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Abstract: The core-shell gold nanopar-
ticles and copolymer of N-isopropyla-
crylamide (NIPAM) and N,N'-methyl-
enebisacrylamide (MBAA) hybrids
(Au@copolymer)  were  fabricated
through surface-initiated atom-transfer
radical polymerization (ATRP) on the
surface of gold nanoparticles in 2-pro-
panol/water mixed solvents. The sur-
face of citrate-stabilized gold nanopar-
ticles was first modified by a disulfide

linking

Introduction

Much attention has been paid to the modification of gold
nanoparticles due to their potential applications in the fields
of biology and nanotechnology."? A number of methods
have been developed to decorate gold nanoparticles with
various polymer molecules for novel purposes.”) The poly-
meric reactions occurring on the surface of gold nanoparti-
cles, such as surface-initiated living cationic polymerization!
and ring-opening metathesis polymerization,”! have attract-
ed intense interest. An initiator with a thiol, sulfur, or disul-
fide group is introduced onto the gold surface through
chemical binding. The growth of the polymer chains then
progresses along the direction of initiators immobilized on
the gold surface to form the core-shell composite. The
atom-transfer radical polymerization (ATRP) is becoming a
popular method that enables good control of molecular
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initiator for ATRP. The slight cross-
polymerization
NIPAM and MBAA occurred on the
gold surface and resulted in the forma-
tion of core-shell Au@copolymer nano-
structures that were characterized by
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TEM, and FTIR and UV-visible spec-
troscopy. Such synthesized Au@copoly-
mer hybrids possess clearly thermosen-
sitive properties and exhibit “inspire”
and “expire” water behavior in re-
sponse to temperature changes in
aqueous solution. Because of this prop-
erty, we enable to trap and encapsulate
smaller nanoparticles by using the free
space of the copolymer-network scaf-
fold anchored at the gold surface.

between

weights and low polydispersity. This living radical polymeri-
zation from the surface of micro- or nanoparticle templates
can yield core-shell structures based on the “graft-from”
strategy.’! Chains of the well-studied thermosensitive poly-
mer poly(N-isopropylacrylamide) (PNIPAM) undergo a
thermally induced conformational change from the swelled,
hydrophilic state to the shrunken, hydrophobic state at
below and above the lower critical solution temperature
(LCST) of around 32°C in the aqueous phase.[”’ This results
in the conversion of the chemical and physical environments
among the macromolecule chains and transforms their prop-
erties.®! These environmentally responsive polymer—nano-
particle hybrids facilitate a variety of novel technological ap-
plications, such as drug delivery, switchable microfilters,
chemical separation, and catalysis.”) Tenhu and co-workers
have shown that the reversible-addition-fragmentation
chain-transfer polymerization can produce homogeneous
polymer layers on gold nanoparticle surfaces. Such
PNIPAM-gold nanocomposites display a low solubility in
water because of the low degree of grafting of PNIPAM li-
gands."" Previously, we reported that the thermosensitive
copolymer nanotubes of N-isopropylacrylamide (NIPAM)
and N,N’-methylenebisacrylamide (MBAA) by ATRP can
be fabricated within a porous membrane."!! The pore size of
the copolymer network of PNIPAM-co-MBAA can be con-
trolled by the feed ratio of monomers in polymerization.
Herein, we report the fabrication of thermosensitive copoly-
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mer—gold nanoparticle hybrids and demonstrate their nano-
composite encapsulation by the copolymer network anch-
ored on the gold surface. The slightly cross-linked copoly-
mer chains create a porous nanostructure that is responsive
to temperature change. Therefore, such assembled gold
nanoparticle—copolymer hybrids (Au@copolymer) can be
used to trap and encapsulate other nanoparticles, biomole-
cules, dyes, or drugs by a temperature-introduced “breath-
ing” process. The whole experimental procedure of Au@co-
polymer fabrication is illustrated in Scheme 1. The gold

NIPAM/MBAA
Cu'Br/PMDETA

Disulfide initiator
0 :
- 2-propanol/H;O

THF/H,0

Citrate-stabilized

gold nanoparticles Au@initiator

Scheme 1. Au@copolymer fabrication.

nanoparticles were modified by disulfide initiator (Au@ini-
tiator) and the ATRP reactions of acrylamide monomers
were performed in 2-propanol/water and catalyzed by
N,N,N',N',N"-pentamethyldiethylenetriamine =~ (PMDETA)
and a Cu'Br catalytic system. The thickness of the polymer
shell can be controlled by the concentration of monomers
and by the reaction time. The feed ratio of the cross-linker
MBAA to NIPAM can influence the network space of the
copolymer shell.

