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encapsulated by an environmentally sensitive polymer,
while also providing a strong interaction between the
polymer and the metal particle. We present a one-pot,
room-temperature synthesis route for gold metal nanoparticles that uses poly-N-isopropyl acrylamide as the
capping and stabilizing agent and ascorbic acid as the
reducing agent and achieves size control similar to
the most common citric acid synthesis. We show that
the composite can be precipitated reversibly by temperature or light using the non-radiative decay and
conversion to heat of the surface plasmon resonance of
the metal nanoparticle. The precipitation is induced by
the collapse of the polymer cocoon surrounding each
gold nanoparticle, as can be seen by surface plasmon
spectroscopy. The experiments agree with theoretical
models for the heat generation in a colloidal suspension
that support fast switching with low laser power
densities. The synthesized composite is a simple
nanosized opto-thermal switch.
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Nanoswitches that provide a mechanical response to a
localized trigger are important for sensing purposes,

Abstract Composites of metal nanoparticles and
environmentally sensitive polymers are useful as nanoactuators that can be triggered externally using light of a
particular wavelength. We demonstrate a synthesis
route that is easier than grafting techniques and allows
for the in situ formation of individual gold nanoparticles
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(Ben-Moshe et al. 2006; Calvert 2008; Hilt et al.
2006) for biotechnological applications such as the
control of microfluidic flow or enzyme activity, and
for modifying surface properties upon an external
trigger (Beebe et al. 2000; Eddington and Beebe
2004; Frey et al. 2003a; Kaholek et al. 2004; Lahann
and Langer 2005; Sershen et al. 2005; Shimoboji
et al. 2002; Yousaf et al. 2001). Mechanical actuation
can come from advanced functional nanomaterials
that respond to changes in their local environment by
performing a conformational transition (Calvert
2008; Gil and Hudson 2004; Jager et al. 2000; Jiang
et al. 2006; Peppas et al. 2006). Such conformational
changes can be triggered by varying the chemical
composition or the thermodynamic conditions around
the material. Chemical triggers include changes in the
pH (Dai et al. 2008; Eddington and Beebe 2004;
Peppas and Khare 1993) or, more generally, the
presence of a specific molecule (Byrne et al. 2002;
Liu and Lu 2006; Schild 1992). Thermodynamic
changes include temperature (Frey et al. 2003b; Nath
and Chilkoti 2001; Schild 1992), pressure (Juodkazis
et al. 2000), an externally applied voltage (Shoenfeld
and Grodzinsky 1980; Zheng et al. 2008), and
exposure to light (Irie and Kungwatchakun 1992;
Jiang et al. 2006; Kungwatchakun and Irie 1988;
Nayak and Lyon 2004; Radt et al. 2004; Slocik et al.
2007; Szilagyi et al. 2007).
While most research has used temperature or pH to
trigger a conformational change in polymers or gels,
optically responsive materials are particularly interesting because the stimulus, light, can be applied
highly localized and without direct contact with the
switch. Typical processes used for optical switching
are conformational changes of dye molecules, such as
azobenzene or spiropyrane derivatives, integrated
into the polymer backbone or as pendent groups
(Edahiro et al. 2005; Garcia et al. 2007; Higuchi et al.
2004; Jiang et al. 2006; Nayak et al. 2006; Zhu et al.
2007), or the local generation of heat due to dyes or
metal nanoparticles, which are either covalently
linked or simply trapped in a thermally responsive
polymer or peptide hydrogel (Nayak and Lyon 2004;
Owens et al. 2007; Sershen et al. 2002; Slocik et al.
2007; Strzegowski et al. 1994). While dye molecules
have the advantage of allowing switching in both
directions, the dyes are chemically reactive and
susceptible to bleaching, and the switching process is slow (Brinker 2004; Hugel et al. 2002;
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Kungwatchakun and Irie 1988; Shimoboji et al.
2002). Although metal nanoparticles cannot induce
switching in both directions, they have the advantage
that the particles are very stable. The generated heat
dissipates quickly in most environments so that the
cooling process can provide a passive reverse response
mechanism once the trigger is turned off. Gold
nanoparticles, in particular, are inert and biocompatible (Langer and Tirrell 2004), and therefore have been
used in drug delivery systems to optically actuate
hydrogel–metal nanoshells (Sershen et al. 2000) for
therapeutic ablation, (O’Neal et al. 2004) and as
responsive valves in microfluidic devices (Eddington
and Beebe 2004; Sershen et al. 2005).
The combination of a thermally responsive polymer or hydrogel and metal nanoparticles creates an
optically switchable nanocomposite by converting
light into heat through the non-radiative decay of
surface plasmon resonances (Hutter and Fendler
2004), and hence inducing the collapse of the
polymer. Since it is the non-radiative part of the
extinction that is used for heat production and thus
for the switching mechanism, the material, shape, and
size of the metal nanoparticles have to be optimized
for efficient heat generation and to match the
wavelength range desired (Halas 2005; Jain et al.
