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ABSTRACT This report describes the development of optically responsive gold nanoparticles (�60 nm
in diameter) coated with a thermally responsive biocompatible hydrogel overlayer (20–90 nm thick). The
hydrogel consists of a mixture of N-isoproprylacrylamide and acrylic acid; this copolymer can be tailored
to exhibit a lower critical solution temperature (LCST) slightly above physiological temperature. When the
temperature is raised above the LCST, the hydrogel polymer shrinks dramatically; in contrast, when the
temperature is lowered below the LCST, the hydrogel expands to a fully swollen structure. These hybrid
nanoparticles were designed for the purpose of developing an optically modulated drug-delivery system
that responds to ambient changes in temperature. Specifically, drug-impregnated hydrogel coatings can be
photothermally activated by exposure to light that can be absorbed by the plasmon resonance of the gold
nanoparticle cores. The studies described here demonstrate that these new hybrid core-shell nanoparticles
can be reproducibly prepared by surfactant-free emulsion polymerization (SFEP) and that their structural
responses to external stimuli are consistent with our objective of photothermal drug delivery. Drug Dev.
Res. 67:61–69, 2006. �c 2006 Wiley-Liss, Inc.
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INTRODUCTION

Many recent studies have focused on nanometer-
sized particles for the purpose of developing new
optical and electrical devices [Alivisatos, 1996; Maier
et al., 2001]. Studies of inorganic nanostructured
materials have received great attention due to their
unique electrical and optical properties as well as their
biocompatible nature [Kreibig and Vollmer, 1995].
However, significant new progress in the modification
of nanoparticles is necessary for the further develop-
ment of nanoscale components and functional materi-
als. Metal nanoparticles including platinum, silver,
copper, and especially gold are particularly well suited
for these nanoparticle-based optical and biological
applications because of their ability to absorb and/or
scatter light [Bohren et al., 1998; Teranishi and Miyake,
1998; Quanroni et al., 1999; Chen et al., 2001; Clark
et al., 2000].

Metallic gold is known as a biocompatible
material and is used in many applications, ranging
from dental surgery to treatments for arthritis
[Merchant, 1998]. Gold nanoparticles are attractive
for use as components in optically-responsive
biomaterials due to their biocompatible nature and
their unique optical properties in the visible range of
the electromagnetic spectrum [Sun and Xia, 2002]. A
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specific objective of our research is to prepare discrete
biocompatible hydrogel-coated gold nanoparticles that
undergo structural changes in aqueous solution upon
exposure to light.

Hydrogels are important in various technological
applications, such as chemical separations, drug
delivery, and catalysis [Pelton, 2000; Jeong et al.,
1997; Bergbreiter et al., 1998]. Hydrogels are cross-
linked polymer frameworks that are easily dispersed
in aqueous solution. They undergo reversible volume
transitions that are mainly dependent on the lower
critical solution temperature (LCST) as well as
other chemical or physical stimuli [Schild et al.,
1990; Saunders and Vincent, 1996; Zhou and
Chu, 1998]. Numerous thermo- and pH-responsive
hydrogel particles have been developed [Jones and
Lyon, 2000]. In particular, hydrogel-based composite
particles are used in applications ranging from
enhanced oil recovery, to controlled reversible floccu-
lation, and to the uptake and release of heavy metals
[Snowden et al., 1993].

A specific type of hydrogel material based on poly
(N-isopropylacrylamide) (NIPAM) has been widely
studied because of its remarkable thermosensitivity
[Pelton, 2000; Jones and Lyon, 2003a,b; Zhu et al.,
2004; Pelton et al., 1989]. However, homo-polymer
NIPAM hydrogels have limited applications because
thermally-induced volume changes of these materials
occur at a fixed LCST of �321C [Snowden et al., 1996].
This limitation can be circumvented by incorporating
acrylic acid (AAc) or acrylamide (AAm) moieties into
the polymer backbone, which can shift the LCST of the
copolymer hydrogels anywhere from 32 to 601C
depending on the ratio of components [Snowden
et al., 1996]. The presence of AAc or AAm in the
poly-NIPAM hydrogels both increases the LCST and
causes the hydrogel particles to undergo a discontin-
uous transition and a large change in volume [Yoshida
et al., 1994]. These materials are partially desolvated
above the LCST, but become highly water-swollen,
depending on the polymer structure, when cooled below
the LCST. Furthermore, NIPAM-based hydrogels ex-
hibit a continuously reversible swelling-deswelling transi-
tion as a function of both temperature and pH.

