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KEYWORDS Abstract This work presents a simple method for the green synthesis of silver nanoparticles
Silver nanoparticles; (AgNPs) using as reducing and stabilizing agent a polysaccharide extracted from red algae Graci-
Green synthesis; laria birdiae present in the coast of Piaui. The AgNPS were prepared using three polysaccharide
Algae; concentrations (0.02, 0.03 and 0.05% v/v) and two pHs (10 and 11) at stirring for 30 min at
Gracilaria birdiae 90 °C. The formation of silver nanoparticles was monitored by measurements of UV—vis and FTIR

and characterized by size and zeta potential measurements using DLS and morphologically by
TEM. The UV-vis absorption spectrum showed the surface plasmon peak at 410 nm, which is char-
acteristic peak of silver nanoparticles. The functional biomolecules present in the polysaccharide
and the interaction between the nanoparticles were identified by the Fourier transform infrared
spectroscopy (FTIR) analysis. The stability of the synthesized silver nanoparticles was analyzed
during four months and no significant agglomeration was observed. The hydrodynamic diameter
of the AgNPs varied between 20.2 nm and 94.9 nm. The AgNPs were tested for antimicrobial
activity using Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) and all
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samples showed antimicrobial activity against E. coli. Using an environment-friendly, the AgNPs
were synthesized in a simple, rapid and one-step process using natural sources as red algae with
favorable characteristics such as spherical shape, small size and zeta potential negative. The results
suggest that the polysaccharide mediated synthesized silver nanoparticles could be used as a model
for future projects of nano-medicines or drug delivery systems.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The increased emergence of drug-resistant microbes is a major chal-
lenge for the scientific community in the continuous successful devel-
opment of effective therapeutics. Silver nanoparticles (AgNPs) are
known for their antimicrobial properties, being effective against patho-
gens, which explain their potential for several biotechnological applica-
tions, in addition to their electrical, thermal, magnetic, and catalytic
characteristics (Chen et al., 2008; Konwarh et al., 2011; Mohanty
et al.,, 2012; MubarakAli et al.,, 2011; Thakkar et al., 2010;
Vigneshwaran et al., 20006).

However, AgNPs show high reactivity, requiring adequate stabi-
lization during and after the process of synthesis to prevent oxidation
and aggregation of particles over time. Since the development of the
concept of green nanoparticle preparation, there has been growing
demand for environment-friendly processes of metal-nanoparticle syn-
thesis that does not employ toxic chemicals (Chen et al., 2008;
MubarakAli et al., 2011; Padalia et al., 2015; Thakkar et al., 2010;
Thovhogi et al., 2015).

Although several conventional methods of producing pure and
well-defined nanoparticles exist, most of these methods are expensive
and employ physical processes or chemical reduction with strong
reducing agents. In addition, many stabilizers used in these processes,
particularly surfactants, may themselves present significant cellular
toxicity, which can severely limit the use (Thakkar et al., 2010).

Nanoparticles based noble metals have been produced by green
synthesis, using compounds such as ZnO, CdO and Sm,0;, among
others, without the use of toxic reagents and with the smallest sizes
(Diallo et al., 2015; Thema et al., 2015a,b; Thovhogi et al., 2015;
Sone et al., 2015). Among the substances used in various methods of
synthesis, such as extract and gum, the polysaccharides have been
shown to be excellent candidates for stabilizing and controlling the size
of nanoparticles (NPs). The stabilization provided by polysaccharides
relies on the presence of multiple binding sites along the polysaccharide
chain to facilitate attachment to the metal’s surface, thereby effectively
“trapping” the metal nanoparticle and conferring significant protec-
tion against aggregation and chemical modification. Stable silver
nanoparticles have been synthesized by the use of polysaccharides,
such as starch (Konwarh et al., 2011; Mohanty et al., 2012;
Vigneshwaran et al., 2006), chitosan (Tran et al., 2010), natural gums
(Gils et al., 2010; Kora et al., 2010; Quelemes et al., 2013), marine
polysaccharides (Venkatpurwar and Pokharkar, 2011), and hyaluro-
nan (Xia et al., 2011). In all cases, the polymer plays a dual role as a
stabilizer and a reducing agent. This kind of approach allows the use
of natural, inexpensive, and biocompatible materials as reducing
agents in the synthesis of AgNPs; these agents are capable of providing
sufficient stability in therapeutic applications even in the presence of
electrolytes and under conditions of pH variation (Wijesekara et al.,
2011).

