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Synthesis of pH- and temperature-responsive
chitosan-graft-poly[2-(N,N-dimethylamino)
ethyl methacrylate] copolymer and gold
nanoparticle stabilization by its micelles
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Fengbo Zhang,? Xuming Xie9 and Jie Ren®®

Abstract

Novel pH- and temperature-responsive chitosan-graft-poly[2-(N,N-dimethylamino)ethyl methacrylate] (chitosan-g-PDMAEMA)
copolymers were successfully synthesized by homogeneous atom transfer radical polymerization (ATRP) under mild conditions.
Chitosan macroinitiator was prepared by phthaloylation of amino groups of chitosan and subsequent acylation of hydroxyl
groups of chitosan with 2-bromoisobutyryl bromide. The copolymers were obtained by ATRP of 2-(N,N-dimethylamino)ethyl
methacrylate and they can self-assemble into stable micelles in water. Hybrid micelles with a PDMAEMA corona incorporating
gold nanoparticles (Au NPs) were prepared in situ via the reduction of HAuCl; with NaBH,;. The pH and temperature responses
of the copolymer micelles and hybrid micelles were characterized using UV-visible spectroscopy and dynamic laser light
scattering. The morphology of the micelles was observed using transmission electron microscopy and atomic force microscopy.
The PDMAEMA corona of the micelles acts as the ‘nanoreactor’ and the ‘anchor’ for the in situ formation and stabilization of Au
NPs. Therefore, the spatial distribution of Au NPs within the micelles can be tuned by varying the temperature and pH value.
(© 2010 Society of Chemical Industry
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INTRODUCTION

Considerable attention has been paid to the exploration of metal
nanoparticles (NPs) due to their unique properties and applications
in fields ranging from optoelectronics and sensors to catalysis and
medicine.'~'2 Much research has involved the fabrication of NP
assemblies because they represent a popular route towards the
preparation of advanced functional materials as well as a central
concept in nanoscience and nanotechnology.'*~'> Among noble
metal NPs, gold NPs (Au NPs) have attracted special interest owing
to their advantages in areas such as photosensitivity, catalysis,
medical diagnosis and biomedical imaging.'6~2°

In order to prevent the aggregation of metal NPs caused by
their high surface energy, they must be stabilized in solution or
in a matrix. To this end, polymer—-NP composites are promis-
ing candidates with the purpose of exploiting or enhancing the
properties of NPs; the polymer matrix can control host—guest
interactions to ensure the well-defined spatial distribution of NPs.
To date, a great many carrier systems have been developed
for the stabilization of metal NPs, such as dendrimers,?"?? latex
particles,?>~2°> microgels?®~28 or block copolymer micelles.?®=32 In
general, the polymer matrix only serves as a scaffold for immobi-
lizing the NPs and preventing them from aggregation. However,
it would be highly desirable to be able to modulate the spa-
tial distribution of NPs arising from a change in polymer chain
conformation in response to some external chemical or biochem-
ical species in some specific applications. Liu and co-workers

reported the insitu formation of Ag NPs with tunable spatial
distribution at the thermosensitive poly(N-isopropylacrylamide)
(PNIPAAmM) corona of dendritic unimolecular micelles.3® Gupta
etal. reported a facile route for the stabilization of Ag NPs
and Au NPs onto pH-responsive poly(2-vinylpyridine) (P2VP)
brushes.343> Chen et al. reported the anchoring of Au NPs to pH-
responsive poly(4-vinylpyridine) (P4VP) blocks of poly(ethylene
glycol)-block-polystyrene-block-poly(4-vinylpyridine) (PEG-b-PSt-
b-P4VP) copolymers and the formation of core-shell-corona
Au-micelle composites with a tunable smart hybrid shell.3® Zhang
and co-workers reported the fabrication of Au NPs on a template
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of the thermoresponsive and pH-responsive coordination triblock
copolymer PEG-b-P4VP-b-PNIPAAmM.3” Chen and co-workers re-
ported the core-shell reversion of hybrid PSt-b-P4VP polymeric
micelles containing Au NPs in the core.3® Gauthier and co-workers
reported the insitu formation of Au NPs with amphiphilic PSt-
g-(P2VP-b-PSt) copolymer as the template.® Liu and co-workers
reported the fabrication of Au NPs on pH-responsive poly[(2-
(N,N-dimethylamino)ethyl methacrylate] (PDMAEMA) brushes on
the surface of colloid particles.*® McCormick and co-workers re-
ported the insitu formation of Au NP-decorated vesicles from
thermally responsive PDMAEMA-b-PNIPAAm block copolymer.!
These polymeric matrixes can be used to adjust the spatial dis-
tribution between NPs arising from the change in polymer chain
conformation in response to a change of surrounding tempera-
ture or pH value. Therefore, they have many applications such
as in biocatalysis, biosensors, biotesting and protein adsorption.
However, most of these polymers are complicated to prepare
and their micelles tend to disintegrate upon change of exter-
nal conditions. When hydrophilic and responsive polymer chains
are tethered to a hydrophobic multifunctional chain, such as
graft copolymers, they can serve as highly stable and responsive
templates for the preparation of hybrids of polymer and metal
nanoparticles.

