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Silver nanoparticles (AgNPs) were rapidly synthesized using an exopolysaccharide from Arthrobacter sp. B4 (B4-EPS). The
optimum condition for AgNPs synthesis was under the concentration of 5 g/L B4-EPS and 1mM AgNO

3
at 80∘C between pH

7.0 and 8.0. The resulting AgNPs displayed a face-centred-cubic structure with the size range from 9 nm to 72 nm. Further analysis
showed that flocculation and reduction of B4-EPS played a pivotal role in the formation ofAgNPs. Furthermore, these nanoparticles
exhibited great stability, excellent antimicrobial activity, and low phytotoxicity. The aforementioned data provide a feasible and
efficient approach for green synthesis of AgNPs using microbial polysaccharides with flocculation and reduction activity, which
will be promising in medical filed.

1. Introduction

Silver nanoparticles (AgNPs) have been widely used in
the field of medicine, food, cosmetics, clothing, chemical
conversion, and sensing due to their excellent antimicrobial,
catalytic, conductive, and optic properties [1, 2]. Synthesis
of AgNPs via chemical and physical methods has been
extensively developed in the last decade. Chemical reduction
of silver ions is one of the most common ways to produce
AgNPs, which was achieved by some chemical reducing
agents such as sodium borohydride, sodium citrate and N,N-
dimethyl formamide, and sodium dodecyl sulfate [3–5]. On
the other hand, some physical methods including sputter
deposition, laser ablation or cluster beam deposition, and
thin films have also been exploited to synthesize AgNPs [6–
8]. However, some chemical and physical methods are quite
expensive and hazardous, thus the resultingAgNPs have been
found to cause potent cytotoxicity [9]. Alternatively, biologi-
cal materials such as bacteria, fungus, yeasts, actinomycetes,
plant leaf or seed, and some biomolecules have been stated as
safe to synthesize metal nanoparticles on extra/intercellular
level [10–13].

Recently, some natural polysaccharides or their deriva-
tives such as cellulose, chitosan, starch, and sulfated chitosan
have been applied to produce nontoxic AgNPs [14–18]. By
contrast, microbial polysaccharides have higher reducibility
because of their diverse chemical constituents and complex
structures. AgNPs have been synthesized by several com-
mercial microbial polysaccharide gums, such as gellan gum
and pullulan, which exhibited a strong antimicrobial activity
[19, 20]. In addition, polysaccharide-based bioflocculants
from marine Bacillus subtilis MSBN17 and Streptomyces
sp. MBRC-91 were also able to contribute to the high-
performance production of AgNPs since they easily form
a variety of liquid crystals in aqueous solutions [21, 22].
However, the mechanism of AgNP synthesis mediated by
flocculated polysaccharide and the bioactivity and toxicity of
these nanoparticles were unknown yet.

In our previous study, we discovered that the exopolysac-
charide from Arthrobacter sp. B4 (B4-EPS) had high floc-
culation and reduction activity [23, 24]. Hence, B4-EPS
was used for synthesis of AgNPs in our present work. The
relative parameters and the plausible mechanism behind
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the formation of AgNPs were investigated, respectively. The
antimicrobial activity and phytotoxicity of these nanoparti-
cles were assayed by a series of experiments.

2. Materials and Methods

2.1. Biosynthesis of AgNPs. The cultivation of the strain
Arthrobacter sp. B4 and the preparation of B4-EPS were car-
ried out as our previous description [23]. Synthesis of AgNPs
was performed using different concentration of B4-EPS (1, 2,
3, 4, and 5 g/L), which was mixed with 1mM silver nitrate
(AgNO

3
) solution to produce AgNPs. Different amounts of

AgNO
3
(0.5, 1, 2, and 3mM) were added to 5 g/L of B4-

EPS solution. The reaction mixtures after homogeneity were
incubated at 70, 80, and 90∘C, respectively. The formation of
AgNPs was determined by color change and the oxidation
of silver ions was confirmed by UV-vis spectra, which was
observed in the range of 400–500 nm [25]. The changes
of zeta potential during the process of AgNPs synthesis
were measured by Zetasizer 3000HS (Malvern Instruments
Ltd., Company, England). The Fourier transform infrared
(FTIR) spectra were recorded with a Nicolet IR200FT-IR
spectrometer (Thermo Fisher Scientific).

