesicles that are spontaneously
formed and are composed of a lipid membrane encapsulating
an aqueous volume. These macromolecules were first
discovered by Bangham in 1965 as models for studying
cellular membranes [67]. Since then, liposomes have been
extensively explored as drug carriers in which a drug can be
loaded into the sequestered interior, thereby effectively
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Figure 4. Chemical structure for the synthesized (A) heterobifunctional Y-shaped block copolymers monomethoxy poly(ethylene
glycol)-lysyl-block-poly(N-isopropylacrylamide-biotin) (mPEG-Lys-block-PNIPAAm-biotin) and (B) the schematic representation
of macromolecular temperature-induced association of mPEG-Lys-block-PNIPAAm-biotin copolymers at the LCST temperature.

Reproduced from [62] with permission.
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Figure 5. Schematic representation of (A) liposomes that
consist solely of temperature-sensitive lipids and (B) lipo-
somes that may or may not contain thermoresponsive lipids
but have been modified with temperature-sensitive polymers.

solubilizing poorly soluble hydrophobic drugs, as well as to
protect the drug cargo. However, the success of conventional
liposomal drug delivery systems was affected by short
circulation times and non-specific uptake of the liposomes
by elements of the reticuloendothelial system (RES). To this

end, the liposomes were modified on the surface with
hydrophilic polymers such as PEG so as to produce stealth
macromolecules that could evade the RES and thus increase
the half-lifes by hours. Consequently, as the areas of controlled
drug delivery evolved to encompass specific cellular targeting
and triggered drug release, so did the need to modify liposomes
so as to optimize their efficacy. Yatvin et 4l introduced
the concept of temperature-sensitive liposomes by proposing
that the liposome would be stable at normal body temperature
and permeable to the encapsulated drug at higher
temperatures [68]. Hyperthermia has since been shown to
increase the extravasation of liposomes from the tumor
microvaculature into the tumor volume [69]. There are two
main types of thermoresponsive liposomes: liposomes that
consist of temperature-sensitive lipids (Figure 5A) (addressed
below) and liposomes that may or may not contain thermo-
responsive lipids but have been modified on their surface
with temperature-sensitive polymers (Figure 5B).

2.3.1 PNIPAAm-modified liposomes
Temperature-sensitive liposomes that contain lipids such as

dipalmitoylphosphatidylcholine have a gel-to-liquid crystalline
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Figure 6. The drug release profile of (A) entrapped fluorescent marker from egg phosphatidylcholine (EPC) liposomes and
(B) sterically stabilized liposomes after 5 min of incubation at 37°C as a function of pH. Bars represent: (a) control liposomes,
(b) liposomes in the presence of poly(NIPAAm-co-methacrylic acid (MAA)): polymer/lipid = 0.28 (m/m), (c) liposomes in the presence of
poly(NIPAAmM-co-MAA-co-octadecyl acrylated (ODA): polymer/lipid = 0.28 (m/m), (d) liposomes in the presence of poly(NIPAAmM-co-MAA-co-

ODA: (polymer/lipid = 0.56 (m/m)).

The open bars: pH 7.2; Closed bars: pH 4.9; Hatched bars: pH 5.3; Gray bars: pH 5.5.

Reproduced from [78] with permission.

phase transition temperature at ~ 42°C. Thus, the phospho-
lipid bilayer becomes highly leaky at this temperature, which
is also the upper temperature limit for hyperthermia. Thus,
the liposomes are stable after they are introduced into the
body and release their cargo at a specific site when the
temperature is raised above 42°C. In an effort to develop
temperature-sensitive liposomes that release their contents
around physiological temperature, Kono ez 4l synthesized
copolymers of dioleoylphosphatidylethanolamine (DOPE),
PNIPAAm and N-acryloylpyrrolidine (APr) [70]. These lipo-
somes released about 40 and 64% of the encapsulated
calcein at 40 and 45°C respectively. PNIPAAm polymers
were utilized in these liposomes because the polymer chains
are hydrated at temperatures below its LCST, which serve to
stabilize the liposomes. In contrast, the polymer chains become
dehydrated above the LCST, which destabilizes the liposomes
resulting in triggered release of the liposome cargo. Thus,
PNIPAAm copolymers serve to stabilize as well as to confer
thermoresponsive properties to liposomes to which they are
attached. Apart from the development of temperature-sensitive
systems, liposomes have undergone extensive modifications
in an effort to develop targeted drug carriers so as to increase
drug efficacy and decrease unwanted side effects (71,72].
The modification of liposomes with pH-sensitive moieties
represents one strategy aimed at targeting the endocytic
pathway whereby macromolecules are typically internalized.
The end point of the endocytic pathway is the lysosome
whose acidic environment triggers the activation of enzymes
such as peptidases and hydrolases, which can degrade the

contents of the liposomes. Therefore, to circumvent this
problem, liposomes have been modified to be pH-responsive
so as to release their contents under mild acidic conditions
that resemble the endosomal compartment (73.74]. Typical
pH-sensitive liposomes combine polymorphic lipids such as
phosphatidylethanolamine (PE) with acidic amphiphiles, which
act as membrane stabilizers at neutral pH (75]. However,
these lipids are severely affected by loss of pH-sensitivity and
instability in serum [76,77]. Meyer et al. were the first to
develop pH-sensitive liposomes in which a copolymer of
N-isopropylacrylamide was anchored onto the liposome
membrane [78]. N-isopropylacrylamide-methacrylate acid
with or without octadecyl acrylate (poly(NIPAAm-co-MAA-
c0-ODA)) was used to render stable liposomes pH-sensitive
so that the liposomes released their contents at the LCST
temperature of 37°C with the pH below the phase transition
of the polymer. In addition, these liposomes released their
contents at pH 5.5 — 4.9, which corresponded to the internal
pH of endosomes and lysosomes (Figure 6). The pH-sensitivity
of the PNIPAAm copolymers was a result of the introduction
of ionizable MAA monomers into the structure of the
polymer, which produced an LCST that was sensitive to
pH. At neutral pH, the carboxylic moieties of MAA are
ionized and the LCST of the PNIPAAm copolymers is
increased above 37°C due to the hydrophilicity of the
copolymers. However, at acidic pH, the MAA carboxylic
groups are protonated and the lack of charge reduces the
LCST below 37°C, resulting in precipitation of the polymer,
which is driven by hydrophobic interactions between
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Figure 7. Graphs of transmittance as a function of temperature measured aqueous solution (3 mg/ml) of either (A) a
copolymer P(MEO2MA-co-OEGMA) containing 5 mol % of OEGMA per chain (DP, ~ 100; M,,/M,, = 1.34); or (B) a homopolymer
of PNIPAM (DP,, ~ 100; M,,/M,, = 1.12): solid lines, heating cycles; dotted lines, cooling cycles.

