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Preface
The present research is focused on the Green methodology to synthesise
nanoparticles by using aqueous leaf extracts to application in bio-environmental fields.
In chapter 2, Prunus yedoensis leaf extract was used to synthesise biocompatible
silver nanoparticles. It is the fact; much leaf extracts posses’ supreme medicinal
properties, where even raw leaf extracts are used to treat various dreadful infections
and diseases. The prime motive of the work is to utilise the properties of Prunus
yedoensis leaf extract to synthesise silver nano particles which holds medicinal
properties and more over biocompatible, so that both the properties of silver
nanoparticles and leaf extract can be utilised together in synthesising novel
nanoparticles that can be used as a Nano medicine. In chapter 3, leaf extract of a
weed species Solidago altissima was used to synthesise nanoparticles composed of
silver and silver chloride which is a plasmonic photo catalyst; Solidago altissima is
considered to be a potential threat for wetlands that cause economic damage to the
agriculture fields in Japan. The leaf extract of the weed species consists of abundant
chlorine components, which lead to synthesise silver chloride nanoparticles. In chapter
4, nanoparticles composed of silver and silver chloride were synthesised based on the
methodology of chapter 3. The intention to support Japan economy as mentioned by
the MEXT- Japan, with scientific knowledge is partially fulfilled by the present work,
however an immense further research is to be proceeded.
This thesis is submitted for the degree of Doctor of Philosophy at the Toyo
University, Kawagoe, Japan. The research done, to the best of my knowledge is
original except the references mentioned. Neither this nor similar thesis of this work
has been submitted for any other purposes.
Vemu Anil Kumar
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Chapter 1

The research focused on the phyto synthesis of nanoparticles by bio-reduction
of metal salt solution with aqueous leaf extract of different plants. The work
proceeded aiming at proper utilisation of aqueous leaf extracts and metal salts
in synthesising nanoparticles, to bring the cost of synthesis as low as possible
and to make the synthetic procedures as simple as possible following ambient
conditions. At a maximum effort, toxic chemicals and complicated experimental
protocols were avoided, even though better results were put forth in both
synthesis and applications. A wide range of characterisation was executed to
determine properties of the pristine nanoparticles, so that as-synthesised
particles were used in various fields.
Metal nanoparticles (MNPs) are much significant in science and
technology because of their extraordinary beneficial physical, chemical and
biological properties to develop and engineer sophisticated modish products not
only limited to research but also at commercial scale. Notable properties of
MNPs are mainly due to high surface area to volume ratio and other properties
like specific optical properties, mechanical strengths, lower melting points and
specific magnetizations, which promote their applications in various fields. The
intrinsic properties of MNPs are mainly determined by its size, shape,
composition, crystallinity, surface functionality and solid / hollow structure which
differs from bulk metals. In fact, these parameters can be controlled to fine-tune
the

properties.

MNPs

include

pure

metal

nanoparticles,

metal-oxide

nanoparticles, alloy nanoparticles and composite nanoparticles coupled with
some other non-metallic compounds. Among MNPs Silver nanoparticles (Ag
NPs) are extensively studied for decades due to their unique surface plasmon
resonance properties in visible region. 1
Nano silver have 120 years of history.2 Ag NPs are in significant demand
at not only a research level, but also even a commercial one worldwide thanks
to their distinctive physicochemical properties such as high electrical and
thermal conductivities, surface enhanced Raman scattering ability, chemical
stability, catalytic activity and nonlinear optical behavior 3. Ag NPs have been
extensively used in the fields of medicine, physics, materials science, chemistry

4 5

and agriculture.

6

They have been actively utilized particularly in electronics,

photonics, chemical sensing/imaging, drug delivery/bio-labeling,

7, 8

textile

industry, food industry,6 degradation of organic pollutants and water
purification9. Ag NPs have also been used in recent years as an antimicrobial
agent to prevent infections and have also found many uses in medical products,
such as antibacterial surface coatings of stents, breathing tubes, heart valves,
catheters, surgical masks, and wound dressings.10, 11. Ag NPs based consumer
products extensive usage can be seen in personal care and cosmetics, textiles,
electronics,

household

products/home

improvement,

and

filtration/purification/sanitization devices.12. All together the applications of Ag
NPs can be generally categorized under three, such as consumer goods,
biomedicine and food production and packing. Project on Emerging
Nanotechnologies (PEN) have stated the statistical data of utilization of Ag NPs
in this generation.13
Synthesis of Ag NPs can be proceeded by physical, chemical and
biological methods,14

15

but biological syntheses are advantageous in such a

sense that it is cost effective and environmentally friendly, and furthermore
there is no need for high pressure, high temperature and toxic chemicals16. So
Synthesis of metal nanoparticles by green protocols is of great demand17.
Integration of green chemistry in the synthesis of nanomaterials promotes both
performance and safety18. In the biological synthetic methods, either
microorganisms19,

20

or plant extracts21-23are commonly used. It is supposed

that using plants for synthesis of Ag NPs may be quite reasonable even
compared to the other biological methods since several elaborate processes
such as cell culture maintenance and specific handling procedures under
aseptic conditions can be eliminated24.
On the other hand Ag NPs when associated with other materials forms
nano-composite materials that promotes applications in various fields based on
their distinctive properties.

In recent years Ag@AgCl nanoparticles drawn

many researchers of its photo catalytic activity in visible light. Ag@AgCl NPs
are acknowledged to be an efficient and stable photo catalyst under irradiation
of visible light

25-29

. Silver nanoparticles (Ag NPs), which are one of the noble

metal ones due to surface plasmon resonance (SPR) effect, have a strong
visible light absorption ability

30

; whereas Silver chloride nanoparticles (AgCl

NPs), which posses promising electronic, magnetic, optical and catalytic
properties 31; act as photosensitive semiconductor with a direct bandgap of 5.15
eV (241 nm) and indirect bandgap of 3.25 eV (382 nm)32

33

. Nanoparticles

composed of both Ag with AgCl (Ag@AgCl NPs) would therefore act as an
efficient plasmonic visible light photo catalyst34,
synthesised by hydrothermal method
in-situ photoactive method

38

36

35

. Photo catalyst in general

, in-situ anion exchange method

37

and

. So there is a need to develop green methods to

synthesise such nanoparticles.
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Chapter 2

Synthesis of biocompatible silver-filling organic
compounds

nanoparticles

via

using an extract from cherry leaves.

bio-reduction

Abstract
Multi-functional silver nanoparticles are in significant demand in both
fundamental and practical studies thanks to their distinctive physicochemical
properties. Silver nanoparticles can be synthesised by physical, chemical and
biological methods, but biological syntheses are environmentally friendly, and
furthermore there is no need for high pressure, high temperature and toxic
chemicals.

Silver

nanoparticles covered

with

organic

compounds

are

synthesised by mixing a leaf extract from Yoshino cherry with aqueous solution
of silver nitrate. The particles show their high mono-dispersibility in water and
biocompatibility thanks to the compounds covering the silver nanoparticles, and
high surface enhanced Raman scattering activity owing to the core silver
nanoparticles. The antibacterial activity of the particles is also investigated
using Escherichia coli and Bacillus subtilis.

2.1 Introduction
Prunus yedoensis belongs to Rosaceae family and is commonly called Yoshino
cherry (Sakura). It is a deciduous flowering cherry plant, which is widely
cultivated in various countries1 2. It occurs as natural hybrid flowering cherry
plant in Japan and is widely cultivated in other temperate countries. It is a
hybrid cherry probably between Prunus speciosa as father plant and Prunus
pendula f. ascendens as mother 3. A variety of Prunus species have been
extensively studied since they possess admirable medicinal properties.
Traditional medicine such as ‘Yaeng-Pi’ and ‘Hua-Pi’, which have been used for
the treatment of cough, urticaria, pruritus, dermatitis, asthma, and measles

45

,

are in fact produced from Prunus yedoensis. The antioxidant and antiviral
activities and the antihyperglycemic effect have also been intensively examined
67

. The tree bark as a Japanese folk medicine is used for detoxification and in

additional used as a cough medicine, as an expectorant, to ease swelling, and
to apply sores. Cherry bark extracts has been used to produce a commercial
product called Brocin, which is being used to treatment coughs and mucus.
Flavonoid glycosides present in the extracts are believed to be the probable
reason for its medicinal functions. It was reported that P. yedoensis contains a
large amount of different types of flavonoids

8

and the structures of the

flavonoids contained in mature leaves of P. yedoensis were identified as 5,4′dihydroxy-7-methoxyisoflavone
tetrahydroxyflavonol

4′-O-glucoside

3-O-glucoside

(isoquercitrin),

(prunetrin),
catechin,

cyanidin 3-O-monoglucoside (chrysanthemin), and procyanidin.

