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Recently, there is a growing interest among materials sci-
entists and chemists to generate a diverse range of organic
and inorganic molecules and compounds using eco-friendly
synthesis routes, including low-cost and short synthesis
times. Therefore, a primary driver of synthetic chemistry
is the development of efficient and environmentally benign
synthetic protocols. Most recently, many works have been
published on the synthesis and characterization of various
multidimensional micro/nanostructured materials by use
of different synthesis methods. However, complex condi-
tions and long synthesis time were required for most of
these technologies. The main purpose of this special issue
was to investigate facile and rapid synthesis methods of
organic and inorganic micro/nanostructured materials, in
order to maximize the efficient use of safer and cheaper
raw materials, and to reduce waste for fabrication of various
micro/nanostructured materials.

Original review and research articles including experi-
mental, theoretical, or simulations works were invited. Some
of the potential proposed topics were rapid, low-cost, and
eco-friendly synthesis routes of micro/nanostructured mate-
rials, utilizing advanced characterization techniques for
studying nanostructured materials, microwave assisted syn-
thesis methods, green synthesis methods for fabrication of
zero-, one-, and two-dimensional nanomaterials, their ben-
efits, and their capabilities for mass production. It is worth
to mention that this special issue was first lunched in 2013
and received a high number of articles. Due to its initial
success, it was launched again in 2014 and it has been selected

as an annual issue for Journal of Nanoparticles. This 2014
annual issue contains six articles including one review and
five research articles.

In their paper, “Role of Surfactant in the Formation of
Gold Nanoparticles in Aqueous Medium,” A. Das et al. sta-
bilized L-tryptophan reduced gold nanoparticles in aqueous
solution by use of sodium dodecyl sulphate (SDS). Their
results revealed that SDS plays an important role in the
formation mechanism of the gold nanoparticles. Moreover,
the reaction kinetics of the gold nanoparticles is easily
observable by a steady-state spectroscopic method such as
UV-Vis spectroscopy unlike NaBH

4
where the reaction is too

fast and citrate method where heating is required to initiate
the reaction. The kinetic details of the formation processes
of gold nanoparticles reveal the bimodal mechanism. The
observation of formation of gold nanoparticles of two differ-
ent sizes, spaced over a time gap of about 30 minutes during
the process of synthesis, opens up the prospect of utilizing
the same reaction to tune nanoparticles size. The authors
have summarized that this study guides attentions towards
the potential usage of anionic surfactants in tuning the size of
gold nanoparticles along with their stabilization.

In their research article “Biogenic Synthesis of Silver
Nanoparticles Using Scenedesmus abundans and Evaluation
of Their Antibacterial Activity,” N. Aziz et al. synthesized
silver nanoparticles (AgNPs) using the cell free extract of
Scenedesmus abundans with AgNO

3
. They concluded that

the synthesized AgNPs through in vitro bioreduction system
from unicellular microalga Scenedesmus abundans produced
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significant amount of nanoparticles when it is exposed to
1mM silver nitrate solution. These nanoparticles show a
broad spectrum of antimicrobial activity against both Gram-
positive and Gram-negative bacteria.

In the review article, “Synthesis of Silver Nanoparticles
in Photosynthetic Plants,” R. Prasad focused on the synthesis
of nanoparticles with special emphasis on the use of plants
parts for the synthesis process, its applications, and future
prospectus. As one main conclusion, the author stated that
the antimicrobial activity of the nanoparticles had a wide
scope in the preparation of target based drug delivery and
clinical diagnostics system. The identification of the spe-
cific mechanism of the AgNPs inhibition of the microbial
growth or the lethal effect provides major application in
the medicine, environment, soil fertility, and water quality.
Moreover, the synthesis of nanoparticles with different sizes
and shapes is the basic challenging task in the green synthesis
of nanoparticles; this requires a basic understanding of the
nuclei formation and the influence of reaction species in
nuclei morphology, but still there is dormancy about the
actual mechanism of the nanoparticles synthesis from the
biological mode of synthesis.

In “Plasmonic andThermooptical Properties of Spherical
Metallic Nanoparticles forTheirThermoplasmonic and Pho-
tonic Applications,” V. K. Pustovalov et al. investigated the
influence of nanoparticles parameters (type of metal, radii,
optical indexes, density, and heat capacity of nanoparticle
material), characteristics of radiation (wavelength and pulse
duration), and ambient parameters on plasmonic and ther-
mophysical properties of nanoparticles. Based on this study,
it was established that the maximum value of thermoop-
tical parameter (maximum nanoparticle temperature) can
be achieved with the use of absorption efficiency factor of
nanoparticle which is smaller than its maximum value.