2006; Liz-Marzan 2006). Often poly-N-isopropyl
acrylamide (PNIPAM), one of the most studied
non-toxic environmentally responsive polymers, is
chosen as the thermally responsive polymer surrounding the metal nanoparticle. PNIPAM has a
lower critical solution temperature (LCST) of around
32 °C in water (Schild 1992), which makes it
attractive for biological applications (Hoffman and
Stayton 2004).
Combining PNIPAM and gold nanoparticles has
been achieved through physical entrapment, such as
polymerizing a PNIPAM gel around previously
formed nanoparticles (Sershen et al. 2005; Sershen
et al. 2002; Sershen et al. 2001), by chemical grafting
of PNIPAM to prefabricated gold nanoparticles, and
by in situ synthesis of gold nanoparticles in the
presence of functional groups on linear polymers or
crosslinkers. Grafting techniques truly couple the
PNIPAM to the particle surface (Liu and Lu 2006),
and grafting to (Xu et al. 2007; Zhu et al. 2004) and
from (Kim et al. 2005; Pyun et al. 2003; Raula et al.
2003) existing gold nanoparticles using surfaceinitiated polymerization has been demonstrated.
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Grafting to and from existing gold nanoparticles has
the advantage that the size can be chosen freely, but
the initial stabilizing agent must be chemically
modified or exchanged (Kim et al. 2005; Nuss et al.
2001). However, thiols, dithiols, and thioesters can
act as capping and stabilizing agents in the synthesis
of gold clusters (Brust et al. 1995; Brust et al. 1994;
Raula et al. 2003), and therefore thiol-containing
initiators in atom-transfer radical polymerization
(ATRP) (Ohno et al. 2002) and the dithioester end
group of reversible addition/fragmentation chain
transfer (RAFT) pre-polymerized polymers (Shan
et al. 2003; Shan et al. 2005) can be used directly for
the gold nanoparticle synthesis, although the resulting
particle size is typically relatively small. In gels,
in situ reduction of gold has been achieved in the
presence of PNIPAM using thiol-based cross-linkers
(Pong et al. 2006; Wang et al. 2004) or by using the
prefabricated PNIPAM hydrogel (Kim and Lee 2007)
Both techniques produce gold nanoparticles with
relatively broad absorption spectra, indicating broad
particle size distributions and low growth control.
Moreover, using thiol-containing cross-linkers couples the mechanical properties of the gel to the
growth of the metal nanoparticles.
So far, optically responsive actuators controlled by
non-radiative heat dissipation of optical resonances in
metal nanoparticles have been demonstrated only for
hydrogel composites which typically have long
response times induced by the cross-links, and often
require high-power lasers to trigger the response
(Nayak and Lyon 2004; Sershen et al. 2002) Polymer-nanoparticle composites, which lack cross-links
and allow for an aggregation of nanoparticles without
significant interpenetration of the polymers, will lead
to much faster switching behavior with lower power
lasers. The heat generated in the gold nanoparticle is
transferred to the polymer shell within picoseconds
(Ge et al. 2005).
Here, we present a synthesis route that creates
gold–PNIPAM composites with individual PNIPAM
molecules acting in two roles: as a capping and
stabilizing agent in the gold synthesis, and as trigger to
optically reduce the solubility of the gold–PNIPAM
composite, and induce aggregation that is reversible
upon turning off the light. The PNIPAM is linked to
the gold through the synthesis, but, unlike RAFT–
PNIPAM-synthesized composites achieves far larger
nanoparticles, which are needed for efficient
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conversion of light to heat. The ascorbic acid (AsA)based one-pot synthesis strategy achieves good size
control without the need to first create gold seeds with
a strong reducing agent. The PNIPAM–gold composite particles produced here are approximately 30 nm
in size and are thermally and optically responsive
using a convenient 532 nm laser line. The reversible
aggregation upon external thermal or optical stimulus
leads to a small shift in the localized surface plasmon
resonance (LSPR) peak in the extinction spectrum.
We compare the experimental data to analytical and
numerical models for the kinetics and steady state of
the optically and thermally driven aggregation and
show that fast response times in both directions can be
achieved with relatively low laser power.

Results and discussion
Synthesis of colloidal gold nanoparticles
Experiments using various ratios of NaBH4 to Au
show that NaBH4 is too strong for a controlled gold
acid reduction and produces only very small nanoparticles (\10 nm). This is in contrast to gold
reduction in the presence of NIPAM-PEG-PVP
triblock-copolymers (Zheng et al. 2006) and the
reduction of silver, (Morones and Frey 2007) but
agrees with the use of NaBH4 to produce very small
nanoparticles or gold seeds using other capping
agents (Ballauff and Lu 2007; Brown et al. 2000)
Small particles will lead to very low light absorption
and insufficient energy conversion to create the heat
needed for optical switching (Jain et al. 2006).