To effect photothermally-modulated volume tran-
sitions in hydrogel polymers, photosensitive moieties
such as dyes or metal nanoparticles have been
incorporated into the hydrogel matrix [Zhu et al.,
2004; Nayak and Lyon, 2004; Jones and Lyon, 2003a,b].
In the work described here, we grow a hydrogel layer
around a gold nanoparticle core and demonstrate the
thermally reversible swelling/deswelling behavior of
the hydrogel coating. Our strategy utilizes surfactant-
free emulsion polymerization (SFEP) to grow the
hydrogel coating (Scheme 1) [Saunders and Vincent,
1999; Saunders et al., 1997; Kawaguchi et al., 1992;
Corpart and Candau, 1993; Neyret and Vincent, 1997;
Ole Kiminta et al., 1995]. This approach enables us to
produce stable, chemically-resistant polymer shells on
gold nanoparticle cores [Kreibig and Vollmer, 1995].
The long-range goal of this research is to prepare and
characterize discrete nanoscale drug-delivery vehicles
comprised of biocompatible hydrogel-coated gold
particles in which volume transitions lead to drug-
release. Ultimately, we wish to use composite gold
nanoparticle cores in which tissue-transparent near-IR
light can be used to excite the plasmon resonance of
the cores [Sershen et al., 2000; Pham et al., 2002]. The
heat generated by near-IR excitation will collapse a
drug-impregnated hydrogel overlayer, giving rise to
drug release [Sershen et al., 2000; Zhu et al., 2004;
Gorelikov et al., 2004; Kim and Lee, 2004a,b].

EXPERIMENTAL DETAILS

Materials

The N-isopropylacrylamide (NIPAM) monomer
(Acros, 99%) was recrystallized in hexane and dried
under vacuum before use. Co-monomer acrylic acid
(AAc, Acros, 99.5%), crosslinker N,N-methylenebisa-
crylamide (BIS, Acros, 96%), potassium hydroxide
(KOH, 85%), nitric acid, uranyl acetate dihydrate,
ammonium persulfate (APS, EM, 98%), and oleic acid
(OA, J.T. Baker) were used as received from the
indicated suppliers. Water used in all reactions was
purified to a resistance of 18 MO (Academic Milli-Q
Water System; Millipore Corporation, Bedford, MA)
and filtered through a 0.22-mm membrane filter to

Scheme 1. Hydrogel growth process using surfactant-free emulsion polymerization.

62 KIM AND LEE

Drug Dev. Res. DOI 10.1002/ddr



remove any impurities. Trisodium citrate (EM, 99%)
and hydrogen tetrachloroaurate (Strem, Au 99.9%)
were used without purification to prepare the gold
nanoparticle cores.

Synthesis of Gold and Hydrogel-Coated
Gold Nanoparticles

Large gold nanoparticles (55–65 nm diameter)
were prepared using the citrate reduction method,
which has been described elsewhere [Frens, 1973;
Turkevich et al., 1951; Goodman et al., 1981]. The
glassware was cleaned with strong acid and then with
strong base (saturated KOH in isopropyl alcohol)
before use. The resultant nanoparticle cores were
briefly characterized by dynamic light scattering (DLS)
and field emission scanning electron microscopy
(FE-SEM) before further use.

The preparation of hydrogel-coated gold nano-
particles was accomplished by SFEP in aqueous
solution. Gold colloidal solutions were diluted with
purified Milli-Q water to give a UV-vis maximum of
�0.25 a.u. at 530 nm and transferred to a three-necked
round-bottomed flask equipped with a reflux condenser
and an inlet for argon. The solution was vigorously
stirred, and argon was bubbled through the solution for
1 h to completely remove any oxygen, which can
intercept radicals and disrupt the polymerization
process. An aliquot (1.6 mL of a 0.001 M solution;
0.002 mmol) of oleic acid was added to the gold
solution under argon. The mixture was stirred for
another 1 h and ultrasonicated for 10 min. An approxi-
mately 94:6 wt% ratio of NIPAM (26.1 mL of a 0.01 M
solution; 0.26 mmol) to AAc (1.6 mL of a 0.01 M
solution; 0.02 mmol) was then added with 1.3 mL of a
0.01 M solution (0.01 mmol) of crosslinker BIS and
stirred for 15 min to give homogeneity. The solution
was then heated to 701C and then the initiator APS
0.8 mL of a 0.01 M solution (0.008 mmol) was added to
start the polymerization. The reaction time was varied
between 6 and 8 h depending on the starting materials.
The final solution was purified by filtration using a
0.45-mm membrane filter to remove any micron-sized
impurities and/or any aggregated particles at the end of
the reaction. The solution was centrifuged at 201C for
2 h at 3,500 rpm with an RC-3B refrigerated centrifuge
(Sorvall Instruments), and the supernatant was care-
fully separated to remove any unreacted materials,
soluble side products, and oligomers. The purified
nanoparticles were then diluted with Milli-Q water and
stored in a refrigerator for later analysis. The thickness
of the hydrogel coating was varied between 20 and
90 nm depending on the reaction time and the amounts
of the initiator and the monomers.