5,7,3′,4′epicatechin,

9 10

. Based on

the admirable properties like presence of valuable flavonoid glycosides in the
plant and its various extracts, considering their outstanding properties; e.g.,
anticancer,

antihyperglycemic

7

antioxidant

11

anti-inflammatory

12

13

vasorelaxant 14 and antifungal precursory 15 effects and activities, in the present
study the leaf extract of this medicinal plant species was used to exploit its
properties in the synthesis of Ag NPs (silver nanoparticles) and later as
synthesised particles used in various applications.

Highlights:
A green reliable method where no toxic chemicals, high temperature or
pressure or any sophisticated conditions was utilized during the
synthesis.
The temperature variations during the reaction had an absolute influence
on the synthesis of nanoparticles in order to maintain their size and
shape.
Re-nucleation and agglomeration of nanoparticles was prevented up to
certain limit by following the new protocol.
Definite organic compounds capping layer was formed around the
particles, which was the prime reason for biocompatibility.
Stability of particles in aqueous solution for several weeks.
High SERS performance.
Antibacterial

efficacy

is

quite

considerable

that

even

at

low

concentrations as-synthesized particles exhibited delay in growth of
bacteria.
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2.2 Methodology – 1
The fresh plant leaves of Prunus yedoensis were collected from the Kawagoe
Campus, Toyo University, Japan, and washed with millipore water to remove
surface filth. The leaves were cut into small pieces; approximately 1.0 x 1.0 cm.
10g of the leaf pieces were boiled in 100ml deionized water for 15 min and
filtration of the mixture was carried out by using filter paper (Whatman Cat No
1002-185) to obtain fresh aqueous leaf extract. The leaf extract was refrigerated
at 4 oC for future use. 20 ml of the aqueous leaf extract was mixed with 60 ml of
1mM aqueous solution of AgNO3 (Sigma-Aldrich, Japan) under continuous
stirring at 37 oC for 60 min. This mixture centrifuged at 15000 rpm for 30 min to
obtain the Ag NPs. Thus obtained pellet was purified after dispersing it in
millipore water, followed by centrifugation at 15000 rpm for 30 min.
Results and Discussion
The plasmon resonance peak recorded by using UV-Vis-NIR spectroscopy was
the primary confirmation of the synthesised nanoparticles. The leaf components
are responsible for the reduction of the AgNO3 to synthesize Ag NPs. A typical
observation and study was done using Transmission Electron Microscope
analysis, in order to understand the nucleation and growth of the synthesised
particles when different parameters were changed in the synthetic protocol.
Figure 1 shows the transmission electron micrograph, it is noticed that the
particles were aggregated moreover small particles were formed, revealing that
the nucleation and growth of the crystal is not constant. In order to over come
this issue certain experiments were performed to determine the factors affecting
the synthesis mechanism. Here with, a conclusion step was followed to
determine the crystal growth based on alteration in temperature and achieved a
considerable results.

Figure 1 (a) Wide view of nanoparticles and small particles of different sizes
were also present, inset – crystal lattice fringes (b) Nanoparticles covered with a
capping layer, inset- capping layer around the particle.

2.3 Methodology – 2
Fresh plant leaves of Prunus yedoensis were collected from the Kawagoe
Campus, Toyo University, Japan, and washed with millipore water to remove
surface filth. The leaves were cut into squares of approximately 1.0 × 1.0 cm.
10 g of the leaf pieces were boiled in 100 ml millipore water for 15 min and
filtration of the mixture was carried out using filter paper (Whatman Cat No
1002-185) to obtain a fresh aqueous leaf extract. The leaf extract was
refrigerated at 4 °C. 20 ml of the aqueous leaf extract was mixed with 60 ml of 1
mM aqueous solution of AgNO3 (Sigma-Aldrich) rigorously at 4 °C. The mixture
(pH 5.8) was transferred to conical flask which was at 37° C in water bath and
the temperature raise was observed from 4 °C to 30 °C within 5 min, and from
30 °C to 37 °C at a rate of 273.25K min-1 for 55 min under continuous stirring.
This mixture was centrifuged at 15000 rpm for 30 min and finally a pellet was
obtained. The pellet was purified after dispersing it in millipore water, followed
by centrifugation at 15000 rpm for 30 min. Thus obtained nanoparticles were
well characterized and further analysed for their biocompatibility, surface
enhanced Raman scattering (SERS), and anti-bacterial efficacy.

2.4 Characterization of Ag NPs
The optical properties of the as-synthesized NPs were characterized by an
ultraviolet-visible (UV-Vis) spectrophotometer (DU 730, Beckman Coulter) in the
range from 200 to 1000 nm at a resolution of 1 nm. The morphology and
structures of the Ag NPs were studied using a transmission electron microscope
(TEM) (JEM2200FS, JEOL) at an acceleration voltage of 200 kV. Particles’
samples for TEM observation were prepared drying a droplet of a particles’
suspension on a carbon coated copper grid (Cu 200 mesh, JEOL) at room
temperature. The crystal nature of the particles was determined by an X-ray
diffractometer (XRD) (Smart Lab, Rigaku), using a Cu Kα X-ray with a
wavelength of 0.154 nm, a voltage of 45 kV and a current of 200 mA, and
employing the grazing-incidence X-ray diffraction procedure with scanning 2θ
from 30° to 90° at 6.05 degrees per min at an incident angle of 0.01 degree.
The zeta potential of the Ag NPs dispersed in millipore water were measured
(pH 6) using a particle analyser (Zeta Nanosizer, Nano ZS, Malvern). The
elemental composition of the particles was analysed by energy dispersive X-ray
spectroscopy (EDS) (JEM2200FS, JEOL) at an accelerating voltage of 200 kV.
The chemical functional groups of the organic compounds capping the particles
were analysed by Fourier transform infrared spectroscopy (FT-IR) (Nicolet iS50,
Thermo Fischer Scientific), scanning the samples from 400 to 4000 cm-1 at a
resolution of 4 cm-1. The particles were dried in vacuum and samples for FT-IR
measurement were prepared by the KBr pellet method

16

. The elemental and

chemical bonding states of the particles were studied by XPS (Axis-HIs, Kratos
analytical). Argon ion etching of the samples was performed for 90 s at 1.33 ×
10-5 Pa. Pre and post-etching measurement of the particles was recorded at
3.99 × 10-7 Pa to analyse the composition of the core particles and capping
compounds around the particles.
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2.5 Results and Discussion
UV- Vis - NIR spectroscopy
Silver nanoparticles were successfully synthesised by mixing a leaf extract from
Prunus yedoensis with an aqueous solution of 1 mM AgNO3. The colour of the
solution changed from pale green to brown (Figure 2 (a)), which is an indication
of the occurrence of the reduction reaction, noting that the brown colour is
induced by the surface plasmon resonance (SPR) of Ag NPs

17

. The time

variation of the absorption spectrum of the solution during the synthetic
procedure is shown in Figure 2 (b).

(b) 3
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(a)
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Figure 1. Photograph of aqueous solution of a leaf extract and purified
nanoparticles and the time variation of the absorption spectrum of the aqueous
solution during the synthetic process of nanoparticles. A leaf extract from P.
yedoensis was mixed with aqueous solution of silver nitrate at time 0. (a)
Photograph of aqueous solution of a leaf extract (left) and purified nanoparticles
(right). The colour changed from pale green at time 0 to brown 60 min after
mixing. (b) Time variation of the absorption spectrum of the aqueous solution.
The intensity of the peak in the absorption spectrum at around 430 nm
gradually increased. Note that the peak intensity of the spectrum reached the
unmeasurable range of the UV-Vis-NIR spectrophotometer 45 min after mixing.
It is supposed that Ag NPs were gradually synthesised judging by the increase
in the intensity of the SPR peak at around 430 nm 18 (Figure 3). In other words,
the leaf extract from Prunus yedoensis acted as a reducing agent of AgNO3.
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Figure 3 Absorption spectrum of purified Ag NPs dispersed in millipore water.
Transmission electron microscopy and scanning electron microscopy
TEM images of as-synthesized particles are shown in Figure 4. Each particle
was covered with a layer of some material, the component of which will be
characterised later. The core particles were not perfectly spherical, but
crystallised (Figure 4(c), 2(d)). According to the TEM image (Figure 4(c)), the
selected area electron diffraction image (Figure 4(d)), The diameter of a core
silver particle, which was measured from TEM images targeting at least 100
particles, was 26.3 ± 6.4 nm (see Figure 5 for the distribution of the diameter of
the core particles), whereas the thickness of the layer covering the particles was
2.6 ± 0.5 nm (see Figure 6 for the distribution of the thickness of the layers).
Note that particles of the order of several nanometers were also observed. In
the Figure 7 scanning electron microscope image shows the as-synthesised
particles were covered with a layer of material.

