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One-pot green synthesis of nanohybrid structures:
gold nanoparticles in poly(g-glutamic acid)
copolymer nanoparticles†

Rong-li Zhang,ab Sheng Xu,a Jing Luo,a Dong-jian Shi,a Chen Liua and Xiao-ya Liu*a

Nanohybrids, comprising gold nanoparticles (Au NPs) and polymer NPs have attracted significant attention

in recent years due to their excellent physical and chemical properties. In this work, a novel kind of

nanohybrids based on Au NPs and biocompatible poly(g-glutamic acid)-graft-3,4-dihydroxy-L-

phenylalanine (g-PGA-g-DA) NPs was conveniently achieved through a green and facile one-pot

strategy. By simply adding HAuCl4$3H2O to the aqueous solution of g-PGA-g-DA copolymer, the

decrease of the pH value induced the self-assembly of g-PGA-g-DA into NPs, during which Au3+ was

adsorbed in the in situ formed NPs and spontaneously reduced to Au NPs by the dopamine moieties of

g-PGA-g-DA, leading to the formation of Au@g-PGA-g-DA nanohybrids. In the reaction process,

g-PGA-g-DA was used as scaffold and reductant simultaneously, avoiding the use of extra toxic

reducing reagents. Interestingly, the particle size and clustering of Au NPs in Au@g-PGA-g-DA

nanohybrids were varied with the loadings of HAuCl4$3H2O. This one-pot preparation process is very

simple, fast, and completely based on the principles of green chemistry. Furthermore, the resultant

biocompatible Au@g-PGA-g-DA nanohybrids were used to detect L-tryptophan and exhibited a good

analytical performance. The novel Au@g-PGA-g-DA nanohybrids are a promising system for detecting

the amino acids and biological species.
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Introduction

Nanoparticles (NPs) self-assembled from amphiphilic polymers
can be useful for many applications, such as drug delivery,1,2

nanocontainer,3 catalysts4 and sensors.5,6 Au NPs, with attractive
size- and shape-related electronic and catalytic properties, have
been widely studied in biosensing and biocatalysis.7 The
Au@polymer nanohybrids, incorporating Au NPs into amphi-
philic copolymer NPs, combine the unique physical or chemical
properties of Au NPs with hierarchical nanophase-separated
self-assembly of amphiphilic copolymers8–14 and are potentially
useful in high performance catalysis and sensors.15–19

Therefore, considerable efforts have been devoted to
synthesizing Au@polymer nanohybrids based on suitable
techniques, including the covalent and non-covalent
approaches. For example, Xie20 developed Au@polymer nano-
hybrids via covalent integration of Au NPs with thiol-function-
alized, crosslinked and highly branched polymer NPs;
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Cuendias21 used water-dispersible core–shell polyurethane–
poly-(acrylic acid) particles to spontaneously reduce Au3+ at the
particle surface through the thiophene moieties; Chen22

synthesized Au@polymer nanohybrids via in situ-generated Au
NPs through the reduction of NaBH4 in triblock copolymer PEG-
b-PS-b-P4VP NPs. Although these approaches can afford well-
dened nanohybrids, most of these polymers are not biocom-
patible or biodegradable. Moreover, none of these methods
offer the “green” synthesis. The principles of “green” synthesis
include the adoption of less hazardous syntheses; selection of
safer starting materials with a good degree of utilization;
avoidance of the use of toxic solvents; usage of renewable,
biodegradable materials; and minimized energy require-
ments.23 With the development of biomedicine and biomate-
rials, there is a growing requirement to develop environment-
friendly processes for Au@polymer nanohybrids production
that do not rely on toxic chemicals.

In this study, we offered a facile, simple and “green”
synthesis for biocompatible Au@polymer nanohybrids which
can be used to detect biological species.