Conventional sodium citrate reduction uses high
temperatures, which are incompatible with hydrated
PNIPAM, and narrow size distributions of spherical
particles with diameters [40 nm are difficult to
obtain (Frens 1973; Jana et al. 2001a, b; Niu et al.
2007) The far milder reducing agent AsA can
produce narrow size distributions of larger gold
particles, but typically requires a seeding step using
NaBH4 followed by several growth steps to fabricate
spheres (Brown et al. 2000; Jana et al. 2001b;
Kimling et al. 2006) and rods (Shiotani et al. 2007).
So far, AsA reduction without initial NaBH4 seeds
has produced large agglomerated particles with broad
shape and size distributions for a variety of capping
agents (Goia and Matijevic 1998, 1999; Jana et al.
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2001a; Kimling et al. 2006) The only exception,
resulting in the successful use of AsA to stabilize
gold seeds was at very low ionic gold concentrations,
two orders of magnitude lower than the concentrations reported here (Andreescu et al. 2006).
We found that PNIPAM allows us to use AsA as
the reducing agent in four identical synthesis steps,
rather than a nucleation or seeding step using a strong
reducing agent and consecutive growth steps with
AsA. Following an approach similar to the one
developed for silver, (Morones and Frey 2007) the
acid HAuCl4 is reduced in the presence of a
separately polymerized PNIPAM (MW = 510,000).
Because PNIPAM is temperature sensitive, the synthesis needs to be performed below the LCST, so that
the polymer is hydrated and able to nucleate and
stabilize the particles. PNIPAM is dissolved in a
dilute gold acid solution at a given molar PNIPAM
(repeat units) to gold (ions) ratio (PGR) and allowed
to equilibrate for 20 min. Results were compared to a
control synthesis consisting of a gold solution
reduced without PNIPAM.
The samples after the initial growth step appear as a
pale pink suspension indicating the formation of very
small metal particles, except for the control, which
appears pale blue and within a couple of hours totally
loses coloration while large precipitates appear. Three
additional growth steps, each time adding molar
amounts of ionic gold and AsA as in the first step,
lead to a successively stronger wine-red color for all
PGRs, while hastening the precipitation in the control.
We tested whether the rate at which the reducing agent
is added affected the homogeneity of the particle size
by adding smaller amounts of reducing agent and gold
ions in a larger number of synthesis steps, but found no
difference (not shown). A process of preferential
reduction of the gold acid at the particle surface, which
promotes growth rather than new nucleation and which
can achieve large metal particles, has been suggested
for AsA (Brown et al. 2000; Jana et al. 2001b).
For silver, the polymer-to-metal molar ratio had a
strong influence on the size distribution of the metal
particles produced and on the encapsulation by the
polymer. In contrast, for gold, the average particle
size is nearly PGR-independent, indicating that the
PNIPAM is not acting as a nucleating agent. Figure 1
shows representative examples of particles grown for
PGRs 360:1 and 20:1. The samples mostly show
spherical morphology for PGRs above 45:1, although
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some triangular shapes can also be found in each
case. A detailed analysis of the shapes of the *200
analyzed particles per PGR showed a circularity
index of [0.9 for all PGRs, with less than 5% nonspherical particles for PGRs 180 and 360 (see
supplemental information) The higher PGRs (360:1
and 180:1) also show tighter size control with a
standard deviation of *22%, which is similar to both
that obtained for sodium citrate (Brown et al. 2000)
and that obtained with sodium borohydrate-created
seeds using AsA to form particles [20 nm in
diameter (Jana et al. 2001b). Lower PGRs show
higher standard deviations of *35%. This shows that
the addition of PNIPAM acts as a capping agent and
allows a more homogenous growth of the gold
particles during the reduction. The interaction of
PNIPAM with gold is considered weaker than with
silver (Zhao and Crooks 1999), and it can be expected
that this plays a more important role at lower capping
agent concentrations.
Figure 2 shows a representative negative-stain
TEM image of PNIPAM-coated gold nanoparticles in
a cocoon-like nanocomposite. Although free PNIPAM
can be seen in this image, as described below, it is not
responsible for the precipitation by temperature and
light; this is similar to the cocoon-like structures that
have been observed for silver reduced in the presence
of PNIPAM (Morones and Frey 2007). However,
unlike for silver, the gold cocoons do not contain
multiple particles even at high PGRs, most likely due to
Ostwald ripening (see also ‘‘Optical characterization of
the colloidal gold solution’’ section).
PNIPAM polymers with thiol- or thioester functionality have been used before as a nucleation center
for synthesizing gold nanoparticles at room temperature (Brust et al. 1994; Raula et al. 2003; Shan et al.
2003). PNIPAM gels without thiol functionality have
also been used successfully, where the amide group
of the NIPAM is assumed to help facilitate the
reduction of the gold ions by the AsA (Kim and Lee
2007). Our method of synthesizing PNIPAM–gold
nanoparticles is, to the best of our knowledge, the
first time that individual linear PNIPAM chains
without thiol-type groups have been used successfully to cap and stabilize gold nanoparticles. It was
previously attempted without success (Chen et al.
