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Photothermally modulated volume transitions in polymer hy-
drogels have promising applications in materials science1-3 and in
drug delivery.4 To induce such transitions, photosensitive moieties
(dyes1,5-7 or metal nanoparticles2-4) are embedded in a thermally
reversible polymer matrix and irradiated at their resonance wave-
lengths. Conversion of the light energy to heat through nonradiative
relaxation causes hydrogel heating and, for polymers with a lower
critical solution temperature (LCST), results in their volume phase
transition (deswelling). For applications of thermoresponsive gels
as drug delivery carriers, it is vital that the photosensitive species
strongly absorb in the “water window” spectral range, that is, at
800 nm< λ < 1200 nm.8 To our knowledge, the only feasible
approach to achieving a strong photothermally triggered volume
transition in the desired spectral range has been demonstrated by
Halas and West,4 who employed a new class of optically active
nanoparticls: SiO2 particles coated with thin gold shells. The
relation between the diameter of the SiO2 core and the Au shell
thickness was varied to shift the surface plasmon of gold to the
spectral range from 700 to 1050 nm.9 Following the incorporation
of such particles in a bulk hydrogel with a LCST and irradiation at
λ ) 1064 nm, the hydrogel shrank and released the drug.4

Here we report a new approach to achieving photothermally
modulated volume transitions in submicrometer hydrogel particles
(microgels) in the near-IR spectral range. We employed hybrid
microgels comprised of a temperature-responsive copolymer and
gold nanorods (NRs) designed to absorb near-IR light. The
advantage of microgels is their small size, a relatively fast volume
response to variation in temperature,10 and the possibility to use
them as drug delivery systems.11 The unique feature of gold NRs
is that the wavelength of their longitudinal surface plasmon can be
accurately controlled by altering their aspect ratio.12 We irradiated
the hybrid microgels withλ ) 810 nm and observed a strong
photothermally induced decrease in microgel volume.

Poly(N-isopropylacrylamide-acrylic acid) [poly(NIPAM-AA)]
microgels with a hydrodynamic diameter of ca. 500 nm (pH)
4.0, T ) 25 °C) were synthesized using surfactant-free polymeri-
zation.13 The microgels were then dialyzed against deionized water
(Millipore MilliQ water with Spectra/Por 4 dialysis membrane) for
one week, diluted to 1.5 mg/mL with a potassium biphthalate buffer
(pH ) 4.0), centrifuged at 10 000 rpm at 4°C, and redispersed in
pH 4 buffer.

The gold NRs were obtained following the method of El-Sayed.12

We synthesized 3-nm-size seed Au nanoparticles stabilized with
cetyltrimethylammonium bromide (CTAB). Nanorods were ob-
tained by adding nanoparticle seeds to the growth solution: an
aqueous mixture of CTAB and benzyldimethylhexadecylammonium
chloride (BDAC), AgNO3, HAuCl4, andL-ascorbic acid.12 We used
the weight ratio BDAC/CTAB of 1:1 to produce rods with ca. 6
nm diameter. The length of the NRs was controlled by changing
the concentration of seed nanoparticles added to the growth solution
and by varying the concentration of ascorbic acid. Figure 1 (inset)
shows the variation in absorption spectra of nanorods with increase

of their mean aspect ratio. When the value of the aspect ratio
increased from ca. 2 to 6, the position of the short-wavelength
absorption peak (at 525 nm) associated with the width of the
nanorods was invariant, while the wavelength of the longitudinal
surface plasmon band shifted from 650 to 950 nm.

The solution of NRs and the microgel dispersion were mixed at
pH ) 6 to the weight ratio polymer/NRs of 2:3. We used attractive
electrostatic forces to embed the positively charged Au NRs into
the negatively charged poly(NIPAM-AA) microgel particles
(ú-potential) -10 mV). At pH) 6, the polymer is highly swollen
due the osmotic effect and electrostatic repulsion between the AA
residues, both favoring the incorporation of the NRs into the voids
of microgel. In Figure 1, the plasmon band of the NRs embedded
in the microgels is centered at 824 nm; that is, it was only by 20
nm red-shifted in comparison with the band of free Au nanorods
dispersed in the water solution. The red-shift presumably originated
from a minor end-to-end aggregation of nanorods, causing their
effective elongation. The transverse surface plasmon peak of the
nanorods did not change following their incorporation into the
microgel particles.

Figure 2 shows a typical TEM image of the microgels doped
with Au nanorods. Individual nanorods were well-isolated in the
microgel interior due to electrostatic repulsion between the posi-
tively charged nanoparticles. The NRs were evenly dispersed
throughout the microgel spheres. An extremely small number of
free nanorods remained in the solution.