In their research article, “Structured Pd/𝛾-Al
2
O
3
Pre-

pared by Washcoated Deposition on a Ceramic Honeycomb
for Compressed Natural Gas Applications,” M. Adamowska
and P. Da Costa studied the preparation of a coating
procedure, from the washcoating with 𝛾-alumina to the
deposition of palladiumby excess solvent or incipientwetness
impregnation. The powder and the washcoat layers were
studied by different characterization techniques such as SEM,
BET surface area, and XRD. Vibration-resistance and heat-
resistance were also evaluated. It was shown that the alumina
layer is quite well deposited on the channel walls. However,
a detachment of the washcoat layer was observed after
ultrasound treatment. It was proved that the monolith Pd
impregnation method by incipient wetness impregnation is
more efficient. The presence of palladium was confirmed
using HRTEM, the palladium was present under the Pd (II)
oxidation state, and the size of PdO particles varies between
2.5 and 3.1 nm. The catalytic properties of the monolith
catalyst were carried out using temperature programmed
surface reaction (TPSR).

In, “Modulatory Effect of Citrate Reduced Gold and
Biosynthesized Silver Nanoparticles on 𝛼-Amylase Activity,”
K. Saware et al. described a novel approach to study the inter-
action of amylase enzyme with gold nanoparticles (AuNPs)
and silver nanoparticles (AgNPs) and checked its catalytic

function. AuNPs were synthesized using citrate reduction
method and AgNPs were synthesized using biological route
employing Ficus benghalensis and Ficus religiosa leaf extract
as a reducing and stabilizing agent to reduce silver nitrate to
silver atoms. A modulatory effect of nanoparticles on amy-
lase activity was observed. Gold nanoparticles are excellent
biocompatible surfaces for the immobilization of enzymes.
Immobilized amylase showed 1- to 2-fold increase of activity
compared to free enzyme.The biocatalytic activity of amylase
in the bioconjugate was marginally enhanced relative to
the free enzyme in solution. The bioconjugate material also
showed significantly enhanced pH and temperature stability.
The results indicate that the present study paves way for the
modulator degradation of starch by the enzyme with AuNPs
and biogenic AgNPs, which is a promising application in the
medical and food industry.
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Amylase is one of the important digestive enzymes involved in hydrolysis of starch. In this paper, we describe a novel approach to
study the interaction of amylase enzymewith gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) and checked its catalytic
function. AuNPs are synthesized using citrate reduction method and AgNPs were synthesized using biological route employing
Ficus benghalensis and Ficus religiosa leaf extract as a reducing and stabilizing agent to reduce silver nitrate to silver atoms. A
modulatory effect of nanoparticles on amylase activitywas observed.Gold nanoparticles are excellent biocompatible surfaces for the
immobilization of enzymes. Immobilized amylase showed 1- to 2-fold increase of activity compared to free enzyme.The biocatalytic
activity of amylase in the bioconjugate was marginally enhanced relative to the free enzyme in solution. The bioconjugate material
also showed significantly enhanced pH and temperature stability. The results indicate that the present study paves way for the
modulator degradation of starch by the enzyme with AuNPs and biogenic AgNPs, which is a promising application in the medical
and food industry.

1. Introduction

Nanoparticles are defined as particulate dispersions with a
size in the range of 10–100 nm [1]. The nanostructures have
also a great potential in biotechnological processes taking
into account that each may be used as carriers for enzymes
during different biocatalytic transformations [2]. Different
types of biomolecules such as proteins, enzymes, antibodies,
and anticancer agents can be immobilized on these nanopar-
ticles.

Interaction of metal nanoparticles with biomolecules
has received much attention in the recent years for the
development of diagnostics, for sensors, and for targeted drug
delivery. Further, nanoparticles also have promising medical
applications for wound healing, diagnostics, biosensing, and
drug delivery [3–6]. Increased activity of glucose oxidase
was noticed when immobilized onto AgNPs [7]. AgNPs, a
potential nanocatalyst for the rapid degradation of starch

hydrolysis by 𝛼-amylase, were studied by researchers [8].
The functionlised AuNPs have been extensively used for the
detection of various enzymes and also for measurement of
their activity [9–11]. For example, chemical or electrostatic
attachment of enzymes to functionlised AuNPs may alter the
catalytic properties either by increasing or by decreasing the
affinity for enzyme-substrate formation [12–14]; enhancing
its stability [12, 13]; enhancing the rate of product formation
(although significant report in this regard is still lacking) [12,
13] or retention [15]; and even having some loss of activity of
the enzyme [16]. Similarly, interaction with AuNPs has been
found to enhance the stability of peptides [17]. Their unique
property arises specifically from higher surface to volume
ratio and increased percentage of atoms at the grain bound-
aries. They represent an important class of materials in the
development of novel devices that can be used in various
physical, biological, biomedical, and pharmaceutical appli-
cations [18–20]. Nanotechnology has a wide application in