2002), presumably because the interaction of the gold
with PNIPAM is weaker than for other metals such as
silver (Chen et al. 1998) or platinum Chen and
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Fig. 1 Representative TEM images of the PNIPAM–gold
nanoparticle composites for PGRs a 360:1 and b 20:1. Size
distributions of about 200 particles each chosen randomly from

Fig. 2 TEM image of the PGR 360:1 sample negatively
stained with uranyl acetate. The particles are entrapped in
polymer shells
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different areas of the carbon grid for PGRs c 360:1, d 180:1,
e 45:1, and f 20:1. Higher PGRs allow good size control

Akashi 1997). Two additional factors may have
contributed to the broad size distribution in that case:
a synthesis temperature above the LCST, and the
simultaneous polymerization of PNIPAM grafts and
the reduction of the Au ions with the initiator and the
free radicals formed during the polymerization.
Individual polymer chains of a PNIPAM–PEG–PVP
triblock-copolymer have been used to synthesize gold
nanoparticles of defined size, but here a hydrophobic
core was important in the synthesis (Zheng et al.
2006).
The presumed weaker interaction between pure
PNIPAM and gold could, however, allow for the
growth of larger gold nanoparticles compared to
those produced by stronger thiol-based stabilization
polymers, as indicated by the influence of PNIPAM
polydispserity on the size distribution of the gold core
(Shan et al. 2003). Still, our synthesis route, which
does not rely on thiol-type gold binding groups,
provides for a strong enough interaction between
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polymer and gold nanoparticle, as indicated by the
composite remaining intact through repeated precipitation-solubilization cycles, as demonstrated below.
Optical characterization of the colloidal gold
solution
UV–Vis spectroscopy can provide further insight into
the synthesis of PNIPAM-stabilized gold nanoparticles by correlating the maximum position and the full
width at half maximum (FWHM) of the absorption
peak to the mean particle diameter, its monodispersity, and the interaction between metal nanoparticles.
Figure 3a shows, for PGR 180:1 as an example, an
increase in the intensity of the peak with each of the
four growth steps. The insets show representative
images of particles at the first (&4 nm) and last
growth stages (&26 nm). Figure 3b shows that the
increase in the area under the peak with each
synthesis step is nearly independent of the PGR,
i.e., that the polymer does not influence the number of
particles formed and suggests that PNIPAM does not
act as a strong nucleation agent, in contrast to the
synthesis of silver (Morones and Frey 2007). The
increase in area with growth cycles is approximately
linear and shows little saturation.
Peak maxima vary little from 528 nm for lower
PGRs, to 533 nm for higher PGRs, in agreement with

Fig. 3 a Measured UV–
Vis extinction spectra for
the four reduction steps for
the 360:1 PGR sample. Top
inset is a TEM image that
shows the spherical 27 nm
particles at the last growth
step. Lower inset shows the
spherical particles at the
initial step. b Area under
the curve of the extinction
spectra at each PGR.
c Measured UV–Vis
extinction spectra for the
five PGRs shown in
b (offset for clarity). d Fullwidth-at-half-maximum for
the five PGRs as a function
of the growth step
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the relatively constant particle diameter of *27 nm
for all PGRs (Fig. 3c). The absorption peak, however,
is redshifted by 7 nm relative to 26 nm-sized control
particles grown with AsA from sodium citratesynthesized seeds (Brown et al. 2000; Jain et al.
2006) The stabilization of gold nanoparticles with
sodium citrate or AsA is due to surface charges, and
the nanoparticle surfaces are therefore in direct
contact with the environment so that as predicted
by Mie theory, the LSPR maximum is further to the
blue than when a polymer, such as PNIPAM, is
attached to the surface (Xu et al. 2007). This also
shows that the polymer is in intimate contact with the
nanoparticle even in the hydrated state below the
LCST.
The FWHM of the extinction peak depends on the
PGR, but this dependence decreases with each synthesis step to less than 10 nm difference between the
largest and smallest PGRs considered (Fig. 3d). The
broadening of the peak at higher PGR is significant
during the initial steps, indicating either very high size
dispersion at high PGRs, or a spectral broadening due
to the close proximity of small gold clusters. The latter
is more likely, and would suggest the presence of
several particles in one cocoon initially, so that their
electromagnetic fields interact. The strong decrease
in FWHM would then indicate Ostwald ripening and
the formation of larger particles during the growth
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cycles, which is in agreement with the lack of a
significant number of PNIPAM cocoons with multiple particles seen with TEM after four growth
cycles. This explanation implies that the strong
reduction in FWHM for the higher PGRs indicates
that more nuclei are being formed initially and that
PNIPAM can act as a nucleating agent. However,
because the area under the peak did not depend on
the PGR significantly (Fig. 3b), the nucleation
activity is most likely not as strong as in the
synthesis of PNIPAM–silver nanocomposites (Morones and Frey (2007)). The increase in peak
intensity and the reduction of the FWHM with each
growth stage also corroborates that the predominant
phenomenon is uniform growth of the particles,
since the reduction of the ionic gold takes place at
the surface of the particle seeds (Brown et al. 2000;
Jain et al. 2006; Jana et al. 2001b; Niu et al. 2007).
