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The  paper  reported  a facile  and  green  synthesis  of  silver  nanoparticles  by using  hyaluronan  (HA)  as  a
reducing  agent  and  soft  template.  The  effect  of reaction  conditions  on  the  Ag  nanoparticle  formation  was
investigated  using  UV–vis  spectrophotometer,  field-emission  scanning  electron  microscopy,  transmis-
sion  electron  microscopy  and  X-ray  diffraction.  The  application  of Ag nanoparticles  in  surface  enhanced
eywords:
yaluronan
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urface enhanced Raman scattering (SERS)

Raman  scattering  (SERS)  of  HA was  also  evaluated.  The  results  showed  that  the  high  pH  value,  tem-
perature  and  molar  ratio  of  HA  to AgNO3 could  accelerate  the  reduction  rate  of  Ag+ and  affect  the  Ag
nanoparticle  size.  The  Ag nanoplates  could  be fabricated  with  a  low  molar  ratio  of  HA  to  AgNO3 by  aging,
which  may  be  due  to  the  selective  adsorption  and  desorption  of  HA  on the  different  crystallographic
planes  of  Ag  nanoparticles.  The  enhancement  of  Raman  scattering  effect  was  greatly  dependent  on  the
size and  morphology  of Ag  nanoparticles.
. Introduction

Nanostructured noble metal materials have wide-ranging impli-
ations in the fields of photonics (You, Chompoosor, & Rotello,
007), catalysis (Steffan, Jakob, Claus, & Lang, 2009), microelec-
ronics (Sun, Yin, Mayers, Herricks, & Xia, 2002), biosensing (Chen
t al., 2007) and antimicrobial functionalities (Du, Niu, Xu, Xu,

 Fan, 2009), etc. Among these, the use of nanosized silver (Ag)
articles as a substrate for enhancing the surface plasmon reso-
ance has been widely reported (Nogueira, Soares-Santos, Cruz, &
rindade, 2002), in which the well-defined shape and structure of
g nanoparticles are critical to the optimum enhancement. In the
ast decades, many effective methods have been developed for the
ynthesis of Ag nanoparticles (Hideki, Kanda, Shibata, Ohkubo, &
be, 2006; Pastoriza-Santos & Liz-Marzaı̌n, 2002; Sun & Xia, 2002;
an Hyning, Klemperer, & Zukoski, 2001). However, the environ-
ental and biological risks are usually caused due to the use of

oxious reducing and/or stabilizing agents in the synthesis proce-
ures, like sodium borohydride (Van Hyning et al., 2001), hydrazine
Hideki et al., 2006) and N,N-dimethylformamide (Pastoriza-Santos

 Liz-Marzaı̌n, 2002), etc. With the increasing awareness of envi-
onmental protection, people are inclined to focus on the ‘green
hemistry’. For this purpose, the natural compounds like �-d-

lucose (Raveendran, Fu, & Wallen, 2003) and chitosan (Wan, Sun,
i, & Li, 2004) were used to stabilize the Ag nanoparticles with
ther reducing agents. In addition, the soluble starch has been
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used as both the reducing and stabilizing agents to synthesize
the Ag nanospheres via a one-pot ‘green’ method (Vigneshwaran,
Nachane, Balasubramanya, & Varadarajan, 2006).

Hyaluronan (HA) is a natural polymer of repeated dis-
accharides, themselves composed of d-glucuronic acid and
d-N-acetylglucosamine, linked together via alternating �-1,4 and
�-1,3 glycosidic bonds. HA is distributed widely throughout
connective, epithelial, and neural tissues. As one of the chief
components of the extracellular matrix, hyaluronan contributes
significantly to the cell proliferation and migration (Lapcik, Lapcik,
De Smedt, Demeester, & Chabrecek, 1998). In this work, we used
HA as the reducing agent to synthesize the Ag nanoparticles, in
which the effect of reaction conditions, including the pH value,
temperature, time and molar ratio of HA to AgNO3 on the size and
morphology of Ag nanoparticles was  discussed. Furthermore, the
surface enhanced Raman scattering (SERS) property of obtained Ag
nanoparticles was investigated.