Recently, as an abundant natural biomaterial, chitosan has at-
tracted much interest due to its good biocompatibility, biodegrad-
ability, non-toxicity and bioactivity, and therefore has found wide
application in the biomedical field.*>=*¢ The grafting modifica-
tion of chitosan has been explored as a convenient method
to overcome its insolubility in common solvents and develop
multifunctional novel hybrid materials.**~>3 Feng and Dong re-
ported the preparation of chitosan-graft-poly(s-caprolactone) and
chitosan-graft-poly(L-lactide) (chitosan-g-PLLA) by ring-opening
polymerization.*>> Chitosan-g-PLLA can self-assemble into

micelles in aqueous solution. Yu etal. reported the preparation
of chitosan-graft-poly(L-lysine) for gene transfection.”® Bai and
co-workers reported the preparation of chitosan beads grafted
with polyacrylamide via surface-initiated atom transfer radical
polymerization (ATRP) for enhanced and selective absorption of
mercury ions.>” Obviously, amphiphilic chitosan graft copoly-
mers can be prepared with facile methods and the relative
graft-chain lengths as well as composition are adjustable with
‘living’/controlled polymerization. More importantly, amphiphilic
chitosan graft copolymers can form stable micelles and serve as
highly stable templates for the preparation of hybrids contain-
ing metal NPs due to their well-defined chemical structures with
grafted chains of controllable length.

Herein, we report the employment of pH- and temperature-
responsive graft copolymer micelles as templates for the in situ
preparation and stabilization of Au NPs with controllable spatial
distribution. Amphiphilic chitosan-g-PDMAEMA copolymers were
synthesized by ATRP (Scheme 1). Au NPs were generated and
stabilized in situ at the pH- and temperature-responsive shell of
graft copolymer micelles (Scheme 2). The core of the micellar
carrier consists of chitosan chains and the shell consists of
grafted PDMAEMA chains. Controlling the spatial distribution
of Au NPs inside the graft copolymer micelles is achieved by
taking advantage of the phase transition of the PDMAEMA corona
at its lower critical solution temperature (LCST) or pH values of
surrounding aqueous media. At low temperatures or pH values,
the PDMAEMA shell shows swelling behavior and the stabilized
NPs are fully accessible to external chemical and biochemical
species; at high temperature or pH values, the polymer shell
shows deswelling behavior. In the latter case, the spatial distance
between Au NPs decreases and the permeability of the PDMAEMA
corona reduces considerably (Scheme 3).
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Scheme 1. Synthesis of chitosan-g-PDMAEMA graft copolymer by ATRP.

DMF, 60°C

Polym Int 2011; 60: 194-201

(© 2010 Society of Chemical Industry

wileyonlinelibrary.com/journal/pi




@)
SCIi

WWW.50Ci.org

W Yuan et al.

@ Chitosan ~———— PDMAEMA graft chain

2 Au NP

Scheme 2. In situ formation and immobilization of Au NPs onto PDMAEMA
chains of chitosan-g-PDMAEMA graft copolymer micelles.
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Scheme 3. Hybrid chitosan-g-PDMAEMA graft copolymer micelles exhibit-
ing thermo- or pH-tunable spatial distances between Au NPs.

