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Silver nanoparticles (Ag NPs) were green synthetized using xanthan gum (XG) dissolved in water as
reducing and capping agent for the first time. The structure, morphology, and size of Ag NPs in XG
aqueous solutions were investigated with UV-vis spectroscopy, transmission electron microscopy and
Fourier transform infrared. The results indicated Ag NPs were integrated successfully in the XG matrix
and the optical properties and morphology of Ag NPs could be regulated by the synthesis condition.
The aggregation of the XG-bonded Ag NPs increased with storage, whereas the size barely changed. The
assemble behavior was related to the XG conformation transition of denaturation and renaturation. The
one spot formed Ag NPs showed favorable antibacterial effect on Escherichia coli and Staphyloccocus aureus
and excellent catalytic capability of 4-nitrophenol reduction. This work provided a feasible method to
detect the biopolymer space structure transition through the intensity of metal nanoparticles labeled on
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1. Introduction

Silver nanoparticle (Ag NPs), one of the noble metal nanoparti-
cles, has attracted extensive attention in the past decades due to its
wide application in catalysis, antimicrobial chemical sensing and
nanotechnology (Ai, Liu, & Lu, 2009; Narayanan & Sakthivel, 2010;
Zhong & Maye, 2001). Chemical reduction is the common method
for Ag NPs synthesis (Sharma, Yngard, & Lin, 2009). However, many
reductive chemicals used are highly reactive and pose potential
environmental and biological risks. Hence, much endeavor has been
devoted to hunt for simple, green methods to synthesize Ag NPs.
Plant leaf extracts, seed extracts and living organisms have been
reported to green synthesis of Ag NPs (Asgharietal.,2012; Baretal.,
2009; Mishra, Kaushik, Sardar, & Sahal, 2013). Recently, studies
on synthesis of Ag NPs basis on nature biopolymer have attracted
intense attention because of their rich source and biocompatibility
(Li et al., 2007; Nadagouda & Varma, 2008). Polysaccharide, pose
many hydroxyl groups, has been the potential candidate as a mild
reducing agent and a stabilizer for Ag NPs (Chen, Wang, Zhang, &
Jin, 2008; Pandey, Goswami, & Nanda, 2013).
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Agriculture University, Wuhan 430070, China. Tel.: +86 27 63730040;
fax: +86 27 87282966.
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Although several kinds of polysaccharide has been used to green
synthesis of Ag NPs, including lentinan (Peng, Yang, & Xiong, 2012),
agar (Shukla, Singh, Reddy, & Jha, 2012), starch (Vigneshwaran,
Nachane, Balasubramanya, & Varadarajan, 2006), locust bean gum
(Tagad et al, 2013) and gellan gum (Dhar, Murawala, Shiras,
Pokharkar, & Prasad, 2012). However, xanthan gum has not been
studied as reducing and capping agent to green form Ag NPs. As
we know, many nature polysaccharide poses spatial conformation
(Marszalek & Dufréne, 2012). During the Ag NPs synthesis, heat
treatment, electrostatic interaction and binding to polysaccharide
chain could exert great influence on its conformation. Accordingly,
the polysaccharide also impact on the Ag NPs size and distribu-
tion. However, scanty studies have been reported the interaction
between Ag NP and polysaccharide during the process of denatur-
ation and renaturation. Lentinan, pose triple helical conformation
and denatured into single chains when suffered heat treatment
above the midpoint temperature (Tm), had been approved the
conformation exerted significant impact on gold nanoparticle syn-
thesis and its distribution (Li, Zhang, Xu, & Zhang, 2011).

Xanthan gum (XG), the extracellular bacterial polysaccharide,
is consisted of a [(3-1,4-linked D-glucose backbone, substituted
alternately with a trisaccharide side chain linked to every sec-
ond glucose residue (Mao, Klinthong, Zeng, & Chen, 2012). It is
well established that XG is the ordered 5-fold helix structure in
spite of some controversy (Agoub, Smith, Giannouli, Richardson,
& Morris, 2007). Green synthesis of Ag NPs reduced by XG was
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rarely reported. Additionally, the interactions between XG struc-
ture and metal nanoparticles have not been studied before. In this
paper, a worth-while endeavor would be using XG as reducing and
stabilizing agent for a one step synthesis of Ag NPs. The effect of
structure transformation on Ag NPs synthesis was illustrated. The
antibacterial effect on pathogenic bacterium and catalytic capabil-
ity of 4-NP were evaluated. The formed Ag NPs by one spot and
free of organic solvent has potential application in biotechnology
and biomedicine. Besides, the study also enriches the information
of polysaccharide-conjugated metal nanoparticles.

