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Abstract Two distinctive block copolymers protected gold
nanoparticles (AuNPs) were prepared with poly(methylacrylic
acid)-block-poly(N-isopropylacrylamide) (SH-PMAA64-b-
PNIPAM35) and poly (N-isopropylacrylamide)-block-
poly(methylacrylic acid) (SH-PNIPAM40-b- PMAA60) through
strong gold-sulfur bonding. The hybrid NPs have a pH-
responsive inner shell (or corona) and a thermo-responsive
corona (or inner shell) due to different location relations of
the PNIPAM and PMAA on the surface of AuNPs. Then,
the aggregation behaviors, as well as the changes of optical
properties, of two hybrid NPs were compared in response to
both stimuli. The results showed the obvious inter-particle
aggregation caused by the phase transition for hydrophobic
coronal polymer. However, the particles of hydrophilic corona
layer retained good dispersion and the pH-responsive or
thermo-responsive characteristics of shell layer made relative-
ly minor changes.
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Introduction

Gold nanoparticles (AuNPs) have attracted significant inter-
ests for their optical, electronic, and biocompatible properties
coupled with the ability to parametrically control particle size
[1]. The properties of AuNPs could be modified via effective

molecular design on their surface, thereby distinguishing them
from the corresponding large-sized materials or particles. It
has been reported that the organic molecule or macromolecu-
lar functionalized AuNPs provide versatile vehicles for a
variety of perspective applications in green-catalysis [2–7],
cancer therapy [8, 9], drug delivery [10, 11], molecular imag-
ing and sensors [12, 13], etc.

The polymers protected AuNPs is the covalent bonding
polymers on the surface of AuNPs to form the core-shell
composite. The polymer shells were widely believed to en-
hance solubilities and introduce functionalities to AuNPs due
to the intriguing properties of polymer [14–17]. The covalent
bonding can be easily achieved through the techniques of
“grafting to” approach. The “grafting to” approach was firstly
synthesized polymers with a thiol terminal group and then
grafted polymers onto AuNPs via a strong binding affinity
between gold and thiol ending. The well-defined polymers
synthesized by reversible addition fragmentation chain trans-
fer (RAFT) have been shown that their dithioester or
trithiocarbonate end-groups could be easily converted to
thiols, then obtain homopolymers or block copolymer
protected AuNPs [18, 19]. Based on the “grafting to” ap-
proach, it is interesting that a “smart polymer” will endow
AuNPs the stimuli-responsive performance. The properties of
stimuli-responsive AuNPs could be easily tuned by changing
external condition including temperature, pH value, ionic
strength and light, etc. [20–24]. Poly (N-isopropylacrylamide)
(PNIPAM) and poly (methacrylic acid) (PMAA) are wide-
spread used polymers for relative investigation. Exhibiting a
lower critical solution temperature (LCST), PNIPAM is a
suitable thermo-responsive polymer for the fabrication of
AuNPs [25, 26]. And it is also known that PMAA can undergo
notable pH-responsive conformational changes [27, 28].

Moreover, the block copolymers protected AuNPs had a
micelle-like three-layer microstructure, consisting of gold
core, polymer inner shell and the outer corona. Utilizing the
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different property and function of each micro zone, the new
hierarchical functional materials via the self-assembly of poly-
mer shells was reported and applied in the bioimaging and
photothermal therapy of cancer [29]. Besides, the three-layer
microstructure have also been designed as the tumor-targeted
and controllable release drug delivery carries, where the inner
shell used to entrap drugs and outer corona provide stability
[30]. For example, Hamner et al. reported that DNA-mediated
assembly and encoded nanocarrier drug release could be
regulated by thermo-responsive PNIPAAM-b-PMAA
protected AuNPs [31].

