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KEYWORDS Abstract This study reports a facile and reproducible green extracellular synthetic route of highly
Gold nanoparticles; stable gold nanoparticles. The aqueous gold ions when exposed to Salix alba L. leaves extract were
Salix alba; bioreduced and resulted in the biosynthesis of gold nanoparticles (Au-WAs). The nanoparticles
Green synthesis; were characterized by UV-Visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy
Stability; (FTIR), atomic force microscopy (AFM) and scanning electron microscopy (SEM). Their stability
Biological activities was evaluated against varying volumes of pH and sodium chloride as well as at elevated tempera-

ture along with enzymes inhibition, antibacterial, antifungal, anti-nociceptive, muscle relaxant and
sedative activities. The UV-Vis spectra of the gold nanoparticles gave surface plasmon resonance at
540 nm while the AFM and SEM nanoparticles analyses revealed the particle size of 63 nm and 50—
80 nm respectively. FTIR spectra confirmed the involvement of amines, amide and aromatic groups
in capping and reduction of the gold nanoparticles. Au-WAs showed remarkable stability in differ-
ent volumes of salt and various pH solutions however, Au-WAs were relatively unstable at elevated
temperature. Au-WAs possessed good antifungal activity and showed significant antinociceptive
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and muscle relaxant properties. These results revealed that the leaves extract of S. alba is a very
good bio-reductant for the synthesis of gold nanoparticles that have potential for various biomed-
ical and pharmaceutical applications.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metals nanoparticles especially gold and silver have attracted
considerable attention in catalysis, optics, sensing, imaging
and biomedical devices (Jain et al., 2008). Various physical
and chemical processes have been used in the synthesis of
nanoparticles; however these processes generate a large
amount of hazardous byproducts (Thakkar et al., 2010).
Green nanotechnology, that uses biological organisms, plant
biomass or extracts is recently considered as an alternative to
the conventional chemical and physical methods for the syn-
thesis of nanoparticles in a clean, non-toxic, ecologically sound
and environment friendly manner (Wang et al., 2009). The use
of plant materials for the synthesis of nanoparticles could be
more advantageous, because it does not require elaborate
processes as various biomolecules like proteins, phenols and
flavonoids in plants play a vital role in the reduction of silver
or gold ions (Sathishkumar et al., 2012). In recent years,
several plants are successfully used for efficient and rapid
extracellular synthesis of stable dispersions of silver and gold
nanoparticles (Kumar and Yadav, 2009).

Willow (Salix alba L.), (syn: white willow) belongs to the
family Salicaceae and grows primarily on moist soils in cold
and temperate regions (Klasnja et al., 2002). Traditionally, it
has been used for the treatment of various ailments due to its
potent antipyretic, analgesic and anti-inflammatory properties.
The Assyrians and ancient Egyptians used the leaves and bark
for musculoskeletal pain (Mahdi et al., 2006). The efficacy of
this plant is mainly due to its phenolic contents and includes sal-
icylates such as salicin (Fig. 1), which is a precursor of salicylic
acid that played an important role in the development of aspirin
(acetylsalicylic acid). Other phenolic compounds isolated from
S. alba are flavonoids (e.g. quercetin) and tannins (Harbourne
et al., 2009). Willow contains certain metabolites which act as
tumor inhibitors by causing apoptosis and damages the DNA
as well as affect the cell membranes or denature proteins in var-
ious human carcinoma cells (El-Shemy et al., 2007). Gold
nanoparticles using the bark extract of S. alba have been

Figure 1  Chemical structure of salicin.

reported to have high potential as colourimetric sensor for selec-
tive recognition and monitoring of cysteine among other amino
acids (Bahram and Mohammadzadeh, 2014).

The present study reports the green synthesis of gold nanopar-
ticles functionalized with the leaves extract of S. alba (Au-WAs).
The gold nanoparticles were characterized with UV—Visible
(UV-Vis), Fourier transform infra-red spectroscopy (FTIR),
atomic force microscopy (AFM) and scanning electron micro-
scopy (SEM). The effect of sodium chloride (NaCl), pH and reac-
tion temperature on the stability of the biosynthesized gold
nanoparticles was studied. Moreover, the gold nanoparticles were
screened for various biological activities.

2. Materials and methods

2.1. Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCly.3H,0)
obtained from Merck, was used as a source of Au'™ jons.
Leaves of S. alba were collected from Pishtakhara area of
Peshawar, Pakistan. After identification by a taxonomist, a
specimen was deposited with a voucher No. GDCH/001 in
the herbarium of Government Degree College Hayatabad,
Peshawar, Pakistan. The leaves were cleaned with distilled
water, dried under shade and powdered. The powdered
material (10 g) was put in a flask containing 100 ml of heated
distilled water and stirred for 20 min on a hot plate. The
extract was than filtered under vacuum and cooled immediately
on ice.

