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a  b  s  t  r  a  c  t

This  study  demonstrates  a  facile,  green strategy  for  the preparation  of  gold  nanoparticles  (AuNPs)  from
chloroauric  acid  (HAuCl4) using  carboxylic  curdlan  (Cc)  as both  reducing  and  stabilizing  agent.  The
as-prepared  AuNPs  are  characterized  by  UV–vis  spectroscopy,  high  resolution  transmission  electron
microscopy,  X-ray  diffraction,  energy  dispersive  X-ray  spectrometry  and  Fourier  transform  infrared
spectroscopy.  The  results  indicated  that  the  particle  size  of  the  AuNPs  changes  with  variations  in the
reaction  time  and  concentrations  of  Cc and  HAuCl4. The  spherical  AuNPs  are well dispersed,  exhibiting

−
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high  stability  even  after  six  months  storage.  The  carboxylic  groups  (COO ) in  the  Cc molecules  tend  to
adsorb  and  stabilize  the  surface  of  the AuNPs.  The  interaction  between  BSA  and  the Cc-capped  AuNPs
was  investigated  using  fluorescence  and circular  dichroism  spectroscopies.  The results  indicated  that  the
BSA  molecules  adsorb  on the  surface  of  the  AuNPs,  without  significant  change  in its  helical  structure  even
after conjugation  with the AuNPs.
. Introduction

Metal nanoparticles, especially gold nanoparticles (AuNPs),
ave recently gained significant attentions because of their unique
roperties and potential applications in catalysis, optoelectronics,
ensors, biotechnology, and biomedicine (Daniel & Astruc, 2004;
ykman & Khlebtsov, 2012; Li, Zhao, & Astruc, 2014; Sau, Rogach,

ackel, Klar, & Feldmann, 2010; Yeh, Creran, & Rotello, 2012). In
rder to explore the biological processes that are critical for diag-
ostics and modulation of cell functions, a lot of work has been
one on unraveling the surface interaction of biomolecules with
etal nanoparticles (NPs) (Lacerda et al., 2010). Obviously, AuNPs

re the natural starting points for understanding the protein-NP
nteractions due to their promise for diverse biomedical applica-
ions, such as molecular diagnostics, bioengineering, biomolecular
maging, and drug delivery for cancer therapeutics (Andres et al.,

996; Galletto, Brevet, Girault, Antoine, & Broyer, 1999; Ghosh, Han,
e, Kim, & Rotello, 2008; Mirkin, Letsinger, Mucic, & Storhoff, 1996;
urt, Gutierrez-Wing, Miki-Yoshida, & Jose-Yacaman, 2004).
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To date, AuNPs are being synthesized with a variety of bottom-
up methods and technologies, including chemical reduction (Chen,
Wang, Ballato, Foulger, & Carroll, 2003), seed-growth (Busbee,
Obare, & Murphy, 2003), photochemistry (Kim, Song, & Yang, 2002),
electrochemistry (Ye, Yan, Ye, & Zhou, 2010), sonochemistry (Qiu,
Zhu, & Chen, 2003), and template-assisted supramolecular chem-
istry (Lehn, 1995). Among these techniques, the chemical reduction
method, which involves the use of various reducing agents, such
as hydrazine, sodium borohydride (NaBH4), dimethyl formamide
(DMF), and other organic compounds, is considered as the most
simple and conventional method for the preparation of AuNPs.
However, these reducing agents are often associated with poten-
tial environmental toxicity or biological hazards. Therefore, more
and more interests are being put on the development of “green”
synthesis strategies for the preparation of AuNPs using non-toxic,
environmentally friendly and renewable materials.

Polysaccharides derived from renewable sources, including
plants, animals, and microorganisms, are being extensively studied
in a wide variety of biomedical applications and functional foods
due to their notable and excellent bioactivities, such as immunos-
timulatory, antitumor, and antioxidant activities (Giavasis, 2014;

Stachowiak & Reguła, 2012). In particular, polysaccharides possess-
ing good biocompatibility and biodegradability play an important
role in nanoscience and drug delivery owing to the presence of a
large number of functional groups, including hydroxyl, carboxyl,

dx.doi.org/10.1016/j.carbpol.2014.10.048
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Fig. 1. UV–vis spectra absorption of Cc-AuNPs prepared with 0.2% (w/v) Cc and
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nd amino groups, in their structures. Raveendran, Fu, and Wallen
2003) first reported a facile “green” method for the synthesis
f metal nanoparticles using glucose as the reducing agent and
tarch as the protecting agent. Then many other polysaccharides
nd their derivatives have been employed for the “green” syn-
hesis of AuNPs, such as chitosan (Huang et al., 2007), dextran
Wang, Zhan, & Huang, 2010), pullulan (Choudhury, Malhotra,
hattacharjee, & Prasad, 2014), glucan (Jia, Xu & Zhang, 2013; Sen,
aity, & Islam, 2013), cellulose (Tan et al., 2010), and guar gum

