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a  b  s  t  r  a  c  t

Synthesis  of silver  nanoparticles  was  achieved  using  pullulan  as  both  a  reducing  and  stabilizing  agent.  The
effect of  pullulan  and  silver  nitrate  amounts  on the  synthesis  of silver  nanoparticles  (AgNPs)  was  inves-
tigated.  The  formation  of  nanoparticles  was  first  screened  by  measuring  the  surface  plasmon  resonance
peak  at  420–430  nm using  UV–vis  spectroscopy.  The  morphology  of the  synthesized  AgNPs  was  deter-
mined  using  TEM,  which  indicated  that the  AgNPs  varied  in shape  and  polydispersed  with  an  average
eywords:
ullulan
ilver nanoparticles
ntibacterial
ntifungal
ntibiofilm

size  of  2–30 nm.  The  presence  of  elemental  silver  and  the  crystalline  structure  of  the  AgNPs  were  con-
firmed  by  EDX  and  XRD  analyses.  The  possible  functional  groups  of pullulan  responsible  for  the  reduction
and  stabilization  of AgNPs  were  evaluated  using  FT-IR.  The  pullulan-reduced  AgNPs  showed  excellent
antibacterial,  antifungal,  and antibiofilm  activity  against  food  and  multidrug  resistant  bacterial  and  fun-
gal pathogens.  The  results  showed  that  pullulan  could  be used  as a reducing  as  well  as  a  capping  agent
for  synthesizing  AgNPs  which  had  potent  antimicrobial  activity.
. Introduction

For the last decades, nanotechnology is a skyrocketing multi-
isciplinary field of research that interweaves physics, chemistry,
ionanoscience, and materials science. Recently, nanobiotechnol-
gy is being becoming as an emerging and remarkable technology
or the production of novel functional materials such as nano-sized
articles. Nanoparticles (NPs) have been widely used in various real
orld industrial, biomedical, and scientific applications. Nowadays,

everal types of metal nanoparticles (MNPs) such as gold, silver,
inc, and copper have been successfully synthesized with vari-
us anticipated applications that includes medicine and diagnosis,
utrition and neutraceuticals, and electronics and optics (Duncan,
011; Sharma, Yngard, & Lin, 2009). Among them, silver nanopar-
icles (AgNPs) have attracted special attention because of their
idespread physical, chemical, and biological nature, unique parti-

le size (<100 nm), and tunable surface plasmon resonance (Sharma
t al., 2009). Various physical and chemical methods have been
tilized for the production of silver, gold, and other nanoparticles
uccessfully (Bankura et al., 2012; Wei  et al., 2012). Most com-
only, chemical reduction methods are being used by researchers
or the production nanoscale metal particles.
Chemical reducing agents such as sodium borohydride (Moura,

attoso, & Zucolotto, 2012), trisodium citrate (Hebeish, Hashem,

∗ Corresponding author. Tel.: +82 2 3290 3435; fax: +82 2 921 0557.
E-mail address: limst@korea.ac.kr (S.T. Lim).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.04.048
© 2013 Elsevier Ltd. All rights reserved.

Abd El-Hady, & Sharaf, 2013), sodium hydroxide (Bankura
et al., 2012), N,N-dimethyl formamide (Guari et al., 2003), 2-
mercaptobenzimidazole (Stiger, Gorer, Craft, & Penner, 1999),
sodium dodecyl sulfate (Kora & Arunachalam, 2011), etc., have
been employed for the production and stabilization of NPs and
also found to show certain toxicological effects in the medical
research field. Some other methods such as gamma ray and solar
irradiation (Wei  et al., 2012; Yoksan & Chirachanchai, 2010), sono
chemical deposition (Pol et al., 2002), electrochemical methods
(Zhu, Liu, Palchik, Kottypin, & Gedanken, 2000), UV photo reduction
(Kora & Arunachalam, 2011) and microwave assisted (Peng, Yang, &
Xiong, 2013) have also been utilized for synthesis of NPs. However,
those reducing agents and physical processes are quite expensive
and hazardous. Thus, stupendous efforts are being made to fabri-
cate AgNPs using eco-friendly, biocompatible, and safe biological
resources or processes. Biological materials such as bacteria, fun-
gus, yeasts, plant extracts, actinomycetes, and some biomolecules
have been stated as safe to synthesize of MNPs on extracellular
and intercellular level (Bankura et al., 2012; Narayanan & Sakthivel,
2011). Some studies have reported on extracellular and intracellu-
lar synthesis of MNPs using the fungi Cylindrocladium floridanum
(Narayanan & Sakthivel, 2011); Alternaria alternate (Gajbhiye,
Kesharwani, Ingle, Gade, & Rai, 2009); bacteria such as Bacil-
lus amyloliquefaciens (Wei  et al., 2012) and Bacillus licheniformis