Reproduced from [86] with permission.

the isopropyl side chains of PNIPAAm. The ODA was
incorporated into the copolymers to enable anchoring of the
polymer onto the liposome and had no effect on the phase
transition pH. Hence, the pH-triggered release was a result
of a transient destabilization of the liposomal membrane due
to the conformational change of the polymer upon acidification.
The resulting charge neutralization that occurred rendered
the polymer more hydrophobic and thus susceptible to interact
with the liposome lipid bilayer, resulting in structural defects.
Since this time, liposomes modified with NIPAAm copolymers
have been extensively studied as a means of developing
pH-sensitive liposomes for targeted drug delivery [79-85].

3. Thermosensitive PEG analogs

Despite the low cytotoxicities of PNIPAAm-based polymers
utilized for drug delivery and tissue engineering applications,
the by-products of degradation pose a concern for long-term
administration and implantation. To this end, Lutz er al
have developed novel thermosensitive 2-(2-methoxyethoxy)
ethyl methacrylate-co-oligo(ethylene glycol) methacrylate
(MEO,MA-co-OEGMA) copolymers as biocompatible alternat-
ives to PNIPAAm polymers [86-88]. These copolymers are
composed of oligo(ethylene glycol) segments identical to
PEG monomers, in which linear PEG is known to be non-
toxic and non-immunogenic. Thus, Lutz ¢ al developed
nonlinear PEG analogs with tunable LCSTs between
26 and 90°C, depending on the comonomer composition.
Copolymers of PIMEO,MA-co-OEGMA) with comonomer
feed ratios of 95% MEO,MA and 5% OEGMA (comparable
to PNIPAAm polymers exhibiting an LCST of 32°C) were
prepared by atom transfer radical polymerization (ATRP).
The phase transition of the P(MEO,MA-co-OEGMA)

copolymers showed uniform heating and cooling profiles
(Figure 7A) as opposed to a sharp heating transition of the
PNIPAAm copolymers, which showed a broad hysteresis
upon cooling (Figure 7B). In addition, both polymers showed
comparable cloud points in saline solution that were
independent of their concentration in water. To further
improve the biocompatibility of these polymers, Lutz et al.
also introduced labile linkages into the backbone of these
polymers without affecting the stimuli-responsiveness of the
copolymers [87. The monomer 5, 6-benzo-2-methylene-1,3-
dioxepane (BMDO) was wused as a comonomer to
prepare biodegradable P(MEO,MA-co-OEGMA-co-BMDO)
copolymers with molecular weights of ~ 12,000 — 15,000 Da
and narrow polydispersities of ~ 1.5 via a ring-opening
mechanism. Moreover, the incorporation of the BMDO
monomers did not affect the thermoresponsiveness or
the biocompatibility of the copolymers as compared to

poly(ethylene oxide) (PEO).

4. Thermogelling systems

In addition to thermosensitive hydrogels, there is another
class of temperature-responsive polymeric system known as
thermogelling systems, in which a hydrogel solution forms
by a sol-gel transition in water without any chemical
reaction. The sol phase is a flowing solution whereas the gel
phase is a non-flowing solid in which the phase transition
occurs at the critical gel concentration (CGC) of a polymer.
Thermogelling polymers typically exist as a solution at room
temperature and undergo a phase transition to form a gel at
physiological temperature. Thus, these systems are highly
attractive for the delivery of drugs since the polymer—drug
solution can quickly become a drug depot upon injection to
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Figure 8. The release profile of (A) ketoprofen and (B) spironolactone from PEG-PLGA-PEG triblock copolymer hydrogels.

Reproduced from [27] with permission.

a target site in the body that then acts as a sustained drug
delivery system. Typical thermogelling systems consist of
non-ionic triblock copolymers of the type ABA and most
are analogs of the commercial triblock copolymer: poly
(ethylene oxide-b-propylene oxide-b-ethylene oxide) (PEO-
PPO-PEO) that is also known as Pluronics (BASF) or
Poloxamer (ICI) [89]. Jeong synthesized poly(ethylene oxide-
b-L-lactide-b-ethylene oxide) (PEO-PLLA-PEO) as a thermo-
sensitive biodegradable thermogelling system for sustained
drug release that could circumvent the need to remove the
delivery system after introduction into the body [90]. Aqueous
solutions of the triblock formed micelles at low concentrations
that were driven by hydrophobic interactions between PLLA
blocks, whereas at high concentration levels, the aqueous
polymer solutions formed a gel as a result of the association
of the micelles. In addition, these block copolymers formed
a gel at lower temperatures and a sol at higher temperature.
Thus, the sol-gel transition temperature depended on both
the concentration of the polymers as well as the composition
of the copolymers. Poly(ethylene glycol-DL-lactic acid-co-
glycolic acid-ethylene glycol) (PEG-PLGA-PEG) was also
synthesized and the release of ketoprofen and spironolactone
was studied from the triblock copolymer gels formed in situ
by injection of the solution into an aqueous solution held at
37°C [27.911. Ketoprofen, a hydrophilic drug, was found to
be released over 2 weeks, as opposed to the hydrophobic drug
spironolactone that was released over 2 months (Figure 8A
and B). The hydrophilic drug was found to partition into
the hydrophilic PEO domain, while spironolactone partitioned
into the PLGA block at the core of the micelles in which
diffusion was a limiting factor. Kim and researchers synthesized
PLGA-PEG-PLGA triblock copolymers as thermosensitive,
biodegradable polymers without the use of organic solvents
that limit the bioactivity of protein drug molecules as well