Results and discussion

Gold nanoparticles with diameters of 18 nm were synthe-
sized by using the conventional citrate-reduction method.!'
The immobilization of disulfide initiator on the gold surface
was achieved through ligand exchange between disulfide
and citrate. The Au@initiator nanoparticles obtained are
more hydrophobic due to the alkyl chain of the disulfide ini-
tiator and can be easily dispersed in THF or DMF without
aggregation, as shown in Figure 1A. The elemental analysis
of as-prepared samples determined by X-ray photoelectron
spectroscopy (XPS) indicates the contributions of O
(13.43%), C (58.59%), S (1.65%), Au (26.34%), and a
weak signal of Br. Figure 1B shows the detailed binding-
energy analysis of C 1s. The four peaks at 284.8, 285.5,
286.7, and 289.6 eV represent the four different carbon
atoms marked 1-4, respectively. The peak-fitting result re-
veals that the atom ratio of C—H/C—C:C-0O:C—S/C—Br:C=
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O is 11:1.09:2.16:0.85, which is consistent with the theoreti-
cal value (11:1:2:1) of the pure disulfide initiator. Figure 1C
shows the binding-energy increase of Au 4f within a range
of 1.3eV (82.7 to 84.0eV for Au 4f,, and 86.3 to 87.6 eV
for Au 4f;,) after (a) and before (b) gold nanoparticle modi-
fication by disulfide initiator. This proves the formation of
Au—S bonds on the gold surface.™™ The FTIR spectrum of
the Au@initiator is similar to that of pure disulfide initiator,
as shown in Figure 2. The characteristic absorbance at 2922,
2850 cm™! (CH, stretching) and 1735 cm™' (ester carbonyl
stretching) further verifies the
presence of disulfide initiator
molecules.

Next, the surface-initiated
ATRP of NIPAM and MBAA
monomers with the samples de-
scribed above was carried out
in protic solvents of 2-propanol
and water at room temperature.
An optimized concentration of
NIPAM monomer was 0.4M
and increasing feed ratios of
MBAA to NIPAM of 0, 0.5, 1,
and 2% were used to change
the cross-linking ratio for the
comparative studies. The Au@
copolymer hybrids obtained
were tested in both aqueous
and organic solvents and the results show that they have
good solubility in both cases. The FTIR spectra of the four
samples with different cross-linking ratios are similar, as
shown in Figure 2. The main characteristic peak assignments
are at 3297 cm™' (secondary amide N—H stretching),
2974 cm™! (CH,; asymmetric stretching), 1645, and 1552 cm™!
(secondary amide C=O stretching)," indicating the main
contribution of PNIPAM to Au@copolymer hybrids. Nota-
bly, the contribution from the cross-linker MBAA in the
FTIR spectra may be obscured by that of PNIPAM, as the
former is present in a low amount and has a chemical struc-
ture similar to NIPAM. The TEM images in Figure 3A show
the morphology of linear PNIPAM-modified gold nanoparti-
cles. The core-shell nanoparticles are well dispersed and the
polymer shell is clearly visible. With the addition of cross-
linker (1% MBAA), the contribution of copolymer shell be-
comes more obvious, as shown in Figure 3B. The “soft” co-
polymer layer surrounding the gold nanoparticle (dark core)
(Figure 3B, inset), takes up more space. The thickness of the
copolymer layer is estimated to be about 46 nm, and that of
the linear PNIPAM layer is around 36 nm.

Figure 4A shows the thermosensitive characterization of
the assembled Au@copolymer hybrids with different cross-
linking ratios. The surface plasmon resonance (SPR) peaks
from the UV-visible spectra of Au@copolymer hybrids
appear at 533 nm in the presence and absence of cross-
linker at room temperature. However, as the temperature
increases, the SPR peaks undergo a red shift and an abrupt
rise occurs at 32 and 34°C, corresponding to the LCST value

~O
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Figure 1. A) TEM image of Au@initiator dispersed in THF. Scale bar:
50 nm. B) C 1s spectra from XPS analysis of Au@initiator. The deconvo-
lution of C 1s: 1 for C—C and C—H, 2 for C-0O, 3 for C—S and C—Br, 4
for C=0. C) Au 4f spectra from XPS analysis after (a) and before (b)
modification by disulfide initiator.