(Kalishwaralal, BarathManiKanth, Ram Kumar Pandian, Deepak, &
Gurunathan, 2010); and plants such as plant Hibiscus cannabinus
(Bindhu & Umadevi, 2013) and Cocos nucifera coir extract (Roopan
et al., 2013).

dx.doi.org/10.1016/j.carbpol.2013.04.048
http://www.sciencedirect.com/science/journal/01448617
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Recently, there is a growing interest in the fabrication of
ovel AgNPs with potent antimicrobial nature and new func-
ional attributes using polysaccharides such as chitosan (Yoksan

 Chirachanchai, 2010), starch (Mohanty et al., 2012), agar
Shukla, Singh, Reddy, & Jha, 2012), dextran (Bankura et al., 2012),
ydrolyzed casein (Radzig et al., 2013), and guar gum (Pandey,
oswami, & Nanda, 2012). However, there is no report on micro-
ial polysaccharide such as pullulan as a reducing and stabilizing
gent for the production of metal nanoparticles. Pullulan is a micro-
ial linear homopolysaccharide consisting of repeating units of
lucose that is often termed a biopolymer of �-1, 6 glycosidic
inked maltotriose units (Mona & Ajay Kumar, 2004; Wu,  Zhong,
i, Shoemaker, & Xia, 2013). Pullulan is highly water soluble and is
ynthesized extracellularly by the polymorphic fungus Aureobasid-
um pullulans. It has various potential applications especially in the
ood and pharmaceutical industries. Due to its outstanding adhe-
ive and film forming properties, pullulan has been used to make
ompression moldings, fibers, drug delivery carrier materials, and
dible film (Mona & Ajay Kumar, 2004; Wu et al., 2013).

In the present study, the synthesis of pullulan-mediated AgNPs
y direct reduction of silver nitrate with pullulan was  demon-
trated. The synthesized AgNPs were characterized using UV–vis
pectroscopy, transmission electron microscopy (TEM), energy-
ispersive X-ray spectroscopy (EDX), dynamic light scattering
DLS), X-ray diffraction (XRD), and Fourier transform infrared (FT-
R) spectroscopy. In addition, the antibacterial, antifungal and
ntibiofilm activity of the pullulan-stabilized AgNPs in vitro will
e examined.

. Materials and methods

.1. Materials and microbial strains

Biopolymer pullulan was procured from Putus Macromolecular
ci & Tech. Ltd. (Wuhan, China). Silver nitrate, brain heart infu-
ion broth (BHIB), tryptic soy broth (TSB), potato dextrose agar
PDA), nutrient broth (NB), Muller–Hinton agar, and agar powder
ere purchased from Duksan Pure Chemicals Co., Ltd. (Gyeonggi-
o, South Korea). Bacterial strains such as Escherichia coli ATCC
5218, Bacillus cereus ATCC 10987, food borne pathogen Listeria
onocytogenes ATCC 15313, and the multidrug resistant pathogens

seudomonas aeruginosa ATCC 15442 and Klebsiella pneumonia
TCC 27736 were obtained from the Korean Collection for Type Cul-

ures (KCTC) in South Korea. Fungal pathogens such as Aspergillus
pp. and Penicillium spp. were isolated from contaminated food and
ubsequently characterized in our laboratory. All solutions were
ade using ultra-filtered high purity deionized water.