as poly(L-lactide-co-caprolactone)-b-poly(ethylene glycol)-b-
poly(L-lactide-co-caprolactone) (PLLACL-PEG-PLLACL) for
the development of modulated thermogelling properties [92,93).
The PLGA-PEG-PLGA triblock copolymers are currently
available as ReGel™ (MacroMed, Inc., Salt Lake City, UT,
USA), a free-flowing sol at room temperature, which forms
a gel at body temperature. ReGel has been shown to be an
effective depot for insulin release [94], for dipyridamole
release [95] and for interleukin-2 (IL-2) release [96]. Since
the development of these systems, there have been
many other thermogelling systems synthesized including
poly(ethylene glycol)-poly(caprolactone)-poly(ethylene glycol)
(PEG-PCL-PEG) (971, poly(e-caprolactone-co-lactide)-poly
(ethylene glycol)-poly(e-caprolactone-co-lactide) (PCLA-PEG-
PCLA) (8] and triblock copolymers of methoxy poly
(ethylene glycol) and poly(propylene fumarate) [99].

5. Thermoresponsive elastin-like peptides

Synthetic polymers are extensively used in drug delivery
systems because of their versatility — they are able to be
modified chemically; their hydrophilicity that can increase
bioavailability 7z wvive; and their biocompatibility that
circumvents the need to remove the delivery system following
administration. However, one of the disadvantages of
synthetic polymers is their polydispersity, which creates a
significant hurdle with respect to batch-to-batch replication
in the pharmaceutical industry. Elastin-like polypeptides
(ELPs) are oligomeric repeats of the pentapeptide Val-Pro-
Gly-Xaa-Gly (VPGXG) (where Xaa is any amino acid except
proline), which is derived from the hydrophobic domain of
tropoelastin [100]. These biopolymers are unique in that ELPs
are soluble in aqueous solution at room temperature but as
the temperature is raised above the inverse transition
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Table 1. Elastin-like polypeptides-doxorubicin (ELP-Dox) conjugates with spacer arm length, degree of Dox
conjugation to the ELP, hydrodynamic radius (R;) determined by DLS, and the chemical structures.

ELP Spacer arm Conjugation Ry, (nm) T, (°Q) ELP-Dox conjugate
length (A) ratio
B-Dox 8.1 0.7-0.8 12.5 39.1 (0] 0
— o
ELP—K\<N 1 \H/ N Dox
O
E-Dox 11.8 0.7 15.9 37.6 o} 0
A A
ELP—K(N ) \H/ N Dox
(0]
K-Dox 19 1.2-1.3 17.6 39.1 e} o
ELP—\<N > \H/ N Dox
(e}
M-Dox 17.9 1.0-14 21.5 415 (e}

Reproduced from [108] with permission.

temperature (T)) (also referred to as the LCST), the polymers
become insoluble and precipitate. This phase transition is
completely reversible and the T, temperature can be tuned
and designed to respond to different stimuli such as salts [101]
and light [102], etc, by modulating the guest residue position
in the polypeptide chain. Moreover, ELPs are also very
attractive for use in drug delivery because they are produced
as monodisperse polymers in Escherichia coli via genetic
engineering. Therefore, these biopolymers can be produced
in large reproducible quantities without cumbersome purifica-
tion and they have been shown to be biocompatible [103].
Chilkoti and researchers were the first group to demonstrate
that the T, of ELPs was due to the fusion proteins and later
developed the protein purification process termed inverse
transition cycling ITC), which is currently used today [104,10].
Since this time, Chilkoti er @/ have designed thermally
responsive ELPs with an inverse transition temperature of
40°C so as to target tumors via local hyperthermia [106-108].
Four different ELP-doxorubicin (ELP-Dox) conjugates were
synthesized as macromolecular drug carriers in which the
focus of the study was the design of the acid-labile linker to
not only efficienty release the Dox molecules in the
conjugates but to maintain the T,, which was shown to be

affected by the linker [109]. The 13-keto position of Dox was
targeted with one of four heterobifunctional hydrazide
linkers:  MPBH(4-[4-N-maleimidophenyl]  butyric  acid
hydrazide- HCI) (M-Dox), BMPH (V-(-maleimidopropionic
acid) hydrazide) (B-Dox), EMCH (/V-(€-maleimidocaproic acid)
hydrazide) (E-Dox) and KMUH (/V-(k-maleimidoundecanoic
acid) hydrazide) (K-Dox) (Table 1). The results showed
that the selected linker structures and lengths in which the
maleimide-activated Dox was conjugated to the thiol group
of a unique cysteine in the ELP did not affect the T, of
the conjugates and could thus be used to modulate the
release of Dox. In addition, conjugates with longer linkers
(K-Dox and M-Dox) showed slower transition kinetics
compared to the shorter linkers, which was related to the
hydrophobicity of the linkers. Setton er al. have developed
injectable 77 situ ELP biopolymers for sustained drug release
and lower systemic exposure following perineural adminis-
tration. The results showed that the aggregating ELP had a
sevenfold longer perineural half-life compared with the
soluble ELP, due to the formation of a depot from which
slow resolubilization and clearance produced sustained local
protein release [110]. Other applications of ELP biopolymers
include the development of macromolecules for intra-articular
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Figure 9. Chemical structure of 1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol (DPPGOG).

Reproduced from [120] with permission.

drug delivery [111], the synthesis of a silk-elastin-like hydrogel
for gene delivery [112] and the development of cell-penetrating
peptides to ELPs for drug delivery [113].