Anyway, the colloidal stability of the hybrid particles is
usually the first considered factor in better applications. In
fact, the colloidal stability and the function of the particles are
always influenced by the changed properties or parameters on
the surface polymer [32]. For instance, the microstructure with
shell cross-linking can exhibit higher colloidal stability, and
the thermo-responsive behavior of block copolymers
protected AuNPs can be achieved by adjusting the chain
length. Exploring the relationship between colloidal stability
and properties of polymer is still a challenge in constructing
new hybrid materials or drug delivery carries [33]. Especially
for the microstructure with a dual-stimuli response layer, the
properties of inner and outer zone are important for the col-
loidal stability. However, there has been relatively little inves-
tigation of the dual-stimuli with different polymer order in
block copolymers bonding to AuNPs.

In this work, two dual-stimuli responsive copolymers, SH-
PMAA64-b-PNIPAM35 and SH-PNIPAM40-b-PMAA60 were
synthesized by RAFT polymerization, and then attached on
AuNPs by “grafting to” approach, that leaving the PMAA and
PNIPAM blocks as the inner shells or outer coronas around
the particles. Synthesized by citrate reduction, AuNPs of the
uniform size were to avoid interference to surface plasmon
resonance (SPR) caused by heterogeneous sizes. The proper-
ties of the hybrid AuNPs can bemodified by varying pH value
and temperature of the aqueous dispersions of the particles.
The colloidal stability and the aggregation behavior of the
hybrid AuNPs may be controlled by the outer corona through
adjusting the pH value or temperature. The effect of block
position to colloidal stability is illustrated in Scheme 1. In this
case, the aim was to find out whether the outer corona may be
observed as a shift in the SPR band of the hybrid AuNPs at
different environmental conditions and research their con-
trolled aggregation-dispersion transition upon corresponding
stimuli.

Experimental section

Materials Tert-butyl methacrylate (t-BMA) was purchased
from Fluka and distilled under vacuum prior to use. 2, 2-
Azobis (isobutyronitrile) (AIBN) was purchased from J&K

Chemical and recrystallized before as an initiator. N-
isopropylacryl-amide (NIPAM) was purchased from Aldrich
and recrystallized twice from benzene. Dioxane, tetrahydro-
furan, and N, N-dimethylformamide were purchased from
National Pharmaceutical Group Chemical Reagent and dis-
tilled before use. HAuCl4·4H2O, sodium citrate, and
trifluoroacetic acid were purchased fromNational Pharmaceu-
tical Group Chemical Reagent and used as received. The
RAFT agent, 2-(2-cyanopropyl) dithiobenzoate (CPDB) was
synthesized according to the literature procedure [34].

Preparation of SH-PMAA64-b-PNIPAM35 and SH-PNIPAM40-b-
PMAA60 The block copolymers, SH-PMAA64-b-PNIPAM35

and SH-PNIPAM40-b-PMAA60 were prepared by Pt-BMA-b-
PNIPAM and PNIPAM-b-Pt-BMA, which were synthesized
by two-step RAFT polymerization using CPDB as initial
chain transfer agent via different order of feed. The detail
process and characterization are shown in support informa-
tion. Finally, SH-PMAA64-b-PNIPAM35 and SH-PNIPAM40-
b-PMAA60 was obtained by the hydrolysis of Pt-BMA-b-
PNIPAM and PNIPAM-b-Pt-BMA in the presence of TFA
in dry CHCl3.

Preparat ion of the block copolymers protec ted
AuNPs AuNPs were firstly prepared through the reduction
of HAuCl4 by sodium citrate [35]. In brief, 20 mL HAuCl4
(1 g/L) were diluted by 160-ml distilled water, and
heated at 100 °C for 5 min under reflux and stirring
vigorously. Twenty milliliter sodium citrate solution
(38.8 mM) were added rapidly while stirring continu-
ously. The solution was stirred for further 15 min. Dur-
ing that time, the color of solution turned from pale
yellow to wine, which indicated AuNPs formed. Then,
the solution was cooled to room temperature and the
excessive sodium citrate was removed by dialysis. The block
copolymers protected AuNPs were prepared by adding 0.01 g

Scheme 1 Schematic illustration of the aggregation behavior of dual
stimuli-responsive block copolymers protected AuNPs induced by coro-
na or shell response
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of SH-PMAA64-b-PNIPAM35 and SH-PNIPAM40-b-
PMAA60 to the as-prepared AuNPs solution (0.01 wt%) with
stirring overnight, respectively. Finally, the mixtures were
centrifuged for 5 min at 12,000 rpm, and the depositions were
washed three times by distilled water for removing excessive
polymers to obtain PMAA-b-PNIPAM-@-AuNPs and
PNIPAM-b-PMAA-@-AuNPs.