of the samples with different feed ratios of cross-linker. A
proportion of 0.5% MBAA does not affect the LCST value,
however, as the feed ratio increases to 1 or 2%, the LCST
value increases to 34°C and, thus, the effect of the cross-
linker upon the thermosensitive curves become significant.
Moreover, as a visible thermoresponse, the optical color of
Au@copolymer hybrids in aqueous suspension also dramati-
cally changes from transparent red to opaque pink as the
temperature increases from 25 to 38°C, as shown in Fig-
ure 4B. Figure 4C shows the transmittance of the Au@co-
polymer hybrids in imitating the “breathing” process over
ten cycles and reveals almost consistent values. This indi-
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Figure 2. FTIR spectra of a) pure disulfide initiator, b) Au@initiator, and
c—f) Au@copolymer hybrids with 0, 0.5, 1, and 2% MBAA, respectively.
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Figure 3. TEM images of Au@copolymer hybrids with A) 0% MBAA
and B) 1% MBAA dispersed in water. Scale bars: 100 nm. Insets: images
at a higher magnification, scale bars: 20 nm.

cates that the suspension is transparent at 25°C (transmit-
tance of 86 %) and opaque at 38°C (transmittance of about
74 %). The zigzag curve further demonstrates the reversible
thermosensitive response of the Au@copolymer hybrids to
temperature changes. Notably, there is no obvious precipita-
tion observed at 38°C. This is because the size of the ther-
mosensitive Au@copolymer hybrids is still on the nanoscale
(about 200-300 nm) in aqueous solution, and the tempera-
ture change will only alter the thickness of the polymer-coat
layer. Thus, no precipitation occurs at high temperature.

The change in size of the Au@copolymer hybrids at differ-
ent temperatures is proved by the dynamic light-scattering
measurements (DLS) obtained at below and above the
LCST. The results suggest that the hydrodynamic radius of
the Au@copolymer hybrids is about 160 nm at 25°C and

Chem. Eur. J. 2007, 13,2224 -2229
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Figure 4. A) Shift in peak position of surface plasmon resonance for Au@
copolymer hybrids with a) 0% MBAA, b) 0.5% MBAA, c) 1% MBAA,
and d)2% MBAA. B)Photos of Au@copolymer hybrids with 1%
MBAA at 25 and 38°C. C) Reversible transmittance curve of Au@co-
polymer hybrids with 1% MBAA over ten “breathing” cycles.

112 nm at 38°C. The diameter of these hybrids is clearly
large below the LCST and becomes smaller above the
LCST. This result also directly reflects the thermosensitive
property of the Au@copolymer hybrids. Notably, the size of
Au@copolymer hybrids estimated by TEM is obtained by
using dried samples. Considering the significant contribution
of solvent, the dimensions of the Au@copolymer hybrids ob-
tained in aqueous solution will be larger.

Such assembled Au@copolymer hybrids can be considered
to encapsulate small molecules or nanoparticles by virtue of
the copolymer-network scaffold. For this purpose, we syn-
thesized 3.5-nm gold nanoparti-
cles to explore the trapping ca-

pability of the core-shell nano- ae

structure. We added a dilute so- o _'cf O.-e' A Pl S
lution of the 3.5-nm gold nano- TSz g R, 0 .fa Pe0 + expand

particles into the suspension of
Au@copolymer hybrids (with
1% MBAA) under stirring and
incubated the mixture for
30min in a still state at 25°C Gold  Polymer
and then at 38°C. After repeat- core  shell

ing this process three times, we
obtained the final samples after
washing by  centrifugation.
Figure 5 shows the TEM image
of gold nanoparticles encapsulated by the Au@copolymer
hybrids. The dark dots located in the “shell” structures indi-
cate the existence of 3.5-nm gold nanoparticles. By compar-
ing this with the TEM image in Figure 3B, we can see that
the gold nanoparticles have been trapped within the poly-
mer network and the encapsulated gold nanoparticles are
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Figure 5. TEM image of Au@copolymer hybrids with 1% MBAA encap-
sulating 3.5-nm gold nanoparticles. Scale bar: 20 nm.

less aggregated. Thus, this procedure can be generalized for
the encapsulation of other nanoparticles or larger biomole-
cules.

The thermosensitive mechanism is commonly interpreted
as a transformation in the state of the copolymer chains
with “expire” and “inspire” water behavior, involving two
formation processes of intermolecular and intramolecular
hydrogen bonds.*"! Below the LCST, the formation of in-
termolecular hydrogen bonds promotes absorption of a
quantity of water, causing the polymer chains to swell; the
so-called “inspire” water process. Above the LCST, the for-
mation of intramolecular hydrogen bonds will exclude the
polymer-bonded water, causing the polymer chains to shrink
to the gold cores, forcing the water molecules out of the
polymer space; the “expire” water process. The alternative
“inspiration” and “expiration” of water imitates the “breath-
ing” process, as illustrated in Scheme 2. Thus, the breathing
process of the polymer shell as the temperature changes
promotes the flow of water molecules into and out of the
polymer network. This so-formed water flow takes gold
nanoparticles into the polymer network, accompanied by
the effect of diffusion.