Figure 4 TEM and SAED images of nanoparticles. (a) Wide view of
nanoparticles. The diameter of each particle is quite uniform. (b) Magnified
image of a nanoparticle. A core particle is covered with a layer of some
materials. (c) Lattice fringes. The gap between two neighbouring fringes is 0.23
nm, which coincides with that of silver. (d) SAED image. The indices indicate
that the core particle is composed of silver.
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Figure 5 Distribution of the diameter of the core Ag NPs.
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Figure 6 Distribution of the thickness of capping layers

Figure 7 Wide view of Ag NPs covered with a capping layer
X-ray diffraction
The crystalline structure of the core particles was face-centered cubic (FCC),
noting that the X-ray diffractogram was in good agreement with the standard
data of the Joint Committee on Powder Diffraction Standards (JC-PDF) file 4783

19

. It showed well-defined 2θ peaks at 38.14°, 44.48°, 64.42° and 77.64°,

which, respectively, correspond to (111), (200), (220), and (311) reflections (see
Figure 8). This data determine the crystal geometry of the core Ag NPs to be
face-centred cubic. The metallic nature of the Ag NPs confirmed by the XRD
profile coincides with the previous study
equation

21

20

. According to the Debye-Scherrer

the mean size of a crystal domain was calculated to be 10.3 nm

based on the full width at the half maximum (FWHM) of the (111) Bragg’s
reflection.
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Figure 8 X-ray diffractogram of as-synthesised nanoparticles.
Zeta potential
The Ag NPs were stably dispersed in water without any serious coagulation,
judging by the visual observation of the solution (see Figure 2). In general,
when the absolute value of the zeta potential of particles is lower than 20 mV,
the particles tend to be unstable in the solution and the precipitation of particles
occurs 22, whereas the particles are stably dispersed when the absolute value of
the zeta potential is higher than 20 mV

23

. In the present case, The zeta

potentials of the particles in millipore water measured immediately and 4 weeks
after purification were, respectively, - 32.0 ± 6.3 and - 35.4 ± 7.0 mV and as a
result, the Ag NPs were stably dispersed in millipore water (see Figure 9) 24.
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Figure 9 Distributions of the zeta potentials of particles in millipore water
measured (a) immediate after purification of Ag NPs and (b) 4 weeks after
purification.
Energy dispersive X-ray spectroscopy
The EDS spectrum showed a strong signal of Ag La at 3.0 keV, which confirms
that the inner particles are composed of silver (Figure 10). The Carbon signal
was detected from the organic layer capping around the particles and the grid,
the Copper signal was detected from the grid.

Figure 10 Elemental analysis of nanoparticles by EDS.

Fourier transform infrared spectroscopy
According to the FT-IR spectrum shown in Figure 11, the functional groups on
the capping layers were very similar to those of the leaf extract. The peaks at
around 3400 cm-1 (corresponding to O–H), 1600 cm-1 (C=O, C=C) and 1000
cm-1 (C–O) are in accordance with those of some flavonoids such as cathechin,
epicathechin, isoquercitrin and cyanidin compounds

25-28

and therefore it is

supposed that the capping layers were composed of flavonoids.
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Figure 11 FT-IR spectra of as-synthesised particles (represented in red) and
the leaf extract (in blue). The peaks at around 3400, 1600 and 1000 cm-1,
respectively, correspond to (O–H), (C=O, C=C) and (C–O).
X-ray photoelectron spectroscopy
The XPS analysis depicts the elementary composition of the particles and the
atomic percentage of carbon and silver were determined. According to the preetching and post-etching XPS data; that is, the intensities of the peaks of Ag3p,
Ag3d, O1s and C1s (Figure 12 (a)), the present particles are composed of Ag
NPs conjugated with some materials containing carbon.
According to the Gaussian-Lorentzian curve fitting, in Figure 12 (c) the preetching peaks of C1s correspond to a binding energy of 284.9 eV. It is therefore
supposed that alkyl carbon (C-C) or hydro carbon (C-H) were detected on the
surface of the compounds capping the Ag NPs. The pre-etching and postetching XPS data were analysed to define the chemical nature of pristine Ag
NPs. Figure 12 (b) shows peaks of Ag3d core levels and the details are

summarised in Table 1

29

. The peaks of Ag3d5/2 and Ag3d3/2 were fitted with

Gaussian-Lorentzian curves. The pre-etching data indicate the existence of AgO/Ag-C, whereas the post-etching data metallic Ag, noting that the binding
energies of the pre-etching data shifted towards higher ones after etching,
which confirms the conversion of Ag-O/Ag-C into metallic Ag

30

. The FWHM

values of the pre-etching data (broad peak) were lower than those of the postetching data (narrow peak), which confirms the switching of Ag-O/Ag-C species
to Ag-metal

31

. The atomic percentages of silver and carbon were summarised

in Figure 13.
Ag 3d 5/2

Ag3d 3/2

B.E - FWHM

B.E - FWHM

Pre-etching

367.80 - 0.98

373.90 - 0.95

Post-etching

367.98 - 0.74

373.99 - 0.76

Table 1 Pre-etching and post-etching data of Ag3d 5/2 and Ag3d
3/2, representing the peak position of the binding energies (B.E.),
and the full width at the half maximum (FWHM).
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Figure 12 XPS spectra of as-synthesised particles measured under pre-etching
(represented in blue) and post-etching (red) conditions. (a) Overall spectra; (b)
Ag3d; (c) C1s.
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Figure 13 Atomic percentages of silver and carbon composing nanoparticles.
Elemental analyses were carried out by XPS before and after etching of the
nanoparticles. The red bars represent silver, whereas the blue ones carbon.
Biocompatibility investigation by an Alamar blue assay, cell staining and
hemolysis study
A test cell line; L929, was cultured in a 25 cm3 flask, which contained
Dulbecco’s modified eagle media (DMEM) (Gibco, Life Technologies)
supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin.
The cells were seeded in 96-well plates with DMEM at a cell number density of
3 × 103 and 5 × 103 cells per well (CPW) and incubated for 48 and 24 h,
respectively. Then, the media were removed and replaced by fresh ones and
the cells of 3 × 103 and 5 × 103 CPW were incubated in the presence of a
different concentration of particles; 0, 10, 20, 40, 80 and 100 µg mL-1, and a
different concentration of the aqueous solution of the leaf extract; 0, 10, 20, 40,
80 and 100 µL mL-1 for 48 and 24 h, followed by treatment with an Alamar blue
reagent for 3 h. The incubation was performed in an atmosphere of 5% CO2 at
37 °C. The fluorescence intensity of the solution was then measured using a
multi detection micro plate reader (Powerscan HT, Dainippon Sumitomo
pharma Co., Ltd, Japan) with an excitation wavelength of 530 nm and emission
wavelength of 590 nm. The cells in the media in the absence of particles acted
as the positive control. The metabolic activity and proliferation of cell line L929
in the presence of Ag NPs were analysed and Figure 14 (a) shows the cell

viability in the presence of the Ag NPs. Even in the case of high concentrations
of Ag NPs used in the assay; i.e., 80 and 100 µg ml-1, the cell viability was still
high, whereas in the case of the other lower concentrations of Ag NPs, the
particles’ cytotoxicity was very low. Note that the leaf extract also showed its
high biocompatibility (Figure 14 (b)). The present result is in good agreement
with the one previously reported by Moulton et al

32

, where the biocompatibility

of of green synthesized Ag NPs was investigated using HaCaT cells. There
have been several reports showing evidence of a high biocompatibility of
surface modified or capped Ag NPs

33-35

, whereas on the contrary, naked Ag

NPs exhibited cytotoxicity and genotoxicity 36-38.

Figure 14 Viability of cell line L929 estimated by an Alamar blue assay. (a)
Viability of cells cultivated in the presence of Ag NPs. (b) Viability of cells
cultivated in the presence of the leaf extract. The blue bars represent the cell
viability assessed using 5000 cells per well incubated for 24h, whereas the red
ones the cell viability estimated using 3000 cells per well incubated for 48 h.

In addition to the Alamar blue assay, the cell viability of cell line L929 in
the presence of a different concentration of Ag NPs was investigated using a
fluorescent stain; It was also performed using calcein-AM (Dojindo Molecular
Technologies Inc.) and propidium iodide (Dojindo Molecular Technologies Inc.)
to determine the cell viability which induce green and red fluorescence,
respectively, for alive and dead cells

39

. Initially, cells of 5 × 103 CPW were

seeded in a 96-well plate with DMEM and incubated for 24 h in an atmosphere
of 5% CO2 at 37 °C. Then, the media were removed and replaced by fresh ones
and the cells of 5 × 103 CPW were incubated with a different concentration of
particles; 0, 10, 20, 40, 80 and 100 µg mL-1, and a different concentration of the
aqueous solution of the leaf extract; 0, 10, 20, 40, 80 and 100 µL mL-1, for 24 h.
100 µL of calcein AM (2 µmol) / propidium iodide stain (4 µmol) was introduced
into each well and the cells were incubated for 15 min. Fluorescence images
were captured using a confocal laser scanning microscope (A1si+, Nikon Corp.)
with an excitation wavelength of 488 and 561 nm. The confocal fluorescence
images shown in Figure 15 indicates that the present Ag NPs did not promote
any adverse effect on the proliferation of the test cell line and leaf extract also
did not promote any adverse effect (Figure 16).