Characterization The molecular weight distribution (Mw/Mn)
of the polymer was characterized by a Waters 600E gel
permeation chromatography (GPC) analysis system equipped
with a Waters styragel HT column using poly(ethylene oxide)
as the calibration standard and THF as the eluent (flow rate
0.4 mL/min). Dynamic laser scattering (DLS) measurements
were performed using a laser light scattering spectrometer (BI-
200SM) equipped with a digital correlator (BI-9000AT) at
532 nm at room temperature. Transmission electron micros-
copy (TEM) measurement was conducted using a JEM-2100
electron microscopy at an acceleration voltage of 200 kV, a
small drop of solution was deposited onto a carbon-coated
copper EM grid and dried atmospheric pressure. The UV-Vis
spectra were recorded on a Cary 50 Bio UV-Visible Spectro-
photometer (Varian, USA), equipped with two silicon diode
detectors and a xenon flash lamp. 1H NMR spectroscopy was
conducted on a Bruker AV300 spectrometer.

Results and discussion

Characterization of the block copolymers protected
AuNPs The well-defined polymers synthesized by RAFT
have the dithioesters or trithiocarbonate end groups, which
can be easily converted to thiols and then obtain polymer
protected AuNPs due to the strong affinity between gold and
thiol ending [36–38]. In the present study, AuNPs were firstly
prepared by reducing chloroauric acid with sodium citrate.
The block copolymers protected AuNPs could be achieved in
one-step process simply by adding PMAA-b-PNIPAM-SH
and PNIPAM-b-PMAA-SH into an AuNPs aqueous solution.
The UV-Vis spectroscopy was used to characterize the
grafting block copolymers on the surface of AuNPs based
on the increase of refractive index and the red shift in the
absorbance spectra. As shown in Fig. 1a, the characteristic
SPR band of AuNPs, prepared by citrate reduction, is ob-
served in the spectrum at approximate 521 nm. After addition
of the SH-PMAA64-b-PNIPAM35 and SH-PNIPAM40-b-
PMAA60, the characteristic SPR band of the hybrid AuNPs
is displaced at approximate 526 nm (Fig. 1b) and 530 nm
(Fig. 1c). The UV absorption peaks have red shift of 5 and
9 nm. The slight red shift could be attributed to the chemi-
sorption of copolymers on the surface of AuNPs for the
copolymer has a higher refractive index compared to that of
water [39].

The hydrodynamic diameter and distribution of the three
AuNPs solutions were measured by DLS. As an example
shown in Fig. 2a, the average hydrodynamic diameter (Dh)
of the AuNPs is approximately 12 nm and the size distribution
range is 9–15 nm. After addition of block copolymers in
AuNPs solutions, the mean diameter of as-prepared PMAA-
b-PNIPAM-@-AuNPs and PNIPAM-b-PMAA-@-AuNPs in-
crease to about 40 and 32 nm. The enlargement of the size is
caused by grafting the hydrophilic block copolymer to the
surface of AuNPs.