Pandey, Goswami, & Nanda, 2013). Our group has also successfully
eveloped a facile, simple, and eco-friendly method to synthesize
ilver nanoparticles (AgNPs) using aqueous solution of carboxylic
urdlan (Cc), which was prepared by the 4-acetamido-2,2,6,6-
etramethypiperidine-1-oxyl radical-mediated oxidation curdlan,
s both reducing and stabilizing agents (Yan et al., 2013). How-
ver, no studies have been reported on the green synthesis of
uNPs using Cc solution. Herein, for the first time, we developed

 green strategy for the synthesis of AuNPs from chloroauric acid
HAuCl4) using Cc as the reducing as well as stabilizing agent.
he characteristics and mechanism of the as-prepared Cc-AuNPs
ave been systematically elucidated using UV–vis spectroscopy,
igh-resolution transmission electron microscopy (HR-TEM), X-
ay diffraction (XRD), energy-dispersive X-ray (EDX) analysis, and
ourier-transform infrared (FT-IR) spectroscopy. In addition, the
nteraction between the prepared Cc-AuNPs and bovine serum
lbumin (BSA) has been investigated using fluorescence spec-
roscopy and circular dichroism (CD) spectroscopy.

. Materials and methods

.1. Materials and chemicals

Carboxylic curdlan (Cc) bearing the �-1,3-polyglucuronic acid
tructure was prepared from 4-acetamido-TEMPO-mediated oxi-
ation, details being shown in our previous work (Yan et al.,
014). The carboxylate content and molecular weight (MW) of Cc
re 4.87 mmol/g and 1.2 × 105 Da, respectively. Hydrogen tetra-
hloroaurate(III) tetrahydrate (HAuCl4·3H2O, 99%), and bovine
erum albumin (BSA, MW 6.6 × 104 kDa) were obtained from
igma-Aldrich Chemical Co. (St. Louis, MO,  USA). All other chem-
cals and solvents were of laboratory grade, without further
urification. Ultrapure Milli-Q  water (18.2 M� cm at 25 ◦C) was
sed in all experiments.

.2. Green synthesis of Cc-capped gold nanoparticles (Cc-AuNPs)

Stock solutions of HAuCl4 with concentrations ranging from 0.5
o 2.0 mM were prepared by adding gold(III) chloride hydrate in
eionized water. For the synthesis of AuNPs, 2 mL  of the HAuCl4
tock solution was added to an equal volume of Cc (0.2%, w/v). The
esulting mixture was maintained at 100 ◦C under continuous stir-
ing in a water bath for different reaction time (15–120 min) to
btain AuNPs.

.3. Characterization

The UV–vis absorption spectra of the as-prepared Cc-AuNPs
olutions were obtained from a Perkin-Elmer Lambda 35 spec-
rophotometer in the wavelength range of 400–700 nm with the
nterval of 1.0 nm.  The change in the color was directly recorded
y a digital camera. The particle size and morphology of the Cc-
uNPs was observed using high resolution transmission electron

icroscopy (HRTEM, Tecnai 12, Philips, 120 kV). For TEM analysis,

he sample was prepared by placing a drop of the Cc-AuNPs solution
n a carbon coated copper grid (300 meshes), followed by drying at
oom temperature (20 ◦C) for 30 min. The elemental composition
2.0 mM HAuCl4 at 100 ◦C for different reaction times (inset images: solution color in
different time interval). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

of the nanoparticles was determined by an EDX spectroscope (Inca
Energy-350, Oxford Co., UK) attached to the SEM (JSM-7001F, JEOL
Ltd., Japan). The critical structure of the Cc-AuNPs was determined
by a wide-angle XRD (D8-Advance, Bruker, Co., Germany). The XRD
patterns were recorded with Cu K� radiation (� = 0.1541 nm)  at
40 kV and 40 mA in the 2� ranging from 30◦ to 80◦ with a step
speed of 4◦/min. Fourier-transform infrared (FT-IR) spectra of Cc
and freeze-dried Cc-AuNPs were obtained from a Nexus 670 FT-IR
spectrometer (Thermo Nicolet Co., USA) in the wavenumber range
of 500–4000 cm−1 with KBr pellets and referenced against air.