2. Experimental procedures

HA (molecular weight, 33 kDa) was  purchased from Liuzhou
Chemical Industry Group Co. Ltd. (China). Silver nitrate (AgNO3)
was  purchase from Strem Chemicals, Inc. (USA). All other chemical
reagents were purchased from Hangzhou Mike Chemical Agents
Co. Ltd. (China), and were of analytical grade. Deionized water
(18 M� cm)  was used in the following experiments.
A total of 2 mL  of AgNO3 solution (50 mM)  was  added into 18 mL
of HA solution (5 mM)  in a 50 mL  one-neck flask, in which the
molar ratio of HA to AgNO3 in the reaction system was kept as
1:1. After regulated the pH value by 1 M NaOH or 1 M HNO3, the

dx.doi.org/10.1016/j.carbpol.2011.05.053
http://www.sciencedirect.com/science/journal/01448617
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ask was capped and the mixture was stirred in the dark for differ-
nt times at varied temperatures to obtain the yellowish colloidal
amples.

To investigate the effect of HA content in the reaction system, a
otal of 2 mL  of AgNO3 solution (50 mM)  was added into 18 mL  of HA
olution with varied concentrations (5 mM,  2.5 mM,  1 mM,  0.5 mM
nd 0.25 mM,  respectively) in a 50 mL  one-neck flask, in which the
olar ratio of HA to AgNO3 in the reaction system was  varied from

:1, 0.5:1, 0.2:1, 0.1:1 to 0.05:1. After reacted with stirring in dark
t 70 ◦C and pH 11 for 2 h, the colloidal samples were transferred
nto an autoclave for aging at 70 ◦C for another 48 h. The above
amples with varied HA contents were abbreviated as 1HA, 0.5HA,
.2HA, 0.1HA and 0.05HA, respectively, according to the HA content

n order.
All colloidal samples were characterized by a Perkin Elmer

ambda 900 UV–vis spectrophotometer from 200 to 800 nm with
 scan rate of 300 nm/min. The Ag nanoparticles were collected
rom the colloidal solutions by centrifugation, washed with distilled
ater for three times, and dried at 40 ◦C for 24 h in vacuum. The XRD
atterns were characterized with Thermo ARL X’TRA X-ray diffrac-
ometer using a monochromatic CuK� radiation at � = 1.54056 Å in
he range of 2� = 35–90◦ with a scanning rate of 5.0◦/min and a step
ize of 0.04◦. For TEM and FE-SEM observation, the Ag nanoparticles
ere dispersed in distilled water under ultrasonic treatment, which
ere then dropped onto the carbon-coated copper grids for TEM

bservation using a JEOL 1230 transmission electron microscopy
t 120 kV, and dropped onto the silicon wafers for FE-SEM using

 JEOL S4800 field-emission scanning electron microscope at an
cceleration voltage of 1 kV. For SERS analysis, 10 �L of the col-
oidal solution was dropped onto a glass slide followed by drying at
5 ◦C. The SERS spectra were recorded using a LabRAM HR-UV 800
icro-Raman spectroscopy using a laser beam with an excitation
avelength of 785 nm and a Peltier-cooled CCD detector at a power

f 17 mW.

. Results and discussion

.1. Effect of reaction conditions on the Ag+ reduction

Fig. 1a shows the effect of reaction temperature on the Ag+

eduction by UV–vis spectroscopy, in which the experiments were
erformed under the conditions of pH 11 and 1:1 of HA to AgNO3
molar ratio). It is known that an absorption band appears at
bout 400–420 nm because of the surface plasmon resonance in
g nanoparticles (Pastoriza-Santos & Liz-Marzaı̌n, 1999; Pastoriza-
antos, Serra-Rodrıı̌guez, & Liz-Marzaı̌n, 2000). Here, no band in
his region was observed on the UV–vis absorption spectrum of
ample reacted at 25 ◦C even for 24 h. At both 50 ◦C and 70 ◦C,
he golden yellow solutions were obtained accompanied with the
ppearance of absorption band at about 408 nm on the UV–vis
pectra, suggesting the formation of nano-Ag colloids in these two
ystems. Also a temperature-dependent increase of peak intensity
as observed, i.e., the spectrum for the sample reacted at 70 ◦C