Mie model extinction spectra for spherical concentric shells are overlaid in Fig. 3c for the mean
gold particle size distributions measured for each
PGR. The PNIPAM shell refractive index and the
layer thickness were fit parameters, but because the
two parameters are not completely independent, a
shell thickness of 33 nm in the hydrated state was
assumed for consistency. This shell thickness was
based on the expected volume of a random coil of the
polymer in the hydrated state plus the metal particle
volume to obtain a new radius of the combined
particle. The Mie calculation, with a refractive index
of 1.36 for the shell as seen for PNIPAM, (Harmon
et al. 2003) reproduces the maximum position and the
FWHM for PGRs of less than 90:1 quite well. PGRs
of 180:1 and 360:1 had to be fitted with a refractive
index of 1.39 to closely reproduce the maximum
position. The measured spectra also have larger
FWHM. A possible explanation is that the polymer
shell is composed of a varying number of polymer
chains, so that the cocoon thickness varies and
produces some peak broadening. Alternatively, polymer cocoons could contain more than one metal
nanoparticle, but this is unlikely because the TEM
analysis did not show a significant number of such
multiple particles.
Thermal switching
The thermal response of the nanocomposite was
studied in an optical microscope by recording the
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light transmittance when the temperature is increased
(Fig. 4). Two capillaries, one containing a control
sample (PNIPAM) and the other the nanocomposite
(PNIPAM–Au, PGR 360:1, 3.2 9 1015 gold particles/L solution), were placed side by side and heated
uniformly, followed by passive cooling to room
temperature. The thermal switching of both the
control and the nanocomposite is fast and reversible
with no fatigue. The polymer and the PNIPAM–gold
particles, however, have different resolubilization
times, with the PNIPAM–gold particle suspension
requiring about twice as long as the pure polymer
solution to become fully transparent after turning off
the heat (Fig. 4a). This could be due to a difference
in the adhesion strength in the aggregates forming
above the LCST. More likely, however, smaller

Fig. 4 a Optical transmission of PNIPAM (top) and a
colloidal PNIPAM–Au suspension (bottom) switched reversibly by increasing the temperature and allowing the sample to
cool passively. On and off heating times are indicated. b UV–
Vis extinction spectra for a very dilute sample of PGR 45:1. A
*6 nm peak shift in the extinction peak is induced by the
precipitation of the nanoparticles. A theoretical Mie model
spectrum is overlaid (dashes)
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aggregates may still exist in both cases, but only
PNIPAM–gold composites scatter visibly due to the
much larger scattering cross section of the gold
particles relative to a pure polymer coil, which then
are undetectable. The small increase in transmission
observed for the PNIPAM–gold particle suspension
when the control becomes transparent is an artifact of
the strong contrast changes at constant camera gain.
UV–Vis spectroscopy of very dilute samples
showed the dependence of the extinction spectra on
temperature and provided additional information
about the local environment and the relative distance
between the nanoparticles below and above the
LCST. A small spectral redshift of 6 nm in the peak
position is seen for all samples after heating the
sample to above the LCST temperature, as shown in
Fig. 4b for a PGR of 45:1. The spectra demonstrate
two features: upon increasing the temperature to
above the LCST, the FWHM remains unchanged, and
the shift in peak position is small. Both features
indicate that the gold nanoparticles mainly experience a change in their local environment due to the
collapse of the surrounding polymer, and the influence due to electromagnetic interaction between
metal particles is small, in agreement with results
for silver (Morones and Frey (2007)), but opposite to
grafted NIPAM-gold nanoparticles (Raula et al.
2003). A possible explanation of this discrepancy
may be the different background compensation
performed there for the spectrum. The extinction

Fig. 5 a Optical
transmission of PNIPAM
(top curve) and a colloidal
PNIPAM–Au suspension
(bottom curve) switched
reversibly by exposure to
532 nm laser light. On and
off exposure times are
indicated by dotted lines.
b Transient and steady-state
temperature profiles
calculated for the
cylindrical capillary.
c Optical microscopy image
of the PNIPAM and the
PNIPAM–Au composite at
positions 1 and 2 indicated
in (a). d Experimental setup
in top (left) and side view
(right)
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spectrum above the LCST can be fit well to a Mie
concentric shell model using a shell thickness of
12 nm, based on the TEM images (Fig. 2), and a
refractive index for the PNIPAM shell of 1.46 in the
collapsed state (Harmon et al. 2003). This indicates
that the PNIPAM–gold particles remain separate
entities during the aggregation process, and that the
interaction of the electromagnetic fields around the
metal nanoparticles does not dominate.