2.2. Synthesis and characterization of gold nanoparticles

The effect of HAuCl43H,0 concentration on the biosynthesis
of gold nanoparticles was investigated by changing the volume
of adding HAuCl, solution while keeping the volume of S. alba
leaves extract constant. Different volumes of HAuCly solution
(1 mM) were added to the extract solution. After mixing the
extract with aqueous HAuCly;3H,O the color of solution
rapidly changed to pink and then finally to ruby red, therefore
indicating the reduction of gold ions to gold nanoparticles.
The bioreduction of the AuCl*~ ions was monitored by UV—
Vis spectra of colloidal solution in 10 mm optical path length
quartz cuvettes with a UV-Vis spectrophotometer (Hitachi
U-3200, Japan) at a wavelength between 300 and 700 nm.
Optimization was achieved using UV-Vis spectra at a ratio
of 15:1 of gold-extract solution. The size of gold nanoparticles
was characterized by AFM (Agilent Technologies 5500, USA)
and SEM (JSM-5910-JEOL, Japan). For FTIR measurements,
the bioreduced chloroauric solution was centrifuged at
10,000 rpm for 15min to remove free proteins or other
insoluble components. The samples were vacuum dried and
were analyzed with an FTIR instrument (IRPrestige-21,
Shimadzu, Japan).
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2.3. Stability of gold nanoparticles

The effect of NaCl on the stability of gold nanoparticles of
S. alba was studied by varying the volume (50-200 pl) of
0.1 M NaCl solution. In order to ascertain the pH effect on
the stability of Au-WAs, the pH of the gold nanoparticles
solutions was adjusted between 2 and 13 by drop wise addition
of 1 M HCI or NaOH solutions. The effect of temperature on
the stability of Au-WAs was determined by heating the gold
nanoparticles for 30 min at 80 °C in a water bath.

2.4. Biological activities

2.4.1. Enzyme inhibition activities

Au-WAs along with an extract of S. alba were screened for
enzyme inhibition activities against urease, xanthine oxidase
and carbonic anhydrase-II enzymes.

For urease inhibition assay, the sample solutions were incu-
bated with urea. Indophenol method was used to measure
ammonia production as urease activity. Thiourea was used
as the standard inhibitor (Sumi and Nippon Rinsho, 1996).
The xanthine oxidase inhibitory activity of test samples was
determined by measuring the rate of hydroxylation of the sub-
strate (xanthine) and the subsequent formation of uric acid,
which is a colorless end product of the reaction and showed
absorption at 295 nm (Lee et al., 1998). The inhibitory activi-
ties of the test samples were compared with allopurinol, used
as standard. Carbonic anhydrase-II inhibitory activity of the
test samples was investigated using 4-nitrophenyl acetate,
which is colorless. Upon hydrolysis it is converted to
4-nitrophenol and carbon dioxide. The formation of
4-nitrophenol, a yellow colored compound, was monitored
during the experiment. The reaction was carried out at 25—
28 °C. Acetazolamide was used as standard (Arslan, 2001).
Experiments were performed in triplicate.

2.4.2. Antimicrobial activities

The antibacterial and antifungal activities were performed by
using the well diffusion method (Boyanova et al., 2005;
Uddin and Rauf, 2012) against bacterial strains of Klebsiella
pneumonia, Bacillus subtilis, and Staphylococcus aureus and
fungal strains of Alternaria solani, Aspergillus niger, and
Aspergillus flavus. The bioassays were performed in triplicate.

2.4.3. Animals

BALB/c mice of either sex weighing 25-30 g and purchased
from the National Institute of Health (NIH), Islamabad were
used in the experiments. The animals were maintained ina 12 h
light/dark cycle at 22 + 2°C for one week prior to experi-
ments. Access to food and water was ad libitum. Experiments
on animals were performed according to the NIH guidelines
for the care and use of laboratory animals.

2.4.4. Acetic acid induced writhing test

The anti-nociceptive activity of Au-WAs was evaluated by
acetic acid induced writhing assay in mice (Muhammad
et al., 2012). All animals were withdrawn from food 2 h before
the start of experiment. The animals were divided into six

groups. Group I received normal saline and served as control.
Group II was injected with standard diclofenac sodium
(10 mg/kg, i.p). Group III and IV were injected with S. alba
extract (CEW) at a dose of 50 and 100 mg/kg i.p respectively
while group V and VI were treated with Au-WAs at corre-
sponding doses of 5 and 10 mg/kg i.p. After 30 min of treat-
ment, all animals were injected (i.p) with 1% acetic acid. The
number of abdominal constrictions (writhes) was counted for
10 min after 5 min of acetic acid injection.

2.4.5. Muscle relaxant activity

The muscle relaxant activity of CEW and Au-WAs was evalu-
ated by traction and chimney tests.