EXPERIMENTAL

Materials

Chitosan (viscosity = 200 cP, degree of deacetylation = 80%)
was purchased from Aldrich and dried in vacuo at 60°C for
12 h before use. Phthalic anhydride (PA) was used as received.
DMAEMA (Acros Organic, USA) was dried over CaH; and distilled
under reduced pressure. CuBr was purified by stirring in acetic
acid and washing with ethanol and then dried in vacuum.
Pentamethylenetriamine (PMDETA; Acros Organic, USA) was
stirred overnight with CaH, and distilled under reduced pressure.
2-Bromoisobutyryl bromide (Aldrich, USA) was distilled under
reduced pressure. N,N-dimethylformamide (DMF) was dried over
CaH, and distilled under reduced pressure. HAuCl, - 4H,0 and
NaBH4 (Sinopharm Chemical Reagent Co. Ltd, Shanghai, China)
were used as received.

Characterization

Attenuated total internal reflectance Fourier transform in-
frared (ATR-FTIR) spectra of samples were recorded with an
EQUINOSS/HYPERION2000 spectrometer (Bruker, Germany). 'H
NMR spectra of samples were obtained using a Bruker DMX 500
NMR spectrometer with deuterated dimethylsulfoxide (DMSO-
dg) and D,0 as solvents. The chemical shifts were relative to
tetramethylsilane.

For turbidity measurements, the light transmittance of graft
copolymer micellar solutions was monitored as a function of pH
or temperature at a fixed wavelength of 500 nm by means of
a Lambda 35 UV-visible spectrophotometer (PerkinElmer, USA)
equipped with a circulating water bath. An aqueous copolymer
solution concentration of 15gL~" was used. To investigate the
effect of temperature variation, the operation was conducted with
a programmed temperature increase from 35 to 65 °C at a rate of
1°C (20 min)~".

UV-visible absorption spectra were recorded with a computer-
controlled Lambda 35 UV-visible spectrophotometer.

The morphology of micelles of chitosan-g-PDMAEMA graft
copolymers and hybrid micelles in water was investigated
using the dynamic laser light scattering (DLS) technique. The
experiments were performed with a Malven Autosizer 4700 DLS
spectrometer. DLS was performed at a scattering angle 90°. The
hydrodynamic radius was obtained by a cumulant analysis.

The morphology of copolymer micelles and hybrid micelles was
observed with a JEOL JEM-2010 transmission electron microscopy
(TEM) instrument atan accelerating voltage of 120 kV. The samples
for TEM observation were prepared by placing 10 pL of copolymer
micelle or hybrid micelle solution on copper grids coated with thin
films of carbon.

AFM observations were conducted with an SPM-9500J3 atom
force microscope (Shimadzu, Japan). Sample preparation was
similar to that for TEM analyses, but transparent mica was used as
the substrate.

Synthesis of chitosan-Br macroinitiator

Chitosan was heated with excess PA in anhydrous DMF to
give phthaloyl-chitosan according to a previously reported
procedure.** It was obtained as a light-yellow powdery mate-
rial after drying in vacuo. Then, the dried phthaloyl-chitosan (5 g,
17.6 mmol of GlcN units) was completely dissolved in anhydrous
DMF (100 mL) under stirring. To this solution was added triethy-
lamine (2.19 g, 22 mmol) under nitrogen at room temperature.
The mixture was stirred and cooled to 0°C with an ice bath.
Then, 2-bromoisobutyryl bromide (5g, 22 mmol) in anhydrous
DMF (20 mL) was added dropwise to the mixture over a period
of 40 min. The reaction mixture was stirred for 12 h at room
temperature before it was washed with saturated NaHCO; aque-
ous solution and deionized water. The chitosan-Br macroinitiator
powder was obtained by filtration and dried in vacuo.

Phthaloyl-chitosan. FTIR (KBr; cm™'): 3300-3600 (vo_p), 2930
(vc-n), 1772 and 1709 (phthalimido groups), 721 (aromatic ring).
"H NMR (DMSO-ds; 8, ppm): 7.37-7.90 (m, aromatic protons),
2.56-5.62 (m, protons of chitosan chain).