2.4. Preparation and characterization of Cc-AuNPs and BSA
interactant

The interactant was  prepared by adding 50 �L of the as-prepared
Cc-AuNPs solution (with different concentrations ranging from
10−12 to 10−6 M)  to 1 mL  of BSA solution (0.01 mg/mL). Then the
mixture was incubated at 25 ◦C in a water bath for 3 h under con-
tinuous stirring. After incubation, the mixture was maintained at
4 ◦C before analysis.

The fluorescence spectra of BSA and BSA/Cc-AuNPs interactants
were recorded on a Perkin Elmer LS35 spectrofluorimeter in the
wavelength range of 300–450 nm using the excitation wavelength
of 290 nm.  The width of both the excitation and emission slit was
5.0 nm.  Furthermore, the CD spectra were recorded on a circular
dichroism spectrometer (JASCO J-815, Japan) at room temperature
using a 0.1 cm path length quartz cell in the wavelength range of
190–290 nm.

3. Results and discussion

3.1. Influence of reaction time on the synthesis of Cc-AuNPs

Owing to the presence of a large number of hydroxyl and
carboxyl (COO−) groups, the Cc molecules prepared via the
4-acetamido-TEMPO-mediated oxidation of curdlan exhibited a
strong ability to adsorb metallic cations. The Cc molecules thus
played the role of both reducing and stabilizing agents for the one-
pot, green synthesis of AuNPs in an aqueous medium. Moreover,
the functional groups in the Cc molecules cover and passivate the
surface of the AuNPs, thereby preventing any further aggregation
(Liu, Raveendran, Qin, & Ikushima, 2005).

Fig. 1 shows the UV–vis absorption spectra of the AuNPs pre-

pared with 0.2% (w/v) Cc and 2.0 mM HAuCl4 solution at 100 ◦C
for different time intervals. After 15 min  of incubation, the UV–vis
spectra show a broad absorption band at around 530 nm. When
the incubation time increases from 15 to 90 min, the bands become
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Fig. 2. UV–vis spectra absorption of Cc-AuNPs prepared with different concentra-
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tronger. The appearance of this typical surface plasmon resonance
SPR) band of AuNPs further indicates the formation of Cc-AuNPs
Mulvaney, 1996). The inset image of Fig. 1 shows that the HAuCl4
queous solution is colorless in the beginning, and with the ongo-
ng of reaction, the color becomes dark-blue and then wine red,

ithout the formation of precipitates. This indicates that Au3+ in
he solution is reduced to Au0 by the Cc molecules (Zhou et al.,
009). In general, metal nanoparticles with various shapes and
izes show different colors in solutions, therefore the shape of
he nanoparticles can be visually evaluated. For instance, metallic
old is yellow, spherical AuNPs are wine red or purple, while gold
anorods are blue or black in solution (Burda, Chen, Narayanan,

 El-Sayed, 2005; Thakor, Jokerst, Zavaleta, Massoud, & Gambhir,
011). These results also reveal that the Cc molecules in the solution
ould act as both reducing and stabilizing agents for the synthesis of
ell-dispersed spherical AuNPs, without the need of any additional

educing agents or stabilizers. In addition, no significant increase
n absorption intensity could be observed after 90 min  of reaction
ime, suggesting that the reaction is completed within 90 min.

.2. Influence of Cc concentration on the synthesis of Cc-AuNPs

According to our previous work (Yan et al., 2013), the concen-
ration of Cc has a significant influence on the formation of AgNPs.
herefore, in the present study, we analyzed the effects of Cc con-
entration on the synthesis of the as-prepared AuNPs. Fig. 2 shows
he UV–vis absorption spectra of the AuNPs prepared with differ-
nt concentrations of Cc (0.05% to 0.2%, w/v) and 2.0 mM HAuCl4 at
00 ◦C for 90 min. When the Cc concentration is below 0.1%, Au3+

as not sufficiently reduced and stabilized for the preparation of

uNPs. It was found that there is a gradual increase in the absorp-

ion intensity, by increasing the Cc concentration up to 0.2% (w/v).
oreover, the width of absorption peak gradually becomes nar-

ower with the increase in the concentration of Cc from 0.1% to 0.2%

ig. 3. (A) UV–vis spectra absorption of Cc-AuNPs prepared with 0.2% (w/v) Cc and diff
ith  different concentrations of HAuCl4); HRTEM images of Cc-AuNPs prepared with 0.2%

nterpretation of the references to color in this figure legend, the reader is referred to the
tions of Cc and 2.0 mM HAuCl4 at 100 ◦C for 90 min (inset images: solution color
with different concentrations of Cc). (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of this article.)