.2. Preparation of pullulan-based silver nanoparticles (AgNPs)

Various concentrations of pullulan (1%, 5%, 10%, and 15%) were
ixed with a 9 mM aqueous solution of silver nitrate (AgNO3)

repared freshly in deionized water under magnetic stirring to
ptimize the pullulan concentration for AgNO3 synthesis. Different
oncentrations of AgNO3 (1, 3, 5, 7, 9, and 12 mM)  in 15% of pullulan
olution were compared under the same conditions. Subsequently,
he homogeneous solutions were autoclaved at 121 ◦C for 15 min.
he viscous white-colored solutions turned yellow, which con-
rmed the formation of pullulan-based AgNPs. All solutions were
tored at room temperature (22–25 ◦C) for more than 3 months in

 dark place.
.3. Characterization of AgNPs

The biopolymer reduction of Ag+ ions in the aqueous solutions
ere monitored by measuring the ultraviolet–visible absorbance
 Polymers 97 (2013) 421– 428

spectrum of the solution using a UV-vis spectrophotometer
(BIOMATE-3S, Thermo Fisher Scientific, Boston, MA, USA) in the
range of 300–700 nm.  For the analysis of TEM, a drop of AgNPs
containing aqueous solution was directly placed onto a carbon-
coated copper grid and allowed to air dry completely prior to the
TEM observations. The TEM images of AgNPs were obtained using
a transmission electron microscope (FEI Tecnai G2 F30, Eindhoven,
The Netherlands) at an accelerating voltage of 300 kV. EDX analy-
sis was also carried out using the same TEM equipment to confirm
the elemental silver present in the NPs. The size of the AgNPs was
evaluated using the DLS method (Wyatt Technology Corp, Santa
Barbara, CA, USA), which uses laser light diffraction to measure
particle size distribution. The phase composition and crystal struc-
ture of the AgNPs was  determined with XRD (Philips XPERT MPD).
A dried sample was prepared by placing it on a microscopic glass
slide and the diffractogram was recorded using Cu-K� radiation
and a nickel monochromator filtering wave at a voltage and cur-
rent of 40 kV and 30 mA,  respectively. The FT-IR spectrum of the
pullulan-stabilized AgNPs were analyzed using FT-IR spectroscopy
(JASCO FT-IR 460, Daejon, South Korea) operated at a resolution of
4 cm−1. The dried sample was  powdered by grinding with KBr pel-
lets and pressed into a mold. The spectrum was  recorded between
the wavelength ranges of 500–4000 cm−1.

2.4. Antibacterial activity of AgNPs

The antibacterial activity of the pullulan-stabilized AgNPs
was measured using the agar well diffusion method. Bacterial
pathogens such as E. coli, K. pneumonia, P. aeruginosa,  and L. mono-
cytogenes were used as indicator strains for this analysis. These
bacterial strains were aseptically inoculated into tryptic soy broth
(TSB) and brain heart infusion broth (BHIB) broth, and then incu-
bated at 37 ◦C. After 16 h, the cells (1 ml)  were centrifuged at
6000 rpm for 10 min  and then the cells were suspended in ster-
ile water (2 ml). Cells from different pathogens (1 ml)  were added
to tryptic soy agar (TSA) and brain heart infusion agar (BHIA) media
(100 ml)  prior to plating and wells were made using an agar well
borer. Different concentrations of AgNPs (80 �l) were added to
these wells, and the plates were incubated at 37 ◦C for 24 h. Zone of
inhibitions were estimated by measuring the diameter of the bac-
terial growth inhibition zone. The values were averaged from three
independent experiments.

Moreover, the antibacterial activity of the AgNPs was  analyzed
in liquid medium using the plate count method. To this experi-
ment, the cells of various bacterial pathogens (106 CFU/ml) were
taken in separate Eppendorf tubes containing various concentra-
tions of AgNPs and then incubated at 37 ◦C for 6 h. At desired time
intervals, the relative cell viabilities of various pathogens were esti-
mated by counting bacterial colonies on the plates. Pure pullulan
and silver nitrate solutions were used as controls for comparison.
All experiments were carried out in triplicate.