Figure 15 Confocal fluorescence images of cell line L929 in the presence of Ag
NPs. (a) Bright field images. (b) Alive cells (green). (c) Dead cells (red). The
scale bar represents 200 µm.

Figure 16 Confocal fluorescence images of cell line L929 in the presence of the
leaf extract without any particles. (a) Bright field images. (b) Alive cells (green).
(c) Dead cells (red). The scale bar represents 200 µm.
Hemocompatibility of the Ag NPs was also examined using sheep’s and rabbits’
RBCs for further confirmation of biocompatibility of the Ag NPs and the study
was carried out as follows

40

. RBCs were separated from fresh sheep’s and

rabbit’s blood (1 mL) (Nippon Bio-Supp. Centre) and phosphate buffered saline

(PBS) (10 mL) was added to the RBCs, then followed by centrifugation twice at
1500 rpm for 5 min. The RBCs were suspended in PBS (10 mL). The RBCs’
suspension (900 µL) was added to the particles/PBS solution (100 µL), the
concentration of the particles of which was set at 10, 20, 40, 80 or 100 µg mL-1,
and the RBCs’ suspension was also added to the leaf extract/PBS solution (100
µL) of 10, 20, 40, 80 or 100 µL mL-1. The solution was introduced into 2 mL
centrifuge tubes and incubated under a gentle rotation at 37 ºC for 60 min. The
tubes were finally centrifuged at 1500 rpm for 5 min at 20 ºC and the absorption
of incident photons of 540 nm wavelength was measured using the UV-Vis-NIR
spectrophotometer (DU 730, Beckman coulter). An aqueous solution of RBCs
with Triton X-100 (Sigma-Aldrich, Japan) was used as the positive control.
The hemolytic activity of the Ag NPs was determined by the amount of
hemoglobin released from the RBCs in the presence of Ag NPs, which is shown
in Figure 17. Hemolysis of the Ag NPs and leaf extract which was normalised
by the positive control

41

, was only 10 % even when the concentration of Ag

NPs was as high as 100 µg ml-1. We suppose that the hemocompatibility of the
Ag NPs was high, thanks to the organic compounds probably flavonoids
capping the Ag NPs 42 and therefore we believe that the present Ag NPs can be
used for biomedical studies 43.
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Figure 17 Effect of the concentration of particles on the hemolytic activity. The
blue bars represent sheep’s RBCs, whereas red ones rabbit’s RBCs. RBCs
incubated with Triton X-100 acted as the positive control.

Application of Ag NPs in antibacterial activity and SERS assay
Antibacterial assay
To examine the antibacterial activity of the particles, the time variation of the
bacterial growth was measured, culturing two bacterial species; Escherichia coli
at 37 ºC and Bacillus subtilis at 30 ºC, in Nutrient broth No.2 (Oxoid) media
supplemented with the aqueous solution of particles of 2, 4, 8 or 16 µg mL-1,
and with a leaf extract solution of 2, 4, 8 or 16 µL mL-1 for 16 h. The optical
density (O.D) values at 600 nm were recorded every 30 min using an ODMonitor (C&T, Taitec Corp.) and the growth curves were obtained.
The time variations of the bacterial growth for up to 4 h 30min are shown
in Figure 18 (a) (b). Figure 19 (a) (b) shows the time variations of the bacterial
growth for 16 h. The growth of both Bacillus subtilis (Gram-positive) and
Escherichia coli (Gram-negative) was reduced in the presence of Ag NPs even
when the concentration of the particles was as low as 16 µg ml-1, noting that the
antibacterial effect of the leaf extract was not significant (Figure 19 (c) (d)). It is
therefore supposed that the present Ag NPs possess some antibacterial
activity, which corroborates with the study of Liong et al. 44. Antibacterial activity
of the encapsulated silver nanocrystals and their interaction towards both the
gram positive and gram negative bacterial cells was previously discussed by
Liong et al, which implies to the present report on Ag NPs44. I Sondi et al.
reported that the bacterial growth was not completely inhibited by Ag NPs in a
liquid medium and it was obvious in the present study that the growth rate was
delayed as the concentration of the Ag NPs increased 45; 46.
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Figure 18 Time variations of the growth of bacteria. (a) Growth of Escherichia
coli in the presence of Ag NPs. (b) Growth of Bacillus subtilis in the presence of
Ag NPs. (c) Growth of Escherichia coli in the presence of the leaf extract. (d)
Growth of Bacillus subtilis in the presence of the leaf extract.
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Figure 19 Time variation of the growth of bacteria. (a) Escherichia coli (b)
Bacillus subtilis.

Surface enhanced Raman scattering
The SERS characteristics were investigated using an aqueous solution of
rohdamine B. 0.1 mM rohdamine B solution was dropped onto dried Ag NPs
and a layer of the leaf extract placed on a glass substrate and Raman spectra
were obtained using a micro-Raman spectroscopic system (Lab Ram
HR800UV, Horiba Jobin Yvon S.A.S.) with an excitation wavelength of 633 nm.
The spot diameter and power of the laser beam were, respectively, 2 µm and
48 µW and the spectra were obtained with a 2-sec integration.
Raman spectra of an aqueous solution of rhodamine B, which was
dropped onto Ag NPs placed on a glass substrate, was obtained, the result of
which is shown in Figure 20. It is clearly shown that Raman signals were
greatly enhanced in the presence of Ag NPs and therefore the present particles
are highly SERS active, whereas there was no recognizable signals of
rhodamine B when it was dropped on the surface of the glass substrate and the
leaf extract alone.
Raman shift (cm-1) 47
Lit

Ag NPs

Assignment

1648

1648

1529

1530

1506

1507

1433

1437

1356

1358

1280

1280

C−C bridge band stretching

1201

1201

Aromatic C−H bending

620

622

Aromatic bending

Aromatic C−C stretching

Table 2 Characteristic raman signal peak positions of rhodamine B of
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Figure 20 Raman spectra of 0.1 mmol aqueous solution of rhodamine B. The
red curve represents a Raman spectrum of the rhodamine B solution dropped
on dried Ag NPs, whereas the green and blue curves the spectra of the solution
dropped on a dried leaf extract and on the glass substrate. Sharp peaks at 622,
1201, 1280, 1358, 1437, 1507, 1530, and 1648 cm-1 are typical ones of
rhodamine B.

2.6 Conclusion
Ag NPs were synthesised by mixing a leaf extract from P. yedoensis with
aqueous solution of AgNO3. The particles showed their high dispersibility in
water, biocompatibility, surface enhanced Raman scattering activity and
antibacterial activity. We believe that the significant features possessed by the
present Ag NPs were derived from the properties of both organic compounds
capping the particles and core particles and therefore the Ag NPs may well be
actively utilised in the field of biomedicine; e.g., as nano agents for bio-imaging,
nano media for photothermal therapy, nano vehicles for drug delivery and
detectors of biomolecules and biomaterials. It is also inferred from the previous
and present studies that metal-filling organic compounds nanoparticles may
commonly be synthesised via bio-reduction using plants’ extracts.
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Chapter 3

Synthesis of nanoparticles composed of silver
and silver chloride for a plasmonic photocatalyst
using an extract from a weed Solidago altissima
(golden rod).

Abstract
Phyto synthesis of nanomaterials is advantageous since it is economical, ecofriendly and simple and, what is more, in the synthetic protocols, non-toxic
chemicals and biocompatible materials are used. Here, a green synthetic
methodology of nanoparticles composed of silver and silver chloride (Ag@AgCl
NPs) is developed using a leaf extract of Solidago altissima as a reducing
agent. Utilisation of a terrestrial weed for the synthesis of Ag@AgCl NPs is a
novel environmentally friendly approach considering that no toxic chemicals,
external halide source or elaborate experimental procedures are included in the
process. The optical properties and elemental compositions of as-synthesised
Ag@AgCl NPs are well characterised and the degradation of an organic dye;
i.e., Rhodamine B (RhB), is investigated using the Ag@AgCl NPs. We find that
degradation of RhB is effectively achieved thanks to both surface plasmon
resonance and semiconductor properties of Ag@AgCl NPs. The surfaceenhanced Raman scattering and anti-bacterial activities are also examined.