2.4.5.1. Traction test. In this procedure, the animals were
exposed to a horizontal rubber coated metallic wire suspended
about 30 cm in the air and rigidly supported with stands. The
animals were screened after 30, 60 and 90 min of treatment
with diazepam (0.25 mg/kg), normal saline (10 ml/kg), CEW
(50 and 100 mg/kg, i.p) and Au-WAs (5 and 10 mg/kg, i.p).
Each animal was hanged by hind legs from the wire and the
time of hanging was recorded for 5s. The failure to hang in
less than five seconds was considered as the presence of muscle
relaxant activity (Hosseinzadeh et al., 2003).

2.4.5.2. Chimney test. In this procedure, a 30 cm long Pyrex
glass cylinder with an internal diameter of 3 cm and having a
mark at 20 cm from its base was used (Muhammad et al.,
2013). The animals were screened after 30, 60 and 90 min of
treatment with diazepam (0.25 mg/kg), normal saline
(10 ml/kg), CEW (50 and 100 mg/kg, i.p) and Au-WAs (5
and 10 mg/kg, i.p). Each animal was introduced at one end
of the tube and allowed to move to the 20 cm mark from the
base. When the animal reached the mark, the tube was moved
immediately to a vertical position, the animal tried to climb the
tube with a backward movement. The time required by each
animal to climb backwards to the mark was noted. The mouse
which failed to reach the mark within 30 s was considered with
relaxed muscles.

2.4.6. Sedative activity

The apparatus used for this activity was consisted of an area of
white wood (150 cm diameter) enclosed by stainless steel walls
and divided into 19 squares by black lines. The open field was
placed inside a light and sound attenuated room. Animals were
acclimatized under red light (40 W red bulb) one hour before
the start of experiment. After 30 min of treatment with diaze-
pam (0.25 mg/kg), normal saline (10 ml/kg), CEW (50 and
100 mg/kg, i.p) and Au-WAs (5 and 10 mg/kg, i.p), each
animal was placed in the center of the box and the numbers
of lines crossed were counted (Archer, 1973; Goyal et al.,
2009).

2.5. Statistical analysis

Data were expressed as mean =+ standard error of the mean
(SEM). For statistical analysis, ANOVA followed by
Dunnett’s post hoc test was used using GraphPad Prism 5
(GraphPad Software Inc. San Diego CA, USA).
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3. Results

3.1. Characterization of gold nanoparticles

Gold-willow solutions were made in ratios of 8:1, 9:1, 10:1,
15:1 and 25:1. From the recorded UV-Vis spectra of Au-
WA, it was observed that by varying the volume of gold solu-
tions while keeping the volume of the plant extract constant, a
change in the intensity of UV-Vis spectra was observed
(Fig. 2). The 15ml of 1 mM gold solution and 1 ml of plant
extract (i.e. 15:1) gave a uniform and sharp peak at 540 nm.
As shown in the inset of Fig. 2, the change in peaks intensities
can be correlated with change in color from purple blue to
pink and then finally to ruby red. The appearance of ruby
red color indicated the formation of gold nanoparticles in
the solution. Further studies were conducted on the 15:1
gold-willow solution.

The AFM (Fig. 3) and SEM (Fig. 4) data revealed the aver-
age particle size of 63 nm and 50-80 nm respectively. The for-
mation of gold nanoparticles was also confirmed by FTIR
spectroscopy. FTIR spectra of both CEW and Au-WAs were
recorded as shown in Fig. 5. FTIR spectrum of CEW has a
broad peak at 3210 cm ™! suggesting the presence of OH group
which may be responsible for the reduction of Au** to Au’
where as two bands of lower intensities at 2908 cm™! and
2854 cm ™! indicated the presence of methylene group (CH,)
next to OH or NH, functional group. Similarly, bands at
1589 cm™! and 1456 cm ™! show the C=C stretching of an aro-
matic ring which may indicate the presence of benzene ring, a
band at very low intensity at 1660 cm ™" suggests the ortho sub-
stitution pattern of benzene ring and is supported by bands at
871 cm~ ! and 748 cm ™. Bands at 1361 cm™! may be due to in
plane bending vibration of OH of phenols, while the band at

Absorbance (nm)

1273 cm ™! is due to C—O stretching of phenol. These bands
are shifted to higher absorption due to conjugation of oxygen
with benzene ring. Similarly, spectrum of Au-WAs stabilized
with S. alba leaves extract shows a band at 1242 cm™"' which
correspond to —C—O—H groups while the bands at
1296 cm™! and 1635 cm™! correspond to amides of proteins.