Hindawi Publishing Corporation
Journal of Nanoparticles
Volume 2015, Article ID 829718, 9 pages
http://dx.doi.org/10.1155/2015/829718

http://dx.doi.org/10.1155/2015/829718


2 Journal of Nanoparticles

pest management as nanocapsules for herbicide delivery,
vector/pest control, and nanosensors for pest detection [21].
Synthesized silver or gold nanoparticles also help to produce
new insecticides and insect repellants.

AuNPs and biointeractions studies are now widely
accepted as protein corona rapidly forms on AuNPs surfaces
when introduced into a biological medium [22]. The adsorp-
tion of proteins to the surface of the AuNPs can signifi-
cantly change the surface charge of the AuNPs, which has
important consequences for nanoparticle fate and transport
in biological systems. Therefore, the composition of the
protein corona largely defines the biological identity of the
nanoparticle. In addition, because of their extremely large
surface area to volume ratios, a significant number of proteins
can be adsorbed and “trapped” on AuNPs surfaces when
they are introduced into biological entities [22–27]. Gold
nanoparticles present an alternate and advantageous syn-
thetic scaffold for targeting protein surfaces [28] and have
been demonstrated to bind biomacromolecules, [29] facilitate
DNA transfection [30], and reversibly inhibit enzymes [31].
The binding of albumin protein on the surfaces of silver and
gold nanoparticles has been studied for surface adhesion by
researchers to understand the effect on its structural changes
[32, 33]. Biointeraction studies with AgNPs and protein and
its SPR effect, surface charge effect was studied for various
applications in biological sciences by various researchers [34,
35].

Enzymes are biological catalysts that speed up reactions
in the presence or absence of cofactors without any change
in their activity. 𝛼-Amylase is one of the chief digestive
enzymes present in all living organisms and amylases in
saliva/the pancreas of animals break down the long-chain
polysaccharide starch intomaltose and glucose. Amylases are
the most important in food industry and medicinal applica-
tions.

So in this study, we used silver and gold nanoparticles for
the interaction and catalytic action of 𝛼-amylase.The present
study aims to investigate enzyme-catalyzed starch hydrolysis
in the presence of AuNPs and green AgNPs. This forms a
basis for nanoparticle-bimolecular interaction that may be
potentially applied in the medical and food industry. Thus,
we report here the modulation of enzymatic activity in the
presence of AuNPs and AgNPs. Absorbance, fluorescence
spectroscopic measurements, and other chemical tests were
done to establish that the enzymes were attached to the NPs.

2. Materials and Methods

2.1. Chemicals and Reagents. 𝛼-Amylase (ex-porcine extra-
pure), soluble starch, AgNO

3
, HAuCl

4
, and ammonium

molybdate purchased from Himedia, Bangalore, India, and
all other chemicals used were of high purity and analytical
grade. For all the experiments, ultrafiltered Milli-Q water
(Millipore, USA) was used.

2.2. Synthesis of Gold Nanoparticles. Gold nanoparticles of
10–20 nm diameter were prepared by the citrate reduction
route [36]. Briefly the method involves reducing 5 × 10−4M

Au+3 by 1.2 × 10−3M citrate in water by refluxing for 30min.
The cluster solution was red wine for gold [37].

2.3. Biosynthesis of Silver Nanoparticles. Biosynthesis of silver
nanoparticles is according to our previous report [38]. The
Ficus benghalensis (FB) and Ficus religiosa (FR) leaf extracts
are used for synthesis of silver nanoparticles. Fresh, healthy,
and green leaves from FR and FB plants were collected from
the Gulbarga University campus, Gulbarga, India. In this
experiment, 5mL of leaf extract was added to 95mL of a
10−3M aqueous AgNO

3
(silver nitrate) solution and exposed

for 3min inmicrowave oven. Periodically aliquots of the reac-
tion solution were removed and subjected to UV-Vis spec-
troscopy measurements for surface Plasmon resonance study
of AgNPs synthesis. Controls containing leaf extract (without
silver nitrate) as positive controls and pure silver nitrate
solution (without leaf extract) as negative controls were
also run simultaneously along with the experimental flask
in three replicates.