2.2. Characterization of AgNPs. The morphological analysis
was performed by a high-resolution transmission electron
microscope (HrTEM, JEOL JSM 100CX, Japan) at an accel-
erating voltage of 200 kV. Selected area electron diffraction
(SAED) of AgNPs was also analyzed using HrTEM. The
energy dispersive X-ray diffraction (EDX) was carried out
using the same equipment asHrTEM to confirm the presence
of silver element in the NPs. Particle size distribution was
calculated for the synthesized nanoparticles using Image J
software (http://rsb.info.nih.gov/ij/). The phase composition
and crystal structure of the AgNPs were determined by X-ray
diffraction (XRD). XRD patterns were collected in the range
of 20–80∘C (2𝜃) operated at 40 kV and 30mA (EXPLORER,
GNR, Italy).

2.3. Antimicrobial Activity of AgNPs. The antibacterial and
antifungal activity of AgNPs were assayed using agar diffu-
sionmethod [26]. Two typical bacterial strains (Pseudomonas
aeruginosa PAO1 and Staphylococcus aureus ATCC25923)
and two fungal strains (Candida albicans ATCC 10231 and
Fusarium oxysporum ATCC 48112) were used as indicator
strains for this analysis. Luria-Bertani medium was used
for bacterial cultivation. The fungal strains were grown in
potato dextrose medium (F. oxysporum) and Sabouraud
Broth Medium (C. albicans), respectively. Different dosages
of AgNPs (20, 50, and 100 𝜇L) were added to these wells and
the zone of inhibition (mm) was measured. B4-EPS, silver
nitrate and antibiotics solutions were used as controls. All
experiments were performed in triplicate.

2.4. Phytotoxicity of AgNPs. The phytotoxicity assay was
performed using alfalfa (Medicago sativa L.) according to
a reported method [27]. Briefly, the sterile Whatman filter
papers (Φ90) were added to 1mL of the AgNPs suspension
(three different concentrations).Then the papers were placed

in sterile plates, and the alfalfa seedswere placed in each plate.
The plates were incubated at 23∘C for 5 d with a cycle of light
period/dark period (16 h/8 h). The root length, percentage
of seed germination, and content of chlorophyll content
were determined as Bettini et al.’s publication [28]. All the
experiments were carried out in triplicate.

3. Results and Discussion

3.1. Effects of B4-EPS and AgNO3 Concentration on AgNPs
Synthesis. The effect of B4-EPS concentration (1, 2, 3, 4,
and 5 g/L) on synthesis of AgNPs was investigated under
the condition of 1mM AgNO

3
at 70∘C until the reaction

solution turned into dark reddish brown color.The formation
of AgNPs was determined via observing the surface plasmon
resonance (SPR) bands using UV-vis spectrometer. It seemed
that the AgNPs absorbed radiation in the visible regions of
400–500 nm owing to the strong SPR transition [25]. As
shown in Figure 1(a), the increased absorption intensity was
enhanced with an increase in polysaccharide concentration;
the formation of AgNPs was accelerated in higher concentra-
tion of B4-EPS owing to the increase of reduction groups. In
this case, the blue shift occurred with an absorption shift to
lower wavelength at 410 nm, which inferred decrease in the
particle size. The said data meant that B4-EPS concentration
played an important role in the formation and stabilization of
AgNPs. Similarly, the gradual increase in absorption intensity
was observed in the AgNPs synthesis by chitosan, pullulan,
and 𝜅-carrageenan polysaccharides [15, 20, 29]. Considering
viscosity of B4-EPS, 5 g/L of B4-EPS was used to investigate
the effect of AgNO

3
concentration (0.5, 1, 2, and 3mM)

on the formation of AgNPs. The absorption intensity of
reaction solution reached the maximum value when 1mM
of AgNO

3
was used. The aggregation of AgNPs occurred

under the condition of high concentration of AgNO
3
(3mM)

due to charge attraction between Ag+ and B4-EPS/AgNO
3

(Figure 1(b)), which was different from other plant polysac-
charides in response to AgNO

3
concentration during the

process of AgNP synthesis [20].