2. Materials and methods
2.1. Materials

Xanthan gum was purchased from Shanghai source Biological
Technology Co., Ltd. Silver nitrate (AgNO3), 4-nitro-phenol (4-NP)
and sodium borohydride (NaBH4) and other chemical reagents of
analytical grade were purchased from commercial sources in China
and used without further purification. All the solutions used in
the experiments were prepared using ultrapure water through a
Millipore (Millipore, Milford, MA, USA) Milli-Q water purification
system.

2.2. Synthesis of silver nanoparticles

For synthesis of silver nanoparticles, 0.1 mg of XG was dissolved
in 100 ml ultrapure water under constant stirring for dissolution
of XG to achieve 0.1% (w/v) solution and AgNO3; was added in the
obtained solutions to get the final concentration of 1 mM, 2 mM and
3 mM. The reaction mixtures were incubated for the time period of
12,24,36 and 48 h at 60°C, 80°C and 100°C in dark condition with
stirring.

2.3. Characterization

UV-visible spectroscopy (UV-vis) was performed using UV
spectrophotometer (Shimadzu UV-1700) as a function of reaction
time and temperature during the synthesis of Ag NPs. The control
was run only 0.1% XG without reduction agent. For transmission
electron microscopy (TEM), a drop of XG/Ag colloidal solution was
dispensed directly onto a carbon coated copper grid and allowed
to dry completely in a vacuum desiccator. Then the pictures of the
prepared samples were obtained using a JEOL transmission elec-
tron microscope (H-7650, Hitachi, Japan). The Fourier transform
infrared (FT-IR) spectra were recorded with a Nicolet Nexus 470
spectrometer with 32 scans and resolution of 4cm~1.

2.4. Invitro antibacterial assay

The inhibitory zone of XG/Ag nanoparticles were determined
by disk diffusion method in the agar medium (Das et al,
2011; Sathishkumar, Sneha, & Yun, 2010). Briefly, the Gram-
negative Escherichia coli and Gram-positive Staphyloccocus aureus
were taken as two typical kinds of pathogenic bacteria. The
overnight cultured E. coli and S. aureus, approximately 3.8 x 106
and 4.5 x 10°/ml CFU respectively, were added in the 50 ml of agar
medium. Filter paper discs (6 mm diameter) were soaked with
15 pL of the XG/Ag nanoparticles solution for 15 min and placed on
the inoculated plates. Subsequently, they were incubated at 37 °C
for 24 h. The diameters of the inhibition zones were measured by
vernier caliper.

2.5. Catalytic reduction of 4-NP

The catalytic 4-NP reduction was carried out in a quartz cuvette
and monitored using UV-vis spectroscopy accordingly (Narayanan,
Park, & Sakthivel, 2013; Zhang et al., 2011). Firstly, 10 mL of fresh
NaBH,4 aqueous solution (0.2 M) was mixed with 10 L of XG/Ag
nanoparticle aqueous dispersion. Subsequently, 1 mL of 4-NP solu-
tion (2 x 10~4#M) as added into 1 mL above mixture. As a result,
the concentration of 4-NP and NaBH, in the reaction solution was
1 x 1074 M and 0.1 M, respectively. The reaction was monitored at
decided time intervals by measuring the absorbance of nitrophe-
nolate ions at 400 nm.

3. Results and discussion
3.1. Effect of heating time on Ag NPs synthesis

In this study, low cost XG has been used as a reducing and stabi-
lizing agent for Ag NPs synthesis. Silver nanoparticles were formed
by the reduction of Ag* into Ag® with the addition of XG (1 mg ml~1)
to the solution of 1mM AgNOs. The results revealed the synthe-
sis was a slow process at 60°C (Fig. 1a). The phenomenon of the
colorless AgNOj3 solution turning into dark brownish yellow color
indicated the formation of Ag NPs (Wu, Zhao, Zhang, & Xu, 2012).
The absorption spectrum shows no absorption peak until 24 h later.
The intense band detected around 420 nm identified as a “surface
Plasmon resonance band” and ascribed to the excitation of free
electrons in Ag NPs. The shape of the band suggested the uniform
dispersal of spherical shape Ag NPs. The increased absorbance as
a function of time signifies the enhanced reduction of Ag+ to form
Ag NPs. This phenomenon was in accord with the reported litera-
ture reduced by other polysaccharide (Raveendran, Fu, & Wallen,
2003). As we know, XG is a polyhydroxylated biopolymer consisting
of helical structure. The special inter and intramolecular hydro-
gen bonding resulted in spatial network formation which acted as
templates for Ag NPs synthesis. As the heating time extend, the
increased hydroxyl groups on XG chain act as active reduction of
Ag* to AgP. After formed, Ag NPs get embedded and stabilized with
the XG matrix.