Optical switching
Switching the solubility of the PNIPAM–gold composite by varying the temperature can also be
achieved indirectly through local heating of the metal
nanoparticles by irradiation at the surface plasmon
resonance wavelength. Figure 5a shows an optical
switching cycle performed at a temperature of 31 °C,
close to the LCST. Again, two capillaries were
illuminated simultaneously, one with a control containing PNIPAM without gold, and one with a 360:1
PGR composite at 3.2 9 1015 gold particles/L. Both
capillaries were illuminated for 20 s at 800 mW/cm2
followed by passive cooling. Only the composite
shows a transition beginning quickly after 3 s and
reaching high turbidity at *15 s. The behavior of the
nanocomposite to thermal and optical stimulation is
similar. However, there is a small delay after the start
of the light exposure due to efficient heat conduction
of the nonabsorbent environment, which also makes
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the resuspension time shorter than for thermal
heating. This indicates that the temperature increase
is much smaller for optical than for thermal heating,
and the aggregates are therefore presumably smaller.
Different than gold nanoparticles dispersed in a gel,
each PNIPAM–gold composite builds an optical
switch of its own that acts due to a change in
hydration, although turbidity measurements rely on
the aggregation of several particles into larger clusters. We compared the analytically calculated steady
state and the numerically determined generation of the
temperature distribution and found that the timedependant heat generation and temperature profiles in
the colloid reach the analytically determined steady
state after *3 s, which agrees with the experiments.
Despite the large heat conductance of the aqueous
environment and the glass, the heat generated by a
relatively low-power laser is sufficient for switching
the polymer conformation. At steady state, the
calculated temperature difference is *2.5 °C
between the environment (air) and the center of the
colloidal suspension, which is a reasonable temperature increase to explain the experimental results.
The mechanism of optical conformational switching of the PNIPAM–gold composite relies on the
energy conversion of the optical energy absorbed by
the gold nanoparticles at the surface plasmon resonance, which is energetically lower than the lowest
interband transition of gold at around 470 nm. The
LSPR energy absorbed in the nanoparticles is dissipated as heat to the surrounding thermally sensitive
PNIPAM. The heat generated by individual nanoparticles and clusters irradiated by light at the LSPR
wavelength has been measured by embedding the
nanoparticles in ice and measuring the rate and
volume of melting ice surrounding the particles
(Richardson et al. 2006). Others have estimated the
heat from a single gold particle by measuring the heat
conduction of core-shell nanoparticles immersed in
different media, such as water (Ge et al. 2004) and
polystyrene (Ge et al. 2005), or by quantifying the
quenching of fluorescence in a microfluidic channel
(Liu et al. 2005). Gold nanoparticles embedded in ice
at particle concentrations, three orders of magnitude
lower than in our experiments were used to measure
the total ice volume melting in the focus of a laser
beam (Richardson et al. 2006). The heat to melt the
ice was generated under conditions of four times the
heat conductivity compared to liquid water and two
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orders of magnitude higher power density than used
in our experiments. The heat generated by gold
nanocrescents in a partially filled microfluidic channel near the air-water interface was estimated using
temperature-dependent fluorescence quenching to
induce a temperature increase of at least 60 °C, and
was sufficient to cause water evaporation (Liu et al.
2005). These high heating rates were achieved in a
thermally insulated environment of a microfluidic
channel at an air–water interface with a focused laser
at a power density one order of magnitude larger and
a particle concentration of about one quarter compared to our case. Still, all three findings are
consistent with our experimental results and the
estimates for the heat that can be generated.
The nanocomposite optical response is faster, in
both directions, than reported for responsive hydrogels (Jones and Lyon 2003; Sershen et al. 2005;
Sershen et al. 2002). Smaller hydrogels have shown
faster response times, although high-power lasers are
still necessary (Shiotani et al. 2007). To the best of
our knowledge, this is the first time that the optical
switching of single PNIPAM chains using indirect
heating from gold nanoparticles has been reported.
Optical switching of PNIPAM using organic groups,
such as spirobenzene (Szilagyi et al. 2007), spiropyrane (Nayak et al. 2006), and azobenzene (Brinker
2004) is far slower, even for free polymer chains. In
contrast, experiments with gold nanoparticles in ice
(Richardson et al. 2006) and single core-shell particles (Ge et al. 2005) showed very fast thermal
equilibration—on the order of picoseconds—between
the particles and their environments.
The time-dependent dissipation of heat from a
single particle has recently been calculated analytically, assuming a constant temperature and finite heat
capacity across the particle and no interfacial heat
resistance (Oliver 2008). This time-dependent model
applied to the experimental conditions used here with
an unfocused 100 mW laser shows that steady-state
conditions around a single particle are reached within
microseconds. At steady state, the temperature
increase at the surface of the particle is DT = 1/3
Qa2/jw, with jw the heat conductivity of water, a, the
particle radius, and Q, the heat density. This is
consistent with other results (Ge et al. 2004, 2005;
Liu et al. 2005), and indicates that the aggregation
process is the rate-limiting step in the turbidity
experiments.