or 1 h had the extremely higher intensity at about 408 nm than
hat reacted at 50 ◦C for 8 h. So that, the Ag+ reduction strongly
elies on the reaction temperature, and the higher reaction tem-
erature causes a higher reduction rate of Ag+ (Pastoriza-Santos &
iz-Marzaı̌n, 1999).

pH value is usually another key factor to the Ag+ reduction.
hen the pH value is near to its isoelectric point (about 2.9

Surini, Akiyama, Morishita, Nagai, & Takayama, 2003)), HA pos-

esses uncharged carboxyl groups leading the molecular chains
hrunk to a coiled state. When the pH value is higher than 2.9, the
arboxyl groups will be negatively charged due to its hydrolysis,
hich makes the HA chains to be the linear conformation. So that,
Fig. 1. (a) Temperature-dependent, (b) pH-dependent and (c) time-dependent
UV–vis spectra of mixture solutions reacted with 1:1 of HA to AgNO3 (molar ratio).

higher pH value of HA solution would lead to more exposed car-
boxyl groups electrostatically interacting with Ag+, and promote
the reduction rate of Ag+ by HA (Cui et al., 2008). Fig. 1b shows
the effect of reaction pH value on the Ag+ reduction by UV–vis

spectroscopy, in which the experiments were performed at 70 ◦C
and 1:1 of HA to AgNO3 (molar ratio). At pH 3.0, only a band at
about 270 nm was observed even after 24 h of reaction, which cor-
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ig. 2. TEM images of Ag nanoparticles synthesized at 70 ◦C and pH 11 with 1:1 o
espectively.

esponded to the existence of Ag+ clusters. With the increase of pH
alue, a new band appeared at about 408–422 nm on the UV–vis
pectra of samples, suggesting the formation of Ag nanoparticles.
oreover, higher pH value led to the higher reduction rate of Ag+.
able 1 summarized the maximum absorption wavelength (�max)
orresponding to the Ag nanoparticles and their absorption peak
ntensity on the UV–vis spectra of samples reacted under different
H values. It could be found that both the �max and the absorption

ig. 3. UV–vis spectra of mixture solutions reacted for 2 h with different molar ratios
f  HA to AgNO3 (molar ratio) at 70 ◦C and pH 11.
to AgNO3 (molar ratio). The reaction time was (a) 1 h, (b) 4 h, (c) 8 h and (d) 24 h,

peak intensity increased gradually with the increase of pH value
except the �max at pH 11 for 1 h. The amount and size of Ag nanopar-
ticles are positively related with the adsorption peak intensity and
the �max on the UV–vis spectra (Jradi et al., 2010; Wei  et al., 2007),

respectively. So that, when the reaction was carried out at a higher
pH value, the Ag+ could be reduced quickly to Ag particles, and
the additional reaction time would promote the crystal growth of
Ag particles leading to the higher �max and absorption peak inten-

Fig. 4. UV–vis spectra of mixture solutions aged at 70 ◦C for 48 h after 2 h of reaction.
Insert is the photo of solutions after aging.
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Fig. 5. TEM images of (a) 0.5HA, (b) 0.2HA, (c) 0.1HA a

ity. Here, the low �max at pH 11 for 1 h should be due to the short
eaction time, which could be verified from Fig. 1c.