3.2. Stability of gold nanoparticles

Fig. 6 shows a change in UV—Vis peak intensities with a corre-
sponding color change due to the effect of varying pH on the
stability of Au-WAs. The gold nanoparticles were quite stable
in acidic medium; however, a gradual decrease in UV-Vis peak
intensities showed less stability with an increase in pH of the
colloidal solution. Similarly, in acidic pH, the solutions
retained their characteristic ruby red color, however a devia-
tion from this color was observed as the pH becomes alkaline.
Peak broadening and red shift were noted at pH 12 and 13.

The effect of salt on the stability of Au-WAs was deter-
mined at different volumes of 0.1 M NaCl (Fig. 7). A gradual
change of 0.1 M NaCl from 50 to 200 pl has little effect on the
peak intensities of Au-WAs except for a decrease in their
absorbance. At 250 and 300 ul, Au-WAs exhibited extreme
peak broadening, therefore suggesting an aggregation of gold
nanoparticles. As shown in the inset of Fig. 7, Au-WAs
showed a color change from ruby red with a gradual change
in the volume of 0.1 M NaCl solution.

Fig. 8 shows the effect of temperature on the stability of
Au-WAs. An extreme peak broadening with red shift and a
decrease in absorbance were observed after heating Au-WAs
for 30 min at 80 °C. This indicates an aggregation of gold
nanoparticles after heating the colloidal solution and can be
confirmed from the SEM images as shown in Fig. 9.

— Salix alba extract

— Au-WAs (8:1)
Au-WAs (9:1)

— Au-WAs (10:1)

— Au-WAs (15:1)

— Au-WAs (20:1)

— Au-WAs (25:1)

400 450 500 550

600 650 700
Wavelength ()

Figure 2 UV-Vis spectra of gold nanoparticles synthesized using different volumes of HAuCly solution while keeping the concentration
of Salix alba leaves extract constant. The inset photo shows the change in color with varying ratios of gold-extract solutions correspond to

their absorption spectra.
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Figure 3  Atomic force microscopy images of optimized Salix alba gold nanoparticles.

3.3. Enzyme inhibition assays

As compared to the standard, CEW showed moderate
inhibition against xanthine oxidase (22.1 £ 0.46) and car-
bonic anhydrase (22.1 + 0.37) while low activity against
urease (15.1 £ 0.77). Au-WAs were found inactive against
xanthine oxidase; however, good activity was observed
against urease (33 + 0.37) and a low activity toward car-
bonic anhydrase (5.5 £ 0.26). The enzyme inhibition activ-
ities of CEW and Au-WAs against urease, xanthine
oxidase and carbonic anhydrase are shown in Tables 1-3
respectively.

3.4. Antimicrobial activities

Au-WAs were tested for antibacterial and antifungal activities
against K. pneumonia, B. subtilis, S. aureus and A. solani,
A. niger, A. flavus respectively. As compared to the standard,
CEW showed moderate antibacterial activity against the three
bacterial strains while it was found inactive against the three
fungal strains. Au-WAs possessed good antibacterial activity
only against S. aureus; however, significant antifungal activity
was exhibited by Au-WAs against 4. solani and A. niger while
low activity against 4. flavus. The antibacterial and antifungal
activities are shown in Tables 4 and 5 respectively.
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Figure 4 Scanning electron microscopy (SEM) images of opti-
mized Salix alba gold nanoparticles at different resolutions (A and
B).

3.5. Acetic acid induced writhing test

As shown in Fig. 10, CEW and Au-WAs at the tested doses
possessed significant (P < 0.001) antinociceptive activity. A
dose dependant effect was observed for both CEW and Au-
WAs. The percent analgesic effect of CEW was 66.45% at
50 mg/kg while it was 78.98% at 100 mg/kg. Similarly the per-
cent attenuation of acetic acid induced writhing for Au-WAs
was 72.87% and 80.76% at doses of 5 and 10 mg/kg
respectively.

3.6. Muscle relaxant effect

Table 6 shows the muscle relaxant effect of CEW and Au-
WAs. After 20 min, in both chimney and traction tests,
CEW at 50 and 100 mg/kg produced significant (P < 0.05)
muscle relaxation. Similarly significant (P < 0.05) relaxant
effect was demonstrated by Au-WAs at 5 and 10 mg/kg in
the traction test however, in chimney test the effect was more
pronounced at 10 mg/kg (P < 0.01). Moreover, after 30 and
90 min, all the doses of CEW and Au-WAs produced maxi-
mum muscle relaxation (P < 0.01) in both chimney and trac-
tion tests. In comparison, the standard diazepam at a dose

of 0.25 mg/kg produced significant (P < 0.01) muscle relax-
ation after 30, 60 and 90 min in both tests.

3.7. Sedative effect

No sedative effect was exhibited by either CEW or Au-WAs,
as the number of lines crossed was not significantly different
from the saline group. In comparison, the standard diazepam
produced significant (P < 0.001) reduction in the locomotor
activity (Table 7).