6. Thermosensitive liposomes

Since Yatvin ¢t al. and Weinstein et al. presented temperature-
sensitive liposomes (TSLs) as controlled drug delivery systems,
there have been many liposomal formulations developed to
overcome the hurdles of poor targeting and low drug efficacy
at target sites [68,114]. These liposomes exhibit a phase transition
temperature (T,) in which the lipids undergo a gel-to-liquid
transition in water. Typical TSLs have been prepared from 1,
2-dipalimitoyl-sn-glycero-3-phosphocholine (DPPC) as the
primary lipid, because its T, occurs at 41.5°C [115,116]. The
gel-to-liquid transition at the T is a result of a conformational
change in the alky chains of the lipids, which leads to an
increase in the volume occupied by the hydrocarbon chains
in the membrane and thus an increase in the permeability of
the lipid bilayer (117]. However, the rate of drug release and
the amount of drug released from liposomes that consist of
DPPC alone are relatively small [115,118]. Therefore, these
liposomes are mixed with other lipids such as 1, 2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), which increases the
transition temperature to 43 — 45°C [119]. Unfortunately, the
clinical treatment of tumors using hyperthermia requires
that the intratumoral temperature does not exceed 42°C.
Lindner ez al. have developed novel temperature-sensitive
and long-circulating liposomes for tumor targeting using mild
hyperthermic conditions of 41 — 42°C [120]. The researchers
designed a novel lipid, 1, 2-dipalmitoyl-sn-glycero-3-phospho-
glyceroglycerol (DPPGOG) as a long-circulating TSL and
encapsulated carboxyfluorescein (CF) so as to monitor the
drug release as a function of temperature (Figure 9). The
half-life (t,,) for the encapsulated drug was 9.6 h in hamsters
and 5.0 h in rats, which was a result of the increased
hydrophilicity of the DPPGOG that contains a free hydroxyl
group. In addition, there was a sixfold increase in drug
accumulation in the heated tumor tissue after i.v. injection
of the liposomes compared to the non-liposomal control,
which was probably due to the intracellular localization of

the CE Other researchers have used lysolecithin-containing
thermosensitive liposome (LTSL) encapsulating doxorubicin
to affect tumor microcirculation [121], applied radiofrequency
phased arrays to TSLs for treatment of ovarian cancer so as
to modulate the T between 39.7 — 41.6°C [122], and DPPC
has been combined with an acyl chain-matched lysolipid
(MPPC) to form TSLs containing doxorubicin for mild
hyperthermic temperatures of between 39 — 40°C [123].

7. Expert opinion

Temperature-sensitive drug delivery systems have great
potential to revolutionize conventional means of drug
delivery. However, there is a huge impasse between the
development of these delivery systems and the ability to
clinically translate these systems for patient use. Even though
there are numerous research papers published with PNIPAAm
polymers, the safety of the delivery system has to be ensured
prior to advancement. These polymeric systems can be
degraded within the body to produce toxic by-products,
which can outweigh the benefits of controlled release. To
deal with these issues of toxicities, the drug delivery system
can be enclosed within an implant device so as to
minimize biodegradation and localize possible by-products
of hydrolysis. However, these devices would be implantable
systems that would require surgical removal, which could be
unattractive depending on the disease state or location of
the implant device.

Polymers such as ELPs or thermosensitive lipids are
biocompatible macromolecules that do not produce toxic
by-products and these have the ability to gel in situ.
Therefore, these systems have the benefits of not requiring
surgical placement of the device and can be molded to fill a
desired cavity or shape. The combination of thermoresponsive
systems with pH-sensitive moieties enables tunability of the
phase transition temperatures. This change in phase transition
temperatures away from physiological temperatures overcomes
the hurdles of polymer gelling at the injectable site prior to
the administration of the drug and its delivery system.
Moreover, combination stimuli-sensitive systems have been
designed to enable tumor targeting via hyperthermia.
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Thus,

associated with bringing temperature-sensitive drug delivery

even there

though

remain many problems

side effects.

systems to the bedside, the innovative approaches applied to

current systems so as to tightly control drug delivery and
thus limit toxicities promise to overcome these hurdles in
the very near future. This advancement in thermosensitive
drug delivery systems holds the promise of delivering drugs

at therapeutic levels only when needed, with negligible

Declaration of interest

The authors state no conflict of interests and have received
no payment in the preparation of this manuscript.

Bibliography 11.  Lee KY, Peters MC, Anderson KW, 21. Zhou]J, Wang G, Zou L, et al.

1. Lemmer B. Chronopharmacology and Mooney DJ. Controlled growth Viscoelastic behavior and in vivo
controlled drug release. Expert Opin factor release from synthetic release study of microgel dispersions
Drug Deliv 2005;2(4):667-81 extracellular matrices. Nature with inverse thermoreversible gelation.

2. ShenY, Tang H, Radosz M, et al. 2000;408(6815):998-1000 Biomacromolecules 2008;9(1):142-8
pH-responsive nanoparticles for cancer 12.  Yoshida R, Sakai K, Okano T, Sakurai Y. 22. Le Garrec D, Taillefer J, Van Lier JE,
drug delivery. Methods Mol Biol Modulating the phase transition et al. Optimizing pH-responsive polymeric
2008;437:183-216 temperature and thermosensitivity in micelles for drug delivery in a cancer

3. KoJ, Park K, Kim YS, et al. Tumoral acidic N-isopropylacrylamide copolymer gels. photodynamic therapy model. ] Drug Target

. . ] Biomater Sci Polym Ed 1994;6(6):585-98 2002;10(5):429-37
extracellular pH targeting of pH-responsive
MPEG-poly(beta-amino ester) block 13.  Heskins M, Guillet JE. Solution 23.  Peppas NA, Huang Y, Torres Lugo M,
copolymer micelles for cancer therapy. properties of poly(N-isopropylacrylamide). et al. Physicochemical foundations and
J Control Release 2007;123(2):109-15 J Macromol Sci Chem 1968;A2:1441-55 structural design of hydrogels in medicine

4. Cheng SY, Constantinidis I, Sambanis A. 14.  Schild HG. Poly(N-isopropylacrylamide): and biology. Annu Rev Biomed Eng
Use of glucose-responsive material to experiment, theory and application. 200052:9-29
regulate insulin release from constitutively Prog Polym Sci 1992;17:163-249 24.  Key JE. Development of contact lenses
secreting cells. Biotechnol Bioeng 15.  Grinberg N, Dubovik A, Grinberg V; and their worldwide use. Eye Contact Lens
2006;93(6):1079-88 et al. Studies of the thermal volume 2007;33(6 Pt 2):343-5; discussion 362-3

5. LiuE Song SC, Mix D, et al. Glucose-induced transition of poly(N-isopropylacrylamide) 25. Hahn SK, Jelacic S, Maier RV, et al.
release of glycosylpoly(ethylene glycol) hydrogels by high sensitivity differential Ant-inflammatory drug delivery from
insulin bound to a soluble conjugate of scanning microcalorimetry. 1. Dynamic hyaluronic acid hydrogels. ] Biomater Sci
concanavalin A. Bioconjug Chem Effects. Macromolecules 1999;32:1471-5 Polym Ed 2004;15(9):1111-9
199738(5):664-72 16.  Sasaki S, Kawasali H, Maeda H. 26.  Huynh DP, Nguyen MK, Pi BS, et al.