2.4. UV-Visible Spectral Studies. The measurement of max-
imum absorbance peak of AuNPs and AgNPs was carried
out using U-3010 spectrophotometer. UV-visible absorbance
spectrum was measured between 200 and 800 nm in 1 cm
quartz cuvette containing 2mL of nanoparticle solution at
room temperature. Interactions of silver and gold nanopar-
ticles with amylase were measured spectrophotometrically.
UV-visible absorbance spectrum was measured between
200 and 800 nm in 1 cm quartz cuvette containing protein
(50 𝜇g/mL) in 50mM Tris-HCl buffer, with pH 7.4 at room
temperature. Amylase in Tris-HCl buffer is titrated with
increasing concentrations (0, 5, 10, 20, 30, and 50𝜇L) of silver
and gold nanoparticles.

2.5. Tryptophan Fluorescence Emission Spectra. The inter-
action of binding of silver and gold nanoparticles to pure
𝛼-amylase was determined by Trp fluorescence quench-
ing titrations as described previously [39]. Briefly, amylase
(50 𝜇g/2mL) was titrated in 50mM Tris-HCl buffer, with pH
7.4 with increasing concentrations of silver and gold nanopar-
ticles (0, 5, 10, 20, 30, 40, and 50 𝜇L), respectively. However,
quenching of Trp fluorescence emission of amylase wasmon-
itored at 335 nm following excitation at 280 nm (slit width
for both, 5 nm) using Varian spectrofluorometer.

2.6. Morphological Studies Using AFM for AgNPs and FESEM
for AuNPs. Samples of silver nanoparticles were synthesized
using leaf extracts of FB and FR. Atomic force microscopy
(AFM) was prepared by solution casting onto silicon wafers
to make thin films. These films were analysed in noncontact
mode using a Pacific Nanotechnology Nano-R2 instrument
with SiN probes at a scan rate of 0.5Hz in the air. The
morphology of the gold nanoparticles synthesized by citrate
reduction method and AuNPs with amylase enzyme was
examined using Field Emission Scanning Electron
Microscopy (FESEM, FEI Nova nano 600, Netherlands),
and for this the images were operated at 15 KV on a 0∘ tilt
position.
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2.7. Immobilization of Amylase. Amylase-silver and gold
nanoparticles bioconjugates were prepared according to [40].
Briefly, the AgNPs/AuNPs solution prepared was diluted by a
factor of 3 with a glycine buffer (75mM, pH 8.0). Amylase
(mg/mL) was added with stirring to a portion of the diluted
solution containing the AgNPs/AuNPs (50mL; 50mM
glycine buffer, pH 8.0). The solution was equilibrated for 1 h
before being centrifuged at 18,000 rpm for 20min to remove
the uncoordinated amylase remaining in solution. The pre-
cipitate obtained was subjected to three repeated wash cycles
involving rinsing with 50mM glycine buffer (50mL) and
centrifuging at 18.000 rpm for 20min. Finally, the AgNP-
amylase and AuNPs-amylase bioconjugates were suspended
in the 50mM glycine buffer, with pH 8 (5mL) for further
experiments.

2.8. Amylase Activity by DNS Method. The amylase activity
was measured in presence of silver and gold nanoparticles as
reported earlier [41]. Amylase activity was measured in pres-
ence of different concentrations of silver and gold nanoparti-
cles by DNSmethod.We also assay the effect of nanoparticles
on amylase activity with increasing concentrations of starch.
Briefly, the activity was estimated by DNS method, enzyme-
AuNPs bionanoconjugates was added to various test tubes
each containing 0, 0.25, 5, 10, 20, 30, 40, and 50mgmL−1 of
starch solution. All of these test tubes were then incubated
in a water bath at 37∘C for 20min. The UV-Vis spectrum
was recorded at 570 using a U-3010 spectrophotometer
(Tokyo, Japan). The released sugar in the test sample was
quantified and the enzyme activity was calculated (expressed
in 𝜇g/mL/min). We also assayed stabilities of the free and
immobilized 𝛼-amylase which was studied according to [42].
All the experiments were performed at least three times.