Chitosan-Br. FTIR (KBr; cm™"): 3300-3590 (vo_p), 2930 (vc-n),
1772 and 1709 (phthalimido groups), 1740 (vc=0), 721 (aromatic
ring). "H NMR (DMSO-ds; 8, ppm): 7.39-7.91 (m, aromatic protons),
2.56-5.62 (m, protons of chitosan chain), 1.86 (s, OCOC(CHs),Br).

Synthesis of chitosan-g-PDMAEMA copolymer

Inageneral procedure, chitosan-Br macroinitiator (0.1 g,62.5 umol
of C-Br) was dissolved in anhydrous DMF (10 mL) and added with
CuBr (9 mg, 62.5 umol) and DMAEMA (3.93 g, 25 mmol) into a
dried flask with a magnetic stirring bar. The reaction system
was degassed with three freeze-evacuate—thaw cycles and then
deoxygenated PMDETA (13.5 uL, 62.5 umol) was introduced into
theflask using a syringe under a nitrogen atmosphere. The reaction
was then performed at 60 °C for 4 h. The polymerization was
stopped by exposing the mixture to air and diluting with deionized
water. The mixture was then dialyzed in a dialysis bag (molecular
weight cutoff of 8000-10000 g mol~") against deionized water
for 96 h. It was refreshed at intervals of 6 h.

FTIR (KBr; cm~): 2943 and 2800 (vc_p), 1726 (vc=o). TH NMR
(D20; 8, ppm): 3.79-4.26 (m, COOCH, in PDMAEMA), 2.51-2.75
(m, CH,N(CH3)3), 2.09-2.36 (m, CH;N(CHs),), 1.63-1.93 (m, CH, in
PDMAEMA), 0.59-1.11 (m, CHs in PDMAEMA).
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Stabilization of Au NPs by chitosan-g-PDMAEMA micelles

The in situ formation and stabilization of Au NPs by graft copolymer
micelles was carried out by the addition of HAuCl, - 4H,0 solution
into an aqueous chitosan-g-PDMAEMA solution and subsequent
reduction with NaBH,. As a typical example, 133.5 mg of chitosan-
g-PDMAEMA was dissolved in 8.9 mL of deionized water, and an
aqueous solution of 6.6 x 1073 mol L' of HAuCl4 - 4H,0 (2.71 mL)
was then added. After gently stirring for 30 min, the solution
was subjected to dialysis against deionized water for 30 min. An
aliquot of an aqueous solution of NaBH,4 (0.03 mol L™, 1.18 mL)
was then quickly added, and stirring was continued for 2 h. The
Au NP hybrid composite solution was further purified by dialysis
against deionized water for 24 h at room temperature.

RESULTS AND DISCUSSION

Preparation of chitosan-Br macroinitiator and chitosan-g-
PDMAEMA copolymer

Chitosan can be easily converted to phthaloyl-chitosan by the
phthaloylation of amino groups of chitosan. Introduction of
phthaloyl groups can reduce the inter- orintramolecular hydrogen
bonds, which results in the solubility of chitosan in organic
solvents such as DMSO and DMF. Thus, this will facilitate the
reaction of hydroxyl groups of chitosan with 2-bromoisobutyryl
bromide under homogeneous conditions. Compared to the FTIR
spectrum of chitosan (Fig. 1(a)), that of phthaloyl-chitosan shows
the characteristic peaks at 1772 and 1709 cm~"! of the phthalimido
groups and at 721 cm~" of aromatic rings (Fig. 1(b)). The degree
of substitution of phthaloyl groups within phthaloyl-chitosan is
determined to be about 1.1 from "H NMR analysis (Fig. 2(a)). This
suggests that all the amino groups of chitosan completely reacted
with PA.

The chitosan-Br macroinitiator of ATRP was obtained by the
reaction of phthaloyl-chitosan with 2-bromoisobutyryl bromide
under homogeneous conditions. The formation of chitosan-Br was
confirmed from FTIR and "H NMR analysis. In the FTIR spectrum
(Fig. 1(c)), the absorption band at about 1740 cm~" corresponding
to carbonyl group of chitosan-Br appears, indicating that 2-
bromoisobutyryl groups had been introduced onto chitosan
chains. The absorption band of carbonyl groups of chitosan-Br
is not obvious due to the overlap of the band of phthalimido
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Figure 1. FTIR spectra of (a) chitosan, (b) phthaloyl-chitosan, (c) chitosan-
Br and (d) chitosan-g-PDMAEMA?2.

groups. However, the "H NMR spectrum can clarify the presence of
2-bromoisobutyryl groups. The "H NMR spectrum of chitosan-Br
is shown in Fig. 2(b). The novel signal corresponding to methyl
protons of 2-bromoisobutyryl groups appears at 1.85 ppm, which
further indicates that the hydroxyl groups have been reacted.
The degree of substitution of 2-bromoisobutyryl groups within
chitosan-Bris determined to be 0.1 from "H NMR analysis (Fig. 2(b)).