3.2. Effect of AgNO3 concentration on Ag NPs synthesis

The effect of AgNO3 concentration (1 mM, 2 mM and 3 mM) on
synthesis of Ag NPs was investigated with the condition of 0.1%
XG, heated 24 h at 60°C (Fig. 1b). The increased absorption inten-
sity with an increase in AgNO3; concentration shows an enhanced
reduction of Ag* at higher concentration of AgNO3. Regardless of
Ag* concentration used, the similar surface plasmon bands are
exhibited which reveals that the synthesis of Ag NPs share uni-
form size and shape in the XG stabilized medium. The increasingly
becoming brown of the inset simultaneously proclaims the easy
synthesis of Ag NPs in higher Ag* concentration.

3.3. Effect of temperature on Ag NPs synthesis

The UV-vis absorption spectra of Ag NPs prepared using differ-
ent temperature (80°C, 100°C) and reaction time (1-4h), where
the AgNO5; and XG concentration was kept constant at 2mM and
0.1% (w/v), respectively. The results revealed the incubation tem-
perature played an important role in the reduction of Ag NPs.
Approximately, 3h and 2h was required for Ag NPs formation
at 80°C and 100°C, respectively (Fig. 2). It is evident that short
time was required for Ag NPs synthesis when the temperature was
higher. As compared with Fig. 1a, Ag NPs synthesis calls for 24 h at
60°C, while 2 h at 100°C. As show in the inset of Fig. 2, the deep-
ening yellow color illustrated the continuous evolution of Ag NPs
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Fig. 1. UV-vis spectra of as Ag NPs a function of reaction time (a) using 1 mM Ag'* and Ag'* concentration (b) for 24 h with 0.1% XG at 60°C.

formation in XG media. The results coincidently illustrated syn-
thesis of Ag NPs by XG reduction was a slow procedure for low
reduction capability and accelerated after denaturation of XG. How-
ever, the higher stability of XG/Ag nanoparticle solution testified XG
structure matrix acted as a benign template for Ag crystal growth.

3.4. Morphology evolution of Ag NPs synthesis

Based on the color changes of the solutions with different
heating time, the different sizes of Ag NPs reduced by XG were
confirmed by TEM. The gradual size evolution of Ag NPs is clearly
demonstrated in Fig. 3. The Ag NPs were not synthesized until
the mixtures were heated for 12 h. The system could not provide
enough reduce capability for Ag NPs synthesis until the XG helical
denatured and much more hydroxyls were exposed due to thermal
treatment. Herein, scarce Ag NPs were formed within the timescale
of 12 h. With the heat time extending, much more Ag NPs were syn-
thesized and they all exhibited inerratic spherical appearance. More
interestingly, the size of Ag NPs was in a time-dependent manner.
When processed at 60°C for 12 h, the formed Ag NPs sizes existed
relatively wide distributing with a diameter of 10-31 nm. After 24 h
reduction, spherical Ag NPs with a diameter of 5-20 nm were pre-
dominant. While the sizes substantially aggregated as reduced for
36h and 48 h and turned to be inhomogenous. This phenomenon
may relate with the structure of XG matrix. As suffered heat process,
the synthesis of helica XG regularly disengaged and exposed the
molecular chain. The external hydroxyl groups exert the reduction
effect. The disengaged degree determined the renaturation behav-
ior. The steric hindrance of XG deterred the renaturation at low
disengaged degree when suffered shorted heat process. On the con-
trary, renaturation behavior was favor to size aggregation. As Fig. 3
shown, moderate thermal time made Ag NPs favorable size and
distribution.
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As shown in Fig. 4, the size of the Ag NPs became more uni-
form as treated at 100°C. Well related with Fig. 3, the amount of
Ag NPs quickly improved with an increase in reaction time, further
confirming the occurrence of rapid reduction at higher tempera-
ture. It was noted that the temperature exerted a positive effect
on the size and distribution. As Fig. 4 shown, the synthetic Ag NPs
was slightly aggregated and exhibited size of 8-40nm aftera 2h
reduction at 80 °C. While the size demonstrated better distribution
raged from 8 nm to 25nm in the later 2 h. Compared with treat-
ment at 80 °C, the XG stabled Ag NPs shared a narrow distribution
with size of 5-20 nm. Especially after 3 h thermal treatment, the
spherical Ag NPs size with a diameter of 5-15 nm were observed.
It was suggested that the thermal treatment time also played an
indispensable role in the formation of spherical but not the only
one.