3. Results and Discussion

Thepresent study reveals themodulatory effect of AuNPs and
biosynthesized AgNPs on enzyme activity during the hydrol-
ysis of starch. The solution turned pale yellow after 2min,
and the colour change confirmed the presence of AgNPs.The
organic moiety of soluble leaf extract is assumed to reduce
silver nitrate, thus acting as both stabilizing and reducing
agent [43]. The Plasmon peak observed at 435 and 440 nm
confirmed the presence of AgNPs (Figures 1(a) and 1(b)).
The absorbance peaks that occurred at around 400 nm are
the characteristic SPR signature of AgNPs [44]. The HAucl

4

reduced by citrate reduction showing red wine color after
10min confirmed the formation of gold nanoparticles and the
SPR peak is observed at 510 nm (Figure 2). The absorbance
peak around 526 nm with the peak position remaining
practically constant also indicates the production of gold
nanoparticles [45].We observed a faint pink coloration of the
solution after several pulses of the experiment. In the solu-
tions absorption spectra, the surface Plasmon peak (around
510–530 nm) could be clearly distinguished which was con-
sistent with the presence of small 3–30 nm particles in the
colloid [46]. It was also noted that the resulting AuNPs and
AgNPs nanoparticle solutions were found to be stable for
more than a month without agglomeration of particles.
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Figure 1: Absorbance spectra of silver nanoparticles. (a) Spectra of
FR nanoparticles; (b) spectra of FB silver nanoparticles.
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Figure 2: Absorbance spectra of gold nanoparticles.

Atomic force microscopy (AFM) was used to probe the
sample’s surface morphology and roughness. Figure 3 shows
the typical three-dimensional (3D) height image of silver
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Figure 3: 3D image of AgNPs using atomic force microscopy. (a) AgNPs of Ficus benghalensis and (b) Ficus religiosa.

(a) (b)

Figure 4: (a) FESEM image of citrate reduced gold nanoparticles 10–15 nm. (b) Citrate reduced gold nanoparticles with 𝛼-amylase enzyme.

nanoparticles with surface having spherical particles with
grains sized between 20 and 75 nm in diameter with mean
size of about 35 nm. This magnification is attributed to the
convolution of true particle size with that of the AFM tip
(the size and shape of the features observed by AFM can be
influenced by the effects of tip-sample convolution) and also
to the preparation of samples for AFM. Wider scans cover-
ing a few micrometers yielded a root mean square (RMS)
roughness of 10 nm with a maximum peak-to-valley distance
of 65 nm.

To understand the core-shell morphology of the syn-
thesized AuNPs- and AuNPs-amylase bioconjugate FESEM
technique was employed. Figure 4 shows the FESEM images
of the AuNPs synthesized using citrate reductionmethod. On
careful observation, each individualAuNP is seen as spherical
in shape, whereas AuNPs and amylase bioconjugate showed
a fine capping on each particle and the same may also be
responsible for interparticle binding. It is observed from this
image that the nanoparticles are isolated and are surrounded
by a layer of organic matrix at some places which acts as cap-
ping. Almost all of the AuNPs are spherical in shape and are
in the size range of 10–15 nm indicating monodispersity.

The UV-Vis absorbance spectra were recorded from the
𝛼-amylase solution before (spectrum 1) and after (spectra 2–
5) addition of AgNPs of FR (Figure 5(a)) and FB (Figure 5(b))

silver colloidal solution (0, 5, 10, 20, 30, and 50 𝜇L). With
the addition of silver nanoparticles, an increase was noticed
in absorbance spectra. The blue shift of 𝛼-amylase (2–8 nm)
was seen for both FB and FR nanoparticles, respectively. The
results indicate that these silver nanoparticles interacted with
amylase and affect its folding changes toward native structure.
Similarly gold nanoparticles also interacted with amylase
and enhanced the absorbance spectra of amylase with the
addition of increasing concentration of AuNPs (Figure 5(c))
and a slight conformational change of 𝛼-amylase with inter-
action of AuNPs was observed.

Tryptophan fluorescence quenchingmeasurement results
showed that AgNPs and AuNPs interacted and bound with
high affinity to amylase. The Trp emission spectra were
decreased with addition of increasing concentrations of FB
andFRnanoparticles (Figures 6(a) and 6(b)).TheTrpfluores-
cence emission of amylase was quenched almost 30–60% by
FR andFBAgNPs, respectively.However, there is no emission
shift with addition of AgNPs.

Similarly, the Trp emission spectra were decreased with
addition of increasing concentrations ofAuNPs (Figure 6(c)).
AuNPs interacted with high affinity with amylase and a small
blue shift was observed. The results indicate that AuNPs
interacted and bound with amylase with high affinity causing
conformational changes of amylase. Earlier, Deka et al. [41]
reported that gold nanoparticles interacted with 𝛼-amylase.
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Figure 5: Measurement of absorbance spectrum of 𝛼-amylase in presence of nanoparticles. Absorbance spectra of 𝛼-amylase at pH 7.4.
Absorbance spectra were increasing with addition of (a) FR silver nanoparticles; (b) FB silver nanoparticles (5, 10, 20, 30, 40, and 50𝜇L),
respectively; and (c) gold nanoparticles.