Chitosan-g-PDMAEMA copolymers were prepared from
chitosan-Br macroinitiator and DMAEMA via ATRP at 60 °C. DMF
was used as the solvent to ensure a homogeneous reaction so-
lution, which is important to obtain a uniform distribution of
grafting polymerization in the chitosan macromolecules. The rel-
atively low degree of substitution of 2-bromoisobutyryl groups
can lead to a relatively high graft ratio of PDMAEMA without the
occurrence of radical-radical coupling of the propagating chain
to form crosslinks due to a high concentration of chain radicals in
the local area. According to the FTIR spectrum shown in Fig. 1(d),
the chitosan-g-PDMAEMA obtained shows new absorption peaks
at ca 2819 and 2766, 1728 and 1144 cm™', which are assigned to
C—H stretching of the—N(CHs), group, the carbonyl group and
C-N stretching, respectively, which suggests successful grafting.
The "H NMR spectrum of the graft copolymer is shown in Fig. 2(c).
All the proton signals of PDMAEMA graft chains can be observed.
The "H NMR results confirm the successful preparation of chitosan-
g-PDMAEMA. In the "H NMR spectrum of chitosan-g-PDMAEMA
the aromatic peaks of the phthalimide are not observed, and in the
FTIR spectrum the phthalimide peaks at 721 cm~" also disappear,
which are attributed to the relatively high graft ratio of PDMAEMA.

To investigate the graft ratio, the samples were weighed before
and after the graft polymerization with DMAEMA. The graft ratio,
G (Wt%), was calculated according to

Wy — W,
G=——— x100 1
w X (1

where W; (g) is the weight of chitosan-g-Br macroinitiator and W,
(9) is the weight of the chitosan-g-PDMAEMA samples.

The results of the ATRP reaction of DMAEMA initiated by the
chitosan-Br macroinitiator are listed in Table 1. According to these
data, the conversion of DMAEMA and the graft ratio of PDMAEMA
increase from 12.7 to 39.4% and from 500 to 1550%, respectively,
with an increase of reaction time from 2 to 8 h, indicating that the
chitosan-Br macroinitiator has good reaction activity for ATRP. In
other words, the chain length of PDMAEMA can be adjusted by
variation of the reaction time in this system.

Table 1. Results for ATRP of DMAEMA with chitosan-Br
macroinitiator®

Reactiontime  Conversion  Graft ratio
Sample (h) (%) (%)P
Chitosan-g-PDMAEMA1 2 12.7 500
Chitosan-g-PDMAEMA?2 4 22.1 870
Chitosan-g-PDMAEMA3 5 26.7 1050
Chitosan-g-PDMAEMA4 6 321 1260
Chitosan-g-PDMAEMAS5 8 394 1550
@ Reaction conditions: [DMAEMA]/[chitosan-Br]/[CuBrl/[PMDETA] =
400/1/1/1; reaction temperature = 60 °C.
b Graft ratio was calculated according to Eqn (1).
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Figure 3. pH dependence of optical transmittance at 500 nm for chitosan-

g-PDMAEMA2 micelles in water at 20 °C. The concentration of chitosan-g-
PDMAEMA2 was 15gL~".