(w/v) suggesting that the size distribution of the as-prepared AuNPs
becomes narrower (Babapour, Akahavan, Azimirad, & Moshfeg,
2006). In addition, the SPR band of the as-synthesized AuNPs
blue-shifted from 540 nm to 530 nm with increasing Cc concen-
tration from 0.1% to 0.2% (w/v) indicating that the particle size was
decreased with increasing Cc concentration. In addition, the effect
of Cc concentration on the formation of AuNPs was also evaluated
by visually observing the color changes in the solution. As can be
seen from the inset image shown in Fig. 2, the color of the solution
changes from colorless to light blue or blue color and subsequently
to wine red color with increase in the concentration of Cc from
0.05% to 0.2%. This indicates that the shape of the as-prepared par-

ticles can be tuned by controlling the concentration of Cc. In the
present study, the concentration of Cc suitable for the preparation
of AuNPs was  found to be 0.2% (w/v). Neither AuNP aggregation nor
polymer phase separation was  observed under this condition.

erent concentrations of HAuCl4 at 100 ◦C for 90 min  (inset images: solution color
 (w/v) Cc and 0.5 mM HAuCl4 (B), 1.0 mM HAuCl4 (C), and 2.0 mM HAuCl4 (D). (For

 web  version of this article.)
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.3. Influence of HAuCl4 concentration on the synthesis and
orphology of the Cc-AuNPs

Fig. 3A shows the UV–vis absorption spectra of the AuNPs pre-
ared by reducing different concentrations of HAuCl4 solution with
.2% (w/v) Cc at 100 ◦C for 90 min. The absorption peaks appear
t about 530 nm,  which is a characteristic SPR band of AuNPs and
onfirms the formation of AuNPs under different concentrations of
AuCl4 solution. With an increase in the concentration of HAuCl4

rom 0.5 to 2.0 mM,  the intensity of the absorption peak increased
radually, suggesting the formation of more nanoparticles at higher
oncentration of HAuCl4. Meanwhile, the effects of HAuCl4 concen-
ration on the formation of AuNPs can also be visually observed
hrough the color change of the solution. As shown in the inset
mages of Fig. 3A, the AuNPs formed under lower concentration of
AuCl4 (0.5 mM)  exhibits a light purple color in solution, and the
olor becomes deeper to wine red or purple at higher concentration
2.0 mM).

The particle size and morphology of the AuNPs, formed by
educing 0.5, 1.0, and 2.0 mM HAuCl4 solution with 0.2% (w/v) Cc,
espectively, was recorded by HR-TEM (Fig. 3B–D). Fig. 3B shows
he formation of well-dispersed spherical particles with an aver-
ge size of ∼17 nm,  at the HAuCl4 concentration of 0.5 mM.  When
AuCl4 concentration increases to 2.0 mM,  the particle size also

ncreased to 24 nm (Fig. 3D), correspondingly, higher concentration
f HAuCl4 leading to the formation of larger sized AuNPs. This result
grees well with the UV–vis analysis and visual observation of color
ormation. It is reasonable because higher concentration of Au3+

ons in the HAuCl4 solution provides more nuclei, which favors fur-
her growth of the nanoparticles (Wu,  Zhang, & Zhang, 2012). More
pecifically, an increase in the concentration of HAuCl4 may  result
n the aggregation of particles to some extent, perhaps due to the
ole of polysaccharides as stabilizers or nucleating agents (Sen et al.,
013). The amount of 0.2% (w/v) Cc used in this work is sufficient
nough to reduce the Au3+ ions in the high HAuCl4 concentration
f 2.0 mM,  but could not completely prevent the aggregation of the
s-formed AuNPs. However, at lower concentrations, the same con-
entration of Cc is completely sufficient to stabilize the AuNPs and
revent further aggregation, forming smaller size of AuNPs.