3.5. FT-IR spectra of Ag NPs bonded-XG

FTIR spectra were studied for identifying the possible groups in
XG that were responsible for synthesis and capped of Ag NPs (Fig. 5).
The FTIR spectra of Ag NPs bonded-XG formed in different condition
has the coincident absorption peak with that of XG, including the
characteristic absorption peak of mannopyranose (897 cm~1) (Xin
et al., 2012). The band at 3415-3450cm~! was due to hydroxyl
(—OH) stretch. The peak at 1732 cm™! is assigned to the stretching
vibration of C=0 groups in acetyl group (Deng et al., 2011). It was
obvious that the robust bands at 1384cm~! and 1053 cm™! arise
from the NO3~ addition. Compared with the hydroxyl stretch of XG,
the peak of Ag NPs bonded-XG shifts to low wave number, illustrat-
ing thatintermolecular interaction between Ag NPs bonded XG was
weaker than that of XG. The results were consistent with the XG
conformation transition of denaturation and renaturation during
Ag NPs synthesis. The arresting phenomenon suggests the exposed
hydroxyl groups play key role an in reducing and stabilizing Ag NPs.
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Fig. 2. UV-vis absorption spectra of Ag NPs prepared 80°C (a) and 100°C (b) with 1 mM Ag'*. (For interpretation of the references to color in text, the reader is referred to

the web version of the article.)
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Fig. 4. TEM images of Ag NPs synthesized at 80°C for 2h (A), 3h (B), 4h (C) and 100°C for 2 h (D), 3h (E), 4h (F) with 1 mM Ag'*.
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Fig. 5. FTIR spectra of XG (A) and Ag NPs synthesized at 60°C for 24 h (B), 80°C for
2h(C), 100°C for 1h (D) with 2 mM Ag'*.

3.6. Xanthan conformation-based Ag NPs synthesis

On the basis of aforementioned results, we proposed a ten-
tative model to illustrate the binding of the Ag NPs to helical
and dispersion in XG solution as shown in Fig. 6. Although exist
some controversy, the ordered XG structure is established as a 5-
fold helix. At the temperature above Tm (60 °C), the denaturation
occurs and XG exists in a disordered coil state, while exhibited a
rigid, ordered structure during the cooling treatment (Kool et al.,
2013). During the denaturation, the exposed oxhydryls endow XG
reduction ability to Ag NPs synthesis. Through the high electroneg-
ativity bind to XG chain, the formed Ag NPs were prevented from
aggregation and demonstrated good dispersion (Fig. 6a). However,
the distance between Ag NPs decreased during XG renaturation
due to intra- and inter-molecule hydrogen bonds after 1-week
storage (Fig. 6b). But the helical structure of XG was found dif-
ficult to reform as before due to the Ag NPs steric hindrance. As
previously reported, the Ag NPs did not cluster in the dense arrange-
ment and the size almost maintained stable (Li et al., 2011). After
4-week storage (4°C), the denatured single chains re-associated
into loose several-fold helix and lager micro-rods were formed
as the helix increased. Ag NPs were found to bind to the chain
surface and entrap in the hydrophobic cavity of the folded helix
(Fig. 6¢).