4. Discussion

The synthesis and characterization of nanoparticles and their
applications represent a rapidly growing concept and an
emerging trend in science and technology (Gupta and Gupta,
2005). The use of plant materials for the synthesis of nanopar-
ticles could be more advantageous, because it does not require
elaborate processes (Song and Kim, 2009). In this study, gold
nanoparticles were efficiently synthesized using the leaves
extract of S. alba. The reaction between gold ions and S. alba
extract was monitored by color change and UV-Vis absorp-
tion spectra. When a leaf extract solution of S. a/ba was added
to 1 mM HAuCly3H,O0 solution, the color of solution changed
from golden yellow to crimson red and then finally to ruby red
at an optimized ratio of 15:1 (15 ml of 1 mM gold solution and
1 ml of S. alba leaves extract). The appearance of ruddiness
color is indicative of formation of colloidal gold nanoparticles
in the medium. Gold nanoparticles exhibit a ruby red color in
aqueous media due to excitation of surface plasmon vibrations
in the metal nanoparticles which give rise to surface plasmon
resonance band centered at about 536 nm (Jensen et al.,
2000). The plasmon resonance can be pictured as a “wave”
of electrons sloshing over the surface of a metal nanoparticle.
As a result, an enhanced electromagnetic field at and near the
metal nanoparticle surface is set up. The position of the plas-
mon band (extinction spectrum) is best measured on a conven-
tional UV—Visible spectrophotometer, and appears as a band
with extremely high extinction coefficients (Murphy et al.,
2008). In this study, it was observed from the UV-Vis spectra
that the sharpness of absorption peak was dependent on the
volume ratio of extract, thus being sharper with a higher ratio.
No peak at a wavelength of 540 nm appeared for the S. alba
extract however, in comparison, the gold nanoparticles func-
tionalized with S. alba extract gave uniform and sharp peaks
with varying intensities. It was noticed that the 15:1 ratio of
gold solution and leaves extract in the reaction mixture is effec-
tive for the generation of gold nanoparticles as the UV-Vis
peak becomes sharper and has maximum absorbance with
SEM measured particle size ranging between 50 and 80 nm,
which is in good agreement with the AFM analysis particle size
measurement i.e. 64 nm. The UV-Vis spectra of Au-NPs at
other ratios i.e. 8:1, 9:1, 10:1, 20:1 and 25:1 are either having
lower intensities or exhibit broad peaks with red shifts at a
wavelength corresponding to the plasmon resonance of gold
nanoparticles (540 nm). This might be due to formation of
large anisotropic particles or aggregation of nanoparticles in
the medium. The surface plasmon resonance absorbance is
extremely sensitive to the nature, size and shapes of the parti-
cles formed and their inter-particle distances (Sun and Xia,
2002). The size and concentration of gold nanoparticles can
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Figure 5 FTIR spectra of Salix alba leaves extract and its gold nanoparticles.

be determined directly from the UV—Vis spectra (Haiss et al.,
2007; Murphy et al., 2008). Furthermore, the frequency of
the plasmon band will differ from that of the simple isolated
sphere if the nanoparticle is nonspherical in shape, and if it
is close to other particles. Moreover, aggregation of noble
metal nanoparticles red-shifts and broadens the plasmon
bands (Murphy et al., 2008).

FTIR spectroscopic studies were carried out to investigate
the possible capping and bio-reducing functional groups pre-
sent in the extract. The FTIR spectrum of S. alba leaves extract
shows absorption bands at 3210cm™' (—OH or —NH,),
2908 cm™! and 2854cm™! (—CH,), 1589cm™' and
1456 cm™! (C=C stretching of an aromatic ring), 1361 cm™"
(bending vibration of OH of phenols) and 1273 cm™' (C—O
stretching). Likewise the FTIR spectrum of gold nanoparticles
shows absorption bands at 1242 cm ™' (—C—O0—H), 1296 cm ™!
and 1635 cm™! that correspond to amide bands of proteins.
This indicates that the gold nanoparticles synthesized using
S. alba extract are surrounded by some proteins and

metabolites having functional groups of amines, alcohols,
ketones, aldehydes, and carboxylic acids. S. alba contains fla-
vonoids like quercetin and tannis however, the major phenolic
contents present is salicin. All these compounds contribute to
the metal ion reduction processes and also stabilized the gold
nanoparticles. The presence of salicin may be responsible for
the formation of gold nanoparticles as this compound have
hydroxyl group and glucosidal linkages which helps in the
reduction of Au®™ to Au® (Villanueva-Ibafiez et al., 2015).
Flavanones could be adsorbed on the surface of metal
nanoparticles, possibly by interaction through carbonyl groups
or n-clectrons in the absence of other strong ligating agents in
sufficient concentration (Shankar et al., 2004). Moreover, pro-
teins could possibly form a coat covering the gold nanoparti-
cles, thus preventing agglomeration of the particles and
provide stability in the medium (Nel et al., 2009).