Poly-g-glutamic acid (g-PGA) is a biocompatible and biode-
gradable polymer. Anionic g-PGA was widely used in food
production, cosmetics, agriculture and pharmaceuticals
because it is edible and nontoxic to humans and the environ-
ment.24–27 Yu28 and Stevanović23 used g-PGA as stabilizer to
synthesize noble metal NPs. They found that the NPs were
This journal is © The Royal Society of Chemistry 2014
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biocompatible and did not induce a toxicological response of
Caco-2 epithelial cells in vitro. On the other hand, 3,4-dihydroxy-
L-phenylalanine (dopamine, DA) is a neurotransmitter which
has low oxidation potential, excellent surface adhesion prop-
erties, hydrophobic benzene ring and good biocompati-
bility.29–32 The in situ reduction of Au3+ anions to Au NPs via
dopamine and polydopamine has been reported in previous
articles.33,34

Here, g-PGA and dopamine were used as hydrophilic back-
bone and hydrophobic side chain respectively to synthesize a
biocompatible poly(g-glutamic acid)-gra-3,4-dihydroxy-L-
phenylalanine (g-PGA-g-DA) copolymer. The resultant g-PGA-g-
DA copolymer was in dissolution state in neutral aqueous
solution and could self-assemble into NPs at low pH. When
HAuCl4$3H2O was added to the g-PGA-g-DA copolymer solution,
the decrease of the pH value induced the self-assembly of
g-PGA-g-DA into NPs, during which Au3+ was adsorbed in the in
situ formed NPs via the adhesion interaction of dopamine and
the electrostatic interaction between Au3+ and COO� group. The
self-assembly of g-PGA-g-DA accompanied by spontaneous
reduction of Au3+ through dopaminemoieties of g-PGA-g-DA led
to the formation of Au@g-PGA-g-DA nanohybrids. The
schematic illustration for the formation of Au@g-PGA-g-DA
nanohybrids is shown in Fig. 1. In the process of fabricating
biocompatible Au@g-PGA-g-DA nanohybrids, g-PGA-g-DA was
used as the scaffold and reductant simultaneously, avoiding the
use of extra toxic reducing reagents. This is a facile, quick, green
preparation procedure for synthesis of biocompatible nano-
hybrids. The obtained Au@g-PGA-g-DA nanohybrids have
potential application for detecting the biology species and
biomedical imaging.
 m
Experimental section
Materials

g-PGA (sodium salt, Mw 700 000–100 000 kDa) was purchased
from AMRESCO, USA. 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC$HCl), N-hydroxysuccinimide
(NHS), 3,4-dihydroxy-L-phenylalanine (dopamine, DA), hydro-
chloric acid (HCl), hydrogen tetrachloroaurate trihydratew.sp
Fig. 1 Schematic illustration for the formation of Au@g-PGA-g-DA
nanohybrids. LAu is the molar ratio of Au3+ to the repeated units of
g-PGA-g-DA.

This journal is © The Royal Society of Chemistry 2014

ww
(HAuCl4$3H2O), sodium chloride (NaCl), sodium hydroxide
(NaOH), phosphate, L-lysine, L-phenylalanine, L-histidine,
L-glycine, L-alanine, L-proline and L-tryptophan were supplied by
Aladdin.

Synthesis of g-PGA-g-DA

2 mmol g-PGA was dissolved in 40 mL deionized water under
stirring in an ice-bath. Aer 0.5 h, 2 mmol EDC$HCl and 4
mmol of NHS were added into the resulted solution. Aer 5 min
of stirring, 2 mmol dopamine was added to the mixture and the
reaction was carried out in an ice-bath for another hour and
then at room temperature overnight. The g-PGA-g-DA copol-
ymer was puried via dialysis using a dialysis membrane (MC:
14 000) in deionized water. Purication was considered to be
complete when no free dopamine was detectable in the wash
solution by UV. Finally, the washed g-PGA-g-DA copolymer
solution was frozen and then lyophilized.

Self-assembly of g-PGA-g-DA copolymer

The g-PGA-g-DA copolymer, which contains –COO� and dopa-
mine moieties at the side chains, is an anionic polyelectrolyte
with pH-responsiveness. Aer the copolymer was dissolved in
deionized water, aqueous HCl was used to adjust the pH value
of the solution. With decreasing the pH value of copolymer
solution, the copolymer self-assembled and aggregated into
NPs. A volume of 10 mL of the g-PGA-g-DA copolymer solution
was removed at different pH values and le for 24 h to equili-
brate before the measurements.