Red marine seaweeds are abundant along the Northeastern Brazil-
ian coast and have high biological potential for providing compounds
that have utility in industry, and an example is the Gracilaria genus
that is common and represents an economic source for the region
(Carneiro et al., 2014; Coura et al., 2012). Polysaccharides from the
Gracilaria genus are composed mainly of the alternating 3-linked-b-
D-galactopyranose unit and the 4-linked-3,6-anhydro-a-L-galactopyra
nose unit (Maciel et al., 2008), where the L moiety may be substituted

by methyl or sulfate groups. The polysaccharide isolated from marine
algae has interesting functional properties, such as antioxidant (Souza
et al., 2012), anticoagulant, and antiviral activities (Chattopadhyay
et al., 2008).

In the present study, silver nanoparticles were prepared using a nat-
urally occurring polysaccharide isolated from red marine algae (Graci-
laria birdiae ), which acted as both the reducing and stabilizing agents.
This approach not only utilizes an abundant regional resource, but
also falls within the scope of green synthesis for AgNPs that could
allow scalability of the process to industrially relevant applications.
In addition, we evaluated the antimicrobial activity of the synthesized
NPs against representative strains of Staphylococcus aureus and
Escherichia coli.

2. Materials and methods

2.1. Algae polysaccharide extraction

The polysaccharide was isolated from marine red algae (G. bir-
diae) using a reported method (Maciel et al., 2008). The algae
were washed to remove impurities, and taken out to dry in the
sun. For the extraction of the polysaccharide 5 g of dry sea-
weed was added to 200 ml of water under stirring for a period
of 5h. The solution was filtered and the pH adjusted to 7.0
with NaOH solution. The polysaccharide was recovered by
ethanol precipitation (1:3 v/v), filtered and then washed with
ethanol and acetone to remove possible impurities. Finally it
was dried under a hot air flow, and the mass obtained was used
to calculate the yield. The extracted polysaccharides were
characterized by infrared spectroscopy in KBr pellets using a
Shimadzu 8300 FT-IR spectrometer. The sulfate content in
agar, extracted from the algae, was obtained by inductively
coupled plasma optical emission spectrometry (ICP-OES).

2.2. Synthesis of silver nanoparticles

Nanoparticles (AgNPs) were prepared according to method
used by Venkatpurwar and Pokharkar (2011) with adapta-
tions. 10 ml of the polysaccharide solution (where the pH of
the solutions was adjusted to 10 or 11) was added to 10 ml
of an aqueous solution of silver nitrate (AgNQO3) at a concen-
tration of 1 mM under stirring. The reaction was kept under
continuous stirring for 30 min and the temperature was
brought to 90 °C. Then, the solution was centrifuged at
3600 rpm for 15 min and collected the supernatant. The pro-
gress of the reaction was monitored by UV-VIS spectroscopy
measurements using a SHIMADZU UV-1800.

2.3. AgNP characterization

The formation of nanostructures was monitored by UV—vis
absorption using a Shimadzu (UV 1800) spectrophotometer.
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Particle size, zeta potential ({) and polydispersity index (PDI)
measurements were carried out in a Malvern Zetasizer Nano-
dynamic light scattering (DLS), Model ZS 3600. The hydrody-
namic diameter was measured by dynamic light scattering with
a laser with a wavelength of 633 nm and a fixed scattering
angle of 173°. The percentage of silver in solution was charac-
terized by the atomic absorption spectroscopy (Varian-Model
AA240FS), with wavelength of 328.1 nm and multielement
lamp. The reading was held in atomic absorption flame with
Oxygen and Acetylene gases.

