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Thermally responsive
polymer–nanoparticle composites
for biomedical applications
Laura E. Strong and Jennifer L. West∗
Thermally responsive polymer–metal nanoparticle composites couple the ability
of certain metal nanoparticles to convert external stimuli to heat with polymers that
display sharp property changes in response to temperature changes, allowing for
external control over polymer properties. These systems have been investigated
for a variety of biomedical applications, including drug delivery, microfluidic valve
control, and cancer therapy. This article focuses on three different size scales of
this system: bulk systems (>1 mm), nano- or microscale systems, and individual
particle coatings. These composite systems will continue to be widely researched
in the future for their vast potential in various biomedical applications.  2011 John
Wiley & Sons, Inc. WIREs Nanomed Nanobiotechnol 2011 3 307–317 DOI: 10.1002/wnan.138

INTRODUCTION

T

hermally responsive polymers, materials that
undergo phase changes that result in dramatic
changes in material properties, have been under
investigation for applications such as drug delivery
for many decades.1–3 A confounding issue to the
translation of thermally responsive polymers in
biomedical applications has been the need for
mechanisms to locally change the temperature of
the polymer material without damage to surrounding
tissue. Recent advances in nanotechnology have
provided nanoparticles that can induce localized
heating upon exposure to light or alternating magnetic
fields (AMFs). By creating composites of thermally
responsive polymers with appropriate nanoparticles,
it has been possible to generate materials where
polymer phase changes can be induced by exposing the
composite material to light or magnetic field, and this
advance has enabled applications including pulsatile
drug delivery and valves for microfluidic devices.

METAL NANOPARTICLES
Nanoparticles have been highly investigated for use in
biological and medical applications due to their unique
size and optical properties. The five main nanoparticle
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types that will be discussed in this article are solid gold
nanoparticles (AuNPs), gold–gold sulfide (Au–Au2 S)
nanoparticles, gold–silica (SiO2 –Au) nanoshells, gold
nanorods, and superparamagnetic iron oxide (Fe3 O4 )
nanoparticles. All these particles are utilized because
of their ability to induce localized heating upon
exposure to light (gold-based nanoparticles) or AMF
(iron oxide nanoparticles). Additional properties of
these particles are summarized in Table 1.

Heat Generation by Nanoparticles
When a gold-based nanoparticle is irradiated with
light at the wavelength of its surface plasmon
resonance, this light is rapidly transferred into thermal
energy, causing a localized temperature increase.4,5,10
Au–Au2 S nanoparticles, silica–Au nanoshells, and Au
nanorods can all be tuned to have a surface plasmon
resonance in the near-infrared (NIR) range.5–7,10 The
NIR range (700–900 nm) is above the absorption of
biological molecules such as hemoglobin (<650 nm)
and below the range absorbed by water (>900 nm).11
Thus, NIR light is of particular interest for biological
applications, as these wavelengths penetrate biological
tissue with relatively little attenuation or tissue
damage, as demonstrated in Figure 1. Alternatively,
superparamagnetic Fe3 O4 nanoparticles generate heat
when exposed to an AMF.8 This heat is generated due
to magnetic hysteresis loss, and the amount of heat
generated is dependent on the magnetic properties of
the nanoparticles as well as the strength and frequency
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TABLE 1 Nanoshell Properties4–9
Au–Au2S
Nanoparticles

Au Nanoparticles

Silica–Au
Nanoshells

Au Nanorods

Iron Oxide
Nanoparticles

Diameter:
2–100 nm

Diameter:
30–40 nm

Diameter:
120–150 nm

Extinction:
520–575 nm

Extinction
(tunable): ~850 nm

Extinction
Extinction:
(tunable): ~800 nm 600–1300 nm

Extinction: n/a

Pros: highly
investigated, ease
of synthesis

Pros: NIR
absorbance

Pros: NIR
absorbance

Pros: NIR
absorbance

Pros: Heat
generation by
AMF exposure

Cons: large

Cons: surfactant
toxicity from
synthesis

Cons: Large dose
required in vivo

Cons: extinction
Cons: synthesis
coefficent near that byproduct of gold
of hemoglobin
colloid