3.2. Effect of pH on AgNP Synthesis. The effect of pH (4.0,
5.0, 6.0, 7.0, 8.0, 9.0, and 10.0) on synthesis of AgNPs was
investigated under the condition of 1mM AgNO3 and 5 g/L
B4-EPS at 70∘C until the reaction solution turned into dark
reddish brown color. As shown in Figure 2, no formation of
AgNPs was observed below pH 5.0, which might be due to
limit reduction of Ag+ which was caused by strong electric
repulsion between Ag+ ions and B4-EPS in acid condition;
AgNP synthesis was facilitated in a range of pH 7.0 to 8.0;
but no UV-vis absorption bands of AgNPs were observed at
a higher pH (>8.0), which was different from other reports
that alkaline condition was in favor of AgNP synthesis [30].
It can be explained that B4-EPS was endowed with high
electronegativity in alkaline condition, which was bad for
the reduction of Ag+ ion due to the existence of amounts of
–COO− groups.

3.3. Effects of Temperature and Heating Time on AgNP
Synthesis. 1mM of AgNO

3
and 2 g/L of B4-EPS were heated

http://rsb.info.nih.gov/ij/
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Figure 1: The effects of B4-EPS (a) and AgNO
3
(b) concentration on AgNP synthesis.
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Figure 2: The effect of pH on AgNP synthesis.

at different temperature (70, 80, and 90∘C). Then the UV-
vis absorption spectra of the said reaction mixtures were
recorded at different reaction time. The results revealed
that the incubation temperature played an important role
in the formation of AgNPs. As shown in Figure 3(a), the
AgNPs synthesis was a rapid process when the incubated
temperature was over 70∘C. The formation of AgNPs was
observed within 10min at 70∘C.The time of AgNP formation

was shortened to 5min at 80∘C (Figure 3(b)). Less than two
minutes were required for AgNP synthesis when the reaction
temperature was increased to 90∘C (Figure 3(c)).

3.4. Flocculation andReduction-BasedAgNP Synthesis. Based
on the aforementioned experiments of AgNP synthesis, we
found that the flocculation of B4-EPS always appeared with
the addition of AgNO

3
solution and the flocs disappeared

until the reaction mixture was heated to above 70∘C, which
resulted in the formation of AgNPs. To explain this phe-
nomenon, zeta potential of B4-EPS solution before and after
the addition of AgNO

3
solution, the said mixtures after

heating at 80∘C for 5min, and the resulting AgNPs/B4-
EPS colloid solution stored at 4∘C for one month were
monitored within 10min (Figure 4(a)). Zeta potential is
closely related to the surface charge of colloidal particles,
and it also provides an indication of the stability of colloidal
systems, which was able to be used to investigate flocculation
process and nanoparticle stability [31]. The formation of
AgNPs was determined via color change of reaction solution
and nanoparticle images by HrTEM (Figure 4(b)). As shown
in Figure 4(a), a significant increase trend in the absolute
values of zeta potential revealed the flocculation of B4-EPS
after the addition of AgNO

3
. In fact, B4-EPS had capability

of flocculation and reduction under certain conditions due to
its large numbers of carboxyl and hydroxyl groups according
to our previous study [23, 24]. But the oxidation of silver
ions has not been observed below 60∘C until 72 h, which may
be due to lacking of activation energy of reduction reaction
or hindrance of aggregation structure or silver ion block
of carboxyl and hydroxyl groups. When the temperature
increased more than 70∘C, the disaggregation of flocs sug-
gested that the high activation energy and exposed carboxyl
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Figure 3: The effects of temperature and heating time on AgNP synthesis. AgNP synthesis were performed at 70∘C for 10min (a), 80∘C for
6min (b), and 90∘C for 2min (c), respectively.
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Figure 4: Analysis of AgNP synthesis. Zeta potential before and after the formation of AgNPs (a); the color change of reaction solutions in
the process of AgNP synthesis (b); observation of nanoparticle formation by HrTEM (c); FTIR of B4-EPS and B4-EPS/AgNPs (d).