The stability of AgNPs over time was monitored through
UV-vis measurements using the UV-1800 Shimadzu device
every 15 days for 4 months. All measurements were performed
in triplicate at a constant temperature of 25 £+ 1 °C. To verify
the shape and confirm the diameter of the nanoparticles non-
diluted samples of AgNPs (0.03%) for both pHs were placed
on two grids (20 pL), for transmission electron microscopy
(TEM) previously coated with Form var. After drying for
2 h at room temperature (25 + 2 °C) the grids were analyzed
in a Jeol JEM-1010 electron microscope and photomicro-
graphed by an UltraScan® with Digital Micrograph 3.6.5 soft-
ware (Gatan/USA). Also characterization was carried out in
AgNPs by infrared spectroscopy (FTIR) in KBr pellet of lyo-
philized nanoparticles using a Shimadzu FT-IR model 8300, in
the band 400-4000 cm ™.

2.4. Evaluation of antibacterial activity of AgNPs

To study the antimicrobial activity of AgNPs, two bacterial
strains were selected for minimum inhibitory concentration
(MIC) determination: S. aureus ATCC 29213 (Gram-
positive) and E. coli ATCC 25922 (Gram-negative) following
the methods of Quelemes et al. (2013) and Cardoso et al.
(2014). MIC was determined using 96-well microdilution plate
with Mueller—Hinton broth where the strains (concentration of
5 x 10° CFU/mL) were exposed to twofold dilution series of
AgNPs with silver concentrations ranging from 5.15 uM to
137.5 uM (concentrations determined by atomic absorption
spectroscopy). The same procedure to determine the MIC of
AgNO; with concentrations ranging from 15.62 to 250 uM,
and polysaccharide solution with concentrations from 7.8 to
125 ng/mL was used. The plates were incubated for 24 h at
37 °C in aerobic conditions. MIC was defined as the lowest
concentration of agent that restricted the visual bacterial
growth in the culture media.

3. Results and discussion

In the present study, the algal polysaccharide used in the green
synthesis of AgNPs played a triple role. The first role was that
of forming complexes with the silver ions and thereby control-
ling the process of reduction. The second role consisted of
reducing groups of the polysaccharide while a third role is to
stabilize and protect the particles from aggregation. The use
of polysaccharides from marine algae has been reported in
the literature, when El-Rafie et al. (2013) used a green protocol
for the synthesis of silver nanoparticles with polysaccharides
extracted from a local variety of algae. In the present study,
the seaweed G. birdiae was used because it is very commonly
found in Northeast Brazil and is therefore an ideal candidate
for the process under investigation. A simple procedure to

extract the polysaccharide from the algae was used, which
resulted in a yield of 43% and the sulfate content of 2.73%
was obtained by inductively coupled plasma optical emission
spectrometry (ICP-OES).

The optical properties of the AgNPs allowed us to follow
the synthesis by ultraviolet—visible (UV-Vis) spectroscopy.
The UV-vis absorption spectra of AgNPs stabilized by the
polysaccharide after 2 h of synthesis under various conditions
are presented in Fig. 1. The typical band with A,,, at
420-400 nm corresponded to the characteristic surface plas-
mon resonance (SPR) of AgNPs. According to previous
reports, the position of SPR absorption of AgNPs depends
on their size and shape, as well as the surrounding medium
(Zhao et al., 2008) and this particular A, range is indicative
of a spherical shape (Nair and Laurencin, 2007). This finding
was further confirmed by transmission electron microscopy
(TEM) analysis (Fig. 2).

To determine the influence of polysaccharide concentration
and pH on the size and spectra characteristics of the AgNPs,
three concentrations (0.02%, 0.03%, and 0.05%) were tested
at two different pHs (10 and 11). As the polysaccharide
concentration varied from 0.02% to 0.03% the A,,., exhibited
a blue shift from 420 to 400 nm (Fig. 1). The changes in UV—
Vis absorption bands indicated that the size and dispersion of
silver nanoparticles were affected by the concentration of
polysaccharide and the pH; however, no obvious linear rela-
tionship could be inferred from these data. Some authors
(Abdel-Mohsen et al., 2014; Kim et al., 2015) demonstrate that
varying the polysaccharide concentration and pH can influence
the size and aggregation state of the AgNPs and thereby alter
the UV-Vis spectra.