Ernest et al. reported that AgNPs enhance amylase
activity [8]. We also observed that FR silver nanoparti-
cles stimulate amylase activity at lower concentrations and
inhibited it at higher concentration as shown in Figure 7.
Similarly, FB nanoparticles also stimulated amylase activity at
lower concentration and inhibited it at higher concentration.
Silver nanoparticles demonstrated activator effect on the
cholinesterase and monoamine oxidase activities, and these
effects increased with increasing concentrations of the nano-
particles [47]. The enzyme was attached to the nanoparticle
following the degradation of starch from the composite and
not to the reducing sugars although the enzymatic activity
was retained [48]. We also found that gold nanoparticles
increased amylase activity up to 2-fold. The rate of reaction
was found to be increased in the presence of gold nanopar-
ticles (Figure 7(b)). There is an increase of 2-fold reducing
sugar formation suggesting that the gold nanoparticles have
a significant role as a nanocatalyst in rapidly degrading the
complex polysaccharide starch to reducing sugars, while at
higher concentrations of gold particles amylase activity was
decreased. Deka et al. [41] also reported similar modulatory
effect on amylase where the results have been explained based

on a model that considered the presence of enzyme bound
to NP and that available for enhanced catalysis, enzyme
bound to NP but unavailable due to being buried inside the
agglomerate and the free enzyme.

The immobilization of 𝛼-amylase takes places on the
surface of the FR and FB AgNPs or AuNPs. Immobilized
amylase activity was increased by 60–90%, (Figure 8(a))
with FR and FB AgNPs, respectively, when compared to
the free enzyme. AgNPs generally have the tendency to
agglomerate faster in any biological medium and sediment
at the bottom. To our surprise, no such agglomeration was
seen during the reaction and thus we confirm that the AgNPs
have the chances of being stabilized by the protein molecule
through the thiol linkages, and thus the enzyme molecule is
immobilized [48]. A well-known fact is that, upon a solid
support, the efficiency of the enzyme is increased compared
to its free form [49]. This may possibly act as a nanocatalyst
in the hydrolysis of starch catalyzed by an amylase. Thus, the
reaction rate is increased in the presence of AgNPs although
the exact binding mechanism remains to be explored. Sim-
ilarly, Figure 8(b) shows that immobilized amylase on gold
nanoparticles activity was increased by 100%when compared
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Figure 6: Tryptophan fluorescence quenching spectra of𝛼-amylase with nanoparticles. Line (a) corresponds to amylase alone; Line (b-g) with
nanoparticles. (a) Amylase + FB AgNPs; (b) amylase + FR AgNPs; (c) amylase + gold nanoparticles. Decreasing of Trp fluorescence spectra
with increasing (5, 10, 15, 20, and 30𝜇L) concentration of silver and gold nanoparticles. Amylase titrated with increasing concentration of
nanoparticles excitation at 280 nm followed emission at 335 nm (slit width for both 5 nm).

with free enzymes. In our present study, biosynthesized
AgNPs and citrate reduced AuNPs upon interaction with
𝛼-amylase were capable of breaking down the starch com-
plex with the attachment of the enzyme over its surface,
thereby being immobilized and degrading starch much faster
than when compared to free enzyme. Because the collision
frequency between the soluble (free) enzyme, the substrate
molecule and their steric orientations form the basis of
the enzyme activity and the constraint is overcome by the
immobilized enzyme with the support of a solid nanoparticle
whereas it does not occur in the case of free starch.Therefore,
the reaction velocity is high and the breakdown of starch
to smaller molecules as monosaccharides and disaccharides
is faster. Amylase activity was increased with increasing

concentration of starch in presence of nanoparticles as shown
in Figure 9. It indicates that nanoparticles enhance the basal
amylase activity.