Fabrication of the Au@g-PGA-g-DA nanohybrids

The Au@g-PGA-g-DA nanohybrid was synthesized using a
chemical reduction method wherein g-PGA-g-DA NPs served as
a reduction reagent and a scaffold. A stock solution of 0.2 mg
mL�1 g-PGA-g-DA was prepared in deionized water. An aliquot
of a 0.1 mg mL�1 HAuCl4$3H2O solution was added to the
g-PGA-g-DA stock solution with vigorous stirring.35 The molar
ratio of Au3+ to the repeated units of g-PGA-g-DA (LAu) was 0.30,
0.15 and 0.10, respectively. The Au3+ ions were bound to the
catechol group of the dopamine and –COO� of g-PGA-g-DA
copolymer. The pH value of the mixture decreased to 3.60 with
the addition of an aqueous solution of HAuCl4, resulting in the
formation of g-PGA-g-DA NPs. The Au NPs were then formed via
the spontaneous reduction of Au3+ through the catechol groups
of g-PGA-g-DA at room temperature in the dark.

Detection of Au@g-PGA-g-DA nanohybrids for L-tryptophan

Au NPs have been used to modify electrode to determine bio-
logical species due to their good biocompatibility, electro-
chemistry and catalytic properties.36–38 The Au@g-PGA-g-DA
nanohybrids, which combine the advantages of the Au NPs and
g-PGA-g-DA NPs, can be used to modify electrode to detect
biological species. Prior to the modication, a bare glassy
carbon electrode (GCE) was polished by polishing cloth having
alumina particles and cleaned by ultra-sonication in ethanol,
acetone and ultrapure water. Aer 10 mL Au@g-PGA-g-DA
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nanohybrids solution was cast on the GCE, a beaker was used to
cover the electrode to enable the slow evaporation of water in
air. Then the Au@g-PGA-g-DA/GCE was obtained and stored at
4 �C in a refrigerator before use.
m

Characterization
1H NMR spectrum was recorded using a Bruker (400 MHz)
instrument. Approximately 50mg of copolymer was dissolved in
500 mL of D2O and analyzed with a Bruker instrument with a 1H
NMR measuring program. Infrared (IR) experiment was run by
attenuate total reexion (ATR) mode on a Nicolet FI-IR Spec-
trometer instrument. IR spectra were collected in the wave-
length range of 4000 to 500 cm�1. UV-Vis spectra were recorded
on a TU-1901 spectrophotometer. Solution pH value was
monitored using a pHS-3C precision digital pH meter. Dynamic
light scattering (DLS) experiment was conducted using an
ALV-5000/E dynamic light scattering instrument at 90�. All
polymer solutions (0.1 mg mL�1) were passed through 0.8 mm
Millipore lters prior to loading into the sample cell. X-ray
photoelectron spectroscopy (XPS) measurement was made on a
VG ESCALAB MkII spectrometer with a Mg Ka X-ray source
(1253.6 eV photos). The X-ray source was operated at 14 kV and
20 mA. X-ray diffraction (XRD) proles of Cu-modied graphene
were obtained (XD-3A, Shimadzu) with high-intensity Cu Ka
radiation (l ¼ 1.5406 nm). Thermal gravimetric analysis (TGA)
was conducted on an SDT 2960 instrument from room
temperature to 800 �C with a heating rate of 2�C min�1 in the
nitrogen ow (10mLmin�1). Transmission electronmicroscopy
(TEM) image was recorded in a JEOL JEM-2100 at 200 kV. A drop
of a 0.1 mg mL�1 aqueous solution (approximately 7 mL) was
cast onto a carbon-coated copper grid. The sample was then
allowed to dry under ambient conditions. The morphology of
the nanohybrids was observed using a Hitachi S-4800 eld
emission scanning electron microscope (FESEM) operating at
5 kV. Atomic force microscope (AFM) was performed on a
CSPM3300 (Benyuan Co.) with a vertical resolution of 0.1 nm
and a horizontal resolution of 0.2 nm. Electrochemical experi-
ment was performed on an Epsilon electrochemical workstation
(BAS, USA) using a three electrode system. The modied elec-
trode was used as the working electrode. A saturated calomel
electrode (SCE, Aida, Tianjin, China) and a platinum electrode
(Aida, Tianjin, China) served as the reference and counter
electrodes, respectively. The potentials applied to the working
electrode were in reference to the SCE.