Figure 3 shows that hybrid microgel-nanorod particles remained
temperature responsive: the value of LCST for both pure (non-
doped) and hybrid microgel particles was 30°C at pH) 4. A small
shift toward a lower LCST in comparison with that of homopolymer
polyNIPAM microgels (LCST) 32 °C)14 resulted from the relative
hydrophobicity of AA at pH) 4. As shown in Figure 3a, at 25
°C, the hybrid particles exhibited a smaller original diameter than
pure (nondoped) microgels. The difference resulted from the higher

Figure 1. UV-visible-near-IR spectra of gold nanorods with aspect ratio
4.3 dispersed in an aqueous solution (s) and localized in the interior of
microgels (- - -). (Inset) Variation in absorption spectra of gold nanorods
dispersed in an aqueous solution as a function of their aspect ratio: (a) 2,
(b) 2.5, (c) 4.3, and (d) 6.
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ionic strength of the hybrid system15 and the physical cross-linking
of the microgel particles with the Au NRs.16 Upon heating, the
hybrid microgels shrank to a slightly smaller size. Figure 3b shows
the variation in deswelling ratio,Vt/V0, of the pure and hybrid
microgel particles, whereVt andV0 are the microgel volumes at a
particular temperature and at 25°C, respectively. At elevated
temperatures, microgel particles doped with Au nanorods showed
a somewhat smaller deswelling ratio than the corresponding pure
microgels (that is, 84 vs 88% shrinkage, respectively). No notable
difference in the time of response (less than 1 s) of pure and hybrid
microgels was observed.

We further investigated the potential application of the polymer
microgels doped with gold NRs with respect to their photothermally
triggered volume transitions. The dispersion of hybrid microgel
particles was heated to 30°C and illuminated atλ ) 810 nm
(Optopower Corp. diode, CW/pulsed, 30 W CW, power ca. 0.3
W/mm2), close to the plasmon band of NRs (λ ) 804 nm). The
variation in microgel size was monitored at 632.8 nm using a photon
correlation spectroscopy setup (Zetasizer 3000HS, Malvern Instru-
ments), modified to accommodate the pump laser. Following
irradiation of hybrid microgels, we observed a rapid particle size
change. Figure 4 demonstrates the reduction in volume of the hybrid
microgels doped with Au nanorods of 53( 1.4% (that is, about
two-thirds of the volume reduction induced by heating of hybrid
microgels to 46°C (Figure 3b). Using the results of steady-state
swelling experiments, we estimate the temperature of the microgel
particles to be 34°C (the temperature of the bulk dispersion
measured with a thermocouple remained at 30°C). By contrast, in
the control experiment upon illumination of the dispersion of pure
microgel particles atλ ) 810 nm, they shrank by only 10( 1.4%.
We conclude that a strong change in the volume of hybrid microgels
resulted from the local heating of polymer particles, following
conversion of light energy to heat by the Au nanorods.

The laser onand laser offcycles were repeated several times.
The photothermally induced deswelling-swelling transitions in
hybrid microgels were reproducible within 4.2%. Such reproduc-

ibility indicated that no notable loss of NRs by poly(NIPAM-AA)
microgel particles occurred during polymer volume phase transi-
tions.

In conclusion, we have demonstrated a new excellent example
of materials with structural hierarchy: polymer microgel particles
doped with gold nanorods. We used the variation of the longitudinal
surface plasmon of the nanorods with their aspect ratio to tune
absorption of the hybrid microgels into the near-IR spectral range.
Upon irradiation atλ ) 810 nm, the particles carrying Au nanorods
shrank by ca. 53%. These photothermally responsive microgels can
be used to carry and release small molecules (e.g., drugs). Further
modification of the composite material reported herein will aim at
the synthesis of microgel particles with dimensions below 100 nm,
which are photothermally responsive at biological temperatures and
pH.
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Figure 2. (a) Low- and (b) high-resolution TEM images of poly(NIPAM-
AA) microgels loaded with gold nanorods. Scale bars are 1µm and 100
nm, respectively.

Figure 3. Variation in (a) hydrodynamic diameter and (b) deswelling ratio,
V/Vo, as a function of temperature of pure poly(NIPAM-AA) microgel
particles ([) and hybrid microgels (9) in pH ) 4 buffer.

Figure 4. Variation in volume of pure (]) and hybrid ([) poly(NIPAM-
AA) microgels plotted as a function of the number oflaser onand laser
off eventsn. Both microgel systems were irradiated atλ ) 810 nm. The
original dimensions of pure and hybrid microgels are as in Figure 3.
pH ) 4.
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