3.1 Introduction
Weed species would in general cause hazardous situations on agricultural
lands, which may eventually trigger loss of native biodiversity as well as serious
economic damage

1 2

. A terrestrial weed; Solidago altissima, belonging to the

Asteraceae (Compositae) family, is commonly called golden rod. S. altissima is
a native plant of North America and became a common alien plant in Japan
several hundred years ago 3. It is well known that S. altissima can grow in
agricultural fields under various conditions, and the growth of rice seedlings, for
example, can be seriously inhibited by S. altissima, which is mainly caused by
allelo-chemicals such as 2-cis-dehydromatricaria ester (cis-DME) and methyl10-(2-methyl-2-butenoyloxy)-2-cis-8-cis-decadiene-4,6-diynoate

4 5

, released

from its rhizomes.
Phyto synthesis of nanomaterials would be advantageous in such a
sense that it is economical, eco-friendly and simple and, what is more, in the
synthetic protocols, non-toxic chemicals

6, 7

and biocompatible

8

materials are

used. Synthesis of metal nanoparticles using such green protocols is in great
demand

9

since no toxic chemicals are emitted into the environment

10

and the

synthetic devices can be easily scaled up since the procedures do not require
any extreme conditions such as high pressure, energy and temperature. A
variety of plant species have been used in the synthesis of nanoparticles
it is known that Ag@AgCl NPs can also be phyto synthesised

12

11

and

.

Ag@AgCl NPs were synthesised based on a green protocol using an
extract of S. altissima for the first time. The structures and elements of the
particles are well characterized and the photocatalytic activity of as-synthesized
Ag@AgCl NPs is examined using Rhodamine B (RhB). We find that the
degradation of RhB is effectively achieved thanks to both SPR and
semiconductor properties of Ag@AgCl NPs. The surface enhanced Raman
scattering (SERS) and anti-bacterial activities are also investigated. We
suppose that the present approach to the synthesis of nanoparticles using a
weed may encourage the utilisation of hazardous plants for the creation of
novel nanomaterials, and that this may also help in the battle to conserve
Nature.

Highlights:
Aqueous leaf extract of a terrestrial weed was used in the synthesis and
it acted as both reducing agent and halide supplement.
Photo reduction during the synthesis has a notable influence on
synthesis of Ag@AgCl NPs.
Efficient photocatalytic performance.
Antibacterial efficacy is quite high against both gram-negative and grampositive bacteria.
Particles showed a considerable SERS performance.

3.2 Phyto synthesis of Ag-AgCl NPs
Fresh plant leaves of S. altissima were collected on the Kawagoe Campus,
Toyo University, Japan and cleaned with millipore water to remove the surface
contaminants. 10 g of leaf pieces were heated in 100 mL of millipore water at
90 ºC for 90 min, followed by filtration (Whatman Cat No 1002-185) to obtain an
aqueous plant leaf extract. The leaf extract was refrigerated at 4 °C for further
use. 20 mL of the aqueous leaf extract was mixed with 60 mL of 1 mM aqueous
solution of silver nitrate (AgNO3) (Sigma-Aldrich, Japan) at 4 °C, and the mixture
was stirred for 30 min in the dark and then exposed to light (Power density: 1
sun = 100 mW cm-2, Exposed area: 3 × 3 cm2) (HAL 320, Asahi spectra Co.,
Ltd.) for 30 min. The mixture was centrifuged at 15000 rpm for 40 min to
pelletize the product. The pellet was purified by dispersing it in millipore water,
followed by centrifugation at 15000 rpm for 40 min.

3.3 Characterisation of Ag@AgCl NPs
The optical properties of as-synthesised NPs were characterized by an
ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer (DU 730,
Beckman Coulter) in the range from 200 to 1000 nm at a resolution of 1 nm,
and a UV diffuse reflectance spectroscope (DH2000-DUV, USB2000, Ocean
Optics Inc) in the range from 250 to 600 nm. The morphology of the particles
was analyzed using a transmission electron microscope (TEM) (JEM2200FS,
JEOL) at an acceleration voltage of 200 kV with a scan snap & orius camera
and software (Gatan). Samples for TEM observation were prepared on a carbon
coated copper grid (Cu 200 mesh, JEOL), dropping and drying nanoparticles’
suspension on the grid. The elemental composition of the particles was
analyzed by energy dispersive X-ray spectroscopy (EDS) (SU6600, Hitachi
equipped with OXFORD X- MaxN). The crystal nature of the particles was
determined by an X-ray diffractometer (XRD) (Smart Lab, Rigaku), using a Cu
Kα X-ray of 0.154 nm wavelength supplied by a 9 kW rotating Cu anode X-ray
generator, and employing a grazing-incidence X-ray diffraction geometry with a
scanning diffraction angle (2θ) from 25° to 90° at 1.5° min-1 at an incident angle
of 0.1°. The elemental and chemical bonding states of the nanoparticles were
studied by an X-ray photoelectron spectroscope (XPS) (Axis-HIs, Kratos
analytical) equipped with a non-monochromatic Al Kα X-ray of an energy of
1486.61 eV, pass energy of 80 eV and step energy of 0.1 eV at lower than 1.0 ×
10-8 Torr. Samples for XPS were prepared on a hydro fluoric acid treated silicon
wafer, dropping and drying nanoparticles’ suspension on the wafer. The photo
luminescence spectra (PL) of the particles were determined, using a
spectrofluormeter (FP 6500, Jasco).

Characterisation of a leaf extract
The chemical functional groups of the organic compounds responsible for the
reduction reaction were analysed by Fourier transform infrared spectroscopy
(FT-IR) (Nicolet iS50, Thermo Fischer Scientific), scanning the IR from 400 to
4000 cm-1 at a resolution of 4 cm-1. The leaf extract was centrifuged at 15000
rpm for 45 min, the supernatant was removed and the pellet was dried in
vacuum. Samples for FT-IR measurement were prepared by the KBr pellet
method

13

. The elemental composition of the leaf extract was analysed by EDS

and XPS. Samples for EDS and XPS were prepared on a hydro fluoric acid
treated silicon wafer, dropping and drying an aqueous leaf extract on the wafer.
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3.4 Results and Discussion
Synthesis of Ag@AgCl NPs
Ag@AgCl NPs were successfully synthesised by the following two-step
procedure; (1) The reduction of Ag+ (AgNO3) using an aqueous leaf extract of S.
altissima to synthesise AgCl NPs, and (2) the photo reduction of AgCl NPs to
synthesise Ag@AgCl NPs. The chemical compounds present in the aqueous
leaf extract such as terpenoids

14

, glycosides

and components containing chlorine (Cl-)
for the reduction reaction

20 21

19

15, 16

, acetylenes

17, 18

, phenols

3

were supposed to be responsible

to synthesise AgCl NPs in the first procedure,

noting that no external chlorine components or any additional chemicals were
supplied during the synthesis (see Figure 1 for FTIR, EDS and XPS analyses of
the leaf extract). FTIR spectrum of a leaf extract is shown in Figure 1(a). The
peak positions corresponds to 3354.07 cm-1 (N-H, stretch), 2921.79 and
2851.17 cm-1 (C-H, stretch), 1640.75 cm-1 (N-H, bend), 1384.19 and 1327.46
cm-1 (S=O), 1156.92 and 1076.78 cm-1 (C-O), 781.52 cm-1 (C-Cl), 611.77 and
521.64 cm-1 (C-X)

22

. Note that the peak at 781.52 cm-1 represents chlorine

related compounds. The EDS spectrum of a leaf extract is shown in Figure 1(b).
The peak positions represent phosphorous, sulfur and chlorine that were
present in the leaf extract. The XPS data; i.e., the peaks of C1s, O1s and Cl2p,
show that the present leaf extract was composed of some compounds bonded
with carbon, oxygen and chlorine (see Figure 1(c)). Figure 1(d) shows two
peaks corresponding to Cl2p3/2 and Cl2p1/2 centered at 198.29 and 199.95,
which represent chorine related components are present in the leaf extract23.
The peaks of C1s correspond to a binding energy of 284.6, 286.06, 293.09 and
295.72 eV (see Figure 1(e)).

Figure 1. Characterisation of a leaf extract. (a) FTIR spectrum, (b) EDS
spectrum, (c),(d),(e) XPS spectra.
The second procedure was performed by irradiation of light into the
reaction mixture. Ag@AgCl NPs were synthesised owing to the high
photosensitivity of AgCl

24 25

. A pair of electron and hole are generated in AgCl

via photon activation, and therefore it is supposed that the photogenerated
electron promoted the conversion of Ag+ ion into Ag0 atom

25-27

, resulting in the

synthesis of Ag@AgCl NPs. The progress of the synthesis of Ag@AgCl NPs

was confirmed by the time variation of the UV-Vis-NIR spectrum of the reaction
mixture during the synthetic procedure. As shown in Figure 2, the time variation
of the peak intensity observed in the visible region depicts the gradual synthesis
of Ag@AgCl NPs. Figure 3 shows the UV-Vis-NIR spectrum of the purified AgAgCl NPs dispersed in millipore water, where the plasmonic resonance peak at
462 nm is attributed to Ag, whereas the absorption peak at 246 nm to AgCl

28

.