6.  Huang H, Pierstorff E, Osawa E, Ho D. Volume phase transition behavior of Functionalized injectable hydrogels for
Active nanodiamond hydrogels for N-isopropylacrylamide gels as a function controlled insulin delivery. Biomaterials
chemotherapeutic delivery. Nano Lett of the chemical potential of water 2008;29(16):2527-34
2007;7(11):3305-14 molecules. Macromolecules 27. Jeong B, Bae YH, Kim SW. Drug

7. Gao Z, Kennedy AM, Christensen DA, 199730:1847-8 release from biodegradable injectable
Rapoport NY. Drug-loaded 17.  Tanaka T, Matsukawa SH K, Ando L. thermosensitive hydrogel of
nano/microbubbles for combining A study on the dynamics of water in PEG-PLGA-PEG triblock copolymers.
ultrasonography and targeted chemotherapy. crosslinked poly(N-isopropylacrylamide) J Control Release 2000;63(1-2):155-63
Ultrasonics 2007;48(4):260-70 gel by NMR spectroscopy. Polymer 28. Hwang NS, Varghese S, Theprungsirikul P,

8.  Jensen M, Birch Hansen P, Murdan S, 1998;39:4703-6 et al. Enhanced chondrogenic differentiation
et al. Loading into and electro-stimulated 18. Han CK, Bae YH. Inverse thermally of murine embryonic stem cells in hydrogels
release of peptides and proteins from reversible gelation of aqueous with glucosamine. Biomaterials
chondroitin 4-sulphate hydrogels. N-isopropylacrylamide copolymer 2006;27(36):6015-23
Eur J Pharm Sci 2002;15(2):139-48 solution. Polymer 1998;39:2809-14 29.  Oudshoorn MH, Penterman R, Rissmann R,

9.  Hu SH, Liu TY, Liu DM, Chen SY. 19. Shimmura S, Doillon CJ, Griffith M, et al. et al. Preparation and characterization of
Nano-ferrosponges for controlled Collagen-poly(N-isopropylacrylamide)- structured hydrogel microparticles based
drug release. ] Control Release based membranes for corneal stroma on cross-linked hyperbranched
2007;121(3):181-9 scaffolds. Cornea 2003;22(Suppl 7):S81-8 polyglycerol. Langmuir

10.  Wijtmans M, Rosenthal SJ, Zwanenburg B, 20. Wang CC, Su CH, Chen CC. Water 2007;23(23):11819-25
Porter NA. Visible light excitation of absorbing and antibacterial properties 30. Gutowska A, Bae YH, Jacobs H, et al.
CdSe nanocrystals triggers the release of N-isopropyl acrylamide grafted and Thermosensitive interpenetrating polymer
of coumarin from cinnamate surface collagen/chitosan immobilized polypropylene networks: synthesis, characterization, and
ligands. J Am Chem Soc nonwoven fabric and its application on macromolecular release. Macromolecules
2006;128(35):11720-26 wound healing enhancement. ] Biomed 1994;27:4167-75

Mater Res A 2008; 84(4):1006-17

1088 Expert Opin. Drug Deliv. (2008) 5(10)

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Okano T, Bae YH, Jacobs H, Kim SW.
Thermally on-off switching polymers
for drug permeation and release.

J Control Release 1990;11:255-65
Yoshida R, Sakai K, Okano T, et al.

Surface-modulated skin layers of thermal
responsive hydrogels as on-off switches. 1.
Drug release. ] Biomater Sci Polym Ed
1991;3(2):155-62

Yoshida R, Sakai K, Okano T, Sakurai T.
Surface-modulated skin layers of thermal
responsive hydrogels as on-off switches. II.
Drug permeation. ] Biomater Sci Polym Ed
1992;3(3):243-52

Okuyama Y, Yoshida R, Sakai K, et al.
Swelling controlled zero order and sigmoidal
drug release from thermo-responsive

poly (N-isopropylacrylamide-

co-butyl methacrylate) hydrogel.

J Biomater Sci Polym Ed

1993;4(5):545-56

Guan ], Hong Y, Ma Z, Wagner WR.
Protein-reactive, thermoresponsive
copolymers with high flexibility and
biodegradability. Biomacromolecules

2008;9(4):1283-92
Yoshizawa T, Shin ya Y, Hong K]J,

Kajiuchi T. pH- and temperature-sensitive
release behaviors from polyelectrolyte
complex films composed of chitosan and
PAOMA copolymer. Eur ] Pharm Biopharm
2005;59(2):307-13

Tanii H, Hashimoto K. Studies on
in vitro metabolism of acrylamide
and related compounds. Arch Toxicol

1981;48(2-3):157-66
Ruel Gariepy E, Leclair G, Hildgen B, et al.

Thermosensitive chitosan-based hydrogel
containing liposomes for the delivery of
hydrophilic molecules. ] Control Release
2002;82(2-3):373-83

Fang JY, Chen JP, Leu YL, Hu JW.
Temperature-sensitive hydrogels
composed of chitosan and hyaluronic

acid as injectable carriers for drug delivery.