The characterization by TEM (Fig. 3) can directly provide
the information of size and size distributions of AuNPs and
the block copolymers protected AuNPs. From Fig. 3a, the
TEM images confirm the uniform size and narrow size distri-
bution of AuNPs with sodium citrate as a reducing and stabi-
lizing agent. Besides, Fig. 3c, e are the TEM images of
PMAA-b-PNIPAM-@-AuNPs and PNIPAM-b-PMAA-@-
AuNPs. From Fig. 3c, e, the both hybrid particles are found
a good dispersion due to the electrostatic repulsion and steric
hindrance of polymers. The typical structures of AuNPs

Fig. 1 UV-Vis spectra of AuNPs (a), PMAA-b-PNIPAM-@-AuNPs (b),
and PNIPAM-b-PMAA-@-AuNPs (c), where the concentration of naked
AuNP was 0.01 wt%, and the PMAA-b-PNIPAM-@-AuNPs and
PNIPAM-b-PMAA-@-AuNPs were prepared by 0.01 wt% naked AuNP
conjugating with 0.01 mmol/L corresponding polymer; measured at pH 7
and 20 °C

Fig. 2 Hydrodynamic diameter distributions of AuNPs (a), PMAA-b-
PNIPAM-@-AuNPs (b), and PNIPAM-b-PMAA-@-AuNPs (c), where
the concentration of naked AuNPs was 0.01 wt%, and the PMAA-b-
PNIPAM-@-AuNPs and PNIPAM-b-PMAA-@-AuNPs were prepared
by 0.01 wt% naked AuNPs conjugating with 0.01 mmol/L corresponding
polymers; measured at pH 7 and 20 °C
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protected by copolymers can be directly observed by contrast-
ing Fig. 3b, d, f, where are magnified single particles in

Fig. 3a, c, e, respectively. As shown in Fig. 3b, d, f, the
packing of the gold atoms in the clusters forms the crystal

Fig. 3 TEM images of a the
AuNPs and b with the high
magnification of a, c the PMAA-
b-PNIPAM-@-AuNPs and dwith
the high magnification of c, e the
PNIPAM-b-PMAA-@-AuNPs
and f with the high magnification
of e

pH10  pH2 pH10 pH2

Fig. 4 The UV spectra and color
of PMAA-b-PNIPAM-@-AuNPs
(a) and PNIPAM-b-PMAA-@-
AuNPs (b) solution at different
pH values. Both hybrid particles
were prepared by 0.01 wt% naked
AuNPs conjugating with
0.01 mmol/L corresponding
polymers and measured at 20 °C
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structure as the core. The existence of the polymer layer
around the gold core (Fig. 3d, f) is obviously observed and
belongs to amorphous phase of polymer-grafted chains [40].
Because AuNPs have a close package by dual-stimuli respon-
sive block copolymer, the hydrophilic polymer at the periph-
ery of the sphere will not only improve the stability and
dispersibility of the particles, but introduce a new function
of pH and temperature response.

pH-responsive properties of PMAA-b-PNIPAM-@-AuNPs
and PNIPAM-b-PMAA-@-AuNPs It is well known that
PMAA can undergo pH-induced conformational transition.
At low pH, PMAA chains adopted a compact structure due
to hydrophobic interactions. Whereas, the carboxyl groups at
high pH, the fully ionized polymers adopted a stretched con-
formation due to the ionic repulsion [41, 42]. Herein, the pH-
responsive PMAA located at the outer corona of PMAA-b-
PNIPAM-@-AuNPs and inner shell of PNIPAM-b-
PMAA-@-AuNPs. The influence of pH-induced phase tran-
sition on colloidal stability can be compared between different
block position combinations.

The UV spectra of the colloids at different pH values were
firstly investigated by UV-Vis absorption spectroscopy shown
in Fig. 4. From Fig. 4a, the SPR peaks of PMAA-b-
PNIPAM-@-AuNPs have a little change during the decrease

pH from 10 to 6, but have a sharp redshift as the pH lower than
5. The obvious red shift is found from 526 to 536 nm with
increasing the acidity of the solution. Meanwhile, the solution
turned from clear and transparent wine red liquid to suspen-
sion of purple as the inserted photos in Fig. 4a. However, the
SPR peak of the PNIPAM-b-PMAA-@-AuNPs solution is
found only a 4 nm change from 530 to 534 nm shown in
Fig. 4b with the changed color of transparent purple (the
inserted photos in Fig. 4b). The peak of SPR is known to
depend upon various parameters of the AuNPs, such as parti-
cle size, particle shape, surface-capping agents as well as the
dielectric property of the surrounding medium [43, 44]. Thus,
the emergence of suspended solids and the dramatic redshift
of SPR in the solution of PMAA-b-PNIPAM-@-AuNPs indi-
cate an interparticle aggregation. Correspondingly, the stable
colloidal solution and a minor change of SPR in PNIPAM-b-
PMAA-@-AuNPs attribute to the protective effects of
PNIPAM corona which causes the dielectric property of the
surrounding medium around AuNPs.