Pepsin immobilized on AuNPs surface was more stable
when compared with the free enzyme [50]. Similarly we
observed that AgNPs andAuNPswere increasing the stability
of amylase activity. Free amylase and amylase mixed with
AuNPs or AgNPs solutions were kept at room temperature
for 5 days and the comparison of the activities was deter-
mined every 12 hours. The results showed a slight enzyme
activity retained in all tests; this kind of stability increase
is time dependent (Figure 10). This means that the longer
the enzymes are kept at room temperature, the more activity
increase can be detected in the sample of amylase mixed with



Journal of Nanoparticles 7

0

20

40

60

80

100

0 50 100 150 200 250

A
m

yl
as

e a
ct

iv
ity

 (m
g/

m
L/

m
in

)

Silver nanoparticles (𝜇L)

FR AgNPs
FB AgNPs

(a)

0

20

40

60

80

100

120

0 50 100 150 200 250

A
m

yl
as

e a
ct

iv
ity

 (m
g/

m
L/

m
in

)

Gold nanoparticles (𝜇L)

FR AgNPs
FB AgNPs

(b)

Figure 7: Modulatory effect of silver and gold nanoparticles on 𝛼-
amylase activity. (a) (): effect of FBAgNPs on amylase; (): effect of
FR AgNPs on amylase; (b) effect of gold nanoparticles. Data points
represent the mean of at least three determinations.

AuNPs or AgNPs solutions. This result clearly demonstrated
that the AuNPs or AgNPs can stabilize the activity of amylase,
when compared with the free enzyme.

4. Conclusion

In summary, biosynthesized AgNPs and AuNPs showed an
increased rate of reaction with 𝛼-amylase. The degradation
of starch digestion kinetics in the presence of AgNPs/AuNPs
rapidly produced larger amounts of reducing sugars. This
study showed that the nanoparticle may have a significant
effect in the field of nanocatalysis, promising their potential
use in industries for rapid degradation of the complex
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Figure 8: Assay of immobilized amylase activity. (a) Amylase +
silver nanoparticles; (b) amylase + gold nanoparticles. Data points
represent the mean of at least three determinations.
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molecule to simpler ones by immobilizing the enzymes onto
the surface of nanoparticles.They could also be possibly used
in assay kits as they are less time consuming and for bio-
medical applications such as drug delivery and sensing.
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The preparation of a coating procedure was studied, from the washcoating with 𝛾-alumina to the deposition of palladium by excess
solvent or incipientwetness impregnation.Thepowder and thewashcoat layerswere studied by different characterisation techniques
such as SEM, BET surface area, and XRD. Vibration-resistance and heat-resistance were also evaluated. It was shown that the
alumina layer is quite well deposited on the channel walls (SEM images). However, a detachment of the washcoat layer was observed
after ultrasound treatment. It was proved that the monolith Pd impregnation method by incipient wetness impregnation is more
efficient. The presence of palladium was confirmed using HRTEM, the palladium was present under the Pd (II) oxidation state,
and the size of PdO particles varies between 2.5 and 3.1 nm. The catalytic properties of the monolith catalyst were carried out
using temperature programmed surface reaction (TPSR). The efficiency of the procedure of the monolith catalyst preparation was
confirmed by comparing the activity of the prepared catalyst with the one of a model catalyst.

1. Introduction

Automobile exhaust constitutes an important source of air
pollution. The compounds emitted in the exhaust can be
divided into two categories: those that are regulated by law,
that is, carbon monoxide (CO), nitrogen oxides (NOx),
hydrocarbons (HC), and particulate, and unregulated con-
stituents. The pollutant emissions from road vehicles are reg-
ulated separately for light-duty vehicles (cars and light vans)
and for heavy-duty vehicles (trucks and buses). European
emission standards such as Euro 6 (2014), Euro 6.2 (2017),
and Euro 7 (2018) define the acceptable limits for exhaust
emissions of new vehicles sold in EU member states [1, 2].

Natural gas (NG) is a favorable alternative automotive
fuel due to its availability, low price, high hydrogen to carbon
ratio, and lower CO

2
emission compared to conventional

fuelled vehicles. However, a major disadvantage of using nat-
ural gas is the unburned CH

4
emission (effective greenhouse

gas). Therefore, to comply with future legislation, highly
efficient catalysts for the complete abatement of the unburned

methane are needed [3]. Such catalysts are mainly composed
by palladium deposited on typical supports [4].

For such an application in stoechiometric conditions,
the use of three-way catalytic converters to minimise air
pollution caused by automotive exhaust gases is already well
established [5–7] for vehicles fuelled by gasoline. The typical
three-way catalysts (TWC) contain noble metals (Pt, Pd, and
Rh) deposited together with a washcoat (alumina modified
with low loadings of lanthanum or barium and with ca.
10–20wt.% ceria and zirconia) on a ceramic or metallic
monolith [5]. The air/fuel (A/F) ratio is controlled within
a narrow operating window, in which both the oxidation
of hydrocarbons and carbon monoxide and the reduction
of nitrogen oxides are promoted [8, 9]. However, only few
studies dealwith the use of catalysts used in simulated exhaust
gases fromCNG (compressed natural gas) vehicles [4, 10–12].

