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of Thermally Responsive Hydroget-Nanoparticle Composites

Jun-Hyun Kim and T. Randall Lee*
Department of Chemistry, Usrsity of Houston, 4800 Calhoun Road, Houston, Texas 77204-5003
Receied October 4, 2006. In Final Form: March 30, 2007

In this paper, we describe a unique strategy for preparing discrete composite nanoparticles consisting of a large
gold core (66-150 nm in diameter) surrounded by a thermally responsive nontoxic hydrogel polymer derived from
the polymerization oN-isopropylacrylamide (NIPAM) or a mixture of NIPAM and acrylic acid. We synthesize these
composite nanoparticles atroom temperature by inducing the growth of gold nanoparticles in the presence of preformed
spherical hydrogel particles. This new method allows precise control of the size of the encapsulated gold cores (tunable
between 60 and 150 nm) and affords composite nanoparticles possessing diameters ranging from as small as 200 nm
toaslarge as 550 nm. Variable-temperature studies show that the hydrodynamic diameter of these composite nanoparticles
shrinks dramatically when the temperature is increased above the lower critical solution temperature (LCST);
correspondingly, when the temperature is lowered below the LCST, the hydrodynamic diameter expands to its original
size. These composite nanoparticles are being targeted for use as optically modulated drug-delivery vehicles that
undergo volume changes upon exposure to light absorbed by the gold nanoparticle core.

Introduction studies have utilized either polymers that contain strong metal-
binding ligands to coordinate to the metal ions and/or nanopatrticles
or the growth of polymers from the surface of metal nanoparticle
cores through covalent attachment or electrostatic interactions.
We sought an alternative approach in which the gold nanopatrticles
are grown within or on a simple hydrogel polymer template. The
composite particles of specific interest to us consist of a single
gold nanoparticle trapped within a spherical hydrogel polymer
matrix. For drug delivery in vivo, these composite nanoparticles
should ideally exist as stable dispersed colloids in agueous
solution. Moreover, they should exhibit a rapid swelling
deswelling response to external stimtAfundergoing reversible
volume transitions that are strongly dependent on the lower critical
solution temperature (LCST) as well as other chemical or physical
conditions, such as the solution pH and the nature of the
surrounding environment 1°These and related hydrogel-based
materials are being targeted by others for use in a variety of
technological applications, including chemical separations,
biomedicine, controlled reversible flocculation, the uptake and
release of heavy metals, and cataly8ig4

The hydrogels under investigation here are based on homo-
and copolymers derived froid-isopropylacrylamide (NIPAM)

The development of new synthetic routes to nanometer-scale
particles continues to be driven by the potential applications
offered by their unique optical propertiék particular, research
focused on nanoparticle fabrication is urgently needed to develop
new nanoscale materials and devices for controlled drug deRvery.
Of particular interestis the ability of metal nanoparticles to absorb
or scatter light; for many optical applications, nanoparticles are
superior to molecular chromophoréResearch in this area has
largely focused on metal nanoparticles (e.g., silver, copper, and
gold) because of their ease of fabrication and their strong optical
absorbance%:® Gold nanoparticles have drawn particular at-
tention due to their biocompatibility, which makes them attractive
for use in vivo as nanoscale biomateri&i§.

Colloidal gold nanopatrticles are often decorated with organic
molecules, inorganic materials, or polymers to facilitate their
use in catalysis, photonics, electronics, optics, and biomedicibe.
While a number of methods have been described for the
preparation of polymer-coated gold nanoparti¢fed® these
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Scheme 1. Strategy Used To Prepare Gold
Nanoparticle—Hydrogel Composites
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acid (HNG;; EM, 70%), ammonium persulfate (APS; EM, 98%),
hydrogentetrachloroaurate(lll) hydrate (HAwELO; 99.9%, Strem),
and tetrakis(hydroxymethyl)phosphonium chloride (THPC; Aldrich)
were used as received from the indicated suppliers. Water used in
all reactions was purified to a resistance of 1&Academic Milli-Q
Water System, Millipore Corp.) and filtered through a 022
membrane to remove any impurities. All glassware was cleaned
with aqua regia and then with strong base (saturated KOH inisopropyl
alcohol) before use.