Synthesis of stable nanoparticles is an important aspect of
nanotechnology as the stability of nanoparticles plays an
important role in modulating their biological properties
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Figure 6 UV-Vis spectra showing the effect of varying pH on
stability of Salix alba gold nanoparticles. The inset photo shows
the change in color with different pH correspond to absorption
spectra of the gold nanoparticles.
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Figure 7 UV-Vis spectra showing the effect of different volumes
of 0.1 M NacCl on stability of the gold nanoparticles. The inset
photo shows the change in color of gold nanoparticles solutions
with varying salt volume correspond to their absorption spectra.

(Gupta and Gupta, 2005). A reduction in stability can leads to
total or partial loss of their nanoscale properties which may
alters their cellular uptake and modifies their bioavailability
and toxicity (Zhu et al., 2012). The most relevant processes
that govern the stability and mobility of nanoparticles in the
biological environment are agglomeration, aggregation, dis-
persion, sedimentation, and dissolution. These processes are
dependent on the particle physicochemical properties that in
turn are influenced by environmental parameters such as pH,
temperature, ionic strength and presence of ligands or natural
organic matter (Stankus et al., 2010; Levard et al., 2012). In
this study, UV—-Vis spectroscopy was used to efficiently evalu-
ate the stability of gold nanoparticles. It was observed that the
UV-Vis absorption spectra were significantly dependent on the

for 30 min.

size of gold nanoparticles with an increase in diameter, pro-
duced a dramatic red shift in their absorption spectra which
might be due to shortening of distance or aggregation of gold
nanoparticles. The gold nanoparticles were quite stable in pH
range of 2-11 as there is almost no change in their UV-Vis
spectra. This indicates their strong stability against either cer-
tain acidic or alkaline environments. The effects of NaCl con-
centration on the stability of gold nanoparticles were studied
by using 0.1 M NaCl in quantities of 50-300 pl. It was
observed from the UV—Vis absorption spectra that the S. alba
mediated gold nanoparticles were relatively stable when the
volume of salt increased from 50 pl to 200 pl. Their stability
against varying volumes of salt can also be confirmed from
the corresponding color of the gold nanoparticles solutions.
Temperature is one of the important environmental factors
that influence the stability, activity and chemical characteris-
tics of materials (Vorkapic and Matsoukas, 1998). The effect
of temperature on the stability of gold nanoparticles was inves-
tigated by heating the nanoparticles at 80 °C for 30 min. An
increase in temperature facilitated aggregation of gold
nanoparticles was observed as evidenced from the SEM images
however, the gold nanoparticles still showed the typical plas-
mon resonance peak but with a red shift. Colloidal stability
of nanoparticles is desired in most of the biological applica-
tions and in several other analytical applications (Dykman
and Khlebtsov, 2012). Hence, understanding the stability
under a wide range of environmental conditions, such as high
salt concentration, extremes of pH, high temperature and buf-
fer solutions is essential, which likely exhibits the fate of
nanoparticles. The enhanced stability toward varying pH,
ionic strength and temperature will enable us to explore differ-
ent formulations of S. alba gold nanoparticles for potentially
effective and safe therapy.

Considerable efforts are being made to develop and imple-
ment eco-friendly technologies for production of herbal based
consumer products for providing better healthcare solutions
(Chauhan et al., 2012). Gold and silver are frequently used
for the synthesis of stable dispersions of nanoparticles using
the extracts of herbs or other medicinal plants (Sadowski,
2010). In this study, the biosynthesized gold nanoparticles
although devoid of antibacterial activity, showed excellent
antifungal activity against A. solani, A. niger and A. flavus,
while in comparison the S. alba extract was found to have
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Figure 9  Scanning electron microscopy (SEM) images showing
the effect of temperature on stability of the gold nanoparticles
before (A) and after (B) heating at 80 °C for 30 min.

Table 1 Urease inhibition activity of Salix alba extract
(CEW) and its gold nanoparticles (Au-WAs).

Sample Concentration Inhibition 1Cso £ S.EM (ng/
(mg/ml) (%) ml)

CEW 0.2 15.1 £0.77 -

Au-WAs 0.2 33 £037 -

Thiourea 0.2 98.2 £ 0.15 21 +£0.11

Values are expressed as mean £ SEM of three different
experiments.

Table 2 Xanthine oxidase inhibition activity of Salix alba
extract (CEW) and its gold nanoparticles (Au-WAs).