The UV-Vis diffuse reflectance spectrum of dried Ag@AgCl NPs shows some
absorbance in the visible light region due to surface plasmon resonance (SPR)
in metallic Ag clusters in the powders

29

, while the absorbance in the UV region

is caused by AgCl NPs coupled with Ag NPs (see Figure 4)

30

, which suggests

that the present Ag@AgCl NPs can be used as an effective plasmonic photo
catalyst in visible light 31.
UV-Vis-NIR Spectroscopy and UV-Vis diffuse reflectance spectroscopy

Figure 2. UV-Vis-NIR spectra of reaction mixture at regular intervals of time.
The absorption peak at 462 nm increases gradually, representing the growth of
Ag@AgCl NPs during the synthesis.

Figure 3. Absorption spectrum of purified Ag@AgCl NPs dispersed in millipore
water.

Figure 4. Absorption spectrum of dried Ag@AgCl NPs on a silicon substrate.
Spectroflourometery
The PL spectrum of the Ag@AgCl NPs at room temperature (24 ± 2 ºC) showed
emission bands at 318 and 470 nm when excited with photons of 200 nm
wavelength, which also clarifies the semiconductor features of the present
Ag@AgCl NPs (Figure 5).

Figure 5. Photo luminescence spectrum of Ag@AgCl NPs. The emission peaks
at 318 and 470 nm clarify the semi-conductor property of Ag@AgCl. The peaks
indicated by asterisks are caused by higher-order diffraction.
X-ray diffraction, Transmission electron microscopy, scanning electron
microscopy and energy dispersive X-ray spectroscopy
The morphology and crystalline nature of the particles were investigated by
SEM, EDS, TEM and XRD. SEM, EDS, TEM and FFT images of the particles
are shown in Figure 6. A large number of clusters of particles, which were
composed of Ag and Cl, were produced (Figure 7(a) and 7(b)). It is clearly
shown that each cluster was composed of Ag and AgCl (Figure 7(c), 7(d), 7(e)
and 7(f)), noting that the lattice fringe distance of 0.23 nm corresponds to Ag
(111), whereas 0.27 nm to AgCl (200) (Figure 7(d), 7(e) and 7(f)). The peaks in
the diffractogram also confirm the cubic AgCl and cubic Ag structures,
respectively, with the lattice constant 5.553050 Å (ICDD 01-071-5209) and
4.097667 Å (ICDD 00-041-1402) (Figure 6).

Figure 6. X-ray diffractogram of as-synthesised nanoparticles. The data also
confirms that the clusters are composed of Ag and AgCl.

Figure 7. SEM, EDS, TEM and FFT images of Ag@AgCl NPs. (a) SEM image
of clusters of nanoparticle; (b) EDS spectrum of Ag@AgCl NPs, inset showing
atomic and weight percentages of silver and chlorine; (c) TEM image of a
cluster; (d) TEM image of the region represented by red square in image (c).
The gaps between two neighbouring fringes are 0.23 and 0.27 nm, which,
respectively, coincide with those of silver (111) and silver chloride (200); (e),(f)
FFT images of the regions represented by yellow and red squares in image (d).
It is clearly shown that each cluster is composed of Ag and AgCl.

X-ray photoelectron spectroscopy
The elemental composition of the as-synthesised nanoparticles was analysed
by XPS. The wide scan spectrum indicates the presence of Ag, Cl, C and O
(Figure 8(a)). Ag 3d
represent AgCl

32, 33

5/2

and Ag 3d

3/2

centered at 367.75 and 373.76 eV

(Figure 8(b)), whereas Cl 2p

3/2

and Cl 2p

1/2

centered at

197.90 and 199.57 eV represent Ag@AgCl NPs 23 34 (Figure 8(c)).

Figure 8. XPS spectra of as-synthesised particles. (a) Wide scan spectrum.
The peaks indicated by asterisks represent unassigned Auger ones ; (b) Ag3d;
(c) Cl2p.

Photo catalytic performance of Ag@AgCl NPs
2 mg of nanoparticles were mixed with 2 mL of 10 mg L-1 aqueous solution of
Rhodamine B (RhB) (Tokyo chemical industry co., Ltd) for 30 min in the dark for
the establishment of adsorption/desorption equilibrium of RhB on the particles.
Then, the mixture was transferred to a quartz photo-reactor for the
measurement of the photo catalytic activity of the nanoparticles. The photoreactor was irradiated with light from a solar simulator without any cutoff filters
(Power density: 1 sun = 100 mW cm-2, Exposed area 3 × 3 cm2) (HAL 320,
Asahi Spectra Co., Ltd.) ranging from 350 to 1100 nm to evaluate the
degradation of RhB. Aliquots of the reaction mixture were collected and
centrifuged at 15000 rpm for 10 min to separate the photo catalyst from the
mixture and UV-Vis-NIR absorption by the supernatant was recorded by the
UV-Vis-NIR spectrophotometer from 0 to 60 min at regular intervals of time to
measure the degradation of RhB. Degraded RhB was further confirmed by a
mass spectroscope (MS) (amaZon speed, Brüker Daltonics) by the direct probe
method, using an atmospheric pressure chemical ionization (APCI) source at
the mass-to-charge ratio (m/z) ranging from 15 to 600 amu. For examining the
enhancement of the photocatalytic efficiency of the present nanoparticles,
another experiment was carried out using a commercialized photo catalyst
Ag3PO4, the average size of which was 25 to 600 nm (Sigma-Aldrich, Japan),
under the same experimental conditions. RhB molecules in aqueous solution
show three major peaks at 258, 354 and 554 nm in the UV-Vis absorption
spectrum. Figure 9(a) and 9(b) show the time variations of the absorption
spectra in the presence of Ag@AgCl and Ag3PO4. The decrease in the peak
intensity and the shift of the peak position towards lower energy regions
elucidate the degradation of RhB molecules and N-deethylation

35

. The photo

catalytic activity was evaluated by the UV-Vis absorption at 554 nm. The time
variation of - ln (C/C0), where C is the concentration of the dye at regular
intervals of time t, and C0 the concentration at t = 0, is shown in Figure 9(c).
The rate constant k for the degradation reaction of RhB based on the first order
reaction kinetics (ln (C/C0) = - k t) is calculated to be 0.0387 min-1 in the case of
Ag@AgCl NPs, whereas k = 0.0237 min-1 in the case of Ag3PO4. The high

photocatalytic performance of Ag@AgCl NPs owes to the SPR of Ag NPs and
the semiconductor features of AgCl NPs
degradation of RhB by Ag@AgCl

36 33

. A further confirmation of the

was carried out by mass spectrometric

analysis. Figure 10 shows the peaks at 442, 413, 386, 357 and 329 m/z, which
correspond to RhB and its N-deethylated intermediates

37

. It is clearly shown

that the degradation of RhB is encouraged by the present Ag@AgCl.

Figure 9. Degradation of RhB. (a) UV-Vis-NIR absorption spectrum of RhB
degraded by Ag@AgCl NPs at regular intervals of time; (b) UV-Vis-NIR
absorption spectrum of RhB degraded by Ag3PO4 NPs; (c) Time variation of – ln
(C/C0), where C is the concentration of the dye at time t and C0 the
concentration at t = 0.

Figure 10. Mass spectra of RhB degraded by Ag@AgCl NPs at regular time
intervals.
The change in the ratio of Ag and AgCl in the Ag@AgCl NPs before and after
the photocatalytic experiment was evaluated by XRD analysis (Figure 11). The
peak intensities in the XRD spectrum and weight percentages of Ag and AgCl
changed quite significantly after the experiment due to the photosensitivity of
AgCl, noting that no cut-off filter was used during light irradiation in the present
study. The previous studies showed that Ag NPs on the AgCl NPs were
structurally stable and catalytically reusable thanks to the cut-off filter of UV light
27 38

and therefore we believe that the catalytic performance of the present

Ag@AgCl will be improved by introducing the cut-off filter of UV light.

Figure 11. XRD analysis of Ag@AgCl NPs before and after the photo catalysis
experiment (a) X- ray diffractogram of Ag@AgCl NPs before (blue) and after the
experiment (red); (b) Intensities at different peak positions, representing various
crystal lattice planes of diffractogram of Ag and AgCl before (blue) and after the
experiment (red); (c) Weight percentages of AgCl and Ag before (blue) and after
the experiment (red).