Eur ] Pharm Biopharm 2008;68(3):626-36
Lin HH, Cheng YL. In-situ

thermoreversible gelation of block

and star copolymers of poly(ethylene
glycol) and poly(N-isopropylacrylabmide)
of varying architectures. Macromolecules
2001;32:3710-5

Zhang JT, Huang SW, Zhuo RX.
Temperature-sensitive polyamidoamine
dendrimer/poly(N-isopropylacrylamide)

hydrogels with improved responsive

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

properties. Macromol Biosci
2004;4(6):575-8

GuJ, Xia E Wu Y, et al. Programmable
delivery of hydrophilic drug using dually
responsive hydrogel cages. ] Control Release

2007;117(3):396-402
Chen H, Gu Y, Hu Y. Comparison of two

polymeric carrier formulations for controlled
release of hydrophilic and hydrophobic
drugs. ] Mater Sci Mater Med
2008;19(2):651-8

Ankareddi I, Brazel CS. Synthesis and
characterization of grafted thermosensitive
hydrogels for heating activated controlled
release. Int ] Pharm 2007;336(2):241-7

Shim WS, Yoo JS, Bae YH, Lee DS.
Novel injectable pH and temperature
sensitive block copolymer hydrogel.
Biomacromolecules 2005;6(6):2930-4

Mathews AS, Ha CS, Cho WJ, Kim I.
Drug delivery system based on covalently
bonded poly[N-isopropylacrylamide-co-2-
hydroxyethylacrylate]-based nanoparticle
networks. Drug Deliv 2006;13(4):245-51

Bikram M, Gobin AM, Whitmire RE,
West JL. Temperature-sensitive hydrogels
with SiO2-Au nanoshells for controlled
drug delivery. ] Control Release
2007;123(3):219-27

Oldenburg SJ, Averitt RD, Westcott SL,
Halas NJ. Nanoengineering of optical
resonances. Ch Phys Lett
1998;288(2):243-7

Averitt RD, Westcott SL, Halas NJ.
Linear optical properties of gold nanoshells.

J Opt Soc Am B 1999;16(10):1824-32

Yin X, Hoffman AS, Stayton PS. Poly

(N-isopropylacrylamide-co-propylacrylic
acid) copolymers that respond sharply to
temperature and pH. Biomacromolecules

2006;7(5):1381-5
Sershen SR, Westcott SL, Halas NJ,

West JL. Temperature-sensitive
polymer-nanoshell composites for
photothermally modulated drug
delivery. ] Biomed Mater Res
2000;51(3):293-8

Kohori E, Sakai K, Aoyagi T, et al.
Preparation and characterization

of thermally responsive block

copolymer micelles comprising poly
(N-isopropylacrylamide-b-DL-lactide).

J Control Release 1998;55(1):87-98
Chung JE, Yokoyama M, Yamato M, et al.
Thermo-responsive drug delivery from

polymeric micelles constructed using block

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bikram & West

copolymers of poly(N-isopropylacrylamide)
and poly(butylmethacrylate). ] Control
Release 1999;62(1-2):115-27

Kohori E Sakai K, Aoyagi T, et al. Control
of adriamycin cytotoxic activity using
thermally responsive polymeric micelles
composed of poly(N-isopropylacrylamide-
co-N, N-dimethylacrylamide)-b-poly
(D,L-lactide). Colloids Surf B Biointerfaces
1999;16:195-205

Chung JE, Yokoyama M, Okano T.
Inner core segment design for drug
delivery control of thermo-responsive

polymeric micelles. ] Control Release

2000;65(1-2):93-103
Kohori E Yokoyama M, Sakai K, Okano T.

Process design for efficient and controlled
drug incorporation into polymeric micelle

carrier systems. ] Control Release

2002;78(1-3):155-63
Nakayama M, Okano T. Polymer

terminal group effects on properties of
thermoresponsive polymeric micelles
with controlled outer-shell chain lengths.
Biomacromolecules 2005;6(4):2320-7

Nakayama M, Okano T,
Miyazaki T, et al. Molecular design
of biodegradable polymeric micelles

for temperature-responsive drug release.

J Control Release 2006;115(1):46-56

Neradovic D, Soga O, Van Nostrum CFE,
Hennink WE. The effect of the processing
and formulation parameters on the

size of nanoparticles based on block
copolymers of poly(ethylene glycol) and
poly(N-isopropylacrylamide) with and
without hydrolytically sensitive groups.
Biomaterials 2004;25(12):2409-18

Neradovic D, Van Nostrum CF,
Hennink WE. Thermoresponsive
polymeric micelles with controlled
instability based on hydrolytically
sensitive N-isopropylacrylamide
copolymers. Macromolecules

2001;34:7589-91

Neradovic D, Hinrichs WL]J,

Kettenes van den Bosch J, Hennink WE.
Poly(N-isopropylacrylamide) with
hydrolyzable lactic acid ester side groups:
a new type of thermosensitive polymer.
Macromol Rapid Commun

1999;20:577-81
You YZ, Oupicky D. Synthesis of

temperature-responsive heterobifunctional
block copolymers of poly(ethylene glycol)
and poly(N-isopropylacrylamide).
Biomacromolecules 2007;8(1):98-105

Expert Opin. Drug Deliv. (2008) 5(10)

1089

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Thermo-responsive systems for controlled drug delivery