and hydroxyl groups endowed B4-EPS enough reduction
ability in favor of AgNP synthesis and the aggregation
of AgNPs was prevented owing to binding polysaccharide
chain with high electronegativity, whose good dispersion was
demonstrated by a stable zeta potential (>30mV) after one-
month storage at 4∘C (Figure 4(a)). Furthermore, the FTIR
spectral analysis revealed the presence of themain absorption
peaks at 3098, 1604, and 1078 cm−1 due to O–H stretching,
C–H stretching, and C=O stretching (Figure 4(c)). The shift
of –C=O and –OH absorption peaks before and after the
formation of AgNPs confirmed that B4-EPS was responsible
for reducing Ag+ ion and leading to high stabilization of
AgNPs as capping agents. Moreover, the absorption peaks
between 472 and 594 cm−1 indicated the presence of Ag–O

van der Waal interactions [32], which was not observed
at positions in the B4-EPS spectrum. In terms of the said
results, a tentative reaction model was proposed to describe
flocculation and reduction-based AgNPs synthesis by B4-
EPS. Firstly, the –COOH groups of B4-EPS were easily
ionized as –COO− in alkaline condition; the flocculation of
B4-EPSwas observed after addition toAgNO

3
solution due to

charge attraction between –COO− and Ag+ ions, which was
able to urge Ag+ ions close to the reduction groups (carboxyl
and hydroxyl groups) of B4-EPS. Secondly, the oxidation
of Ag+ ions occurred when the incubated temperature was
increased to 80∘C due to enough activation energy from
heating in favor of AgNPs synthesis.Then B4-EPS as capping
agents could keep good stability of the synthesized AgNPs.
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Figure 5: Characterization of AgNPs. Characterization of AgNPs by HrTEM (a); frequency of particle size distribution (b); SAED patterns
(c); XRD analysis of AgNPs (d); EDS profiles of AgNPs (e).

3.5. Characterization of AgNPs. The morphology of AgNPs
was determined by recording HrTEM images (Figure 5(a))
and particle size distribution was calculated by Image J
software (http://imagej.net/Welcome) according to HrTEM
images. As shown in Figure 5(a), the formed nanoparticles
were typically spherical with a particle diameter size in the

range of 9–72 nm (Figure 5(b)). Furthermore, SAED patterns
of the single particle revealed a characteristic polycrystalline
ring pattern for a face-centred-cubic structure (Figure 5(c)).
Also, XRD pattern of AgNPs revealed four distinctive diffrac-
tion peaks at 38.2, 44.3, 64.4, and 77.5 in the 2 theta region,
which corresponded to (111), (200), (220), and (311) planes

http://imagej.net/Welcome
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Figure 7: Phytotoxicity assay of AgNPs.

of silver (Figure 5(d)). The EDS spectrum confirmed the
presence of silver element (Figure 5(e)).

3.6. Antimicrobial Activity of AgNPs. The AgNPs showed
strong antimicrobial activity against the tested pathogen
strains. As shown in Figure 6, the zones of inhibition
for the aforementioned strains in the presence of different
concentration of AgNPs were found to be bigger than that of
positive control and the same concentration of AgNO

3
, while

the negative control (B4-EPS and distilled water) shows no
any antimicrobial activity.The antimicrobial ability of AgNPs
showed a dose-dependent manner.

3.7. Phytotoxicity of AgNPs. The AgNPs exhibited different
responses to seed germination, root length, and chlorophyll
content of the tested alfalfa (Figure 7). No significant effect on
seed germination was observed in the presence of different
dose of AgNPs. In the root length test, AgNP

3
made no

difference to root growth at a lower concentration, while it

promoted root growth at a middle concentration. An obvious
growth inhibition occurred at a higher concentration, which
was in agreement with previous study that a concentration
dependent growth inhibition was observed in other plants by
AgNPs [20]. In addition, the chlorophyll content of the tested
alfalfa was in accordance with the control.

4. Conclusions

In this study, a simple and rapid eco-friendly approach for the
synthesis of AgNPs was presented. The optimum conditions
for the formation of AgNPs were found to be 5 g/L B4-EPS
and 1mMAgNO

3
at a high temperature (70–90∘C) under low

alkaline conditions (pH 7.0–8.0). Subsequent zeta potential
and FTIR analysis revealed flocculation and reduction of B4-
EPS contributing to AgNPs synthesis. The resulting AgNPs
with size range of 9–72 nm were very stable due to the strong
electrostatic interaction between B4-EPS and AgNPs. Fur-
thermore, the said AgNPs exhibited excellent antimicrobial
ability and low phytotoxicity. These data suggested that these
AgNPs had a great application potential in many fields.
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