The stability of the synthesized silver nanoparticles was
analyzed by storing the samples at a temperature of ~25°C
for four months. The absorbance at 410 nm was monitored
at intervals of 15 days to check for agglomeration. No signifi-
cant change (at 1.0% level) in absorbance was observed during
storage, indicating the stability of the AgNPs. All of the
synthesized colloidal solutions were characterized in terms of
Z-average, zeta potential, and polydispersity index (PDI) by
dynamic light scattering (DLS) analysis (Table 1).

The hydrodynamic diameter of the AgNPs varied between
20.2 nm and 94.9 nm. With the exception of one experimental
condition (0.05% at pH 11), there seemed to be a trend of
increase in hydrodynamic size with increasing polysaccharide
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Figure 1  UV-vis spectrum for AgNPs synthesized in different
conditions.
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Figure 2 TEM images and histogram of the size distribution for silver nanoparticles: AgNPs obtained at pH 11 (A and B); AgNPs

Table 1 Polysaccharide concentration, size, PDI and zeta potential of AgNPs obtained at different pH.
pH 10 pH 11
Polysaccharide concentration (g/ml) 0.02% 0.03% 0.05% 0.02% 0.03% 0.05%
Hydrodynamic diameter (nm) 58.7 87.7 94.9 20.2 64.4 54.2
PDI 0.66 0.68 0.35 0.54 0.54 0.45
Zeta potential (mv) —29.5 + 0.6 —28.7 = 0.7 —-30.5 = 0.3 —31.4 £ 0.5 —29.5 £ 0.7 —-31.7 £ 0.4

“PDI: Polydispersity Index.

concentration. This finding might indeed reflect an increase in
size of the synthesized NPs, or a change in the aggregation
state of the particles or polysaccharide coating. Taking the
UV-Vis spectra results into consideration, in which there
was a blue shift with increasing polysaccharide concentration,
a significant increase in particle size seems unlikely, as this
would suggest a red shift in the plasmonic band instead of a
blue shift.

Therefore, the most likely explanations for this increase in
hydrodynamic size at higher polysaccharide concentrations
include either a slight increase in the number of aggregates pre-
sent (since DLS is a technique that is very sensitive to the pres-
ence of aggregates), or a more extensive polysaccharide coating
around the particles. These options seem even more likely,
considering the facts that the recorded TEM diameters were
significantly lower than the corresponding hydrodynamic sizes

(Table 1 and Fig. 2), and that TEM measurements were limited
to the inorganic silver core, whereas DLS measurements
included the additional polysaccharide coating. This polysac-
charide coating functioned as a type of polymeric capping
agent, characterized by high molecular weight, and capable
of significantly shifting the hydrodynamic radius to higher val-
ues relative to the size of the inorganic core.

An increase in pH affected a decrease in the hydrodynamic
diameter of the AgNPs. This could have occurred because a
smaller number of free H* ions in solution are expected to
result in a greater magnitude of zeta potential and a subse-
quent reduction in the tendency to form AgNP aggregates
(Zhang and Wu, 2010). Indeed, all samples yielded a negative
zeta potential, suggesting that AgNPs were coated with the
polysaccharide that is responsible for electrostatic stabilization
of the colloidal solution. In addition, a slightly more negative
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Figure 3 FTIR analysis of native polysaccharide (A) and
AgNPs (B).

zeta potential was observed for samples with higher polysac-
charide concentrations. Syntheses performed at high pHs were
expected to result in more negative zeta potential values when
the polysaccharide concentration was kept constant.
Regarding the PDI, values ranged between 0.35 and 0.68,
with a clear trend of decreasing values with increasing
polysaccharide concentration. This behavior is reflective of a
reduction in the dispersion of the AgNPs at high polysaccha-
ride concentrations. It also reflects typical behavior in NP
synthesis, wherein increasing amounts of the capping agent

result in more monodisperse populations owing to simultane-
ous restriction of particle growth and impairment of the Ost-
wald ripening phenomena, which can broaden particle size
distribution. It is clear that as the pH value increases, the sizes
of the particles decrease and the nanoparticles have narrower
size distribution. This difference can be attributed to the differ-
ence in the reduction rate of the precursor and poor balance
between nucleation and growth processes.