63. XuFJ, LiJ, Yuan SJ, et al. 73. Roux E, Stomp R, Giasson S, et al. Steric endotherms. Bioconjug Chem
Thermo-responsive porous membranes stabilization of liposomes by pH-responsive 2004;15(5):1102-9
of controllable porous morphology from N-isopropylacrylamide copolymer. 84. Petriat F, Roux E, Leroux JC, Giasson S.
triblock copolymers of polycaprolactone J Pharm Sci 2002;91(8):1795-802 Study of molecular interactions between a
and poly(N-isopropylacrylamide) prepared 74. Karanth H, Murthy RS. pH-sensitive phospholipidic layer and a pH-sensitive
by atom transfer radical polymerization. liposomes — principle and application in polymer using the Langmuir balance
Biomacromolecules 2008;9(1):331-9 cancer therapy. ] Pharm Pharmacol technique. Langmuir 2004;20(4):1393-400
64. YouYZ, Zhou QH, Manickam DS, et al. 2007;59(4):469-83 85. Han HD, Shin BC, Choi HS.
Dually responsive multiblock copolymers 75.  Straubinger RM, Duzgunes N, Doxorubicin-encapsulated thermosensitive
via reversible addition-fragmentation Papahadjopoulos D. pH-sensitive liposomes modified with
chain transfer polymerization: synthesis liposomes mediate cytoplasmic poly(N-isopropylacrylamide-co-
of temperature- and redox-responsive delivery of encapsulated macromolecules. acrylamide): drug release behavior
copolymers of'p0ly(N—is?propylacrylamide) FEBS Lett 1985;179(1):148-54 and stability in the presence of serum.
:if;lyyl(azt;gfiﬁ:ﬁ?gﬁz;:z;:hyl 76. Collins D, Litzinger DC, Huang L. Eur ] Pharm Biopharm 2006;62(1):110-6
2007:40:8617-24 Structural and functional comparisons 86. Lutz JE Akdemir O, Hoth A. Point by
of pH-sensitive liposomes composed point comparison of two thermosensitive
65.  Griffiths PC, Alexander C, of phosphatidylethanolamine and polymers exhibiting a similar LCST: is the
Nilmini R, etal. Physicochemical three different diacylsuccinylglycerols. age of poly(NIPAM) over? ] Am Chem Soc
characterization of thermoresponsive Biochim Biophys Acta 2006;128(40):13046-47
poly(N-isopropylacrylamide)- 1990;1025(2):234-42 87. LutzJE Andrieu J, Uzgiin S, et al
poly(ethylene imine) graft copolymers. 77, LiuD. H LM MA. et al ’ B ’ bl T}; B o, et al d
Biomacromolecules 2008:9(4):1170-8 + LiuD, Huang L, Moore MA, et al focompam & Thermoresponsive, an
Interactions of serum proteins with small Biodegradable: simple Preparation of
66. Rao ], Luo Z, Ge Z, et al. “Schizophrenic unilamellar liposomes composed of ‘All-in-Oné’ Biorelevant Polymers.
micellli.zation associated with ?Oﬂ'to'h.elix dioleoylphosphatidylethanolamine and Macromolecules 2007;40:8540-3
s o o
copolymer. Biomacromolecules apot{zopr?tg{? l') neamp Blp ath < . Desigr.l, synthesi.s, alndlaqueous aggregation
2007:8(12):3871-8 113;};(;28; (Sl :;).1312;7@40350mes. tochemustry behavior of nonionic single and multiple
; ; ; thermoresponsive polymers. Langmuir
67. Befngh.am AD, S.tandisb MM, Watkins JC. 78.  Meyer O, Papahadjopoulos D, Leroux JC. 2007;23(1):84-93
DY Sk o s mmmem
. gger p sensitivity to stable liposomes. Thermosensitive sol-gel reversible
J Mol Biol 1965;13(1):238-52 FEBS Lett 1998;421(1):61-4 hydrogels. Adv Drug Deliv Rev
68.  Yarvin MB, Weinstéin ]N,.Dennis WH, 79. Polozova A, Winnik FM. Contribution of 2002;54(1):37-51
et sl o e e T o
by hyperthermia. Science POSIO . a_' B o ?lf) degradable bloc.k copolymers as
modified poly(n-isopropylacrylamide). injectable drug-delivery systems.
1978:202(4374):1290°3 Langmuir 1999;15:4222-9 Nature 1997;388(6645):860-2
69- ?;:f;ﬁi;mﬁislj;zﬁ I;t(:;\j;ation 80. Zig;lalni M’ Dr:mmon.d D.C’ I\f/{eyer Oi 91. Jeong B, Choi YK, Bae YH, et al. New
and release of contents in tumor cral. in Ym‘o ¢ aracterlza.tlf)n O_ anove biodegradable polymers for injectable
. . polymeric-based pH-sensitive liposome drug delivery systems. ] Control Release
microvascular networks. Int J Radiat system. Biochim Biophys Acta 1999:62(1-2):109-14
Oncol Biol Phys 1996,36(5)1177-87 2000,1463(2)383-94 9 K ’ ™ K S B d d bl
. . L . Kwon YM, Kim SW. Biodegradable
70. 'I;E::mis S:iiﬁeRoll\df::rnr:jdEe’galll{aiiil 81 Dube D, Francis M, Letoux JC, Winnik FM. triblock copolymer microspheres based
pow s Preparation and tumor cell uptake of on thermosensitive sol-gel transition.
that release contents around physiological poly(N-isopropylacrylamide) folate Pharm Res 2004;21(2):339-43
temperature. Biochim Biophys Acta conjugates. Bioconjug Chem . . ’ '
1999;1416(1-2):239-50 2002:13(3):685-92 93. Jo S,'Klm I, I.<1m SW Revers'e thermal
71. Kono K, Igawa T, Takagishi T. Cytoplasmic 82. Kono K. Yoshino K. Takagishi T gélatlon of alip h.atlcally modified
delivery of calcein mediated by liposomes . Effect 0; I : ¢ . blodegradabl.e m.bIOCk copolymers.
. . . poly(ethylene glycol) grafts on Macromol Biosci 2006;6(11):923-8
modified with a pH-sensitive poly(ethylene temperature-sensitivity of thermosensitive . .
glycol) derivative. Biochim Biophys Acta polymer-modified liposomes. 94. .Ch(’l.s’ Kim SW Contr?lled release of
1997;1325(2):143-54 J Control Release 2002;80(1-3):321-32 1n.s;lmkfrom 1ln]ectazle blo.degrla)iable
72. Hafez IM, An.scll S, Cullis PR. Tunable 83. Yoshino K, Kadowaki A, Takagishi T, ;’r}llar(:l I;ZP;O}(;I;;;IO(TE ;):tZZ)nOS-IO rats.
pH-sensitive liposomes composed of Kono K. Temperature sensitization of )
mixtures of cationic and anionic lipids. liposomes by use of N-isopropylacrylamide 95.  Zhu W, Masaki T, Bae m’ eral.
Biophys ] 2000579(3):1438-46 copolymers with varying transition Develovpmem ofa s.ustalned—}'elez.lse system
for perivascular delivery of dipyridamole.
1090 Expert Opin. Drug Deliv. (2008) 5(10)

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

J Biomed Mater Res B Appl Biomater
2006;77(1):135-43

Samlowski WE, McGregor JR, Jurek M,
et al. ReGel polymer-based delivery of
interleukin-2 as a cancer treatment.

J Immunother 2006;29(5):524-35
Hwang M], Suh JM, Bae YH, et al.