ww.sp
w

Results and discussion
Characterization of g-PGA-g-DA copolymer

The structure of g-PGA-g-DA was determined by 1H NMR. As can
be seen in Fig. S1 in ESI,† compared with g-PGA, new aromatic
ring (6.4–7.0 ppm) peaks appeared in the 1H NMR spectrum of
the g-PGA-g-DA copolymer (Fig. S1B†), indicating that dopa-
mine has been successfully introduced into g-PGA side chain.
The graing degree of g-PGA-g-DA copolymer was determined
by 1H NMR using integrals of the a-H of g-PGA skeleton and the
benzyl-CH2 overlapped signals of dopamine. The unlabeled
25108 | RSC Adv., 2014, 4, 25106–25113
chemical shi values were attributed to the intermediate form
of g-PGA that resulted from the catalysis of EDC and NHS.39 The
FT-IR spectra of g-PGA and g-PGA-g-DA are shown in Fig. S2.†
The peaks at 1570 cm�1 and 1392 cm�1 for g-PGA showed the
asymmetric and symmetric stretching vibration modes of
–COO� which were reduced in g-PGA-g-DA, indicating success-
ful synthesis of g-PGA-g-DA copolymer.
Self-assembly of g-PGA-g-DA copolymer

The self-assembly behavior of the amphiphilic copolymer was
usually monitored through the turbidity experiment.40 The
turbidities of 0.1 mg mL�1 aqueous solutions of g-PGA and
g-PGA-g-DA copolymer at 550 nm as a function of solution pH
are shown in Fig. S3.† As can be seen, the turbidities of g-PGA
aqueous solution showed negligible change from pH 5.50 to pH
2.00, indicating that no NPs were formed in the pH range of
5.50–2.00. In contrast, the turbidities of g-PGA-g-DA-20 and
g-PGA-g-DA-28 exhibited a clear break point at pH 3.20 and pH
3.50, respectively, indicating the formation of NPs at low pH
value. The possible reason is that with the decrease of pH value,
the protonation of the hydrophilic carboxyl groupmakes g-PGA-
g-DA more hydrophobic, leading to self-assembly of the copol-
ymer and formation of the NPs. In addition, the pH value at
which the g-PGA-g-DA NPs formed decreased with the
decreasing the graing degree g-PGA-g-DA copolymer due to the
decrease of hydrophobicity of copolymer. As pH value further
decreased, the turbidities sharply increased. The signicant
increasing turbidity may be ascribed to the small NPs agglom-
erating to large particles, as a result of the weakening electro-
static repulsion between the NPs with further decreasing pH
value. Below pH 3.00, macroscopic precipitation was observed.

The self-assembly of g-PGA-g-DA-28 copolymer was also
investigated by DLS and TEM measurements. As shown in
Fig. 2, the copolymer had an average hydrodynamic diameter of
248.2 nm at pH 4.50. However, the TEM image shows the
uniformly spherical morphology with a size of 36 nm (obtained
by analysis with Nanomeasurer soware). The reason may be
ascribed to the folding of the coil-like g-PGA-g-DA copolymer in
aqueous solution aer the evaporation of water. When pH was
decreased to pH 3.50, the average hydrodynamic diameter of g-
PGA-g-DA copolymer was 99.6 nm and the TEM image revealed a
spherical morphology with an average diameter of 103 nm,
indicating that the g-PGA-g-DA NPs were formed and had
compact structure at pH 3.50 in aqueous solution. When the pH
value further decreased to pH 3.10, the DLS revealed that the
g-PGA-g-DA NPs became larger with an average hydrodynamic
diameter of 270.4 nm, which was conrmed by TEM measure-
ment. The possible reason is that the further protonation of the
carboxyl groups and the decrease of the negative charge led to
the agglomeration of NPs.