Sample Concentration Inhibition 1Cso = S.EM
(mM) (%) (ng/ml)

CEW 0.25 22.1 + 0.46

Au-WAs 0.25 NA

Allopurinol  0.25 98 + 0.16 0.59 + 0.12

Values are expressed as mean = SEM of three different experi-
ments. NA = not active.

Table 3 Carbonic anhydrase II inhibition activity of Salix
alba extract (CEW) and its gold nanoparticles (Au-WAs).

Sample Concentration Inhibition ICsy £ S.EM
(mM) (%) (ng/ml)

CEW 0.25 22.1 £ 037 -

Au-WAs 0.25 55+ 026 -

Acetazolamide 0.25 89 +£0.20 14 + 0.11

Values are expressed as mean = SEM of three different experi-
ments. NA = not active.

Table 4 Antibacterial assay of Salix alba extract (CEW) and
its gold nanoparticles (Au-WAs) (zone of inhibition in
millimeter).

Samples Klebsiella Bacillus Staphylococcus
pheumonia subtilis aureus

CEW 12 £ 0.50 10 £ 0.67 12 + 0.44

Au-WAs NA NA 10 £ 0.58

DMSO (negative  NA NA NA

control)

Streptomycin 28 + 0.20 30 £ 022 28 +0.24

Values are expressed as mean = SEM of three different experi-
ments. NA = not active.

Table 5 Antifungal assay of Salix alba extract (CEW) and its
gold nanoparticles (Au-WAs) (zone of inhibition in millimeter).

Sample Alternaria Aspergillus Aspergillus
solani niger favus
CEW NA NA NA
Au-WAs 40 £ 0.45 50 + 0.53 10 + 0.56
Miconazole 100 £ 0.19 100 + 0.22 100 = 0.20

Values are expressed as mean = SEM of three different experi-
ments. NA = not active.

100 q
= >k ExA Diclofenac sodium
=) *kk
2 80 ERA CEW (50 mg)
3 B3 CEW (100 mg)
‘é 60 - [0 Au-WAs (5 mg)
[ Au-WAs (10 mg)
-
£ 401
P
2
o 20 A
A

0 .

Treatment groups

Figure 10  Percent antinociceptive effect of Salix alba extract
(CEW) and its gold nanoparticles (Au-WAs). Each bar represents
mean £+ S.E.M for a group of six animals. ANOVA followed by
Dunnett’s post hoc test. P < 0.05and P < 0.01 as compared to
saline treated control group.
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Table 6 Effect of Salix alba extract (CEW) and its gold nanoparticles (Au-WAs) on muscle relaxation (chimney test and traction test).

Group Dose (mg/kg) Chimney test (%) Traction test (%)
30 min 60 min 90 min 30 min 60 min 90 min
Diazepam  0.25 100 + 0.00"" 100 + 0.00" 100 + 0.00"" 100 + 0.00"" 100 + 0.00" 100 + 0.00""
CEW 50 33.65+200 5078 + 1.77  50.09 + 1.06 3522 40287 5598 £ 1.90°  55.00 + 2.11°"
100 35.98 + 2.98" 5322 £ 1.76"° 5299 +2.65 3598 + 1.02° 56.81 +2.00° 5590 + 2.19"
Au-WAs 5 3801 290" 4809 + 1.87 48.00 + 1.77 37.09 £ 023  47.90 £3.00  47.88 £ 209
10 50.08 £ 2.76 ° 5898 + 1.88"°  58.80 £ 2.01°  39.89 £ 1.99° 60.01 £ 2.00°  59.70 + 1.99"

Data presented as mean = S.E.M, (n = 6). ANOVA followed by Dunnett’s post hoc test.

* P < 0.05.
" P < 0.01 as compared to saline treated control group.

Table 7 Effect of Salix alba extract (CEW) and its gold
nanoparticles (Au-WAs) on locomotor activity.

Treatment Dose Number of lines crossed in 10 min
Saline 10 ml/kg 134.98 + 0.98
CEW 50 mg/kg 135.76 + 5.09
100 mg/kg 134.87 + 1.98
Au-WAs S mg/kg 127.45 £+ 2.06
10 mg/kg 128.54 £+ 6.09
Diazepam 0.25 mg/kg 15.87 + 0.87°"

Data expressed as mean + S.E.M, (n = 6). ANOVA followed by
Dunnett’s post hoc test.
™ P < 0.01 as compared to saline treated control group.

moderate antibacterial activity but was inactive against these
fungal strains. Gold nanoparticles possess well developed sur-
face chemistry, chemical stability and a large surface to volume
ratio due to which more number of drug molecules gets
adsorbed on their surfaces via electrostatic attraction between
the amine groups of drugs and nanoparticles. The gold
nanoparticles surrounded by a number of drug moieties now
act as a single group against the microbial organisms thereby
increasing the microbial activity (Burygin et al., 2009).