2.5. Antifungal activity of AgNPs

The antifungal activity of the AgNPs was measured using the
agar well diffusion method. Two fungal pathogens were isolated
from contaminated food and identified as Aspergillus spp. and Peni-
cillum spp. These two  fungal strains were inoculated in potato
dextrose agar medium (PDA) and incubated at room temperature
(25–27 ◦C) for 4 days. Four day old fungal spores were collected by

washing with water and subsequently plated (0.1 ml)  on PDA plate.
Wells were made using an agar well borer. Various concentrations
of AgNPs were added to the wells and incubated at room temper-
ature for 4 days. Zone of inhibitions were estimated by measuring
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he diameter of the fungal growth inhibition zone. The values were
veraged from three independent experiments.

.6. Evaluation of K+ ions efflux from bacterial strains

The mechanistic action of the pullulan-reduced AgNPs was
stimated by measuring efflux of K+ ions from various bacterial
athogens into the surrounding medium. For this experiment, food
orne and multidrug resistant pathogens such as E. coli, K. pneumo-
ia, P. aeruginosa,  and L. monocytogenes were cultured in TSB and
HIB at 37 ◦C. After 16 h, the cells were centrifuged at 6000 rpm

or 10 min  and then serially diluted to two-fold. AgNPs (100 �g/ml)
ere mixed with different bacterial strains and subsequently incu-

ated at 37 ◦C for 2 h and centrifuged at 6000 rpm for 10 min
o remove the cell debris. Water/AgNPs and water/each bacterial
train served as controls. The leakage of K+ ions from the cells
as measured using inductively coupled plasma-optical emission

pectroscopy (ICP-OES, JY Ultima 2C, Jobin Yvon, France).

.7. Effect of antibiofilm activity of pullulan stabilized AgNPs

Bacterial pathogens such as E. coli, B. cereus,  L. monocytogenes,
nd P. aeruginosa were inoculated into TSB and BHIB, and incu-
ated at 37 ◦C for 16 h. The cultures were serially diluted 1:100 in
resh liquid medium containing various concentrations of AgNPs
nd subsequently incubated at 37 ◦C for 24 h under gentle shaking
100 rpm). Polystyrene microtiter plates (96 wells) were used for
he growth of bacterial pathogens. Unattached cells were removed
sing pipette, and the wells were washed twice with sterile water.
he attached cells were stained with 0.1% crystal violet. After a
0 min  staining period, the crystal violet was removed and the wells
ere thoroughly washed twice with sterile water. The cells associ-

ted with the crystal violet were solubilized with absolute ethanol
nd the absorbance was recorded at 600 nm to quantify antibiofilm
ctivity of the AgNPs. These experiments were repeated three times
ith six replicates, and average values were calculated.

. Results and discussion

.1. UV–vis spectrophotometer

Silver nanoparticles were synthesized by the reduction of Ag+

nto Ag0 with the addition of pullulan into various concentrations
f silver nitrate followed by heating at 121 ◦C. The colorless solu-
ions turned yellowish brown indicating the formation of AgNPs.
he effect of different concentrations of pullulan and silver nitrate
n the production of AgNPs was investigated and their spectra are
hown in Fig. 1. It seemed that the AgNPs absorbed radiation in
he visible regions of 400–450 nm due to the strong SPR transition.
he appearance of the SPR transition in this region confirmed the
roduction of AgNPs (Bankura et al., 2012; Pandey et al., 2012).
ig. 1a predicts the UV–vis spectra of the AgNPs obtained by addi-
ion of different concentrations of pullulan into the silver nitrate
olution. The results showed that the UV–vis spectra of the AgNPs
ould depend on the pullulan concentration. Substantial increase
n SPR bands were observed with increasing addition of pullulan
nto the silver nitrate solution. It was clear that pullulan concen-
ration played a significant role in the formation and stabilization
f the AgNPs. Similarly, a gradual increase in absorption inten-
ity was observed when the concentration of the guar gum (GG)
as increased from 1.2% to 3.5% (Pandey et al., 2012). The higher

oncentration of GG could be attributed to enhanced stabiliza-

ion of the synthesized AgNPs. Factors such as temperature, pH,
ielectric properties, and size and shape of particles determine the
bsorbance and position of the SPR bands (Gan, Ng, Huang, & Yau
i, 2012). Moreover, the concentrations of silver nitrate play a role
Fig. 1. UV–vis spectra of peaks produced by silver nanoparticles at different con-
centrations of pullulan (a), silver nitrate (b) and after 3 months storage (c) at room
temperature.