In addition, the self-assembly of g-PGA-g-DA-28 aqueous
solutions and the size of copolymer NPs with the concentration
from 0.05 mg mL�1 to 2 mg mL�1 were investigated by turbidity
and DLS experiments. As can be seen in Fig. S4,† g-PGA-g-DA-28
formed NPs between pH 3.10 and pH 4.00 varying with
concentration. With increasing the concentration, the pH value
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Fig. 2 Size distribution of the g-PGA-g-DA in an aqueous solution of pH 4.50, 3.50 and 3.10 (A–C) and the corresponding TEM images (D–F).
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.cn
at which the NPs formed increased. When the concentration of
g-PGA-g-DA aqueous solution was above 2 mg mL�1, macro-
scopic precipitation was observed. The relationship of the pH
value at which the NPs formed and the concentration were
shown in Fig. S4 (B).† The g-PGA-g-DA aqueous solution of
0.1 mg mL�1 which formed the g-PGA-g-DA NPs with minimum
size was chosen to prepare Au@g-PGA-g-DA nanohybrids.
m
Preparation of Au@g-PGA-g-DA nanohybrids

Aer the self-assembly of g-PGA-g-DA copolymer have been
investigated, we turn to study the synthesis of Au@g-PGA-g-DA
nanohybrids. The HAuCl4 aqueous solution was added by
dropwise into the g-PGA-g-DA copolymer aqueous solution
while stirring, leading to the simultaneous self-assembly of the
copolymer and the reduction of Au3+. The characteristic colors
of the Au@g-PGA-g-DA nanohybrids depending on the LAu are
shown in Fig. 3 (inset).

The UV-Vis absorption spectra were recorded for Au@g-PGA-
g-DA nanohybrids with different LAu (Fig. 3). All samplesw.sp
Fig. 3 UV-Vis absorption spectra and the characteristic colors (inset)
for Au@g-PGA-g-DA nanohybrids with different LAu. LAu is the molar
ratio of Au3+ to the repeated units of g-PGA-g-DA.

This journal is © The Royal Society of Chemistry 2014

ww
exhibited an absorption maximum near a wavelength (lmax) of
550 nm, which corresponds to the surface plasmon absorption
of Au,41 conrming the presence of Au NPs. As LAu decreased
from 0.30 to 0.15, the lmax values were red-shied from 518 to
533 nm. When LAu reached 0.10, the absorption peak became
much broader and lmax shied to about 580 nm. Besides the
increase of particle size, the agglomeration of smaller particles
is another reason for the red shi of lmax values with decreasing
LAu.38,42 For the Au@g-PGA-g-DA nanohybrids with LAu 0.30, LAu
0.15 and LAu 0.10, the solutions remained clear without
precipitation, even for several months. However, for the
Au@g-PGA-g-DA nanohybrids with LAu > 0.30, the solution
became turbid upon addition of HAuCl4, and precipitation of
darkly colored solids was observed during redox reaction. The
possible reason is that for higher LAu, much more Au NPs were
reduced by the dopamine groups, while the g-PGA-g-DA NPs
were unable to stabilize so much Au NPs, leading to the
precipitation of Au@g-PGA-g-DA nanohybrids.

The particle size and clustering of Au NPs were determined
by TEM measurement (Fig. 4). At the highest values of LAu
studied (0.30), TEM image revealed that the Au NPs had a
spherical shape and a uniform distribution. The g-PGA-g-DA
NPs, which were not observed due to the lower density, provided
a scaffold for Au NPs and prevented the aggregation of the in
situ reduced Au. The average size of Au NPs determined by TEM
was 5.0 nm with sizes ranging from 1.8–8.1 nm via analysis with
Nanomeasurer soware. When LAu decreased to 0.15, the size of
the Au NPs increased to approximately 20 nm; and groups of
large particles with some clustering were observed instead of
small particles. The trend in particle size with decreasing LAu
has been reported for other reduction/stabilizer systems.43,44