Gold Nanoparticle Growth Templated by Hydrogels.Hydrogel
homopolymer and copolymer nanoparticles ranging fre200 to

desolvated above their LCST due to the fluctuation of hydrophobic ~550 nm in diameter were prepared by radical polymerization in
interactions and hydrogen bonding, depending on the details ofagueous solution as described elsewR&?éThese polymer nano-

the polymer structuré’ Pure homopolymer NIPAM hydrogels,

however, have limited uses because their thermally modulated

conformational change occurs at a fixed LCST~a80 °C.30
Researchers have overcome this limitation by introducing AAc
or acrylamide (AAm) into the poly-NIPAM polymer backbone,
which can shift the LCST of the copolymer anywhere from 30
to 60 °C.2° These types of hydrogels undergo a completely
reversible swelling-deswelling volume transition in response

particles were used as encapsulating templates to grow gold
nanoparticles within the hydrogel particle matrixes. To prepdi&0

nm diameter hydrogel particles composed of 95% NIPAM and 5%
AAc, NIPAM (1.0 g), AAc (0.05 g), and BIS (0.1 g) were dissolved

in 196 mL of purified Milli-Q water and placed in a three-necked
round-bottomed flask with an inlet for argon. The solution was purged
with argon fa 1 h and heated to 7CC, and then APS (0.4 g/4 mL

of water) was added to initiate the polymerization. The reaction was
allowed to proceed for56 h. At the end of this period, the solution

to changes in temperature, leading to their potential use in was filtered through a Zm membrane to remove any micrometer-

controlled drug-release applicatioft=?6.32.33

sized impurities and/or any aggregated particles. Homo-NIPAM

In the research described here, we prepare spherical homo- ofydrogel particles (0% AAc) and NIPAMe-AAc hydrogel particles

copolymer hydrogel templates using radical polymeriz&fioi§

and then grow gold nanopatrticles within the hydrogel spheres
(see Scheme 1). This strategy is somewhat analogous to thal

employed by Crooks et a?,who use polymeric dendrimers to

containing 10% AAc, both having550 nm diameters were prepared
similarly. Smaller hydrogel particles<00 nm in diameter) were
repared by increasing the amount of the initiator (APS, 0.64 g/4
L of water) and the two monomers (NIPAM, 1.425 g; AAc, 0.075
g) but keeping everything else the same.

template the growth of monodisperse small metal nanoparticles ~ By analogy to the Duff et al. method for growing gold

(e.g., 3 nm) within dendrimer matrixes. Others have also

nanoparticle$®44we used THPC to reduce gold salts within the

reported the formation of metal nanopatrticles (e.g., Cd, Ag, Pd) preformed hydrogel spheres. In our approach, 50 mL of prepared

inside microgel polymers in which multiple metal nanoparticles
with small sizes €10 nm in diameter) are embedded in an
individual polymer particlg®42Our method, in contrast, utilizes

hydrogel polymers to template the growth of monodisperse large
gold nanopatrticles (tunable between 60 and 150 nm) within

hydrogel matrixes. Furthermore, our method offers not only

hydrogel particles was mixed with 1.88 mL of an aqueous solution
of 1% HAuCl+H,O, and the mixture was stirred for at least 30 min.
Aliquots of 0.33 mL ¢ 1 M NaOH and 1.11 mL of a solution
composed of 1L of an 80% solution of THPC in 1 mL of water
were added simultaneously to the mixture with stirring. The color
of the solution changed slowly from colorless to pink, to red, and
then to brown over the course of a few minutes depending on the

tunable gold nanoparticle sizes, but also tunable hydrogel hostsjze of the hydrogel particles and/or the proportion of AAc in the

sizes (tunable between 200 and 550 nm).

Experimental Section
Materials. The monomer NIPAM (Acros, 99%) was recrystallized

from hexane and dried under vacuum before use. The comonome

AAc (Acros, 99.5%), cross-linkeN,N'-methylenebisacrylamide
(BIS; Acros, 96%), potassium hydroxide (KOH; EM, 85%), nitric
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hydrogel. The solution was stirred for another 30 min and then
centrifuged at 3C°C for 2 h at3500 rpm. The supernatant was
separated to remove any unreacted materials, soluble side products,
small gold seed particles formed outside the hydrogel spheres, and

jpure polymers without gold cores. The purified nanoparticles were

then diluted with pure Milli-Q water and stored at room temperature
for later use. The size of the getdhydrogel composite particles was
similar to that of the pristine unimpregnated hydrogel nanoparticles.
Adjusting the initial amounts of gold salt, NaOH, and THPC afforded
ready control over the size of the gold cores.