The infrared spectroscopic analysis was used to characterize
the extracted polysaccharide and the synthesized AgNPs. The
infrared spectra of both polysaccharide and AgNPs are pre-
sented in Fig. 3, showing characteristic bands that can be
attributed to the stretching vibration of OH and CH groups
appearing at 3421 cm~! and 2945cm™!, respectively. The
bands at 2945 and 2856cm ™! correspond to asymmetric and
symmetric stretching vibrations of methylene groups, respec-
tively. The stronger band found at 1626cm™! could be
assigned to characteristic asymmetrical stretch of carboxylate
group. The symmetrical stretch of carboxylate group can be
attributed to the bands present at 1429 and 1379 cm ™. Among
the functional groups of the polysaccharide, the presence of a
small percentage of sulfate was confirmed by the existence of a
band at 1250 cm™' (Wijesekara et al., 2011). However, this
band was not evident with that of AgNPs (Fig. 3B). This find-
ing can be due to the involvement of the sulfate group in bind-
ing to the NP surface, which could change the available
vibrational frequencies of the group and shift the band to other
regions. In the IR spectrum of nanoparticles small shifts in the
polyols and alcoholic groups (1153-1163cm™' and 1040-
1028 cm™!) were observed suggesting that the reduction of
the silver ions is coupled to the oxidation of the hydroxyl
and carbonyl groups.

Table 2 Minimum inhibitory concentrations (MICs) of AgNPs (uM), AgNO; (uM) and G. Birdiae (GB) (ng/mL) for S. aureus and

E. coli.
Bacterial strains AgNPs Controls

pH10 0.02% pHI11 0.02% pH10 0.03% pHI11 0.03% pH10 0.05% pHI1 0.05% AgNO; GB
S. aureus 157.5 137.5 > 150 150 162.5 81.2 125 >125
E. coli 78.7 34.3 75 37.5 81.2 40.6 62.5 > 125

MIC wg."ml.)

>4
[ o
?O [=3

MIC (pgfeh)
>

AN
Rd

Figure 4 Minimum inhibitory concentration (MIC) for Silver nanoparticles obtained at different polysaccharide concentrations and pH:

(A) S. aureus and (B) E. coli.
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The small hydrodynamic diameters of AgNPs facilitate the
potential for action against bacteria. Hamouda and Baker
(2000) suggested that the small sizes of nanoparticles facili-
tated their bactericidal activity, by enabling them to easily per-
meate bacterial membranes. Furthermore, Baker et al. (2005)
reported that small particles with relatively large contact areas
(such as spherical nanoparticles) showed greater efficacy
against bacteria, in comparison with large particles. With this
in mind and considering the fact that AgNPs are typically
reported to have considerable anti-bacterial activity, we evalu-
ated their effects on bacterial growth. Two representative bac-
terial strains were selected to test the antimicrobial activity of
the AgNPs: S. aureus (Gram-positive) and E. coli (Gram-
negative). The results showed that the antibacterial effects of
AgNPs against E. coli were higher than those against S. aureus.
This finding could be attributed to differences in the composi-
tion of the cell wall between Gram-positive and Gram-negative
bacteria (Guzman et al., 2012).

All samples showed antimicrobial activity against E. coli
(Table 2). Antimicrobial action of various AgNPs samples
against S. aureus was not significantly different because this
type of bacteria has a thicker peptidoglycan layer making it
difficult to absorb the AgNPs into their cytoplasm, a fact that
is supported by previous studies (Pal et al., 2007). Greater
antibacterial effects were observed among AgNPs synthesized
with a polysaccharide concentration of 0.05% (pH 11). These
samples presented the highest absorbance levels among all the
synthesized AgNPs, which can be related to more optimal
formation of nanoparticles (Fig. 4).

4. Conclusion

In the present study, we demonstrated the stable green synthesis of an
AgNP solution with red algae reducing and stabilizing agent. The
resulted particles exhibited favorable characteristics, including the
spherical shape, hydrodynamic diameter between 20.3 nm and
94.9 nm and negative zeta potential. The synthesized AgNPs showed
antibacterial activity with greater efficacy against Gram-negative
bacteria, probably due to the shape and the size of AgNP. This kind
of study may also serve as a model for the future preparation of
nano-medicines or for targeted algal drug delivery.
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