in the formation of AgNPs as shown in Fig. 1b. The increased con-
centration of silver nitrate added to the pullulan solution resulted
in a substantial increase in the SPR bands. The maximum absorp-
tion peak was  observed by adding 12 mM AgNO3. In contrast, no
absorption band was  observed in the control pullulan alone. A sim-
ilar result was observed by Pandey et al. (2012) who found that
the UV–vis absorption spectra of the guar gum stabilized AgNPs
increases as the silver nitrate concentration is increased from 2.5 to

15 mM.  In addition, UV–vis spectra of the same pullulan-stabilized
AgNPs were recorded after 3 months storage at room temperature
(Fig. 1c). As a result, the symmetric and very narrow SPR bands
became slightly broader and the absorptions maxima shifted to
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Fig. 2. TEM micrograph of pullulan reduced AgNPs at di

lightly different positions. These small changes in the AgNP UV–vis
pectra suggested that the AgNPs were well capped by pullulan
aterials and that there was no agglomeration of the AgNPs. These

esults are in good agreement with those of Bankura et al. (2012)
ho found that the absorption maxima of dextran-stabilized AgNPs

hifted to 425 nm after 30 days of storage. Bindhu and Umadevi
2013) reported that the increase in addition of sliver nitrate could

nduce the broadening and shifting the SPR band from 445 nm to
58 nm.  These possible changes in the SPR band depend on particle
ize, shape, state of aggregation, and dielectric medium (Bindhu &
madevi, 2013).
t magnifications (a)–(d) and EDX spectrum of AgNPs (e).

3.2. Morphological and structural characterization of
pullulan-stabilized AgNPs

The size, shape, morphology and distribution of the pullulan-
stabilized AgNPs were further confirmed with help of TEM and
the results are shown in Fig. 2. Fig. 2b shows the AgNPs with rod
and hexagonal shaped structures in which individual spherical and

oval-shaped AgNPs with an average diameter of 2–40 nm were
capped by pullulan molecules (Fig. 2c and d). Bankura et al. (2012)
reported that the dextran-stabilized AgNPs are spherical in shape
and have a size of 5–10 nm.  The analysis of energy dispersive X-ray
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et al. (2012) reported that dextran-stabilized AgNPs (200 �g/ml)
ig. 3. X-ray diffraction pattern (a) and FT-IR spectrum (b) of the pullulan stabilized
ilver nanoparticles.

XRD) spectroscopy provides the quantitative and qualitative status
f the elemental silver involved in the formation of AgNPs (Bindhu

 Umadevi, 2013). Fig. 2e shows the EDX spectrum of the pullulan-
tabilized AgNPs. The strongest peak was revealed at ∼3 keV,
hich confirmed the presence of elemental silver in the nanopar-

icles. Silver nanoparticles typically revealing optical absorption
ignals at ∼3 keV could be due to the strong SPR (Magudapatty,
angopaghyayrans, Panigrahi, Nair, & Dhara, 2001). Moreover, the
toms of O and N were detected with relatively very less intensity,
hereas the C atom showed relatively similar intensity of elemen-

al Ag. Similarly, Bankura et al. (2012) reported that the dextran-
tabilized AgNPs exhibited strong signals in the silver region at
3 keV. Furthermore, the EDX pattern of the carboxymethyl cel-

ulose (CMC)-stabilizing AgNPs consists of Ag, O, and C with
ercentages of 18.99%, 47.54%, and 33.47% (Hebeish et al., 2013).
he particles size distribution was analyzed using dynamic light
cattering (DLS) analyzer. The particles were multimodal poly-
ispersed which indicating a heterogeneous particles distribution
ith sizes of 5.6–97.6 nm (data not shown). This result differed

rom the results obtained by visual measurements using TEM. In
ontrast, Mohanty et al. (2012) reported that the starch-stabilized
gNPs are monodispersed with an average size of about 20 nm.
The crystalline nature of the pullulan-stabilized AgNPs was  also
onfirmed by analysis of the XRD pattern. Fig. 3a shows the XRD
attern of the AgNPs with four distinctive diffraction peaks at 38.8,
Polymers 97 (2013) 421– 428 425