Aspect Ratio:1.5– Diameter:
10 (ex: 20×100 nm) <100 nm

Absorption coefficient (cm−1)

AMF, alternating magnetic field; NIR, near-infrared.

diameters ranging from 2 to 100 nm) have maximum
absorption around 520–575 nm, depending on the
diameter of the particles, with the smaller particles
maximally absorbing at a lower wavelength.4
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FIGURE 1 | Near-infrared light (650–900 nm) is of particular
interest in biological applications as it is minimally absorbed by
biological chromophores and water. (Reprinted with permission from
Ref 11. Copyright 2001 Macmillan Publishers Ltd)

of oscillation of the AMF.8 The applied magnetic fields
do not affect healthy tissue.8

Gold–Gold Sulfide Nanoparticles
Gold–gold sulfide (Au–Au2 S) nanoparticles were first
developed by Zhou et al.13 Due to their optical
properties, these particles were originally thought to
consist of a dielectric gold–silica core surrounded by
a thin gold shell.5 Controversy still remains over
the exact structure of these particles; however, the
core/shell model fits the optical data and surface
conjugation studies also suggest a continuous gold
coating.14 These nanoparticles are synthesized by
mixing HAuCl4 and sodium sulfide (Na2 S).13 The
ratios of these two materials can be adjusted to
alter surface plasmon resonance of the particles from
600 nm to greater than 1000 nm.15 Much research
has been done on Au–Au2 S nanoparticles that are NIR
absorbing; these particles generally have a 35–55 nm
diameter and a surface plasmon resonance near
800–900 nm.5,16–20

Solid Gold Nanoparticles
Gold nanoparticles (AuNPs, also called gold colloids)
are one of the most stable and highly investigated
metal nanoparticles.4 These particles, thought of as
‘soluble gold’ in antiquity, were used for esthetic and
curative purposes as early as the fourth and fifth
century BC.4 Several synthesis techniques exist, the
most common being citrate reduction of chloroauric
acid (HAuCl4 ) in water.12 These particles (with
308

Gold–Silica Nanoshells
Gold–silica nanoshells were developed by Oldenburg
et al. through molecular self-assembly and colloid
reduction chemistry.21 These particles consist of a
dielectric silica core surrounded by a solid gold shell,
and adjustments of these two parameters provide
optimal control over the optical properties of the
particles, as seen in Figure 2. The peak extinction
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Iron oxide nanoparticles, also called magnetite, have
been investigated for use in several applications,
including drug delivery, magnetic resonance imaging
(MRI), hyperthermia, and tissue repair.8 These
particles are generally less than 100 nm in diameter
and must be synthesized with a narrow particle
size distribution and biocompatible surface coating.8
Several synthesis mechanisms exist, with wet chemical
methods shown to provide tighter control over the size
and composition of the particles.8 Exposure of these
particles to an AMF results in localized heating.8

FIGURE 2 | By altering gold–silica nanoshell core:shell ratios,
optical tunability can be obtained. A thinner shell causes a red shift in
absorbance. (Reprinted with permission from Ref 6. Copyright 2006
Spring Science + Business Media)

coefficients of these particles can range from visible to
NIR and even infrared ranges.6 Most photothermal
studies have utilized particles with a 120 nm core and
10 nm shell, as this corresponds to a peak absorption
coefficient in the NIR range, where biological tissue is
most permissive of light.6,18,22–26
To synthesize these particles, silica cores
are created using the Stöber method and then
surface functionalized with amine groups using
silane reagents. Small gold-colloid particles (∼2 nm)
are then absorbed onto the aminated surface to
form gold nucleation sites.6 A final reduction
step in chloroauric acid, potassium carbonate, and
formaldehyde produces a gold shell between 5 and
30 nm thickness.6