Influence of pH and temperature on chitosan-g-PDMAEMA
micelles

Chitosan-g-PDMAEMA micelles were formed by the dissolution
of the copolymer in water. The pH- and temperature-sensitive
characteristics of copolymer micelles were investigated using UV-
visible spectroscopy and DLS. Figure 3 shows the pH dependence
of optical transmittance at 500 nm for chitosan-g-PDMAEMA
micelles in water. With an increase of pH, the solution transforms
sharply from transparent to opaque, indicating the obvious pH-
responsive property of PDMAEMA graft chains. Figure 4 shows
the temperature dependence of optical transmittance at 500 nm
for chitosan-g-PDMAEMA micelles in neutral aqueous solution.
With increasing temperature, the solution transforms sharply
from transparent to opaque. It is a typical LCST (about 53°C)

100
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80—-
70-
60-

50

Transmittance (%)

40

30

20

10 T T T T T T T T T T T T T
35 40 45 50 55 60 65
Temperature (°C)

Figure 4. Temperature dependence of optical transmittance at 500 nm for
chitosan-g-PDMAEMA2 micelles in water (pH = 7). The concentration of
chitosan-g-PDMAEMA2 was 15g L.

of temperature-responsive PDMAEMA graft chains. These optical
transmittance measurements show that chitosan-g-PDMAEMA has
pH- and temperature-responsive properties.

DLS was used to measure the size of chitosan-g-PDMAEMA
micelles in aqueous solution at various pH values and temper-
atures, and the results are shown in Figs5 and 6, respectively.
According to Fig.5, with an increase of pH, the hydrodynamic
radius (R,) decreases from 415.8 to 136.5 nm, indicating the
pH-responsive behavior of chitosan-g-PDMAEMA due to the
protonation/deprotonation of N,N-dimethylaminoethyl groups in
PDMAEMA chains. With increasing pH, PDMAEMA chains shrink
gradually from a stretched conformation, which leads to adecrease
in the size of the copolymer micelles. However, the influence
of temperature on the copolymer micelles (Fig.6) is somewhat
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Figure 5. Variation of average hydrodynamic radius, Ry, of original micelles

and hybrid micelles as a function of pH at 20 °C. The concentration of
chitosan-g-PDMAEMA2 was 4 g L',
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Figure 6. Variation of average hydrodynamic radius, R, of original
micelles and hybrid micelles as a function of temperature (pH = 7).
The concentration of chitosan-g-PDMAEMA2 was 2 g L.

different from that of pH. In the lower temperature range from 25
to 35 °C, Ry, varies slightly; however, the value increases markedly
in the temperature range from 35 to 55 °C. This can be explained by
the change in conformation of PDMAEMA chains. Atlower temper-
atures, PDMAEMA chains in the chitosan-g-PDMAEMA copolymer
present a random coil conformation due to the hydrogen bonding
interactions between polymer chains and water molecules. As
the temperature increases to a critical value, the polymer chains
shrink into a globular conformation owing to the hydropho-
bic interactions between N,N-dimethylaminoethyl groups. In this
condition, the micelles with a shrunken PDMAEMA corona tend
to group together into nano-aggregates with greater sizes. With
increasing temperature, the size measured by DLS increases until
micrometer-sized colloidal particles are formed.

Stabilization of Au NPs by chitosan-g-PDMAEMA graft
copolymer micelles

For the stabilization of Au NPs by copolymer micelles, an aqueous
solution of chitosan-g-PDMAEMA was first treated with HAuCl,
solution, and the reduction to Au NPs was achieved by addition of
excess aqueous solution of NaBH4. The solution immediately

Absorbance (a.u.)

T T
500 600 700 800
Wavelength (nm)

Figure 7. UV-visible absorption spectra of chitosan-g-PDMAEMA2/HAuUCl,
mixed solutions before (dashed curve) and after (solid curve) reduction
with NaBH,. The concentration of chitosan-g-PDMAEMA2 was 0.23 g L.

turned red-brown. Figure 7 shows the UV-visible absorption
spectra before and after reduction. After the addition of NaBHy4, the
absorption spectrum displays a significant surface plasmon band
at519 nm.This band is characteristic of metallic gold colloids with a
diameter of about 10 nm, indicating the formation of Au NPs.>8-60
The hybrid micelles prepared incorporating Au NPs are highly
stable at room temperature, and no precipitation is observed over
a period of more than 8 weeks. The stability of the Au NPs over
long storage times confirms the nanoparticles are stabilized inside
the PDMAEMA corona of the copolymer micelles.