SERS activity of Ag@AgCl NPs
The SERS characteristics were investigated using an aqueous solution of RhB.
0.1 mM RhB solution was dropped onto dried Ag@AgCl NPs placed on a glass
substrate and the Raman spectra were obtained using a micro-Raman
spectroscopic system (Lab Ram HR800UV, Horiba Jobin Yvon S.A.S.) with an
excitation wavelength of 633 nm. The spot diameter and power of the laser
beam were, respectively, 2 µm and 43.6 µW and the spectra were obtained with
a 5-sec integration. Raman spectra of an aqueous solution of RhB, which was
dropped onto Ag@AgCl NPs placed on a glass substrate, was obtained (Figure
12). It is clearly shown that Raman signals were greatly enhanced in the
presence of Ag@AgCl NPs, noting that each peak coincides with that of
rhodamine B

39

and therefore the present Ag@AgCl NPs are highly SERS

active thanks to Ag NPs

40 41

, whereas there were no recognisable signals of

rhodamine B when the solution was dropped onto the surface of a glass
substrate.

Figure 12. Raman spectra of 0.1 mmol aqueous solution of RhB. The red curve
represents a Raman spectrum of RhB solution dropped on dried Ag@AgCl NPs,
whereas the blue curve the spectrum of the solution dropped on a glass
substrate. The Raman spectrum of RhB on Ag@AgCl NPs shows several sharp
peaks, which are typical ones of RhB molecules.

Antibacterial activity
To examine the antibacterial activity of the Ag@AgCl NPs, the time variation of
the bacterial growth was measured for 15 h, culturing two bacterial species;
Escherichia coli (Gram-negative) and Bacillus subtilis (Gram-positive) in
Nutrient broth No.2 (Oxoid) media supplemented with an aqueous solution of
Ag@AgCl NPs, the concentration of which was changed; 5, 10 and 20 µg mL-1,
at 37 ºC under a constant shaking at 150 rpm. The optical density (O.D) values
at 600 nm were recorded every 30 min using an OD-Monitor (C&T, Taitec
Corp.). The growth of Escherichia coli and Bacillus subtilis in the presence of
Ag@AgCl NPs was reduced even when the concentration of Ag@AgCl NPs
was as low as 5 µg mL-1. 42 43 (Figure 13).

Figure 13. Time variations of the growth of Escherichia coli and Bacillus subtilis
in the presence of Ag@AgCl NPs.

3.5 Conclusions
A green method was developed for synthesising an effective plasmonic
photocatalyst based on two-step procedure; i.e., (1) Production of AgCl NPs via
the reduction of Ag+ (AgNO3) using an aqueous leaf extract of S. altissima, and
(2) Production of Ag@AgCl NPs via the photo reduction of AgCl NPs. The
optical properties and elemental compositions of as-synthesised Ag@AgCl NPs
were well characterised. We found that degradation of RhB was effectively
achieved thanks to both surface plasmon resonance and semiconductor
properties of Ag@AgCl NPs. The particles also showed high surface-enhanced
Raman scattering and anti-bacterial activities. The present green approach to
the synthesis of nanoparticles using a weed may encourage the utilisation of
hazardous plants for the creation of novel nanomaterials.
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Chapter 4

Synthesis of nanoparticles composed of silver
and silver chloride for a plasmonic photocatalyst
using an extract from needles of Pinus densiflora

ABSTRACT
Nanoparticles composed of silver and silver chloride (Ag@AgCl NPs) are
synthesised by a two-step procedure; (1) Synthesis of silver chloride
nanoparticles (AgCl NPs) via phyto reduction mixing an aqueous extract from
needles of Pinus densiflora (red pine) with an aqueous solution of silver nitrate
(AgNO3) in the absence of light; and (2) synthesis of Ag@AgCl NPs via photo
reduction exposing AgCl NPs to light. The optical properties and elemental
composition of as-synthesised Ag@AgCl NPs are examined for further
applications of the nanoparticles as a plasmonic photocatalyst.

1.CHEMICAL REDUCTION
Needle extract + 10mM AgNO 3
In the dark at room temperature

Pinus densiflora

AgCl NPs

Irradia&on)
)of))
light)

2.PHOTO REDUCTION

!

Degradation of Rhodamine B
Ag@AgCl NPs

4.1 Introduction
Nanoparticles composed of silver and silver chloride (Ag@AgCl NPs) have
been drawn a lot of attention thanks to their high photocatalytic activity in the
degradation of organic dyes

1 2

. Silver chloride nanoparticles (AgCl NPs), which

are a photosensitive semiconductor with a direct bandgap of 5.15 eV and
indirect bandgap of 3.25 eV 3, possess notable electronic, magnetic, optical and
catalytic properties 4, Silver nanoparticles (Ag NPs), which are one of the noble
metallic particles, have a high scattering and enhancement characteristics of
visible light due to the surface plasmon resonance (SPR) effect 5. Ag NPs
coupled with AgCl NPs (Ag@AgCl NPs) can therefore be used as an effective
photocatalyst owing to the SPR characteristics of Ag NPs and semiconductor
properties of AgCl NPs 6. Several methods such as the hydrothermal method 7,
in-situ anion exchange method8 and in-situ photoactive method

9

have been

developed to synthesise Ag@AgCl NPs, but some toxic chemicals, external
halide sources and additional stabilising agents are required in the synthetic
procedure and the reaction time is rather long. Therefore, it is still necessary to
develop an eco-friendly method for synthesising photocatalytic nanoparticles.
Here, a green method for synthesising Ag@AgCl NPs utilising an aqueous
extract from needles of Pinus densiflora as a reducing agent is developed. The
photocatalytic efficiency of as-synthesised Ag@AgCl NPs is examined,
evaluating the degradation of Rhodamine B (RhB).
Highlights
Nanoparticles composed of silver and silver chloride (Ag@AgCl NPs) are
synthesised using an aqueous extract from needles of Pinus densiflora.
Neither external chemicals nor halide sources are used in the synthetic
protocol.
Ag@AgCl NPs act as an effective plasmonic photocatalyst.
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4.2 Methodology
Fresh needles of P. densiflora were collected on the Kawagoe Campus, Toyo
University, Japan and cleaned with milli-Q water to remove the surface
contaminants. 10 g of needles with 100 mL of milli-Q water were autoclaved at
121 ºC for 15 min, followed by filtration (Whatman Cat No 1002-185) to obtain
an aqueous solution of an extract from the needles. 10 mL of the solution was
mixed with 30 mL of 10 mM aqueous solution of silver nitrate (AgNO3) (SigmaAldrich, Japan), and the mixture was stirred for 30 min in the dark and then
exposed to light from a solar simulator (Power density: 100 mW cm-2, Exposed
area: 3 × 3 cm2) (HAL 320, Asahi spectra Co., Ltd.) for 10 min. The reaction
mixture was centrifuged at 15000 rpm for 60 min to collect particles. The
particles were purified by dispersing them in milli-Q water, followed by
centrifugation at 15000 rpm for 60 min.

4.3 Characterization of Ag@AgCl NPs
The optical properties of as-synthesised NPs were characterised by a UV-VisNIR spectrophotometer (DU 730, Beckman coulter). The morphology of the
nanoparticles was analysed using a transmission electron microscope (TEM)
(JEM2200FS, JEOL) and scanning electron microscope (SEM) (SU6600,
HITACHI). The elemental composition of the particles and extract from the
needles was analysed by energy dispersive X-ray spectroscopy (EDS)
(SU6600, HITACHI equipped with OXFORD, X-MaxN). The crystal nature of the
particles was determined by an X-ray diffractometer (XRD) (Smart Lab, Rigaku).
The elemental and chemical bonding states of the nanoparticles and extract
from the needles were studied by an X-ray photoelectron spectroscope (XPS)
(Axis-HIs, Kratos analytical) equipped with a non-monochromatic Mg Kα X-ray.
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4.4 Results and discussion
Ag@AgCl NPs were successfully synthesised via the two-step procedure; (i)
The reduction of Ag+ ions using an aqueous extract from needles of P.
densiflora to synthesise AgCl NPs, and (ii) the photo reduction of AgCl NPs to
synthesise Ag@AgCl NPs. The chemical compounds present in the aqueous
extract

from

the

needles

such

as

terpenoids,

flavonoids,

proanthocyanidin and components containing chlorine (Cl-)
supposed to be responsible for the reduction reaction

13 14

10

11

phenols,
12

were

to synthesise AgCl

NPs in the first procedure, noting that neither external chlorine components nor
additional chemicals were supplied during the synthetic procedure. (Figure
1(a)) shows the EDS spectra of an extract from needles of Pinus densiflora. The
chemical components were composed of phosphorous, sulphur, chlorine and
potassium. The chlorine present in the extract from the needles assisted the
synthesis of AgCl NPs as a halide source in the first procedure. Figure 1(b) and
1(c) shows the XPS spectra of Cl2p, which also clarifies the existence of
chlorine. The second procedure was performed by irradiation of light into the
reaction mixture. Ag@AgCl NPs were synthesised owing to the high
photosensitivity of AgCl 15 16. It is supposed that a pair of electron and hole were
generated in AgCl via photon activation, and consequently the photogenerated
electron promoted the conversion of Ag+ ion into Ag0 atom
the formation of Ag@AgCl NPs.