—_—. 00t ot e T8

e water ©  gold nanoparticle

Scheme 2. The “breathing” mechanism and encapsulation process.

Conclusions

We have demonstrated that the disulfide initiator can be
successfully immobilized onto the surface of gold nanoparti-
cles to initiate the ATRP of acrylamide monomers under
ambient conditions to construct Au@copolymer hybrids.
These Au@copolymer hybrids have a distinct core-shell
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structure and good dispersity in both the aqueous and or-
ganic phases. The copolymer “shell” has a network scaffold
that is clearly thermosensitive and that can trap nanoparti-
cles by using the “breathing” mechanism. Such assembled
Au@copolymer hybrids provide a means to potential uses in
delivery biomolecules, catalysts, and drugs.

Experimental Section

Materials: 11-Mercapto-1-undecanol, 2-bromo-2-methylpropionyl bro-
mide, N-isopropylacrylamide (NIPAM), and N,N,N',N',N"-pentamethyl-
diethylenetriamine (PMDETA) were purchased from Aldrich. N,N'-
methylenebisacrylamide (MBAA) and Cu'Br were obtained from the
Beijing Chemical Reagent Corp., China. Gold nanoparticles of average
sizes 18 and 3.5 nm were prepared with 0.24 mm HAuCl, by using the cit-
rate-reduction method and the NaBH,-reduction method, respectively.!
The disulfide initiator [S-(CH,),;-OCOC(CH;),Br], for ATRP was syn-
thesized from 11-mercapto-1-undecanol and 2-bromo-2-methylpropionyl
bromide by using a modified procedure according to reference [14] and
was characterized by 'H and C NMR spectroscopy and by elemental
analysis.

Preparation of Au@initiator: The disulfide initiator was immobilized on
the surface of gold nanoparticles by ligand exchange with citrate. A cer-
tain volume of the 18-nm gold nanoparticle suspension was slowly added
to the same volume of disulfide initiator solution (3.0 mm) in THF with
stirring for 24 h. Then the Au@initiator samples were collected and
washed with THF, 2-propanol, and deionized water by centrifugation.
The final samples were dispersed in THF and were stored at —20°C.

Preparation of Au@copolymer hybrids by ATRP: Growth of polymer
chains on the surface of gold nanoparticles was performed at RT, refer-
ring to our previous work."!! Briefly, Au@initiator (about 2 mg), NIPAM
(0.905 g, 8 mmol), Cu'Br (14.3 mg, 0.1 mmol), and a certain amount of
MBAA (0, 6.5, 12.5, or 25 mg, corresponding to a 0, 0.5, 1, or 2% feed
ratio of MBAA to NIPAM, respectively) were added to a round-bot-
tomed flask and the mixture was degassed by three freeze-pump-thaw
cycles with N,. A degassed solution of PMDETA (52.0 mg, 0.3 mmol) dis-
solved in 2-propanol/water (1:1, 2 mL) was injected into the flask with
vigorous stirring. The reaction was performed for 3 h and was terminated
by opening the system to air. The as-prepared hybrids were purified by
repeating the cycles of centrifugation, 2-propaol/water wash, and redis-
persion. Finally, the sample hybrids were dispersed in water.

Thermosensitivity of Au@copolymer hybrids: UV/Vis spectra of Au@co-
polymer hybrid suspensions of about 0.5nMm containing different feed
ratios of MBAA were recorded at different temperatures to analyze the
thermosensitive response of the SPR of gold nanoparticles. The transmit-
tance change of the Au@copolymer hybrids was then detected at a wave-
length of 740 nm by using a UV/Vis spectrometer after the sample was
kept at 25 and 38°C for 30 min, respectively. This procedure was repeated
ten times.

Encapsulation experiments: A solution of Au@copolymer hybrids (about
0.5 nm with 1% MBAA) and a dilute solution of 3.5-nm gold nanoparti-
cles were mixed under stirring. The mixture was incubated in a still state
for 30 min at 25°C, then at 38°C, respectively, and this was repeated
three times. The excess gold nanoparticles were washed out by centrifu-
gation at low temperature.

Instrumentation: FTIR and UV/Vis spectra were recorded by using a
TENSOR 27 instrument (BRUKER) and a U-3010 UV/Vis spectrometer
(HITACHI), respectively. X-ray photoelectron spectroscopy (XPS) was
performed by using a ESCALab220i-XL (VG Scientific). TEM images of
various nanoparticles were obtained by using a TECNAI 20 transition
electronic microscope (PHILIPS). The Au@copolymer samples were
stained for TEM observation on copper grids by using 0.5% phospho-
tungstic acid.
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