Fig. 1c shows the effect of reaction time on the Ag+ reduction by
V–vis spectroscopy, in which the experiments were performed
t 70 ◦C, pH 11 and 1:1 of HA to AgNO3 (molar ratio). After 5 min
f reaction, a slight absorption band at around 410 nm appeared,
hich became a clearly visible peak after 30 min, suggesting the
resence of spherical Ag nanoparticles. The absorption peak inten-
ity increased rapidly with the increase of reaction time to 4 h due
o the continuous formation of Ag nanoparticles in the system (Jradi
t al., 2010). However, further increase of reaction time from 4 h to

 h did not increase the absorption peak intensity significantly but
 red-shift appeared from 408 nm for 4 h to 418 nm for 8 h due to
he increase of Ag nanoparticle size (Wei  et al., 2007). A red shift
ccurred continuously from 418 nm to 429 nm when the reaction
ime increased from 8 h to 24 h, however the absorption peak inten-

ity decreased alternatively, suggesting a period of predominant
rystal growth of Ag nanoparticles in the reaction system by the
ssemble and amalgamation of small particles. The morphologi-
al change of Ag nanoparticles with the reaction time was  further

able 1
haracteristics of Ag+ reduction rate with respect to pH of aqueous solution.

pH value,
Time (h)

�max (nm) Absorption
intensity

3, 24 / /
5,  24 415 0.0945
7,  20 420 0.3298
9,  6 422 0.5891

11,  1 408 0.9307
) 0.05HA. Insert in (d) is the FE-SEM image of 0.05HA.

proved by TEM (Fig. 2). The average size of spherical Ag nanoparti-
cles became larger and larger, which was about 7 nm,  15 nm,  30 nm
and 40 nm corresponding to 1 h, 4 h, 8 h and 24 h of reaction times,
respectively.

3.2. Effect of HA content on the Ag+ reduction

The HA content in the reaction system could also affect the
reduction rate of Ag+. Fig. 3 showed the effect of HA content on the
Ag+ reduction by UV–vis spectroscopy while keeping the AgNO3
content unchanged, in which the experiments were performed at
70 ◦C and pH 11 for 2 h. Compared with that reacted with 1:1 of
HA to AgNO3 (molar ratio), longer reaction time was necessary
when the HA content was  decreased in the reaction system. For
the same reaction time, the absorption peak intensity declined
with the decrease of HA to AgNO3 molar ratio from 1:1 to 0.05:1,
accompanied with a slight red shift. Although the yellowish col-
loidal solutions from five reaction systems were similar to each
other when the molar ratio decreased, the absorption peak inten-
sity decreased from 0.56 to 0.48 and the corresponding �max shifted
from 402 nm to 418 nm.  This may  be due to the fact that with
the decrease of HA content, fewer Ag+ was  reduced and few HA
molecules absorbed on the pre-formed particles resulting in the
formation of large Ag clusters (Huang & Yang, 2004a; Huang & Yang,
2004b).
3.3. Synthesis of Ag nanoplates

The Ag nanoparticles obtained with different molar ratio of
HA to AgNO3 was further aged at 70 ◦C for another 48 h. Inter-
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sessed the strongest effect. The work may  provide a potential
Fig. 6. XRD patterns of (a) 0.5HA, (b) 0.2HA, (c) 0.1HA and (d) 0.05HA.

stingly, the colloidal solutions showed a color change from
ight yellow corresponding to 1:1 of HA to AgNO3 to deep yel-
ow, pink, purple, and green corresponding to 0.5:1, 0.2:1, 0.1:1
nd 0.05:1, respectively (Fig. 4). The UV–vis spectra of 1HA and
.5HA showed a sharp peak only at around 415 nm,  indicating
he presence of spherical Ag nanoparticles, which had an aver-
ge size of <20 nm according to the TEM image in Fig. 5a. With
he decrease of molar ratio of HA to AgNO3 to 0.2:1, a shoul-
er was observed at around 480 nm on the UV–vis spectrum.
hen the molar ratio was 0.1:1, the sharp peak was  at around

15 nm but its shoulder was red-shifted to about 522 nm due to
he increased Ag nanoparticle size as shown in Fig. 5b and c. When
he molar ratio was 0.05:1, the UV–vis spectrum exhibited a signif-
cantly red-shifted peak at 437 nm and a broad shoulder between
50 nm and 800 nm.  The TEM image (Fig. 5d) showed that the
ample became the truncated triangular nanoplates with around
5 nm in edge length and 15 nm in thickness. It was believed that
he morphological change of Ag nanoparticles induced the dis-
repancy of UV–vis adsorption spectra in Fig. 4 (Gueı̌vel et al.,
009).