Gold Nanorods
Gold nanorods are anisotropic nanoparticles composed of solid gold, where particle shape strongly
influences optical properties. Gold nanorods show a
surface plasmon band near 520 nm similar to spherical AuNPs, but also have a second band at a longer
wavelength.27 These optical properties are much more
dependent on the particle’s aspect ratio (ratio of length
to diameter).7 The dominant surface plasmon band
occurs at a longer wavelength and is based on the
axial length of the particle.7 The secondary surface
plasmon band occurs around 520 nm due to the
weaker transverse resonance.7 Particles with larger
aspect ratios will have the primary longitudinal resonance at a longer wavelength than particles with
a smaller aspect ratio.7 These particles can be synthesized either by use of rigid templates or, more
commonly, by use of seed and growth solutions in the
presence of surfactants.28
Vo lu me 3, May/Ju n e 2011

THERMALLY RESPONSIVE POLYMERS
Stimuli-responsive ‘smart’ polymers undergo fast,
reversible conformational changes in response to
small changes in the environment.29 These changes
usually involve the polymer microstructure transitioning between a hydrophilic and a hydrophobic state,
altering chain conformation such that macroscopic
material size and properties change as well.29 Systems
responsive to local chemical changes, such as changes
in pH, as well as systems responsive to external stimuli,
such as ultrasound, light, or temperature, have been
studied.30 Temperature-sensitive systems are easy to
synthesize and control, making them suitable for
many applications.30 Commonly studied temperaturesensitive polymers include acrylamide-based hydrogels, especially poly[N-isopropylacrylamide] (PNIPAAm), as well as elastin-like polypeptides
(ELPs).3,29–31
At a temperature-sensitive polymer’s lower critical solution temperature (LCST), a reversible volume
phase transition occurs. At lower temperatures, it
is thermodynamically favorable for water molecules
to form hydrogen bonds with polar groups on the
polymer chains, causing the hydrogel to be in its
swollen state. At higher temperatures, the increase
in Gibbs free energy (G) causes hydrogen bonding between the water molecules and polymer chains
to become thermodynamically unfavorable compared
to polymer–polymer and water–water interactions.32
This causes the water to move into bulk solution
and the polymer chains to collapse onto themselves
forming hydrophobic interactions.33 A common property characterized in thermally responsive systems is
the polymer’s deswelling ratio, a measurement of the
degree of collapse a hydrogel undergoes at its LCST.

N-isopropylacrylamide
PNIPAAm is a widely studied thermally responsive
polymer that exhibits an LCST near physiological
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temperatures.30 Pure PNIPAAm hydrogels have an
LCST range of 25–32◦ C, and by incorporating a
more hydrophilic comonomer into the hydrogel, this
LCST can be raised to near 45–50◦ C.34 Common
comonomers used include acrylamide (AAm) or
acrylic acid (AAc), with a 95:5 molar ratio of
NIPAAm:AAm resulting in a gel with an LCST of
approximately 40◦ C.19 In addition, incorporation
of N-isopropylmethacrylamide (NIPMAAm) increases
the LCST due to the phase transition being inhibited by
the steric hindrance of the additional methyl group.35
In contrast, hydrogels consisting of hydrophilic
acrylamide/acrylic acid monomers exhibit a positive
volume change with increasing temperatures.36,37

Elastin-like Polypeptides
ELPs are synthetic peptides derived from the sequence
of the hydrophobic domain of tropoelastin.38 ELPs
generally consist of oligiomeric repeats of the
pentapeptide VPGXG (where X is any amino acid
except proline).38 By using recombinant methods
to create these polymers, a monodisperse product
with little batch-to-batch variability can be achieved,
which is highly advantageous over synthetic polymer
materials.3,30,31 By altering amino acid sequence
or number of repeats, ELP LCSTs are highly
tunable and can be brought to above physiological
temperatures.3,31

BULK HYDROGEL SYSTEMS
Several systems have been developed that consist
of bulk hydrogels (diameter >1 mm) with encapsulated nanoparticles for applications including drug
delivery,19,20,25,39 microfluidic23,24,40 and microlens41
control. Additionally, the effects of these encapsulated
nanoparticles on polymer bulk properties have been
investigated.42,43

Drug Delivery
Drug delivery applications have been investigated
using both NIR-absorbing nanoparticles and iron
oxide nanoparticles. By combining thermally responsive polymers with encapsulated nanoparticles, pulsatile drug release triggered by an external stimulus
can be achieved. A schematic of this process is shown
in Figure 3.
Photothermally modulated drug delivery was
first shown by Sershen et al. using a combination
of N-isopropylacrylamide-co-acrylamide (NIPAAmco-AAm) and gold–gold sulfide nanoparticles.19 This
study used hydrogels with a 95:5 molar ratio of
310
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FIGURE 3 | Schematic of drug delivery from bulk hydrogels.