Influence of pH and temperature on chitosan-g-PDMAEMA/Au
hybrid micelles

The pH- and temperature-sensitive characteristics of chitosan-
g-PDMAEMA/Au hybrid micelles were investigated using DLS.
Figure 5 shows the pH dependence of Ry, of the hybrid micelles.
At lower pH (<8), the size of the hybrid micelles is smaller than
that of the original chitosan-g-PDMAEMA micelles. This suggests
the quite strong complexation of Au NPs to the PDMAEMA corona
and the fact that the nanoparticles act as physical crosslinkers
of the corona. At higher pH (>8), the Ry, value increases rapidly.
Obviously, for strongly basic conditions, the corona of the hybrid
micelles collapses and intermicellar aggregation occurs at a
high concentration of 2gL~", which leads to the formation of
micrometer-sized colloidal particles.

Figure 6 shows the temperature dependence of Ry, of the hybrid
micelles. The variation of Ry of the hybrid micelles is similar to
that of the original micelles. However, there are some differences
between the two types of micelles. The size of the hybrid micelles is
smaller than that of the original micelles in the whole temperature
range due to the strong complexation of Au NPs to the PDMAEMA
corona. In particular, at higher temperatures, the hybrid micelles
aggregate into larger particles but the size is much smaller than
that of aggregates of the original micelles. This result reflects
that the incorporation of Au NPs partially restricts the collapse at
higher temperatures. Therefore, the intermicellar aggregation of
the hybrid micelles is weaker than that of the original micelles.
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100 nm

Figure 8. TEM images of chitosan-g-PDMAEMA2 micelles (left) and chitosan-g-PDMAEMA2/Au hybrid micelles (right; the inset shows the electron
diffraction of Au in the hybrid micelles) and AFM image of chitosan-g-PDMAEMA2 micelles (center).

Morphology of chitosan-g-PDMAEMA micelles and
chitosan-g-PDMAEMA/Au hybrid micelles

The morphology of the chitosan-g-PDMAEMA micelles and
chitosan-g-PDMAEMA/Au hybrid micelles was examined using
TEM and AFM. As shown in Fig. 8, the original and hybrid micelles
are relatively uniform and the sizes of them range from 60 to
100 nm. It can be seen from the left-hand image of Fig. 8 that the
chitosan-g-PDMAEMA?2 copolymer can self-assemble into stable
and uniform micelles in water. The AFM image (central image
of Fig.8) further confirms that the graft copolymers can form
uniform spherical micelles. The hybrid micelles of chitosan-g-
PDMAEMAZ2/Au are shown in the right-hand image of Fig. 8. The
size of Au NPs is about 10 nm, in accordance with the results of
analysis of the UV-visible absorption spectrum of the original Au
NPs. Almost all Au NPs are located on the copolymer micelles
although a few Au NPs spread out of the micelles, which indicates
thatthe PDMAEMA corona of micelles acts as the ‘nanoreactor’ and
‘anchor’ for the in situ formation and stabilization of the Au NPs.
Moreover, no aggregation of Au NPs stabilized onto PDMAEMA
chains occurs; therefore, the spatial distribution of Au NPs within
micelles can be tuned by variation of the micelle conformation
due to the pH- and temperature-sensitive responses of PDMAEMA
chains.

CONCLUSIONS

A series of chitosan-g-PDMAEMA graft copolymers were synthe-
sized successfully by ATRP of DMAEMA under mild conditions. The
copolymers can form stable spherical micelles in water. Au NPs
were then embedded into the pH- and temperature-responsive
micelles via insitu formation and stabilization to form stable
chitosan-g-PDMAEMA/Au hybrid micelles. The PDMAEMA corona
acts as the ‘nanoreactor’ and ‘anchor’ during the process. The
spatial distribution of Au NPs in the micelles can be tuned con-
veniently by variation of temperature and pH of the external
surroundings. In this way, the stabilized Au NPs can act as an
indicator of external conditions. For example, the hybrid micelles
could be used as a chemical or biomedical monitor of a specific
chemical or biochemical species. Moreover, the hybrid micelles
can be used as a ‘nanoreactor’ in the field of catalysis, and the
permeability of the PDMAEMA corona to reactants can be adjusted
through the variation of temperature or pH. Chitosan is an impor-
tant natural biomaterial and Au NPs have significant applications

in biomedicine. Therefore, the chitosan/Au NP hybrid micelles
have potential biomedical applications in biocatalysis, biosensors
and biotesting.
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