3.7. Antibacterial activity of Ag NPs

The antibacterial activity of XG/Ag NPs was analyzed by disk dif-
fusion. The clear inhibitory zone appeared around XG/Ag NPs disk
after incubation about 24 h, suggesting that XG/Ag NPs completely
inhibited E. coli and S. aureus growth (Fig. 7). As previous study,
Ag NPs exerted an anti-microbial effect on Gram-negative bacte-
ria (Guzman, Dille, & Godet, 2012), including coli (Fig. 7A). It was
believed that Ag NPs interacted with the material of bacterial cell
wall, which further caused the formation of irregular-shaped pits in
the outer membrane and changed membrane permeability. A hot
favorite was lipopolysaccharide (LPS) molecules, which provide an
effective permeability barrier (Li et al., 2010). While it was worth
noting that XG/Ag NPs had a more severe antibacterial effect from
the zone of inhibition. The zones of inhibition for S. aureus growth
were 12.3 mm, 12.1 mm and 12.6 mm, while were 9.7 mm, 9.8 mm
and 10.7 mm for E. coli respectively as the Ag NPs were synthe-
sized at 60°C for 24 h, 80°C for 3h and 100°C for 3 h accordingly.
The antibacterial ability was as high as that of silver nanoparti-
cles impregnated with antibiotics (Geoprincy, Saravanan, Gandhi,
&Renganathan,2011). It was interesting that the formed XG/Ag NPs
displayed different inhibition effect. For S. aureus, there was no sig-
nificant difference between the different formed Ag NPs. However,
the Ag NPs synthesized at high temperature showed more severe
inhibition on E. coli. This phenomenon was resulted from different
concentration and size of the Ag NPs (Xiu, Zhang, Puppala, Colvin,
& Alvarez, 2012). The Ag NPs amount and morphology determined
the inhibition of E. coli. Nevertheless, the Antibacterial effect of S.
aureus may depend on concentration of Ag NPs. On the other hand,
the mechanism of inhibitory action of Ag NPs was not just the inter-
acted with the bacterial cell wall, but binds to functional groups of
proteins and DNA as well (Marambio-Jones & Hoek, 2010).

3.8. Catalytic properties of Ag NPs

Catalytic behavior of the as-prepared XG/Ag NPs was exam-
ined through the model reaction of 4-NP reduced by NaBHy. The
plots of In (C¢/Cy) versus time with varied formed XG/Ag NPs were
demonstrated in Fig. 8. Obviously, all curves displayed the first-
order kinetics (All R? of the fitted lines are more than 0.98). The
corresponding apparent rate constants kapp could be obtained by
fitting these curves. It is interesting to note that of Ag NPs kapp
was determined by the synthesis conditions. Much more Ag NPs
were synthesized as higher concentration of silver nitrate provided

>60°C : (
. Reductio Renaturation
Denaturation

-

e

Fig. 6. The scheme of synthesis and dispersion of fresh prepared (a), 1 week (b) and 4 week stored (c) of Ag NPs.
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Fig. 8. The relationship between In (C;/Cp) and reaction time with Ag NPs synthesized at different Ag'* concentration at 60°C (a) and different temperature using 2 mM Ag'*

as XG was 0.1%.

(Fig. 1b). As Fig. 8a shown, the kapp were 0.00264s-1, 0.013s~!
and 0.02842s~! respectively as Ag NPs were formed at 60°C for
24 h with silver nitrate concentration of 1mM, 2mM and 3 mM
accordingly. Comparatively, Ag NP formed at 80°C and 100°C
shared higher kapp (Fig. 8b). The kapp were 0.02413s-1,0.01097 s,
0.02827 s 'and 0.03018 s~ as Ag NPs synthesized at 80°C for 2 h,
3h and at 100°C for 2 h, 3 h, respectively. However, the catalytic
action cloud be completed with 10min in all case as the inset
shown. The apparent rate constants were about 2-4 folded for sil-
ver nanoparticles formed by aromatic nitro compounds and much
high for silver-deposited magnetic nanoparticles (1.5 x 10-25-1)
(Kundu, Mandal, Ghosh, & Pal, 2004; Shin, Choi, Park, Jang, & Kim,
2009). As the previous study, kapp mainly depend on the total sur-
face S of Ag NPs (Wunder, Polzer, Lu, Mei, & Ballauff, 2010). It was
well related with the Ag NPs size and distribution in Fig. 4. The large
specific surface area of Ag NPa is favorable for the diffusion of 4-NP
and makes it high reduction.

4. Conclusions

Water dispersible silver nanoparticles with size of 5-40 nm
were synthesized in XG aqueous solution. The results of spectral
absorption and TEM revealed that the Ag NPs were formed affected
by the temperature, silver nitrate concentration and heating time.
XG/Ag NPs shared good dispersion by the strong electrostatic inter-
actions between the XG and the Ag NPs. Moreover, the Ag NPs
aggregation behavior was related to the conformation transition
of the XG between the helix and random coil in the solution. A

feasible method to detect the space structure transition of biopoly-
mer was established based on the intensity of metal nanoparticles
labeled on the chain. The excellent antibacterial effect and catalytic
capability of Ag NPs showed great potential in the biological field
via the green pathway.
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