The formation of large, irregular and agglomerated particles at
lower loading ratios might be encouraged by the clustering of
unreacted dopamine groups and metal particles.38 For the
Au@g-PGA-g-DA nanohybrids with LAu 0.10, the small particles
disappeared, and groups of large irregular particles were

.co
m
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Fig. 4 TEM images for Au@g-PGA-g-DA nanohybrids with different LAu; LAu is the molar ratio of Au3+ to the repeated units of g-PGA-g-DA. (A)
LAu 0.30, (B) LAu 0.15 and (C) LAu 0.10.
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observed instead. In addition, the copolymer shell of the large
irregular particle also can be clearly observed. The possible
reason is that with increasing the copolymer, the interaction of
unreacted dopamine groups and Au NPs and the entanglement
of copolymer led to the collapse of copolymer shell on the Au
NPs surface, which decreases shell thickness and increases the
internal polymer density of the shell.

In addition, the unmodied g-PGA, dopamine, mixture of
g-PGA and dopamine, and g-PGA-g-DA-20 copolymer with
LAu 0.30 were used to prepare nanohybrids respectively. The
UV-vis spectra and TEM images were shown in Fig. S5 and S6,
respectively.†

As can be seen in Fig. S5,† UV-vis spectra of the nanohybrids
prepared from unmodied g-PGA, DA alone or g-PGA mixed
with DA exhibited a very broad absorption from 490 nm to
750 nm, indicating the agglomeration of the Au NPs, which were
conrmed by the TEM measurements. However, the UV-vis
spectra of the nanohybrids prepared from g-PGA-g-DA-28
copolymer with LAu 0.30 exhibited a narrow absorption with
absorption maximum wavelength of 513 nm, which corre-
sponds to the surface plasmon absorption of Au NPs. The TEM
image revealed that the Au NPs had a spherical shape and a
uniform distribution in nanohybrids. The agglomeration of
the Au NPs prepared from the unmodied g-PGA, DA alone or
g-PGA mixed with DA can be ascribed to clustering of metal
particles and dopamine or g-PGA. The unmodied g-PGA, DA
alone or g-PGA mixed with DA was ineffective to isolate the Au
NPs during the process of in suit reduction due to their mole-
cule state in aqueous. In contrast, by simply adding
HAuCl4$3H2O to the aqueous solution of g-PGA-g-DA-28
copolymer, the decrease of the pH value induced the self-
assembly of g-PGA-g-DA into NPs, during which Au3+ was
adsorbed and immobilized via dopamine and COO� groups in
the in situ formed NPs and spontaneously reduced to Au NPs by
the dopamine moieties of g-PGA-g-DA, leading to the formation
of small, well-dispersed Au NPs in nanohybrids. The results of
control experiment revealed that the in situ formed g-PGA-g-DA
NPs severed as a scaffold for Au NPs and effective to isolate the
Au NPs during the process of in suit reduction.

The UV-Vis spectra and TEM images of Au@g-PGA-g-DA
prepared from different graing degree were shown in Fig. S5
and S6, respectively.† As can be seen in Fig. S5,† compared with
the nanohybrids prepared from g-PGA-g-DA-28 copolymer with
LAu 0.30, the lmax values of the nanohybrids prepared from
g-PGA-g-DA-20 copolymer with LAu 0.30 were red-shied from

www.sp
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513 to 529 nm, indicating the size increase of Au NPs in the
nanohybrids prepared from g-PGA-g-DA-20 copolymer. The
TEMmeasurement conrmed the size increase of Au NPs in the
nanohybrids prepared from g-PGA-g-DA-20 copolymer. The
possible reason is that with the same LAu, the ratio of the
stabilizer to the reductant was increased in the g-PGA-g-DA-20
copolymer compared with the g-PGA-g-DA-28 copolymer; the
increase of stabilizer and the decrease of reductant decreased
the reduction rate of Au NPs, leading to the agglomeration and
size increase of Au NPs in the nanohybrids. The nanohybrids
prepared from g-PGA-g-DA-28 copolymer with LAu 0.30 exhibited
smaller, well-dispersed Au NPs in nanohybrids.