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The generated temperature change for the given
experimental conditions decreases less than linearly
with decreasing particle number, and we estimate that
a temperature increase of greater than 1 °C can be
achieved locally in a homogeneous and thermally
conducting medium under conditions, similar to those
used in the experiments described above with a laser
beam focused to about 100 lm. In fact, we have been
able to locally precipitate the PNIPAM–gold particles
within a spot inside the capillary under conditions as
described above, but using a focused laser beam, and
we achieved very fast switching in both directions
(results not shown). The irradiated volume contained
on the order of 3 attomoles of particles. By increasing
the laser power and reducing the focus, we estimate
that even under thermally conducting conditions,
such as in a homogeneous water bath, irradiation of a
few hundred gold particles could induce a significant
temperature increase that would allow for experimentally achievable switching conditions.

Conclusions
We have shown for the first time that AsA can be used
to nucleate and grow gold nanoparticles at room
temperature in a simple one-pot synthesis using
PNIPAM as the capping agent to form a stable and
opto-thermally responsive PNIPAM–Au nanocomposite. This is possible even though PNIPAM has a weaker
interaction with gold than with other metals, such as
silver. This weaker interaction may explain why
PNIPAM is important in the nucleation process, but,
in contrast to silver, the number of particles appears to
be independent of the amount of polymer present.
PNIPAM controls the gold nanoparticle size to within a
standard deviation of *22% for higher PGRs (360 and
180), which is comparable to sodium citrate reduction
and to sodium-borohydrate reduction to create seeds
and subsequent ascorbic acid reduction. At lower
PGRs, the size control is weaker and the standard
deviation increases to 35%. The synthesis achieves
relatively large gold nanoparticles compared to thiolor thioester-stabilized gold nanoparticle synthesis,
which allows for a more efficient light harvest.
We have shown that the particles can be reversibly
aggregated and resuspended with fast response
times—on the order of seconds—by heat and light
at the LSPR wavelength (532 nm). Stability of the
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particles is achieved through cocoon-like structures
of PNIPAM–Au. The optical properties indicate the
change in the polymer state due to temperature,
which changes the LSPR peak position by *6 nm
above the LCST, indicating that the cocoons still
separate each particle in the aggregate.
We compared our experimental results with heat
conduction models that describe the optical switching
of the nanocomposite colloidal suspension. The
model predicts a 2.5 °C temperature increase for
the experimental setup used here, which agrees with
our experimental results. By optimizing particle size
and laser power density, the number of particles
could be significantly reduced even under thermally
conducting experimental conditions. We also estimated the switching time to be on the order of
microseconds, much faster than can be achieved with
gels or dyes, and even turbidity measurements show
switching within a few seconds. The PNIPAM–gold
nanocomposites, therefore, build an optically triggered nanoactuator that can be used as a switch for
biotechnological applications through changes in the
hydration. Improving the conversion of light to heat
through a controlled nonspherical particle shape with
a PNIPAM shell could increase the switching
efficiency significantly (Kou et al. 2007).

Experimental
Materials
Deionized water with a resistivity of at least
(18.0 MX cm) (EPure, Barnstead Thermolyne) was
used in all experiments. N-Isopropyl acrylamide
(NIPAM) (Fisher Scientific) was recrystallized once
in hexane (Fisher Scientific) and stored at -20 °C
until use. Ascorbic acid (AsA) (Fisher Scientific),
hydrogen tetrachloroaureate (III) hydrate (HAuCl4),
N,N,N0 ,N0 -tetramethyl ethylene diamine (TEMED),
and ammonium persulfate (APS) (all Sigma Aldrich)
were used as purchased.
Polymer synthesis
PNIPAM was synthesized by free-radical polymerization of NIPAM using the APS and TEMED redox
initiator system. Nitrogen is bubbled through an
aqueous NIPAM solution (200 mL, 0.3 M) for
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20 min and then sealed under a nitrogen atmosphere
during reaction. The polymerization is started by the
addition of each of the redox system components (1%
wt each), and left to proceed for 2 h. The aqueous
PNIPAM product is poured into four times the
volume of ethanol for precipitation—at that mixture
PNIPAM is insoluble (Hirotsu et al. 1995), followed
by centrifugation at 16,600g for 15 min, and resuspension in water. This procedure is repeated three
times in order to remove any unreacted monomer or
initiator from the solution. The aqueous polymer
solution is freeze dried and stored at -20 °C in
powder form until further use. Gel permeation
chromatography (GPC) determined the mass average
molecular weight of the polymer used in these
experiments to be MW = 516,000 with a polydispersity index of 2.54. GPC experiments were performed using dimethylformamide (DMF) as an eluent
in a Waters 515 HPLC solvent pump and two PLgel
mixed-C columns (5 lm bead size for MW range
200–2000,000 g/mol) (Polymer Laboratories, Inc.)