To investigate the crystal structure of Ag nanoparticles after
ging, the samples were further analyzed by XRD (Fig. 6). The
RD pattern of 0.5HA (Fig. 6a) clearly showed that there were

our diffraction peaks, which could be attributed to (1 1 1), (2 0 0),
2 2 0) and (3 1 1) crystallographic planes of Ag nanoparticles,
espectively. But the peaks for (2 0 0), (2 2 0) and (3 1 1) planes dis-
ppeared gradually when the molar ratio of HA to AgNO3 decreased.
inally, only one diffraction peak indexed as (1 1 1) plane was
eft when the molar ratio was 0.05:1 due to the formation of
g nanoplates which had the exclusive crystallographic plane of

1 1 1). The formation of Ag nanoparticles with different morpholo-
ies derived from varied HA content has not fully understood yet.
owever, during the first chemical reduction process, the Ag par-

icles were formed in a fresh and homogeneous precursor solution
nd were covered uniformly by HA molecules, which led to the
ormation of spherical structure due to the uniformly growth of
rystals (Maillard, Huang, & Brus, 2003; Wiley et al., 2005a; Wiley,
un, Mayers, & Xia, 2005b). In the aging process, the adsorption
nd desorption of HA molecules on the different crystallographic
lanes of Ag nanoparticles were different, possibly leading to the

ventual development of a non-spherical geometry (Sun et al.,
002).
Fig. 7. SERS spectra of (a) glass substrate, (b) pure HA, (c) 0.5HA, (d) 0.2HA, (e) 0.1HA
and (f) 0.05HA.

3.4. SERS properties

It is well-known that the nano-Ag materials with certain size
and morphology exhibit the SERS properties. The SERS spectra of
Ag nanoparticles synthesized with varied HA contents after aging
were shown in Fig. 7, where no signal was detected for the HA
alone on the glass substrate. As expected, the Ag nanoparticles syn-
thesized with HA exhibited some signals on their SERS spectra, in
which the SERS enhancement was  greatly dependent on the size
and shape of nano-Ag materials. Compared with the SERS spec-
trum of 0.5HA with smaller particle size, the spectra of 0.2HA and
0.1HA had stronger signals, suggesting that larger Ag nanoparti-
cles had the strong SERS enhancement for HA. Moreover, the Ag
nanoplates of 0.05HA displayed more signals than the Ag spherical
nanoparticles at 957 cm−1 and 1045 cm−1, which corresponded to
the skeletal vibrations associated with the � linkages, and C–C and
C–O stretching, respectively (Alkrad, Mrestani, Stroehl, Wartewig,
& Neubert, 2003; Reineck, DeAnna, Suleski, Lee, & Rupprecht, 2003).
The enhancement efficiency at 1045 cm−1 from the Ag nanoplates
was  about dozens of times higher than that from the Ag spheri-
cal nanoparticles, which could be ascribed to the localized surface
plasmon resonance adsorption of nanoplates in the near infrared
region (Lu, Kobayashi, Tawa, & Ozaki, 2006; Zhang, Li, Sun, & Li,
2005).

4. Conclusion

A facile, green way was reported for the synthesis of Ag nano-
structure materials using HA as the reducing agent and soft
template. It was found that the high pH value, temperature and
molar ratio of HA to AgNO3 could accelerate the reduction rate of
Ag+ and affect the Ag nanoparticle size. The Ag nanoplates were
fabricated with a low molar ratio of HA to AgNO3 by aging, which
could be ascribed to the selective adsorption and desorption of
HA on the different crystallographic planes of Ag nanoparticles.
The obtained Ag nanomaterials with different sizes and morpholo-
gies showed the different enhancement for the surface Raman
scattering signals of HA, among which the Ag nanoplate pos-
application of Ag nanostructure materials in the field of SERS and
biosensing.
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