.4. Characterization of Cc-AuNPs through XRD and EDX

Fig. 4A shows the XRD pattern of the AuNPs prepared with
.2% (w/v) Cc and 2.0 mM HAuCl4 solution at 100 ◦C for 90 min.
he four diffraction peaks at 2� corresponding to 38.2◦, 44.4◦,
4.6◦, and 77.7◦ can be attributed to the (1 1 1), (2 0 0), (2 2 0), and
3 1 1) planes, respectively, of the face-centered cubic (fcc) gold. The
ragg reflections (2 0 0), (2 2 0), and (3 1 1) are relatively weaker and
roader compared to the intense (1 1 1) reflection, implying that the
old nanocrystals are preferentially oriented along the (1 1 1) plane.
he EDX spectrum of the AuNPs (Fig. 4B) reveals a strong and typical
ptical absorption peak at approximately 200 eV, which could be
ttributed to the SPR of the metallic Au nanocrystals, and confirms
he formation of AuNPs in the reaction medium. In addition, the
resence of Au, C, and O elements in the EDX spectrum indicates
hat the nanocomposite consists of both Cc and AuNPs.

.5. FT-IR analysis and mechanism underlying the formation of
c-AuNPs

Fig. 5 shows the FT-IR spectra of Cc and Cc-AuNPs prepared
rom 0.2% (w/v) Cc and 2.0 mM HAuCl4 at 100 ◦C for 90 min, aiming

o investigate the possible interaction between the Cc molecules
nd the Cc-capped AuNPs in the solution. The FT-IR spectrum of
c (Fig. 5A) shows two characteristic absorptions of the polysac-
harides. The strong and wide stretching peak at approximately
Fig. 4. (A) XRD pattern of Cc-AuNPs; (B) EDX of Cc-AuNPs. Cc-AuNPs prepared with
0.2%  (w/v) Cc and 2 mM HAuCl4 at 100 ◦C for 90 min.

3470 cm−1 can be ascribed to the O H stretching vibration, while
the weak absorption peak at approximately 2935 cm−1 can be asso-
ciated with the C H stretching vibration. The absorption band at
1636 cm−1 can be attributed to the asymmetrical COO− stretching
vibration, and that at 1426 cm−1 to the symmetrical COO− stretch-
ing vibration (Delattre et al., 2009). The absorption peaks at 1087
and 1050 cm−1 are ascribed to the stretching vibration of C OH.
Additional peaks at 3450, 2932, 1632, 1426, 1087, and 1050 cm−1

(Fig. 5B) correspond to O H, C H, COO− and C OH, respectively,
coincident with the characteristic peaks of the polysaccharides.
This suggests that the skeleton structure of Cc remains unaltered
after the formation of AuNPs. Interestingly, a new peak appeared
at around 1730 cm−1 can be ascribed to the stretching vibration of
free COOH group, indicating the reduction of Au3+ to Au0 by the
polysaccharide in the solution (Shi & Sun, 1988). Sun et al. (2008)
has reported a number of glycosidic linkages in the polysaccharide
chain are broken into shorter segments in an acidic HAuCl4 solu-
tion. Besides, some CHO groups, present in the opened structure,
may  be oxidized to COOH groups along with the reduction of Au3+

to Au0 in the presence of Au3+. Moreover, the peak at 1636 cm−1

(COO− stretching vibration) is slightly shifted towards 1632 cm−1

in the FT-IR spectrum of Cc-AuNPs, meaning that the combina-
tion between Au nanoparticles and Cc molecules is through affinity
or electrostatic interaction with carboxylate (COO−) groups, and
leads to no traces of blank AuNPs in the suspension. Therefore, the
functional groups present in the Cc molecules play a dual role of
both reducing agent and stabilizing agent in synthesizing as well

as protecting the as-formed AuNPs.

Our previous work have reported that the Cc molecules bearing
the �-1,3-polyglucuronic acid structure existed as a semi-flexible
chain in the aqueous solution and had the potential for producing
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Fig. 7. (A) Fluorescence spectra of BSA in the presence of Cc-AuNPs. The concentra-
−12 −10 −8 −6
ig. 5. FT-IR spectra of (A) Cc and (B) Cc-AuNPs synthesized in 0.2% (w/v) Cc and
 mM HAuCl4 at 100 ◦C for 90 min.