S. alba is famous for analgesic effect due to the presence of
salicin which have potent analgesic and anti-inflammatory
properties. In this study significant antinociceptive effect was
produced by the leaf extract of S. alba at doses of 50 mg/kg
(66.45%) and 100 mg/kg (78.98%). Similarly, significant
antinociceptive effect was also produced by the gold nanopar-
ticles, but at much lower doses compared to that of leaf extract
ie. 72.87% and 80.76% at 5 and 10 mg/kg respectively.
Moreover, the S. alba leaves extract (50 and 100 mg/kg) as well
as the gold nanoparticles (5 and 10 mg/kg) produced signifi-
cant muscle relaxant effect in both chimney and traction tests.
These results suggest that the gold nanoparticles possess
antinociceptive and muscle relaxant properties comparable to
the leaves extract but at much lower doses. No sedative effect
was produced by both S. alba leaves extract and its gold
nanoparticles. A natural product having analgesic as well as
muscle relaxant properties is beneficial as in majority of cases
pain is usually accompanied with muscle stretching for which
muscle relaxants are mostly prescribed along with analgesics.
Pain and inflammation can result in unrelenting symptoms,
misery, stress and sometimes disablement for the sufferer.

Inflammation is the response to an injurious stimulus that
can evoked by a wide variety of noxious agents. The classic
inflammatory response includes warmth, pain, redness and
swelling. Many mechanisms and mediators are involved in
the promotion of the inflammatory process. Prostaglandins
are important mediators of inflammation, fever and pain.
They are synthesized by the constitutive enzyme, cyclo-
oxygenase-1 (COX-1), and its isoform enzyme COX-2, which
is induced in peripheral tissues by cytokines, growth factors
and other inflammatory stimuli. Although in some situations
prostaglandins contribute to pain by directly activating noci-
ceptors, they are generally considered to be sensitizing agents.
Prostaglandins increase the levels of cyclic AMP and may
enhance nociceptor sensitization by reducing the activation
threshold for TTX-R sodium channels via a protein kinase A
pathway. They sensitize primary afferent neurons to bradyki-
nin and other mediators and are likely to be involved at mul-
tiple sites along the nociceptive pathway (Kidd and Urban,
2001). The beneficial effect of willow plant to ease pain and
reduce inflammation has been attributed to the presence of sal-
icin among other active components including polyphenols
and flavonoids. The presence of salicylates in willow provided
foundation for the discovery of aspirin, the acetylated form of
salicylic acid which subsequently leads to the synthesis of other
effective analgesic and anti-inflammatory drugs i.e. non-
steroid anti-inflammatory drugs (NSAIDs). Aspirin and
NSAIDs inhibit the activity of COXs which inhibit the forma-
tion of prostaglandins and therefore relieve inflammation,
swelling, pain and fever (Vane and Botting, 2003).

Keeping in view the well-known ethno-medicinal use of
S. alba, the use of its gold nanoparticles is far better than
prescribing two synthetic drugs for musculoskeletal pain as
each drug has its own side effects. Furthermore, gold is usually
prescribed for various joints pain conditions (Panyala et al.,
2009). This added advantage along with its own potent anal-
gesic and muscle relaxant properties compared to the leaves
extract and diclofenac sodium, greatly promotes the use of
S. alba gold nanoparticles as replacement herbal therapy for
the clinical management of different pain conditions.
Nanotechnological strategies change a substance’s properties
and behavior in a biological environment and can potentiate
the actions of plant extracts, promote sustained release of
active ingredients, reduce the required dose, decrease side
effects and improve activity (Bonifacio and da Silva, 2014).
Drug delivery system fetched a novel drug delivery system, a
novel approach to overcome the drawbacks of the traditional
drug delivery systems (Ansari and Farha Islam, 2012). Green
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nanotechnology greatly promotes the development of biologi-
cal medicine and bioavailability enhancement of herbal drugs
(Bhadoriya et al., 2011).

5. Conclusions

We have developed a green method to synthesize gold
nanoparticles using the leaves extract of S. alba that act as
both reducing and stabilizing agent by avoiding the use of haz-
ardous and toxic solvents. The nanoparticles are mostly in the
size of 50-80 nm. FTIR analysis indicates the possible involve-
ment of amines, amides and aromatic groups in the reduction
process and may act as capping agents. Phytochemicals cap-
ping the nanoparticles make them colloidally stable in different
media like salt and in various pH solutions but were relatively
less stable at elevated temperature as revealed from their UV—
Vis absorption spectra. The good antifungal activity along
with significant attenuation of pain as well muscle relaxant
effect of gold nanoparticles can be potentially applied in vari-
ous products such as topical preparations. The process for the
synthesis of nanoparticles in large scale using S. alba leaves
extract may have several advantages such as cost-
effectiveness and compatibility for biomedical and pharmaceu-
tical applications.
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