The TEM images of PMAA-b-PNIPAM-@-AuNPs and
PNIPAM-b-PMAA-@-AuNPs at pH 3, shown in Fig. 5, could
present a direct evidence for the conclusion in UV-Vis. In
Fig. 5a, almost all the hybrid AuNPs are embedded in poly-
meric precipitation for the aggregation of PMAA-b-
PNIPAM-@-AuNPs. From the results of DLS, the inserted
image on Fig. 5a, mean diameter of PMAA-b-PNIPAM-@-
AuNPs at pH 3 is about 248 nm and the particle distribution
turns broad (138–421 nm), further confirming that the inter-
particle aggregation is induced by phase transition of the outer
PMAA corona. Whereas, the PNIPAM-b-PMAA-@-AuNPs
are dispersed well (Fig. 5b). Besides, the shrunk Dh (from 32
to 29 nm) indicates the particles are stabilize by the outer
PNIPAM corona although the inner PMAA chains collapse
on the surface of AuNPs.

After reversed pH to 10.0, the aggregated PMAA-b-
PNIPAM-@-AuNPs were found redissolved in solution and
those SPR recovered. The reversible variations of SPR are
repeatedly cycled between pH 2.0 and 10.0, as shown in
Fig. 6. With the pH switching between 2.0 and 10.0, the

Fig. 5 The TEM images of
PMAA-b-PNIPAM-@-AuNPs
(a) and PNIPAM-b-PMAA-@-
AuNPs (b) at pH 3

Fig. 6 pH-induced switching of SPR of PMAA-b-PNIPAM-@-AuNPs,
where the solution was prepared by 0.01 wt% naked AuNPs conjugating
with 0.01 mmol/L PMAA-b-PNIPAM and measured at 20 °C

Colloid Polym Sci (2014) 292:1657–1664 1661



SPR could be repeatedly cycled between redshift and recov-
ery. After repeating several cycles, the location of SPR has a
minor change, indicating that the AuNPs are effectively
protected by grafting polymers during the process of
aggregation-dispersion.

Temperature responsive properties of PMAA-b-PNIPAM-@-
AuNPs and PNIPAM-b-PMAA-@-AuNPs The thermo-
responsive behavior was also investigated by UV-Vis absorp-
tion spectroscopy. Both hybrid particles were subjected to the
increasing temperature from 25 to 60 °C, and their absorption
spectrum is shown in Fig. 7. From the Fig. 7, the position of
maximum absorption of different temperature remains con-
stant, but the intensity increases with rising temperature.
However, the increment of absorption intensity of PNIPAM-
b-PMAA-@-AuNPs (Fig. 7b) is obviously higher than that of
PMAA-b-PNIPAM-@-AuNPs (Fig. 7a). The temperature re-
sponse of corona layer strongly impacted the colloidal stabil-
ity, which can be confirmed by the emergence of turbidity in
the sample PNIPAM-b-PMAA-@-AuNPs at 60 °C (the
inserted photo in Fig. 7b).

The temperature-dependent transmittance was detected at
wavelength 600 nm to avoid interference of SPR. The trans-
mittance of each hybrid particles is gradually reduced with
rising temperature (Fig. 8). The same trend was also found in
others report of thermo-responsive polymers monolayer

protected AuNPs. For example, Beija prepared poly(N-vinyl
caprolactam)-coated gold nanoparticles shown a violent
aggregation and the sharp reduced transmittance to 1 % at
high temperature [20]. However, the thermo-responsive
block copolymer coated AuNPs exhibits a slight aggrega-
tion due to the space cooperation from the other block.
The phase transition temperature of the PMAA-b-
PNIPAM-@-AuNPs is 38 °C and that of PNIPAM-b-
PMAA-@-AuNPs is 35 °C.