Characterization Methods. To characterize the composition,
morphology, optical properties, and hydrodynamic diameters of the
hydrogel templates, gold nanoparticles, and gigdrogel composite
nanoparticles, we used a combination of field emission scanning
electron microscopy (FE-SEM), transmission electron microscopy
(TEM), ultraviolet-visible (UV—vis) spectroscopy, and dynamic
light scattering (DLS). Due to our interest in large hydrogel templates
for maximal drug loading and transport, our most thorough analyses
were focused on the largest composite particles reliably formed via
this method (i.e., using NIPAM homopolymer templates).

We used a Cary 50 scan W\Wis optical spectrometer (Varian)
equipped with Cary Win UV software to evaluate the optical
properties of the gold nanoparticles and hydrogel-coated gold
nanoparticles. UVvis spectra of the gold nanoparticles were
collected by diluting the particles with water, transferring them to
an optical quartz cell, and scanning over a range of wavelengths
(300-1100 nm).
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2310.
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Figure 1. Gold nanoparticles templated from hydrogel partiet00 nm in diameter. FE-SEM images of samples templated from (a) 100%
NIPAM and 0% AAc, (b) 95% NIPAM and 5% AAc, (c) 90% NIPAM and 10% AAc, and (d) 100% NIPAM and half the amount of reducing
agent. (e) UV-vis spectra of samples-al. Scale bar 100 nm.

Morphology studies and elemental analysis by FE-SEM were Results and Discussion
performed using a JSM 6330F (JEOL) instrument operating at 15 ) ) )
kV. For the FE-SEM images, the gold nanoparticles and gold ~ \We explored the strategy of growing gold nanoparticles in the
hydrogel composite nanoparticles were deposited on Formvar-coatedoresence of NIPAM-based hydrogel polymers because we
copper grids and completely dried at room temperature overnight believed that these hydrogels, by analogy to PAMAM dendrim-
before analysis. The samples were then coated with a carbon filmers3® might serve as hosts to template the growth of gold
(25 nminthickness) using a carbon sputterer under vacuum. Analysisnanoparticles. Figure 1 shows the FE-SEM images of gold
by FE-SEM demonstrated the overall morphological uniformity of - hydrogel composite nanoparticlesZ00 nm in diameter) obtained
the particles (vide infra). from gold nanoparticle growth on or within various NIPAM
For analyses by TEM, we used a JEM-2000 FX electron hydrogel polymers. The observed preference for surface local-
microscope (JEOL) operating at an accelerating voltage of 200 kV. jzation of the gold nanoparticles probably arises from diffusion-
All of the samples for TEM were deposited on 300 mesh holey pased phenomena; alternatively, growth of the gold nanoparticles
carbon-coated copper grlds and then dried before analysis. Due tqiihin the hydrogel particles will disrupt a greater number of
the low electron density of the hydrogels, the golyydrogel 40 ohain hydrogen bonds than will growth at the surface. We
composite nanoparticles were mixed with negative staining (e.g., note that qold nanoparticlhvdrogel composites having little
1% uranyl acetate dihydraté)}to enhance visualization. 9 P ydrog P 9
L or no AAc content (i.e., 0% AAc and 5% AAc, parts a and b,
For the DLS measurements, an ALV-5000 multiplelgital . . -
respectively, of Figure 1) were prepared more reliably than those

correlation instrument operating at a light source wavelength of ) ;
514.5 nm and a fixed scattering angle of 9@as used to measure having 10% AAc content, which tended to form aggregates of

the hydrodynamic diameters as a function of temperature for bare SMall gold nanoparticles on the outside of the hydrogel particles
gold nanoparticles and hydrogel-coated gold nanoparticles. TheuUnder our reaction conditions (Figure 1c). In addition, the TEM
samples were measured at dilute concentrations with precise controimages also show that the geltlydrogel composite nanoparticles
over the temperature to reduce artifacts arising from convection comprised of 0% and 5% AAc contained a few pristine hydrogel
currents in the samples. nanoparticles having no gold core. Although the diameters of all
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Figure 2. Gold nanoparticles templated from hydrogel partict&50 nm in diameter. FE-SEM images of samples templated from (a) 100%