Caprolactonic poloxamer analog:
PEG-PCL-PEG. Biomacromolecules
2005;6(2):885-90

Shim WS, Kim SW, Lee DS.
Sulfonamide-based pH- and
temperature-sensitive biodegradable
block copolymer hydrogels.
Biomacromolecules

2006;7(6):1935-41

Behravesh E, Shung AK, Jo S, Mikos AG.
Synthesis and characterization of triblock
copolymers of methoxy poly(ethylene
glycol) and poly(propylene fumarate).
Biomacromolecules 2002;3(1):153-8

Urry DW. Physical chemistry of biological
free energy transduction as demonstrated
by elastic protein-based polymers. ] Phys
Chem B 1997;101:11007-28

. Cacace MG, Landau EM, Ramsden JJ. The

Hofmeister series: salt and solvent effects
on interfacial phenomena. Q Rev Biophys
1997;30:241-77

Nagapudi K, Brinkman WT, Leisen JE,
et al. Photomediated solid-state
cross-linking of an elastin-mimetic
recombinant protein polymer.
Macromolecules 2002;35:1730-7

Urry DW, Parker TM, Reid MC,
Gowda DC. Biocompatibility of the
bioelastic materials, poly(Gvgvp) and
its gamma-irradiation cross-linked
matrix — summary of generic biological
test results. ] Bioactive Comp Polym
1991;6:263-82

Meyer DE, Chilkoti A. Purification of
recombinant proteins by fusion with
thermally-responsive polypeptides.
Nat Biotechnol 1999;17:1112-5

Chow DC, Dreher MR, Trabbic
Carlson K, Chilkoti A. Ultra-high
expression of a thermally responsive
recombinant fusion protein in E. coli.

Biotechnol Prog 2006;22(3):638-46

Meyer DE, Shin BC, Kong GA, et al.
Drug targeting using thermally

responsive polymers and local

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

hyperthermia. ] Control Release
2001;74(1-3):213-24

Meyer DE, Kong GA, Dewhirst MW,
et al. Targeting a genetically engineered
elastin-like polypeptide to solid tumors
by local hyperthermia. Cancer Res
2001;61(4):1548-54

Furgeson DY, Dreher MR, Chilkoti A.
Structural optimization of a ‘smart’
doxorubicin-polypeptide conjugate for

thermally targeted delivery to solid tumors.
J Control Release 2006;110(2):362-9

Maeda H, Matsumura Y. Tumoritropic and
lymphotropic principles of macromolecular
drugs. Crit Rev Ther Drug Carrier Syst
1989;6(3):193-210

Shamji ME Whitlatch L, Friedman AH,
et al. An injectable and in situ-gelling
biopolymer for sustained drug release

following perineural administration. Spine

2008;33(7):748-54
Betre H, Liu W, Zalutsky MR, et al.

A thermally responsive biopolymer
for intra-articular drug delivery.

J Control Release 2006;115(2):175-82

Megeed Z, Cappello J, Ghandehari H.
Controlled release of plasmid DNA from
a genetically engineered silk-elastinlike
hydrogel. Pharm Res 2002;19(7):954-9

Massodi I, Bidwell GL, Raucher D.
Evaluation of cell penetrating peptides
fused to elastin-like polypeptide for
drug delivery. J Control Release
2005;108(2-3):396-408

Weinstein JN, Magin RL, Yatvin MB,
Zaharko DS. Liposomes and local
hyperthermia: selective delivery of

methotrexate to heated tumors.

Science 1979;204(4389):188-91

Maruyama K, Unezaki S, Takahashi N,
Iwatsuru M. Enhanced delivery of
doxorubicin to tumor by long-circulating
thermosensitive liposomes and local
hyperthermia. Biochim Biophys Acta
1993;1149(2):209-16

Needham D, Dewhirst MW. The
development and testing of a new
temperature-sensitive drug delivery
system for the treatment of solid
tumors. Adv Drug Deliv Rev
2001;53(3):285-305

Papahadjopoulos D, Jacobson K, Nir S,
Isac T. Phase transitions in phospholipid

118.

119.

120.

121.

122.

123.

Bikram & West

vesicles. Fluorescence polarization and
permeability measurements concerning
the effect of temperature and cholesterol.

Biochim Biophys Acta 1973;311(3):330-48
Bassett JB, Anderson RU, Tacker JR.

Use of temperature-sensitive liposomes in
the selective delivery of methotrexate and
cis-platinum analogues to murine bladder

tumor. ] Urol 1985;135:612-5

Gaber MH, Hong K, Huang SK,
Papahadjopoulos D. Thermosensitive
sterically stabilized liposomes: formulation
and in vitro studies on mechanism of
doxorubicin release by bovine serum and
human plasma. Pharm Res

1995;12(10):1407-16
Lindner LH, Eichhorn ME, Eibl H, et al.

Novel temperature-sensitive liposomes with
prolonged circulation time. Clin Cancer Res

2004;10(6):2168-78
Chen Q, Tong S, Dewhirst MW, Yuan E

Targeting tumor microvessels using
doxorubicin encapsulated in a novel
thermosensitive liposome. Mol Cancer Ther
2004;3(10):1311-7

Leopold KA, Oleson JR, Clarke Pearson D,
et al. Intraperitoneal cisplatin and regional
hyperthermia for ovarian carcinoma. Int J
Radiat Oncol Biol Phys
1993;27(5):1245-51

Anyarambhatla GR, Needham D.
Enhancement of the phase transition
permeability of DPPC liposomes by
incorporation of MPPC: a new
temperature-sensitive liposome for use
with mild hyperthermia. J Liposome Res
1999;9:491-506

Affiliation
Malavosklish Bikram'! & Jennifer L West?

TAuthor for correspondence

!'University of Houston,

College of Pharmacy,

Department of Pharmacological and

Pharmaceutical Sciences,

1441 Moursund Street,

Houston, TX 77030, USA

Tel: +1 713 795 8317; Fax: +1 713 795 8305;
E-mail: mbikram@uh.edu

2Rice University,

Department of Bioengineering,
6100 Main Street,
Houston, TX 77005, USA

Expert Opin. Drug Deliv. (2008) 5(10)

1091

RIGHTS LI M Hiy