The TEM images of PMAA-b-PNIPAM-@-AuNPs and
PNIPAM-b-PMAA-@-AuNPs at 40 °C are shown in Fig. 9.
From Fig. 9a, the PMAA-b-PNIPAM-@-AuNPs exhibits a
favorable dispersibility at high temperatures consistently with
the results of UV-Vis spectroscopy (Fig. 7a). Similarly, small-
er shrunk Dh (from 42 to 36 nm), the inserted image on
Fig. 9a, indicates that inner PNIPAM shell turns to hydropho-
bic, but the particles remain a stable dispersion owing to the
space and electrostatic protection of PMAA chains. On the
contrary, the obvious aggregation is found in the PNIPAM-b-
PMAA-@-AuNPs system (Fig. 9b). As the change of hydro-
philic corona of PNIPAM chains to hydrophobic, the hybrid
particles show a self-aggregation behavior, which also con-
firmed by a sharp increase Dh and widened particle
distribution.

The thermo-responsive PNIPAM-b-PMAA-@-AuNPs can
turn transparent when the temperature is reset to 25 °C. The

60
o
C25

o
C 25

o
C 60

o
C

Fig. 7 The UV spectra and color
of PMAA-b-PNIPAM-@-AuNPs
(a) and PNIPAM-b-PMAA-@-
AuNPs (b) at different
temperature. Both hybrid particles
were prepared by 0.01 wt% naked
AuNPs conjugating with
0.01 mmol/L corresponding
polymers at pH 7

Fig. 8 Transmittance of PMAA-
b-PNIPAM-@-AuNPs (a) and
PNIPAM-b-PMAA-@-AuNPs
(b) in aqueous solution from 25 to
60 °C. Both hybrid particles were
prepared by 0.01 wt% naked
AuNPs conjugating with
0.01 mmol/L corresponding
polymers at the pH 7
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temperature-dependent clear-opaque transition is completely
reversible. Figure 10 shows the response of optical transpar-
ency of the hybrid AuNPs with a thermo-responsive corona
over several heat-cool cycles between 40 and 25 °C.
Interestingly, the transition remained fully reversible over
the six cycles tested. In the transition regime, the optical
transparency, as a function of temperature, depends on the
reversible conformation change of the PNIPAM corona
upon thermal stimuli.

Conclusions

Two dual-stimuli responsive block copolymer protected gold
nanoparticles, PMAA-b-PNIPAM-@-AuNPs and PNIPAM-
b-PMAA-@-AuNPs, have been prepared by “grafting to”
approach. The aggregation behaviors of the two hybrid
AuNPs were found mainly to be affected by the phase trans-
formation of the stimuli-responsive corona via changing pH or
temperature of the aqueous medium, respectively. For
PMAA-b-PNIPAM-@-AuNPs, the dispersibility of the hybrid
AuNPs was determined by the PMAA blocks depending on
the pH value of solution. Moreover, with the pH switching
between 2.0 and 10.0, the SPR could be repeatedly cycled

between redshift and recovery. However, the aggregation
behavior and change of SPR affected by temperature were
moderate owning to the protective effects of PMAA. For
PNIPAM-b-PMAA-@-AuNPs, the PNIPAM reversibly in-
duced the interparticles aggregation/dispersion process de-
pending on the temperature of solution. The optical transpar-
ency of the hybrid AuNPs remained fully reversible over six
heat-cool cycles with the temperatures above and below the
LCST for the reversible conformation change of the corona.
Correspondingly, at different pH, the hybrid AuNPs retained a
stable dispersion with the hydrophilic PMAA turning to hy-
drophobic because of the space or electrostatic protection by
PNIPAM. Overall, the obvious interparticle aggregation be-
haviors are caused by the phase transition for hydrophobic
coronal polymer and the optical properties can be adjusted by
changing temperature or pH of the solution.
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