NIPAM and 0% AAc, (b) 95% NIPAM and 5% AAc, and (c) 90% NIPAM and 10% AAc. (d) TEM image of sample b. (e)vwiB/spectra
of samples a&c. Scale bar 100 nm.

hydrogel templates examined in these experiments were aboutremarkably stable (i.e., no aggregation and no changes in the
the same, the gold nanoparticle cores grew largest when usingoptical properties) over 3 months at room temperature as analyzed
the hydrogel homopolymer template (0% AAc) compared to by UV—vis and FE-SEM. While the observed stability is
those obtained when using the two hydrogel copolymer templatesconsistent with the presence of a polymeric stabilizer on the gold
(5% AAc and 10% AAc). Itis possible that the increased number nanoparticle surfaces, we could detect no such species by FE-
of AAc groups along the polymer backbone leads to increased SEM, TEM, or DLS. In separate experiments, we rarely observed
interchain hydrogen bonding and thus decreased chain mobility the formation of large gold nanoparticles when using hydrogel
and interchain separation, which can plausibly inhibit the growth templates~550 nm in diameter (vide infra) or no hydrogel

of gold nanoparticles within the hydrogel partictésAlterna- templates at all.

tively, giventhatthe surfaces of gold nanoparticles are negatively  1ne yv—vis spectra in Figure 1e show peaké at 530-600
charged'®the contrasting behavior of the templates can perhaps nm, which are characteristic of Au nanopartictés® Interest-

be attri_buted to the par_tial inhibition of gold r_1ar_10pa_1rticle ingly, the Au nanoparticles templated by the pure NIPAM polymer
nucleation by the negatively charged AAc moieties in the oy pini 5 slightly longer absorption wavelength than those

copolymer templates. tem o . :
. . . plated by the 5% AAc polymer, which suggests the formation
The synthetic approach described here also allows the facneof slightly larger gold nanoparticles for the former tempkte.

preparation of large gold nanoparticles having undetectably thin The s .
. o ) pectrum of the gold nanoparticles templated by the 10%
hydrogel coatings. Specifically, by using200 nm NIPAM AAc polymer shows two distinct peaks, which we assign to the

particles as templates and decreasing the amount of reducin :
agent (THPC), we were able to grow large gold nanoparticlesgpresence of small gold nanoparticlés{530 nm) and aggregates

having diameters ranging from 60 nm to more than 150 nm
(Figure 1d). Importantly, these large gold nanoparticles were
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(49) Liu, F.-K.; Hsieh, S.-Y.; Ko, F.-H.; Chu, T.-C.; Dai, B.-Tpn. J. Appl.
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of gold nanoparticlesi(~ 750 nm)*7~5! As noted above, the Jrre— PEW™a™ " 4d
FE-SEM images in Figure 1c provide complementary support y (2) R ¥ e?4q
for the formation of the latter aggregates. We also note that the “a® &g W e ® ¢ ” &®
gold nanoparticles shown in Figure 1d show one broad absorption 8 - I e |
Iy L . . *® 2 08 % L
peak atl ~ 600 nm, which is consistent with the presence of . C.on®
large Au nanoparticles having diameters greater than 108G thh. ) 0O ®a ¢ v B!
Figure 2 shows the FE-SEM, TEM, and WVis spectra of P00 0% 20 »
gold—hydrogel composite nanoparticles prepared from hydrogel . Q‘ il ’t* ® o® oa”
templates having diameters ©650 nm. All images show that - L & s ® ’ “..
the size of the hydrogel templates remains constant as prepared - » o ¢

(i.e., growth of the gold nanoparticle exerts no major influence
on the original hydrogel particle diameter). Consistent with our
observations above with the smaller templates, the diameters of
these large hydrogel particles decrease slightly with increasing
AAc content (as measured by the DLS). In particular, gold
nanoparticles templated with the NIPAM homopolymers were
noticeably larger than those templated with the copolymers.
Furthermore, products from the latter reactions required multiple
purification cycles due to the production of a mixture of composite
particles and free gold nanopatrticles as shown in Figure 2c. For
these large composites-$50 nm in diameter), the enhanced
template effect observed for the homopolymer particles (0%
AAc) compared to that of the two copolymer particles (5% AAc
and 10% AAc) likely arises from the same phenomena affecting
the smaller hydrogel compositesZ00 nm in diameter, vide
supra). (c)
We note that the TEM image in Figure 2d shows somewhat