NIPAAm:AAm to achieve an LCST slightly above
physiological temperature. Upon NIR irradiation of
these composites, the temperature of the hydrogel
exceeds the LCST, causing a burst release of any
soluble molecules contained in the hydrogel matrix.
Enhanced release of molecules such as methylene blue,
ovalbumin, and bovine serum albumin was found to
follow NIR irradiation of the nanoparticle-composite
hydrogels.19 Further investigation of this system
showed that it could be applied to photothermal
delivery of insulin.20 A similar system using the
same hydrogel formation with gold–silica nanoshells
also successfully demonstrated photothermal drug
delivery.25 Studies showed that the collapse of
hydrogel–nanoshell composites was controlled by
both laser fluence and SiO2 nanoshell concentration.25
Photothermal release studies of methylene blue,
insulin, and lysozyme showed a pulsatile drug release
that was dependent on the molecular weight of the
molecule.25
Drug delivery studies have also been investigated using iron oxide particles embedded in
an NIPAAm-based matrix.39,44–46 Bulk hydrogels
were created using tetra(ethylene glycol) dimethacrylate (TEGDMA)39,46 or poly(ethylene glycol) 400
dimethacrylate (PEG400DMA)45 as a cross-linking
agent. The incorporation of varying concentrations of
iron oxide particles (20–30 nm diameter) showed no
effect on swelling characteristics of the hydrogels.44
These hydrogel discs were found to increase in temperature and collapse following exposure to an AMF.39,45
A burst release of absorbed drugs, methylene blue,
or vitamin B12 followed pulse application of AMF,
with minimal diffusion of the drug out of the matrix
without AMF.39 This study showed these composites’ potential as implanted, remotely controlled drug
delivery devices.39

Microfluidic Valves
Due to remote triggering of dramatic changes in
material size and shape, thermally responsive polymer–nanoparticle conjugates have been investigated
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for use in the controlled manipulation of valves in
microfabricated devices.
Sershen et al. proposed a combination of
NIPAAm-co-AAm hydrogels, gold-colloid particles,
and gold–silica particles for use in independent control of multiple valves within a microfluidic device, as
seen in Figure 4.23 Using these materials, independent
control of two valves at a T-junction was achieved.
One valve consisted of an NIPAAm-co-AAm goldcolloid nanoparticle composite, whereas the other
contained NIPAAm-co-AAm gold–silica nanoshell
composite. When exposed to green (532 nm) light,
the gold-colloid channel opened and the gold–silica
remained closed, but when exposed to NIR (832 nm)
light, the gold–silica channel opened while the goldcolloid channel remained closed.24 The authors noted
that a larger number of independently controlled
components could be achieved by using multiple
nanoparticles with different absorption spectra, utilizing directed light, or tailoring the hydrogels to
have differing LCSTs.24 Additionally, Satarkar et al.
have demonstrated microfluidic valve control using a
(a)

NIPAAm–iron oxide nanocomposite combined with
AMF.40

Effects of Metal Nanoparticles on Bulk
Hydrogel Properties
The Langer group has studied the effects of nanoparticle–polymer interactions on bulk hydrogel properties
such as swelling, as well as methods to synthesize gold
nanoparticles within a PNIPAAm matrix.42,43 In this
study, a PNIPAAm template was created using both
N,N-methylene bis-acrylamide (MBAAm) and N,Ncystamine bis-acrylamide (CBAAm).42,43 The CBAAm
groups contain a disulfide bridge, which forms thiols
and thiol-ethers capable of binding both Au3+ and
AuNPs.42,43 Once these hydrogels were formed, the
gels were immersed in KAuCl4 followed by NaBH4 to
allow for synthesis of AuNPs bound to thiol groups
inside the PNIPAAm matrix.42,43 The AuNP composite gels were found to have a higher degree of
equilibrium swelling than PNIPAAm gels without
AuNPs.42,43 It is hypothesized that this is due to
the Donnan effect of polyelectrolyte gels,47 in which
the surface charge of the AuNPs causes water afflux to
balance the osmotic pressure build-up and the hydrogel to swell.42,43 It was also noted that an increase in
CBAAm concentration causes an increase in polymer
hydrophilicity, resulting in the gel having an increased
LCST.42,43