The crystallinity of the Au NPs in Au@g-PGA-g-DA nano-
hybrids was investigated by XRD. Fig. S7(A) shows the XRD
patterns for the Au@g-PGA-g-DA nanohybrids and g-PGA-g-DA
bulk powder.† Compared with the diffractogram of g-PGA-g-DA
bulk powder, the diffractogram of Au@g-PGA-g-DA nanohybrids
shows ve additional characteristic reections around at 38�,
44�, 64�, 78�, and 82� in addition to one broad diffraction peak
between 20� and 30� originating from g-PGA-g-DA copolymer,
corresponding to the (111), (200), (220), (311) and (222) of the
lattice plane of gold respectively, indicating the presence of Au
NPs in the Au@g-PGA-g-DA nanohybrids.45,46

In order to further investigate the composition of the
Au@g-PGA-g-DA nanohybrids, Au@g-PGA-g-DA nanohybrids
and g-PGA-g-DA bulk powder were analyzed by XPS. Fig. S7(B)
represents the XPS surveys of Au@g-PGA-g-DA nanohybrids and
g-PGA-g-DA bulk powder.† The presence of peaks due to Au4f in
survey spectra of Au@g-PGA-g-DA nanohybrids in addition to the
three main peaks originating from O1s, C1s and N1s conrms
the presence of Au in the nanohybrid materials.47 Such peaks are
not present in survey spectra of g-PGA-g-DA bulk powder.

To explain and for better understand the mechanism of the
interactions between the g-PGA-g-DA copolymer and Au NPs,
FT-IR were performed to study the type of chemical bonds
involved in the interactions between the g-PGA-g-DA copolymer
with Au NPs. As shown in Fig. S7(C),† the peaks of carboxylate
group at 1390 cm�1 and the amide groups at 2930 and 1526
cm�1 decreased in the FT-IR spectrum of Au@g-PGA-g-DA
nanohybrids compared with the FT-IR spectrum of g-PGA-g-DA
copolymer, implying the chemical bonds involved in the inter-
actions between the Au NPs and either the carboxylate groups or
the amide groups.45,46

TGA of the Au@g-PGA-g-DA nanohybrids and g-PGA-g-DA
bulk powder was performed in order to nd their thermal
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Table 1 Determination of L-tryptophan in blood samples

Blood sample Added (mol L�1) Found (mol L�1) Recovery (%)

Sample 1 5 � 10�5 4.91 � 10�5 98.2
Sample 2 1 � 10�5 1.03 � 10�5 103
Sample 3 5 � 10�4 4.95 � 10�4 99
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stability and also to evaluate their composition.47 The TGA
traces of them are shown in Fig. S7(D).† In all the samples,
the rst loss in weight started at 100 �C probably due to the
decrease of water in weight. The second loss in weight was
probably due to the degradation of g-PGA-g-DA chain
started at 168 �C for g-PGA-g-DA bulk powder while it began
at 146 �C for Au@g-PGA-g-DA nanohybrids. The amount of Au
was found to be 6.8% in nanohybrids estimated by TGA
traces.

The size distribution of Au@g-PGA-g-DA nanohybrids with
LAu 0.30 in aqueous solution were investigated by DLS
measurement. As can be seen in Fig. S8(A),† the average
hydrodynamic diameter of the Au@g-PGA-g-DA nanohybrids
with LAu 0.30 was found to be approximately 187 nm in the
aqueous solution, implying that the Au NPs were entrapped
and stabilized by the g-PGA-g-DA NPs. The morphology of
nanohybrids in dry state was investigated by SEM and AFM.
As shown in Fig. S8(B–D),† various morphologies (including
sphere and polygon) were observed. The possible reason is
that the nanohybrids were easy to deform during the drying
process due to they were in swelling state in aqueous
solution.