-
o

shrunken hydrogels when compared to those in the FE-SEM - B
image in Figure 2c. This difference probably arises from the :
ultrahigh vacuum and electron beam used in the TEM analyses; =0
both can plausibly lead to dehydration of the hydrogel polymer 2
matrix. This hypothesis is supported by vacuum experiments E 0.4 1
highlighted below and by our general observation that the E
composite nanoparticle diameters measured by DLS were closer 0.2
in magnitude to the diameters estimated from the FE-SEM images
than those estimated from the TEM images. 0.0 T T T
From the UV~vis spectra in Figure 2e, the peak assigned to 300 500 700 900 1100
the HAuCleH,O salt solution af ~ 300—350 nm completely Wavelength (nm)
disappears upon reduction, and peaksi at 550-570 nm Figure 3. Gold nanoparticle hydrogel composites templated from

appear-observations that are characteristic of gold nanoparticle the NIPAM homopolymer{550 nm). FE-SEM images of samples
formation®® We also observed that the gold nanoparticles (a) freshly prepared and (b) held at 68 kPa and@G@or 24 h. (c)
templated by the hydrogel homopolymer particles exhibit a UV—Vis spoectra as a function of cycling from 25 to 35 to°45and
slightly longer absorption wavelength than those templated by then to 30°C. Scale bar Jm.
the copolymers, which suggests the formation of slightly larger . S
gold nanoparticles in the former systéiiThis observation is IS @lso possible that the dehydrated particle in Figure 3b has
consistent with the analyses by FE-SEM and TEM (vide supra). flattened on the surface and thus appears larger than its true
Figure 3 again shows hydrogegold nanoparticles grown ~ 2verage diameter. _
with the large hydrogel templates-650 nm). Comparison of UV —vis spectra of these samples as a function of temperature
Figure 3a with Figure 3b after treatment at®under vacuum (Figure 3c) show that the absorption intensity increases slightly
(68 kPa) for 24 h shows a significant decrease in size (from @S the temperature is raised above the LCST and the absorbance
~550 nm to~350 nm in diameter), consistent with dehydration Maximum shifts to slightly longer wavelength. Upon cooling of
of the hydrogel matrix as postulated above for samples subjectedtn® Sample back to the LCST, the spectrum retums to its original
to analysis by TEM. Most of the particles in Figure 3b appear &Ppearance, consistent with the deswetisgelling behavior
as a light halo surrounding a dark core (in addition to a small f the hydrogel matrix (vide infra).Above the LCST, the
bright gold particle). Apparently, dehydration of the hydrogel collapsed hydrogel matrix gives rise to enhanced scattering due
leads to shrinkage of the particle, which is accompanied by pinning {0 @n increase in the local refractive index surrounding the gold
of the particle edges to the substrate surface. In other words, ag'anoparticles as described by Mie thehyt or below the
the particles dry and retract across the surface, a thin layer of LCST. the hydrogel matrix is swollen due to hydrogen bonding
polymer is left behind, appearing as a halo around the peripherybetween7xg‘;ger molecules and the amide moieties in the
of each shrunken polymer core. The diameter of the dark core Nydrogel”*>°The results here support the strong association of
is ~300 nm, which is nearly identical to the value measured by the hydrogel matrix with the nanoparticle guest.

DLS of the particles heated to 3C in solution (vide infra). It We also monitored the hydrodynamic diameters of the
hydroget-gold nanoparticle composites as a function of tem-

(51) Oldenburg, S. J. Ph.D. Thesis, Department of Electrical Engineering,
Rice University, Houston, TX, 1999. (52) Mie, G.Ann. Phys. (Leipzigl908 25, 377.
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700 <250 nm) by growing hydrogel polymers from the surface of

600 4 60 nm gold nanoparticle templates; moreover, for these first-

£ W AAc-0%-Increasing T generation composites, the gold nanoparticles appeared centrally
£ 500 [] AAc-0%-Decreasing T located within the hydrogel spheres. In contrast, the new inverse
2 synthetic strategy reported here produces gblgdrogel com-

400 - ; . : : )
g posites having substantially greater dimensions (up850 nm)
Q 300 1 and where the gold nanoparticles are either centrally located or
© more typically located on or near the perimeter of the hydrogel
£ 200 - :
S sphere. As noted above, larger host sizes offer enhanced drug-

100 - loading capacity-one of the long-term goals of our research. An
additional benefit offered by our new method is the ability to
prepare large gold nanoparticles (with diameters tunable between
, 60 and 150 nm) that are stable against aggregation in aqueous
Temperature ('C) solution for more than 3 months.