NANO/MICROSCALE COMPOSITES
AND MICELLES

(b)

FIGURE 4 | T-junction in a microfluidic device formed by two
valves: one made of a gold-colloid nanocomposite hydrogel and one
made of a gold nanoshell composite hydrogel. (a) After the entire
device is illuminated with 532 nm light for 5 seconds, the gold-colloid
channel opened and the gold nanoshell channel remained closed.
(b) The opposite response is seen when the device is illuminated with
832 nm light. (Reprinted with permission from Ref 24. Copyright 2005
Wiley-VCH Verlag GmbH & Co. KGaA)
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Although the majority of applications in this field
focuses on either bulk (>1 mm) hydrogels or
nanoscale coatings, a few groups have looked at
micro-sized applications and micelles. Investigations
have focused mostly on electrical and sensor properties
of these materials48–50 as well as their potential for
drug delivery.51,52 Micro- and nanoscale systems may
potentially be amenable to targeted drug delivery
applications as well.
Zhao et al. studied the electrical properties of
microscale PNIPAAm hydrogels containing 5–10 nm
AuNPs.48,49 Vinyl groups were added to AuNPs by a
reaction with allyl mercaptan.49 These hydrogels were
synthesized in the presence of AuNPs with attached
vinyl groups, allowing the AuNPs to participate in
the polymerization process as a cross-linker.49 A significant deswelling was found to follow temperature
increases from 18 to 32.5◦ C, with increasing AuNP
concentration leading to a decrease in overall swelling
because the particles are also acting as a cross-linker.
As the hydrogel collapses, the distance between the
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Strong flux

Minimal or
no flux

Membrane

AuNPs decreases, resulting in an increase in electrical
conductivity of the material.49 The externally regulated thermo-switchability of these composites gives
them many potential applications as sensors in nano
and quantum electronics.49
A study by Li et al. investigated poly(styrene-bN-isopropylacrylamide) micelles with surface-linked
AuNPs (5 nm diameter).50 DLS studies showed that
the hydrodynamic diameter of these micelles decreased
from 93 to 77 nm when the temperature was
increased from 20 to 40◦ C. This system can also
be tuned to have 10–35 AuNPs/micelle for use in sensor, catalyst, and electronic applications. Kim et al.
have proposed combining hybrid AuNP/iron oxide
nanoparticles with poly[N-isopropylacrylamide-coacrylamide]-block-poly[ε-caprolactone] for combined
hyperthermia and chemotherapy delivery with optical
imaging.51 This study used an 86:14 NIPAAm:AAm
ratio to achieve an LCST of 42–45◦ C. Initial results
show that the hydrodynamic diameter of these micelles
decreases from 104 to 71 nm when temperature is
increased from 25 to 45◦ C. Further optical and magnetic studies and characterization of this system are
ongoing.51
The Peppas group has investigated the use of
thermally responsive interpenetrating polymer networks (INPs) consisting of poly(AAm)/poly(AAc).36,37
This system consisted of physically entangled polymer
chains and exhibits a unique upper critical solution
temperature, meaning the particles swell under elevated temperatures.37 AuNPs (50 nm diameter) were
encapsulated in a poly(AAm)/poly(AAc) INP.36 The
entire particle was found to have an average diameter
of 300 nm and swelled up to 90 times its original
volume when the temperature was increased from 25
to 40 ± 5◦ C.36 In addition, the INP particles were
PEGylated to prolong circulation time of the system
in vivo.36
Hoare et al. developed a membrane-based drug
delivery system consisting of an ethyl cellulose-iron
oxide particle nanocomposite membrane with embedded PNIPAAm-based hydrogels, as shown in Figure 5.
By applying an oscillating magnetic field to this device,
the heat increase caused the nanogel to deswell,
allowing a strong flux of drugs out of the reservoir. This device was synthesized by coevaporation
to cause entrapment of PNIPPAm nanogels and iron
oxide nanoparticles in the cellulose membrane.52 The
PNIPAAm gel was engineered to have an LCST
above physiological temperature by incorporating
NIPMAAm as well as AAm.52 Analysis with sodium
fluorescein showed approximately 20-fold increase in
flux when the device was turned ‘on’ by exposure
to an oscillating magnetic field, as well as consistent
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NP
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NP
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NP NP
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FIGURE 5 | Schematic of drug delivery from magnetically triggered
nanogel composite membrane. (Reprinted with permission from Ref 52.
Copyright 2009 American Chemical Society)