The stability of Au@g-PGA-g-DA nanohybrids was investi-
gated in different pH buffers and salines using UV-Vis and DLS
measurements.48 As shown in Fig. S9,† with increasing the pH
values and salines, the average size of nanohybrids slightly
increased resulted from the deprotonation of g-PGA-g-DA
copolymer. In addition, UV-Vis spectra with different pH buffers
and salines revealed no shi in the localized surface plasmon
resonance (LSPR) band of the Au@g-PGA-g-DA nanohybrids,
implying that no aggregation occurred and the nanohybrids
exhibit high colloidal stability.

Detection of Au@g-PGA-g-DA nanohybrids for L-tryptophan

The lm formed from Au@g-PGA-g-DA nanohybrids was
investigated by SEM and AFM (Fig. S10†). As can be seen, plenty
of Au NPs appeared on the Au@g-PGA-g-DA nanohybrids lm of
electrode surface.

The electrochemical response of Au@g-PGA-g-DA nano-
hybrids for L-tryptophan were performed in 0.1 mol L�1

phosphate buffer solution (PBS 7.0). Fig. 5A shows the DPSV

w.sp
Fig. 5 DPSV curves of Au@g-PGA-g-DA-modified GCE in 0.1 mol L�1 ph
L-tryptophan from 1� 10�7 mol L�1 to 1� 10�3 mol L�1 (A) and the corresp

This journal is © The Royal Society of Chemistry 2014

ww
curves obtained in various concentrations of L-tryptophan.
The peaks appeared at 0.6–0.7 V is assigned to the charac-
teristic oxidation peak of L-tryptophan in phosphate buffer
solution.49,50 With increasing the concentration of L-trypto-
phan, the oxidation peak current of L-tryptophan increased,
indicating that the Au@g-PGA-g-DA nanohybrids showed
good detection performance for L-tryptophan. The linear
dynamic ranges as shown in Fig. 5B from 1 � 10�6 to 8 � 10�4

mol L�1, with a correlation coefficient of 0.997. The
linear regression equations is as follows: Ip (mA) ¼ 30.52 +
4.48lgCL-tryptophan(mol L�1).

The inuences of some amino acids (L-lysine, L-serine,
L-phenylalanine, L-histidine, L-glycine, L-alanine, and L-proline)
were tested by analyzing a standard solution of 1 � 10�5 mol
L�1

L-tryptophan via the Au@g-PGA-g-DA nanohybrids.51 As
shown in Fig. S11,† the mixture of L-tryptophan and 50-fold
concentrations amino acids of aforementioned interfering
substances caused a change in the signal of below 5%, indi-
cating that the Au@g-PGA-g-DA nanohybrids showed good
selectivity for L-tryptophan.

To demonstrate the performance of Au@g-PGA-g-DA
nanohybrids in real sample analysis, the determination of L-
tryptophan in human blood samples were analyzed at the
Au@g-PGA-g-DA-modied GCE. The human blood serum
samples were diluted to 100 times with 0.1 mol L�1 phos-
phate buffer solution (pH 7.0) without any treatment. Then,
the Au@g-PGA-g-DA-modied GCE was applied to detect
human blood serum samples spiked with L-tryptophan at a
certain concentration.51 The results were listed in Table 1.
The recoveries of the method are satisfactory and in the
range of 98–105%, indicating that Au@g-PGA-g-DA nano-
hybrids are a promising system for detecting the amino
acids.

.co
m.cn
osphate buffer solution (PBS 7.0) containing different concentrations of
onding calibration curve of L-tryptophan with different concentrations (B).
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Conclusions

We reported a new approach for the green synthesis of
biocompatible Au@g-PGA-g-DA nanohybrids. In a typical
synthesis, an aqueous metal precursor solution was added to
g-PGA-g-DA solution wherein g-PGA-g-DA served as both
effective reductant and scaffold. The results revealed that LAu
is clearly a key parameter governing the size and degree of
clustering of the Au NPs in fabrication of Au@g-PGA-g-DA
nanohybrids. The optimal composition for preparation of
small, well-dispersed Au NPs in nanohybrids is LAu 0.30.
The obtained Au@g-PGA-g-DA nanohybrids have great
promise in biological elds due to their green synthesis,
simple preparation procedure, water-dispersibility and
biocompatibility.
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