44.5, 64.5, and 78.1 in the 2 theta region, which corresponded to
(1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes of silver. These typical XRD
peaks indicate the presence of a face centered cubic (fcc) struc-
ture of crystalline AgNPs (Pandey et al., 2012; Peng et al., 2013).
Among the corresponding planes, plane (1 1 1) was  more intense
compared to that of the other planes, which may  have been due
to the predominant orientation of the (1 1 1) plane. Moreover, an
unidentified peak was observed with the Bragg peaks representa-
tive of fcc silver nanocrystals. The appearance of this sharp peak
could have resulted from crystallization of the reducing and stabi-
lizing agent in the AgNPs. Similar results were observed by Bankura
et al. (2012) and Roopan et al. (2013) for AgNPs synthesized with
dextran and a coir waste extract. An FT-IR spectrum measurement
was also carried out to examine the possible functional groups of
pullulan responsible for reduction and stabilization of the AgNPs.
Fig. 3b shows the FT-IR spectrum of the pullulan-reduced AgNPs.
It seems that the pullulan-reduced AgNPs revealed various charac-
teristic peaks with ranges from 3345 cm−1 to 1025 cm−1. A broad
and strong absorption peak was observed at 3345 cm−1, indicating
the stretching vibration of the hydroxyl groups (O H). In con-
trast, Jung, Jeong, and Kim (2003) found that the hydroxyl (O H)
and C H stretching frequency of pure pullulan exhibits distinct
peaks at 3356 cm−1 and 2943 cm−1. The intense absorption peak
at 2914 cm−1 corresponded to C-H stretching frequency. Moreover,
the absorption peak at 1649 cm−1 indicated the presence of the car-
bonyl (C O) stretching frequency. The peak at 1025 cm−1 may have
been due to vibration of the O-H stretching. An additional absorp-
tion peak at 1384 cm−1 was influenced by the presence of AgNPs. All
peaks observed in the FT-IR spectrum of pullulan-stabilized AgNPs
differed from the FT-IR spectrum results for pure pullulan (Jung
et al., 2003). These observations suggest a strong interaction of Ag
with the pullulan functional groups. In addition, no new peak was
observed in the FT-IR spectrum, suggesting that no new bond for-
mation occurred between the pullulan and AgNPs. Pandey et al.
(2012) reported that the O-H group of polymer had efficient coor-
dination ability with silver ions.

3.3. Antimicrobial activity of AgNPs

The antibacterial activity of the AgNPs was  investigated against
food-born and multidrug resistant pathogens using the agar well
diffusion and colony count methods. The results for the inhibitions
zone and their average values are shown in Fig. 4a and c. It was
apparent that all bacterial pathogens were highly inhibited in a
dose-dependent manner. Increases in the inhibition zones were
observed with an increase in the amount of AgNPs added. Among
the bacterial pathogens, P. aeruginosa was  more susceptible to
AgNPs followed by K. pneumonia and E. coli. The food-born pathogen
L. monocytogenes was less susceptible to the AgNPs. Overall, the
Gram negative bacterial pathogens were highly suppressed by the
AgNPs compared to Gram positive bacterial pathogens. Similarly,
Priyadarshini, Gopinath, Meera Priyadharsshini, MubarakAli, and
Velusamy (2013) reported that the Gram negative bacterium E. coli
shows a maximum inhibition zone compared to that of the Gram
positive bacteria B. cereus and Streptococcus pyogenes, which was
probably due to the thick cell wall of bacteria. Gram positive bacte-
rial strains are generally composed of a three-dimensional thick
peptidoglycan (PG ∼20–80 nm)  layer compared to that of Gram
negative bacteria (∼7–8 nm). The PG layer possesses linear polysac-
charide chains cross linked by more short peptides and thus forms
a complex structure which makes it difficult for AgNPs to pene-
trate Gram positive bacteria (Priyadarshini et al., 2013). Bankura
exhibit efficient antimicrobial activity against Bacillus subtilis,  B.
cereus,  E. coli, and P. aeruginosa with inhibition zone diameters of
32, 28, 21, and 24 mm,  respectively. Moreover, Shukla et al. (2012)
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pullulan-stabilized AgNPs induced efflux of K ions from the cells,
which was probably due to pore formation or increased membrane
permeability. Moreover, the release of K+ ions during the expo-
sure of cells into the silver nanoparticles suggests that the strong

Table 1
Effect of silver nanoparticles on the efflux of K+ from the cells of bacterial pathogens.