Characterization of Gold and Hydrogel-Coated
Gold Nanoparticles

To characterize fully the morphology and ele-
mental composition of the gold nanoparticle cores and
hydrogel-coated gold nanoparticles, we used field
emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), and energy
dispersive X-ray (EDX) analysis. The optical properties
were measured by ultraviolet-visible (UV-vis) spectro-
scopy, and the hydrodynamic diameters were measured
by dynamic light scattering (DLS).

We used a Cary 50 Scan UV-vis optical spectro-
meter (Varian) equipped with Cary Win UV software to
observe the optical properties of the bare gold
nanoparticles and the different thickness of the
hydrogel-coated gold nanoparticles. UV-vis spectra of
the gold nanoparticles were collected by diluting the
particles with pure water, transferring them to an
optical quartz cell, and scanning over a range of
wavelengths. The hydrogel-coated gold nanoparticles
were analyzed without dilution. UV-vis spectra of the
distinct batches of nanoparticles were collected both
before and after coating with the hydrogel polymer for
experimental consistency.

Morphological and elemental analysis by FE-
SEM was performed using a JSM 6330F (JEOL)
instrument operating at 15 kV and equipped with a
setup for elemental analysis by EDX (Link ISIS
software series 300, Oxford Instruments). For the
FE-SEM images and the EDX spectra, the gold
nanoparticles and hydrogel-coated gold nanoparticles
were placed on Formvar-coated copper grids. All
samples were dried at room temperature overnight
before analysis. To give homogeneous electron dis-
tributions, the samples were coated with carbon using a
vacuum sputterer. The gold and hydrogel-coated gold
nanoparticles were characterized by FE-SEM to show
the overall morphological features and by EDX to
support the presence of the gold nanoparticle cores.

Analysis by TEM was accomplished using a JEM-
2000 FX electron microscope (JEOL) operating at an
accelerating voltage of 200 kV. The samples were
selectively stained with uranyl acetate on the AAc
groups. All TEM samples were deposited on 300 mesh
Holey carbon-coated copper grids and dried before
analysis.

For measuring the hydrodynamic diameters of
bare gold nanoparticles and hydrogel-coated gold
nanoparticles as a function of temperature and pH, a
DLS instrument (ALV-5000 Multiple Tau Digital
Correlation) operating at a light source wavelength of
514.5 nm and a fixed scattering angle of 901 was used.
These measurements were carefully conducted at
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dilute concentrations with precise control over the
temperature to reduce artifacts arising from convection
currents in the samples. Data were recorded from
20–601C for all samples.

DISCUSSION

Hydrogel-coated gold nanoparticles were repro-
ducibly prepared by SFEP at 701C in aqueous solution.
We found that this method was convenient for the
hydrogel-coating process because all starting reagents
and products are soluble under the reaction conditions
and there is no need for purification steps during the
polymerization process. One disadvantage of this
strategy is that phase separation can easily occur
during the polymerization if the reaction conditions
are varied widely. Using this method, we were able to
prepare stable gold nanoparticles (�60 nm diameter)
coated with a hydrogel overlayer (20–90 nm thick).
These hybrid nanoparticles were stable without aggre-
gation for more than two to three months at room
temperature. Moreover, in our hands, thin hydrogel
coatings were more reproducibly prepared than thick
hydrogel coatings. Gold nanoparticles with hydrogel
coatings less than 50 nm thick were reliably prepared
without side products, while those with the thicker
coatings (more than 50 nm) were sometimes prepared
in pure form (�50% of the time) and sometimes
prepared with the concomitant formation of pure
hydrogel particles with no gold cores.