Figure 4. Hydrodynamic diameter as a function of temperature of A remaining issue centers on the possible mechanism(s) by
gold nanoparticle-hydrogel composites grown from NIPAM ho-  \hich the NIPAM-based hydrogels exert their unique template
mopolymers. Filled symbols correspond to increasingopen effect. Given that (1) the uncharged NIPAM homopolymer
symbols correspond to decreasifg : .

particles perform better as templates than the negatively charged
AAc-containing copolymer patrticles, (2) the growing nanopar-
icles bear a net negative charge due to capping by AuCl
specied’® and (3) the partial charge on the reducing hydride is
negative, we propose that the relatively labile hydrogen on the
amide nitrogen of poly-NIPAM;-NH(CO)—, promotes partial

0 T T T T T T
20 25 30 35 40 45 50

perature. Figure 4 shows that, as the temperature was increase
above 26°C, the gold-NIPAM particle diameters decreased
gradually and became constant at temperatures abc\@ Fbe
changes in diameter of the NIPAM homooolymer composite

occurred at a lower temperature30 °C) than those derived A ic| lization th hhvd bond .
from the 5% AAc copolymer~40 °C, data not shown). This unanoparticle neutralization through hydrogen-bond formation
’ ' with the nanoparticle surface during the reduction. This partial

difference can be attributed to the presence of ionized carboxylate lizati h lizati I h )
roups in the latter hydrogel, which can greatly influence neutralization (or charge stabilization) serves to lower the barrier
9 ' to reduction of Au(l) to Au(0).

temperature-induced conformational chang@se lower LCST
and rapid volume transitions in a narrow range of temperature Conclusions

are consistent with literature observatiéhg3>4This behavior ) )
is reversible, reflecting the deswellingollapsing behavior of The studies reported here demonstrate an effective strategy

the hydrogel matrix. Collapse of the hydrogel at elevated fOr Preparing discrete gotehydrogel composite nanoparticles.
temperatures arises from the loss of hydrogen bonding to amideAnalyses by FE-SEM, TEM, U¥vis, and DLS collectively
groups (hydrophilic sites of C=0 and—NH) in the hydrogel supporttheformatlon_and isolation of;he composite _nano_partlcles,
copolymer®® The thermally induced loss of hydrogen bonding which showed reversible phase transitions (deswetigwelling)
within the hydrogel polymer matrix eliminates internal elec- N aqueous solution with increasing and decreasing temperature,
trostatic repulsive forces, leading to a collapse of the expandedreSpectively. The overall dimensions of the composite nano-
structuré’. Thus, the presence of water molecules and hydrophilic Particles could be varied from-200 to ~550 nm, and the
sites in the polymer backbone provides hydrogen-bonding diameters of the gold nanoparticle cores could be varied frpm
interactions at low temperatures, allowing electrostatic repulsion ~60 t0~150 nm. The approach reported here represents a unique
to give the water-swelling properf§.A small reduction in the ~ Method for producing gotdhydrogel composites and colloidally
percentvolume change for the gellIPAM composite particles ~ Stable large gold nanoparticles. Furthermore, the ability to
when compared to simple NIPAM particles can be attributed to Modulate the nanoparticle diameters at or near physiologic
the invariant diameter of the gold nanoparticles. Nevertheless, temperatures renders Fhese nan_opa_rtlcles attractive candidates
the observation of large volume changes for these compositef0f Nanoscale drug-delivery applications.
nanopatrticles is consistent with their targeted use as drug-delivery
vehicles. Future studies will explore drug impregnation/release
and optical heating, with a particular emphasis on near-IR
activation?-32

In previous studied’-38we prepared gold nanoparticles coated
with typically thinner hydrogel overlayers (composite diameter
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