ene carriers, bio-nanomaterials, and other chiral nanowires,
hrough hydrogen bonding interactions, hydrophobic interactions,
nd electrostatic attraction (Yan et al., 2014; Lien et al., 2011).
ased on this study, a possible mechanism underlying the green
ynthesis of AuNPs is proposed in Fig. 6, Cc serving both as a
educing agent as well as a capping agent for the synthesis and
tabilization of AuNPs. First, the extensive carboxylic groups
COO−) on the C-6 position of the Cc chains play an active role
n the adsorption and stabilization of the Au3+ ions through
lectrostatic attraction or affinity interaction. Second, the hydroxyl
roups in the Cc chain reduce the adsorbed Au3+ ions to Au0 and
etallic Au, which further nucleate and grow to form AuNPs. The
uNPs are subsequently capped and stabilized by Cc because of
ts oxygen-rich structure (Huang et al., 2007). Meanwhile, the
ydroxyl groups in the polymeric chains and networks will also
romote the stabilization of the AuNPs. The AuNPs formed by this
ethod are highly stable and well dispersed, and there is no any

Fig. 6. Proposed scheme for the p
tions of Cc-AuNPs are: (a) 0 M,  (b) 10 M, (c) 10 M,  (d) 10 M,  and (e) 10 M;  (B)
CD  spectra of native BSA (curve a) and BSA conjugated with different concentrations
of  Cc-AuPNs: (b). 10−12 M,  (c) 10−10 M,  (d) 10−8 M,  and (e) 10−6 M.

color change or precipitates formation after six months of storage
at room temperature from direct visual observation.

3.6. Studies on the interaction of Cc with BSA

Generally, the adsorption of proteins on the surface of the NPs
alters the surface functionality and thus may  strongly influence the
translocation behavior in the biological systems (Treuel, Malissek,
Gebauer, & Zellner, 2010). In order to understand the fate of
the NPs in the biological systems, we analyzed the interactions
between BSA and the AuNPs prepared from 0.2% (w/v) Cc and
2 mM HAuCl4 at 100 ◦C for 90 min  using fluorescence spectroscopy

and CD measurements. Fig. 7A show that the fluorescence intensity
of BSA at around 365 nm (the presence of tyrosine, tryptophan,
and phenylalanine residues in BSA molecule), tends to decrease
when the concentration of Cc-AuNPs increases from 10−12 M to

reparation of AuNPs by Cc.
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0−6 M,  suggesting that the addition of Cc-AuNPs quenches BSA
uorescence emission, without any peak shift or the formation of
ew peak. The observed quenching of the fluorescence intensity
f BSA may  be attributed to the formation of conjugate between
c-AuNPs and BSA.

CD is powerful in studying the interactions of proteins with
ther molecules and investigating the protein conformation in
olution or adsorbed onto other molecules. In general, the presence
f high percentage of �-helical (67%) structure in the BSA molecules
xhibits a characteristic CD signal in the far UV region. Typically,
hanges in the ellipticity at 208 and 222 nm are considered useful
robes for visualizing the variations in �-helical content. Fig. 7B
hows the CD spectra of BSA in the absence and presence of dif-
erent concentrations of AuNPs. The ellipticity at 208 and 222 nm
f BSA gradually decrease with an increase in the concentration of
c-AuNPs from 10−12 M to 10−6 M,  implying that the AuNPs capped
ith the carboxylic groups of Cc influence the conformation of BSA

o a certain extent. Nonetheless, the change in �-helical content of
SA is not significant even after conjugation with 10−6 M AuNPs. It

s well known that the changes in the original structure of the pro-
ein result in loss of biological activity or the activation of immune
esponse (Brandes, Welzel, Werner, & Kroh, 2006). Remarkably, the
SA molecule could maintain most of its �-helical structure after
onjugation in this study, which offers great potentials as a novel
arrier of proteins for biomedical applications.

. Conclusions

In summary, we developed a facile and green method for the
reparation of well-dispersed spherical AuNPs using Cc as both
educing agent and stabilizing agent in aqueous medium. The par-
icle size, shape, morphology, structure and elemental composition
f the as-prepared AuNPs were thoroughly characterized using
V–vis spectroscopy, HRTEM, XRD, and EDX analyses, and the

nteractions between Cc and AuNPs were examined using FT-IR
pectroscopy. Based on the FT-IR analysis, we proposed the possi-
le mechanism underlying the synthesis of Au nanoparticles using
c. In addition, the interaction between BSA and the Cc-capped
uNPs was also investigated using fluorescence spectroscopy and
D spectroscopy. The results suggest the potential use of non-toxic,
enign, biodegradable, and biocompatible Cc as a reducing agent
s well as stabilizer for the synthesis of metal nanoparticles, and a
road spectrum of their potential applications in biomedicine and
ioanalytical fields.
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