The UV-vis absorption spectra of bare gold
nanoparticles and hydrogel-coated gold nanoparticles
are shown in Figure 1. It is known that gold
nanoparticles exhibit an absorption maximum at
530–540 nm arising from the gold plasmon resonance
[Link and El-Sayed, 1999]. The observation of this
band in Figure 1 supports the presence of gold
nanoparticles in our samples. Moreover, the unsymme-
trical band centered at 535 nm is consistent with the
formation of spherical gold nanoparticles described
elsewhere [Rivas et al., 2001]. The position and shape
of the plasmon resonance are affected by the particle
size, shape, and particle surroundings [Underwood and
Mulvaney, 1994; Mie, 1908]. The UV-vis spectra of
solutions of hydrogel-coated gold nanoparticles are
similar to those of NIPAM homopolymer-coated gold
nanoparticles or silica-coated gold nanoparticles
[Liz-Marzan et al., 1996]. When the thickness of the
hydrogel coating on the gold nanoparticle increases,
the gold plasmon resonance remains unshifted in
position but decreases in intensity (see Fig. 1) because
the refractive index of the hydrogel copolymer is
different from the surrounding medium (water) and
that of the core material (gold nanoparticles). The
observed correlation suggests enhanced UV scattering

with increasing hydrogel polymer thickness; scattering
seems to dominate at shorter wavelengths for the
thicker coatings, causing an apparent weakening of the
gold plasmon band. This behavior is largely consistent
with core-shell nanoparticle studies by Aden and
Kerker [1951], which represents a modification of
Mie scattering theory [Mie, 1908].

Figure 2 shows FE-SEM micrographs of the gold
nanoparticles and hydrogel-coated gold nanoparticles
prepared in this study. The images in Figure 2 show
that all of the gold nanoparticles are highly spherical,
but the hydrogel-coated nanoparticles are more
irregularly shaped, particularly for those having thicker
coatings. Furthermore, a small percentage of the
hydrogel-coated nanoparticles contain two or three
gold cores. We have also found that the use of a
surfactant (sodium dodecyl sulfate) in the polymeriza-
tion process affords smoother surfaces but thinner
coatings. The surfaces of the gold particles seem to be
completely coated because we observed no bare gold
nanoparticle cores among the hydrogel particles.

We obtained EDX spectra from the same samples
used above to collect the FE-SEM images. Figure 3
provides a representative spectrum; all samples show
similar EDX data. These analyses confirmed the
presence of characteristic gold peaks (Ma, La) at
2.12 and 9.71 keV, respectively, and additional copper
peaks arising from the supporting copper grid. The
intensities of the gold peaks for the hydrogel-coated
nanoparticles were weaker than those for bare gold
nanoparticles measured at the same energy level. In
addition, pure hydrogel particles without gold cores
showed only the presence of copper. Collectively, the
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Fig. 1. U.V-visible spectra of bare gold nanoparticles and hydrogel-
coated gold nanoparticles.
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EDX analyses support the formation of hydrogel-
coated gold nanoparticles.

TEM images of hydrogel-coated gold nanoparti-
cles are shown in Figure 4. To detect the hydrogel
coatings on the gold nanoparticle cores, the AAc groups
in the hydrogel polymers were selectively coated
through negative staining with 1% uranyl acetate. This
treatment was necessary because the polymer layer has
insufficient electron density for direct analysis by TEM.
The hydrogel coating appears as a cloudy white layer
between the gold core and the background. Thin
coatings follow the shape of the gold nanoparticles;
thicker ones tend to possess irregular shapes due to the
collapse of the hydrogel under high vacuum and

electron beam bombardment. These phenomena are
also responsible for the smaller measured sizes of the
hydrogel-coated gold nanoparticles when compared to
measurements by DLS (vide infra).

We used DLS to obtain the hydrodynamic
diameters of the bare gold nanoparticles and the
�150-nm hydrogel-coated gold nanoparticles as a
function of pH and temperature. We found an increase
in the diameter of the hydrogel-coated gold nanopar-
ticles with increasing pH (see Fig. 5). Bare gold
nanoparticles were unaffected by pH, but the hydro-
gel-coated gold nanoparticles showed a systematic
�40 nm variability in the diameter. It is known that
the pH range for the swelling-deswelling transition of

Fig. 2. FE-SEM micrographs of (a) bare gold and (b–d) hydrogel-coated gold nanoparticles with varying hydrogel thickness.