drug flux over four on–off cycles.52 The authors note
that the rapid swelling kinetics due to the size and
engineered phase-transition behavior of the nanogels
as well as the optimized size and surface chemistry of
the iron oxide nanoparticles allow for rapid, repeatable, and tunable drug release under physiological
conditions.52

POLYMER-COATED NANOPARTICLES
As of late, much focus has been placed on ways
to apply a thermally responsive hydrogel coating on
individual nanoparticles. This will allow particles to
retain the same size properties as before, incorporated with the drug delivery potential of PNIPAAmbased systems discussed previously. Several synthesis
methods have been investigated for this application including reversible addition fragmentation chain
transfer (RAFT),53–56 surfactant-free emulsion polymerization (SFEP),26,57,58 surface-initiated atom transfer radical polymerization (SI-ATRP),59–61 and other
methods.62,63 A summary of these techniques can be
found in Table 2.

SFEP Methods
The work of Kim et al. investigates SFEP of
poly(NIPAAm-co-AAc) onto AuNP and silica–Au
nanoshells for drug delivery applications.26,57,58
This synthesis method used a 94:6 wt% ratio
of NIPAAm:AAc and N,N-methylenebisacrylamide
(BIS) as a cross-linking agent. This process was carried
out on 60 nm AuNP57 and silica–Au nanoshells.26
In addition, studies using an SFEP poly(NIPAAmco-AAc) as a template for the growth of large
(60–150 nm) AuNP have also been carried out.58 FESEM images showed uniform particle sizes as well
as contrast effects, showing particle cores with a
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TABLE 2 Polymerization Processes64–66
Surfactant-Free Emulsion
Polymerization (SFEP)

Aqueous phase

–polymerization initiator
soluble in aqueous phase,
polymer forms in oil phase

I

Polymer
(oil phase)

R′
Monomer

–polymerization occurs at
oil-water interface

Pn+

Reverse-Addition
Fragmentation
Polymerization (RAFT)

M

S Pn
+

–living polymerization
technique

R′

Surface Initiated-Atom
Transfer Radical
Polymerization (SI-ATRP)

M/L +Pn

–requires a transition metal
catalyst, nitrogen-based ligand,
and alkyl-halide

complete hydrogel coating.26 energy dispersive x-ray
spectroscopy (EDX) analysis showed large peaks indicating gold atoms as well as no peaks for the hydrogel
polymer, as predicted given the low atomic numbers
of the hydrogel elements.26 Higher resolution transmission electron microscopy (TEM) images show the
complete hydrogel shell growth around the particle,
as well as differences in hydrogel thickness that could
be obtained by minor variations in the monomer and
initiator amounts as well as reaction time.26 However, one drawback of this polymerization method is
the encapsulation of multiple particles into one hydrogel matrix.26 UV–Vis spectroscopy showed minimal
changes in the absorption profile of the bare silica–Au
nanoshells and hydrogel-coated nanoshells. Dynamic
light scattering (DLS) studies show that the hydrodynamic radius of the hydrogel particles decreasing with
increasing temperature, an indication of collapse of
the hydrogel. The results of this study are summarized
in Figure 6.