16, 17 18

, resulting in

Figure 1. Characterisation of an extract from needles of Pinus densiflora. (a)
EDS spectrum. The Si signal is from the substrate; (b) XPS wide scan
spectrum; (c) Cl2p.

The synthesis of Ag@AgCl NPs was primarily confirmed by the time
variation of the UV-Vis-NIR absorption spectrum of the reaction mixture during
the synthetic procedure. As shown in Figure 2 in the Supplementary data, the
peak intensity observed in the visible region depicts the synthesis of Ag@AgCl
NPs. Figure 3 shows the UV-Vis-NIR spectrum of the purified Ag@AgCl NPs
dispersed in milli-Q water, where the plasmonic resonance peak at 438 nm is
assigned to Ag, whereas the absorption peak at 263 nm to AgCl 19.

Figure 2. UV-Vis-NIR spectra of a reaction mixture at regular intervals of time.
The absorption peak at 438 nm represents the growth of Ag@AgCl NPs during
the synthesis. Note that the peak intensity reached the unmeasurable range of
the UV-Vis-NIR spectrophotometer at 40 min.

Figure 3. Absorption spectrum of purified Ag@AgCl NPs dispersed in milli-Q
water. Peaks at 263 and 438 nm are, respectively, attributed to AgCl and Ag.

The morphology and crystalline nature of the particles were investigated
by SEM, EDS, TEM and FFT images and XRD diffractogram (Figure 4). A large
number of clusters of particles, which were composed of Ag and Cl, were
synthesised (Figure 4(a) and 4(b)). It is clearly shown that each cluster was
composed of Ag and AgCl, noting that the FFT images correspond to AgCl
(200) and Ag (200) (Figure 4(c), 4(d) and 4(e)). The peaks in the X-ray
diffractogram also confirm cubic AgCl and cubic Ag structures, respectively,
with the lattice constant 5.540486 Å (ICDD 01-071-5209) and 4.090305 Å
(ICDD 01-071-4613) (Figure 4(f)).

Figure 4. SEM, EDS, TEM and FFT images and XRD difractogram of
Ag@AgCl NPs. (a) SEM image of clusters of nanoparticles; (b) EDS of clusters
of nanoparticles, inset showing the atomic and weight percentages of silver and
chlorine; (c) TEM image of a cluster composed of Ag and AgCl NPs; (d) FFT
image of AgCl (200) (red circle) corresponding to the region indicated by red
square on the TEM image (c); (e) FFT image of Ag (200) (yellow circle)
corresponding to the region indicate by blue square on the TEM image (c); (f)
X-ray diffractogram of Ag@AgCl NPs, representing the peaks of AgCl and Ag.
The elemental composition of as-synthesised nanoparticles was
analysed by XPS (Figure 5). The wide scan spectrum indicates the presence of
Ag, Cl, C and O (Figure 5(a)). Ag3d5/2 and Ag3d3/2 centred at 374.34 and
368.34 eV are attributed to metallic Ag0, whereas those centred at 373.34 and

367.35 eV to Ag+ in AgCl (Figure 5(b)) 20. Cl2p centred at 197.79 eV represents
the chlorine present in Ag@AgCl NPs (Figure 5(c)) 21 22.
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Figure 5. XPS spectra of as-synthesised particles. (a) Wide scan spectrum.
The peaks indicated by asterisks represent unassigned Auger ones; (b) Ag3d;
(c) Cl2p.

Measurement of the photocatalytic activity
2 mg of nanoparticles were mixed with 2 mL of 10 mg L-1 aqueous solution of
Rhodamine B (RhB) (Tokyo chemical industry co., Ltd) for 30 min in the dark for
the establishment of adsorption/desorption equilibrium of RhB on the particles.
Then, the mixture was transferred to a quartz photo-reactor for the
measurement of the photocatalytic activity of the nanoparticles. To evaluate the
degradation of RhB, the photo-reactor was irradiated with light from the solar
simulator using a filter, with which the wavelengths shorter than 400 nm were
cut off. Aliquots of the reaction mixture were collected and centrifuged at 15000
rpm for 10 min to separate the photocatalyst from the mixture, and UV-Vis-NIR
absorption

by

the

supernatant

was

recorded

by

the

UV-Vis-NIR

spectrophotometer for 90 min at regular intervals of time to measure the
degradation of RhB. RhB molecules in aqueous solution show three major
peaks at 258, 354 and 554 nm in the UV-Vis absorption spectrum. Figure 6(a)
shows the time variations of the absorption spectrum in the presence of
Ag@AgCl. The decrease in the peak intensity represents the degradation of
RhB molecules, and there was no shift in the peak position, which elucidates
that the degradation was induced by the destruction of benzene rings in RhB
24

23

. The photocatalytic activity was evaluated by the UV-Vis absorption at 554

nm. The time variation of - ln (C/C0), where C is the concentration of the dye at
time t and C0 the concentration at t = 0, is shown in Figure 6(b). The rate
constant k for the degradation reaction of RhB based on the first order reaction
kinetics (ln (C/C0) = - k t) is calculated to be 0.0186 min-1 and approximately 90
% of the RhB was degraded after 90 min. The high photocatalytic performance
of Ag@AgCl NPs owes to the SPR of Ag NPs and the semiconductor features
of AgCl NPs

25 26

. It is clearly shown that the degradation of RhB was

encouraged by the present Ag@AgCl NPs.

Figure 6. Degradation of RhB. (a) UV-Vis-NIR absorption spectrum of RhB
degraded by Ag@AgCl NPs at regular intervals of time; (b) Time variation of –
ln (C/C0), where C is the concentration of the dye at time t and C0 the
concentration at t = 0 based on the peak at 554 nm.

4.5 Conclusions
A green method for synthesising an effective plasmonic photo catalyst was
developed. An aqueous extract from needles of Pinus densiflora (red pine) was
mixed with an aqueous solution of silver nitrate to synthesise silver
nanoparticles (Ag NPs) and then clusters composed of silver and silver chloride
particles (Ag@AgCl NPs) were synthesised exposing the Ag NPs to light from a
solar simulator. The chlorine components present in the extract were utilised as
a halide source. Ag NPs, which were formed in AgCl NPs via photo reduction,
promoted the photocatalytic activity induced by surface plasmon resonance in
visible light.
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Chapter 5

Conclusion
In chapter 2, silver nanoparticles (Ag NPs) were successfully synthesised by
mixing a leaf extract from Prunus yedoensis with aqueous solution of AgNO3.
The particles showed their high dispersibility in water, biocompatibility, surface
enhanced Raman scattering activity and antibacterial activity. We believe that
the significant features possessed by the present Ag NPs were derived from the
properties of both organic compounds capping the particles and core particles
and therefore the Ag NPs may well be actively utilised in the field of
biomedicine; e.g., as nano agents for bio-imaging, nano media for photothermal
therapy, nano vehicles for drug delivery and detectors of biomolecules and
biomaterials. It is also inferred from the previous and present studies that metalfilling organic compounds nanoparticles may commonly be synthesised via bioreduction using plants’ extracts. In chapter 3, a green method was developed
for synthesizing silver with silver chloride nanoparticles (Ag@AgCl NPs), an
effective plasmonic photocatalyst based on two-step procedure; i.e., (i)
Production of AgCl NPs via the reduction of Ag+ (AgNO3) using an aqueous
leaf extract of Solidago altissima, and (ii) Production of Ag@AgCl NPs via the
photo reduction of AgCl NPs. The optical properties and elemental
compositions of as-synthesized Ag@AgCl NPs were well characterized. We
found that degradation of RhB was effectively achieved thanks to both surface
plasmon resonance and semiconductor properties of Ag@AgCl NPs. The
particles also showed high surface-enhanced Raman scattering and antibacterial activities. The present green approach to the synthesis of
nanoparticles using a weed may encourage the utilization of hazardous plants
for the creation of novel nanomaterials. In chapter 4, a green method was
developed for synthesizing silver with silver chloride nanoparticles (Ag@AgCl
NPs), an effective plasmonic photocatalyst based on the methodology of
chapter 3 using an aqueous leaf extract of Pinus densiflora.
The primary motive to use aqueous leaf extracts to synthesize novel
nanomaterials was achieved. It is the fact that leaf extracts posses astonishing
properties exclusively supreme medicinal properties in healing various
diseases. In the published scientific literature it was reported that chemical

components of leaves have anti-cancerous properties and also various other
properties. The nanoparticles synthesized by using plant leaf extract posses the
properties of the leaf extract up to certain extent and can be used as a novel
nanomedicine. Advancement in the nanotechnology made sufficiently possible
in diagnosing various diseases at early stages of manifestation, however the
permanent cure for various cancers and other diseases is not achieved. Based
on the present research nanomedicines can be developed in a greener way
with supreme properties. In additional, plant species are generally rich in certain
elements, considering this various composite nanomaterials can be developed
with hybrid properties.
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