Preparation of Au–PNIPAM colloids
Aqueous mixtures of HAuCl4 (0.1 mmol) and
PNIPAM at four different polymer to gold ratios
(PGR) (20, 45, 180, and 360 times the molar amount of
repeat units of PNIPAM relative to ionic gold ions)
were prepared and stirred at room temperature. After
5 min of stirring, AsA is added to achieve a total
volume of (5 mL of a 3:1 molar ratio of AsA/Au?3),
and stirred for an additional 10 min. This initial process
is followed by repeated (three times) addition of
HAuCl4 solution (200 lL, 0.01 m) followed by an
equimolar amount of AsA in 10 min intervals. Once the
growth has terminated, the solution is heated to 35 °C
during centrifugation at 16,600g for 15 min inducing
the precipitation of first the Au–PNIPAM and then the
polymer. The supernatant is discarded and the precipitate resuspended in water. Finally, the mixture of
PNIPAM and Au–PNIPAM composite is centrifuged at
20 °C and 25,700g for 10 min, discarding the PNIPAM
supernatant, and followed by re-suspending the nanoparticles in water; this process is performed twice.
Transmission electron microscopy
Transmission electron microscopy (TEM) images
were obtained with a JEOL 2010-F at an acceleration
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voltage of 200 kV. The specimens were prepared by
placing a drop of aqueous colloidal suspension onto a
carbon-coated copper grid, incubating for 30 min, and
then aspirating excess solvent with filter paper. Shape
and size distributions were determined from enlarged
photographs of the TEM images using at least 200
particles for each sample. For negative staining, a
uranyl acetate aqueous solution (0.1% w/v) was
placed on a piece of parafilm, and a TEM grid,
prepared as described above, was placed on top of the
drop for 1 min. Afterwards, the sample was aspirated
using filter paper and left to dry overnight. The sample
was then analyzed as described above.
UV–Visible spectroscopy
The LCST of PNIPAM alone and the spectral
properties of PNIPAM–Au colloids in aqueous solution were measured using a temperature-controlled
CARY 5000 UV–Vis spectrophotometer. When
needed, the temperature was raised from 25 to
36 °C at a rate of 1 °C/min. Recorded spectra were
analyzed for peak position and peak width of the
LSPR resonance. UV–Vis spectroscopy to compare
spectra below and above the LCST was performed
with very dilute samples to minimize the scattering of
large aggregates above the LCST.
Thermal and optical switching experiments
The thermal and optical responses of the PNIPAM–
Au nanocomposites were studied using colloidal
samples with an estimated 3.164 9 1015 gold particles/L, assuming complete reduction of the gold ions
during the synthesis, and a particle radius of 13 nm
consistent with our experimental results. The total
gold ion concentration after four growth steps was
(1.3 mmol), which can be converted into a particle
concentration using the molecular weight of metallic
gold (197 g/mol) and the metallic gold density
(19.32 g/cm3). The concentration determined this
way is an upper limit assuming all gold is converted
to nanoparticles. These concentrations agree, however, within a factor of two with those determined
from extinction measurements using a linear dependence of the logarithm of the molar extinction
coefficient with the logarithm of the nanoparticle
diameter (Liu et al. 2007). Small droplets of PNIPAM–Au colloids and a PNIPAM control where
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sealed in two glass capillaries by melting the ends on
both sides. The capillaries were placed side by side,
and then they were uniformly heated for 20 s, until
reaching a temperature above the LCST. Followed,
the sample was left at room temperature to undergo
passive cooling under the optical microscope. The
light transmittance was recorded for at least two
complete heat–cool cycles. The optical switching
experiments were performed in a similar way with the
microscope environment held at 31 °C. Both capillaries were irradiated for periods of 20 s with a
100 mW 532 nm diode-pumped laser with a beam
diameter of *4 mm. For the thermal and optical
switching, the capillaries were imaged with timelapse microscopy and grayscale information was
extracted from the image sequence using ImageJ
(NIH).
Modeling
Mie theory for spherical concentric core shell particles
was used to model the experimental extinction
spectra. The model was adapted from the code in
(Bohren and Huffman 1998) and written in IGOR Pro
(Wavemetrics), using the refractive index for gold
from reference (Johnson and Christy 1972). Modeling
of the heat profiles was performed by solving the
steady state Fourier heat transfer equations analytically and the non-steady state equations numerically
using the Finite Element Method (FEMLAB, COMSOL Multiphysics 3.3). A homogenous dispersion of
uniformly heated colloidal particles was assumed for
a concentric cylinder geometry as used in the experiment, a glass capillary with inner and outer diameters of R1 = 0.5 mm and R2 = 1 mm, respectively
(see Fig. 5d).
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