Samples K+ conc (ppm) in
liquid medium

Efflux of K+ due to
AgNPs (ppm)c−(a+b)

aWater/AgNPs (100 �g/ml) 74
bWater/E. coli cells 145
bWater/K. pneumonia cells 141
bWater/L. monocytogenes cells 138
bWater/P. aeroginosa cells 139
cE. coli/AgNPs 643 +424
cK. pneumonia/AgNPs 778 +563
cL. monocytogenes/AgNPs 357 +145
ig. 4. Antimicrobial activity of different concentrations of AgNPs against the bact
athogens (b) (Aspergillus spp. and Penicillum spp.) in agar medium after 24 h of in
trains.

valuated the antibacterial activity of agar-stabilized AgNPs against
acillus pumilus using the disk diffusion method. The clear inhi-
ition zone (24 mm)  was observed after 24 h incubation at 37 ◦C.
he antifungal activity of the AgNPs was analyzed using the agar
ell diffusion method. Fig. 4b and d shows the antifungal activ-

ty of the pullulan-stabilized AgNPs. Aspergillus spp. and Penicillium
pp. were also inhibited in a concentration dependent manner. The
adial growth inhibition zones increased when the concentration
f AgNPs was increased from 1 to 5 mg/ml. The fungus Aspergillus
pp. was more susceptible to the AgNPs.

The antibacterial activity of AgNPs was investigated also in
iquid medium. For this, various concentrations of AgNPs were incu-
ated with cells of different bacterial pathogens in liquid medium.
he relative cell viabilities of various bacterial pathogens after 2
nd 6 h of incubation at 37 ◦C were calculated (Fig. 5). In all cases,

 substantial decrease in relative cell viability was observed after
 and 6 h of incubation. Among them, more than 50% and 70% of
ell deaths were observed at 70 �g/ml and 100 �g/ml concentra-
ions in P. aeruginosa after 2 h of incubation at 37 ◦C, respectively,
hereas after 6 h incubation no cell viability was observed. More-

ver, the lower concentration (10 �g/ml) of AgNPs resulted in
50% cell death of P. aeruginosa after 6 h of incubation. As can be
een in Fig. 5c, the cells of L. monocytogenes were also killed by
early 80% at 100 �g/ml after 6 h incubation. In contrast, the con-
rol AgNO3 showed relatively higher cell viability due to the lower
rowth inhibition of the bacterial pathogens. These results are in
ood agreement with those of Mohanty et al. (2012) who  found
hat starch-stabilized AgNPs had efficient antimicrobial activity
gainst Staphylococcus aureus,  P. aeruginosa, Shigella flexneri, and
almonella typhi. All of these bacterial strains were inhibited in a
ose dependant manner. More than 98% of the bacterial cell popula-
ion was killed at 2 �M concentration of AgNPs after 4 h incubation.
hukla et al. (2012) also evaluated the antibacterial activity of agar-

tabilized AgNPs against B. pumilus using a bacterial cell killing
inetic assay. The presence of AgNPs (500 �M)  was  significantly
educed the cell viability of B. pumilus (5 × 104 CFU/ml) compared
o control (80 × 107 CFU/ml) after 24 h incubation period.
athogens (a) (E. coli, K. pneumonia, L. monocytogenes and P. aeruginosa) and fungal
ion at 37 ◦C. (c) and (d) Average diameter inhibition zones of bacterial and fungal

3.4. Induction of intracellular potassium efflux by AgNPs

Pore formation and disruption of the bacterial cell membrane
are the most important mechanistic actions of AgNPs. The leakage
of intracellular materials from cells could be induced by the above
said action of AgNPs (Lok et al., 2006). Therefore, the massive leak-
age of potassium ions from bacterial pathogens due to the action of
the pullulan-stabilized AgNPs was evaluated using ICP-OES and the
results are shown in Table 1. The control (water/AgNPs) and control
(water/different bacterial cells) showed lower values than those
obtained for the test samples (bacterial cells/AgNPs). For assessing
the amount of K+ ions released from the cells due to the action of
AgNPs alone, the values (ppm) of test samples were subtracted with
results of control samples (a and b). After subtraction, maximum
amount of K+ ions efflux was  observed in P. aeruginosa (670 ppm)
followed by K. pneumonia (563 ppm), and E. coli (424 ppm) due to
the action of AgNPs alone (Table 1). These results confirmed that the