65HYDROGEL-COATED NANOPARTICLES IN DRUG DELIVERY

Drug Dev. Res. DOI 10.1002/ddr



the hydrogel-coated gold nanoparticles occurs between
pH 3 and 6, which is consistent with the pKa value of
acrylic acid (4.25) [Morris et al., 1997]. The particles
shrink dramatically due to neutralization of the
carboxylate groups under acidic conditions. Under
basic conditions, the hydrogel-coated gold nanoparti-
cles are swollen because of internal electrostatic
repulsion among anionic carboxylate groups in the
hydrogel polymer matrix. The continuous rather than
sudden increase in the observed swelling behavior can
be attributed to a random distribution of ionizable
groups in the polymer backbone [Morris et al., 1997].

Figure 6 illustrates the hydrodynamic diameter
changes of the bare gold and hydrogel-coated gold
nanoparticles under neutral pH as a function of
temperature. The diameters of the bare gold nanopar-
ticles remain constant, while the diameters of the
hydrogel-coated gold nanoparticles decrease with
increasing temperature. Deswelling of the hydrogel
polymer layer at elevated temperatures is caused by the
loss of hydrogen bonding between water and the
hydrophilic sites (�C 5 O, �NH�) along the hydrogel
polymer backbone [Shibayama et al., 1996]. The
thermally-activated loss of hydrogen bonding in the
hydrogel polymer matrix eliminates internal electro-
static repulsion, leading to a collapse of the swelled
structure [Shibayama et al., 1996]. The electrostatic
circumstance can be adjusted by adding ionizable
groups, such as acrylic acid moieties, along the polymer
backbone. The presence of water molecules and
hydrophilic sites in the solution gives rise to hydro-

gen-bonding interactions within hydrogel polymer
matrix at low temperatures, permitting electrostatic
repulsion to influence the water-swelling and/or
deswelling behavior [Kato, 1997].

It is known that the LCST of NIPAM hydrogel
homopolymers is �321C [Pelton et al., 1989; Tan et al.,
1992], but our hydrogel-coated gold nanoparticles
possess 6% acrylic acid moieties, which should broadly
increase the LCST to �34–401C according to previous
studies [Morris et al., 1997]. For our samples, however,
increasing the temperature above 301C led to a gradual
decrease in the hydrodynamic diameter of the parti-
cles, which became constant above 451C (see Fig. 6).
We also observed that variations in temperature induce

Fig. 3. EDX spectrum of hydrogel-coated gold nanoparticles.

Fig. 4. TEM micrographs of (a) �100 nm of hydrogel-coated gold
nanoparticles and (b) �150 nm of hydrogel-coated gold nanoparticles.
Scale bars 5 (a) 20 nm, (b) 50 nm.
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a greater change in the hydrodynamic diameter of the
hydrogel-coated gold nanoparticles than do variations
in pH. This observation suggests that the particle
swelling and deswelling behavior is dominated more by
the NIPAM component than the pH-dependent size
changes effected by the AAc component, given that the
hydrogel co-polymer consists of 94% NIPAM.

CONCLUSIONS

This work describes the encapsulation of gold
nanoparticles within a thermo-and pH-responsive
biocompatible hydrogel polymer shell. The gold cores
were �60 nm in diameter, and the thickness of the
hydrogel overlayer could be varied from 20 to 90 nm
depending on the reaction time and the relative
amounts of the initiator and monomers. Analysis of
the morphology, elemental composition, and optical
properties of the composite nanoparticles support the
formation of discrete hydrogel-coated gold nanoparti-
cles. Measurements by DLS revealed volume changes
in the polymer layer as a function of pH and
temperature; in particular, the hydrodynamic dia-
meters of the hydrogel-coated gold nanoparticles were
observed to decrease with decreasing pH and increas-
ing temperature. Our studies demonstrate that these
composite nanoparticles can be readily prepared
through the SFEP method and that their responses
to changes in external stimuli (temperature and pH)
are consistent with their targeted use as photothermally
activated drug-delivery vehicles. For this application,
the photosensitive core materials must possess strong
optical absorptions in the ‘‘water window’’
(800–1,200 nm) [Sershen et al., 2000; Simpson et al.,
1998]. Consequently, rather than simple metal nano-
particle cores, we will employ core-shell metal
nanoparticles and/or metal nanorods, which can be
tailored to possess optical absorptions at suitable
wavelengths [Pham et al., 2002; Gorelikov et al., 2004].
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