SI-ATRP Methods
Synthesis of a hydrogel coating using SI-ATRP has
also been investigated for its tight control over the

S R

R′

R′
S

(2)

+

+

–requires initiator in presence
of chain-transfer agent

Vo lu me 3, May/Ju n e 2011

Pm S

S

Pm S

(1)

Pn+ + Pm+

X

Pm+
M

Pn+m

X

+M
+
+
P
M/L
n

Pm+

Pn+m

M = Transition metal
L = Nitrogen-based ligand
X = Br or Cl

thickness of gel produced, providing monodisperse
particles. Wei et al. used this method to create a
PNIPAAm coating on NIR-absorbing AuNRs.60 This
study used AuNRs with an aspect ratio of 4.4 ±
0.4 and a peak longitudinal plasmon resonance of
843 nm. A disulfide initiator was immobilized onto
the AuNR surface followed by in situ polymerization
of PNIPAAm. TEM characterization of the particles
showed that a core/shell structure was formed, and
it was noted that the thickness of the coating could
be tuned by the polarity of the solvent, with more
polar solvents yielding thicker coatings. DLS showed
an increase in hydrodynamic diameter at temperatures
from 32 to 37◦ C, indicating the hydrogel coatings had
collapsed and become more hydrophobic, causing
the particles to precipitate out of solution and
aggregate. In addition, a drug-loading experiment
with norvancomycin, an antibiotic, showed increased
release when the particles were irradiated with an
808 nm laser.
This method has also been employed using iron
oxide nanoparticles. Frimpong et al. demonstrated
growth of a PNIPAAm hydrogel with poly(ethylene
glycol) 400 dimethacrylate (PEG400DMA) cross-links
using SI-ATRP on iron oxide particles of 6–10 nm
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FIGURE 6 | Hydrogel coating by surfactant-free emulsion polymerization (SFEP). (a) TEM images of (A) bare nanoshells (diameter ∼120 nm);
(B) thin hydrogel-coated nanoshells (diameter ∼160 nm); (C) thick hydrogel-coated nanoshells; and (D) multiple encapsulated nanoshells. (b) UV–Vis
spectra of gold-seeded silica cores, bare nanoshells, and hydrogel-coated nanoshells. (c) Hydrodynamic diameters of bare nanoshells and
hydrogel-coated nanoshells as a function of temperature. (Reprinted with permission from Ref 36. Copyright 2008 Biomedical and Pharmaceutical
Engineering Cluster)

diameters.59 First, the particles were coated with either
oleic acid or citric acid followed by a ligand exchange
reaction with bromine alkyl halides and a bromosaline to act as initiators of the ATRP reaction of
poly(NIPAAm-PEG400DMA). High-resolution TEM
analysis showed an ordered crystalline core next to
an amorphous polymer shell less than 5 nm thick.
DLS analysis showed a larger hydrodynamic diameter
of these particles at temperatures from 20 to 30◦ C
with smaller hydrodynamic diameters observed at
temperatures above the hydrogel LCST.

Elastin-like Polypeptides
Huang et al. have developed an optically responsive
ELP-gold nanorod system.67 A novel 22-kDa cysteinecontaining ELP was conjugated to NIR-absorbing
gold nanorods by gold–thiol bonds.67 The transition
temperature (Tt ) of the ELP was determined to
be 33.4◦ C; above this temperature the particles
314

aggregated together, resulting in an increase in optical
density.67 NIR irradiation of these particles resulted
in an optical response due to a conformational change
in the ELP.67

CONCLUSION
Researchers have developed thermally responsive
polymer–metal nanoparticle composites, showing
promise for a wide variety of applications, from drug
delivery to microfluidic valve control. These composites can be broken down into three categories: bulk
hydrogel systems, microscale systems, and nanoscale
coatings. For the field of drug delivery, many ‘proofof-concept’ bulk studies have yielded way to studying
more nano- and microscale applications. The unique
combination of material properties of metal nanoparticles and thermally responsive polymers will undoubtedly have additional applications and will continue to
be actively researched in the coming years.
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