+

cP. aeruginosa/AgNPs 883 +670

a Control (water/AgNPs).
b Control (water/different bacterial cells).
c Test samples (bacterial cells/AgNPs).
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F a), K. pneumonia (b), L. monocytogenes (c) and P. aeruginosa (d) in liquid medium after 2
a s. The values are represented as mean ± S.D. NC illustrates the absence of bacterial cells.
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ig. 5. Effect of AgNPs on the killing of various bacterial pathogens such as E. coli (
nd  6 h of incubation at 37 ◦C. Both pullulan and silver nitrate were used as control

nteraction of biocide AgNPs with cell membrane leads to a loss of
embrane integrity and increases leakage of intracellular ions such

s K+ and finally cell death. Similarly, Lok et al. (2006) reported the
omplete lose of intracellular K+ in cells of E. coli during exposure
o AgNPs.

.5. Effect of AgNPs on biofilm formation

The antibiofilm activity of pullulan-stabilized AgNPs was  tested
gainst various pathogenic bacteria in 96 wells microtiter plate.
ig. 6 shows the effect of AgNPs on biofilm formation by pathogenic
acteria such as E. coli, B. cereus,  L. monocytogenes, and P. aeruginosa
fter 24 h incubation at 37 ◦C. Formations of biofilms by the bacte-
ial strains were inhibited by dose dependant manner. Decreases
n biofilm formation were observed with increasing addition of
gNPs. Silver nanoparticles was completely inhibited the forma-

ion of biofilms by E. coli and the multidrug resistant pathogen P.
eruginosa at 28 and 52 �g/ml, respectively. These results are in
ood agreement with results obtained by Radzig et al. (2013) who
ound that biofilm formation by P. aeruginosa and E. coli decreased
hen the concentration of silver nanoparticles was increased from

.125 �g/ml to 16 �g/ml. This biofilm inhibition was  dependent
n the size of the AgNPs. Kora and Arunachalam (2011) reported
hat the lowest concentration of AgNPs (1 �g/ml) was found to be
nhibited >95% biofilm formation by P. aeruginosa.  This inhibition

ay  have been due to the direct interaction of AgNPs with bac-
erial cells without aggregation. The silver nanoparticles (100 nM)

ffectively inhibited biofilm formation by P. aeruginosa and S. epi-
ermidis with respective values of 95% and 98% which could be
ue to the induction of bacterial cell detachment during biofilm
ormation (Kalishwaralal et al., 2010).
Fig. 6. Effect of AgNPs on the inhibition of biofilm formation by E. coli, L. monocyto-
genes,  B. cereus and P. aeruginosa. The values are represented as mean ± S.D.

4. Conclusions

Synthesis of pullulan-mediated AgNPs was  developed using a

very safe, simple, cost effective, and energy saving method. The
synthesized AgNPs was first confirmed by UV–vis spectroscopy
followed by TEM, EDX, DLS, XRD, and FT-IR measurements. The
pullulan-reduced AgNPs were stable for up to 3 months at room
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28 P. Kanmani, S.T. Lim / Carbohy

emperature and their potent antibacterial and antibiofilm activi-
ies were analyzed using the agar well diffusion and in vitro killing

ethod against food-born and multidrug resistant pathogens
uch as E. coli, L. monocyogenes,  B. cereus,  K. pneumonia,  and P.
eruginosa. Moreover, antifungal activity was evaluated against
ungal pathogens such as Aspergillus spp., and Penicillum spp.
esults of antimicrobial activity revealed that the all bacterial and

ungal pathogens were inhibited in a dose-dependent manner. The
athogen P. aeruginosa was more susceptible to AgNPs followed by
. pneumonia and E. coli.  These experimental results suggest that
ullulan-reduced AgNPs can be used as potent antimicrobial agent
or various biomedical applications.
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