The monolith parts themselves can be produced in a
number of sizes and shapes, typically round or oval cross-
sectional areas for automotive applications, or square for
stationary emission uses [13]. The number of channels, their
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diameters, and wall thickness determine the cell density,
expressed as cells per square inch (cpsi), which in turn allows
the calculation of the geometric surface area which is the sum
of the areas of all the channel walls upon which the catalyst is
deposited [14].

The most common material for monolithic structures is
cordierite, a ceramic material consisting of magnesia, silica,
and alumina in the molar ratio of 2 : 5 : 2. Ceramic materials
such as cordierite have highmechanical resistance, highmelt-
ing temperatures (1465∘C), and resistance to oxidation and
can be made to have excellent thermal shock resistance (low
expansion coefficients: ≤5 × 10−6 K−1) [14–17]. Nevertheless,
themonolithic ceramic catalyst has a low specific surface area
(typically 0.7 g⋅m−2). This is the reason why a layer of oxide
material with a high surface area (e.g., for 𝛾-alumina, typically
200 g⋅m−2), called washcoat, is generally coated on the inner
walls of the honeycomb support. The slurry coating of differ-
ent materials was discussed by Addiego et al. [18]. Moreover,
the preparation of monolithic catalysts has been reviewed in
detail by Nijhuis et al. [19]. Alumina is always chosen because
of its high surface area and relatively good thermal stability
under hydrothermal conditions of the exhausts. However, it
should be noted that 𝛾-alumina can be transformed to 𝛼-
alumina at high temperature (above 1000∘C) which can be
encountered in the three-way catalysis. Recrystallization to𝛼-
alumina leads to sintering and consequently to a severe drop
of the surface area (10 g⋅m−2) [20]. So the 𝛾-alumina should
be thermally stabilized by addition of stabilising agents such
as lanthanum, barium, strontium, cerium, and,more recently,
zirconium oxides [21, 22].

The washcoat is usually applied by impregnation of the
honeycomb in slurry of the powder and subsequent drying
and calcination. The last step is very important since the
calcination binds the washcoat to the monolith walls and is
usually done at temperatures of 550∘C or higher [15].

The quality of the deposited washcoat depends on the
slurry properties such as properties of the solid particles
(nature and particle size) [23], properties of the solvent
(nature and concentration) [24], and the amount of solids in
the slurry [25].

An active element can be incorporated into the layer
either during the washcoating step or after the washcoat
step, using well-known techniques (wet impregnation, ion
exchange, or deposition-precipitation) [19, 26].

In the presentwork,we first developed a simple procedure
leading to a reproducible alumina washcoat. Secondly, we
elaborated a procedure of Pd/Al

2
O
3
/cordierite monoliths

preparation. We started our studies using only a Pd active
phase to confirm the procedure efficiency by comparing the
activity of our catalyst with the one of a model catalyst. The
main objective of our work is to develop a new catalyst for
natural gas vehicle (GNV) applications which will be more
durable (activity stabilisation) and less expensive. So this
procedure will be able to design and prepare any catalyst
in the laboratory scale in the future. The thermal resistance
studies of the new catalyst composition which corresponds to
the different ageing processes will be also one of the objectives
of our future work. The preliminary studies on the effects of

thermal ageing on the structural and textural evolution of 𝛾-
alumina and the first correlation between the thermal ageing
and a mathematical model have already been published [27].

2. Materials and Methods

2.1. SimpleWashcoating Procedure. Acommercialmonolithic
cordierite provided by Corning with a cell density of 400 cpsi
was used as the support. The boehmite 𝛾-AlOOH (SASOL
DISPAL 23N4-80) was chosen as starting material for the
washcoat preparation. The 𝛾-alumina was obtained by the
dehydration of 𝛾-AlOOH during calcination. The powder
of the starting material was milled to obtain particles of
similar size as the macropores in the cordierite and then
mixed with the necessary amount of binding agent (20wt.%
of colloidal alumina) and demineralised water in order to
prepare the slurry. The slurry stabilization was obtained by
nitric acid addition (68wt.%). This step is not easy because
of the complex influence of the acid concentration on the
gelation process. Two different processes, namely, surface
charging and dissolution, can take place [28].

The monoliths (37mm length, 23mm diameter) were
dipped vertically into the slurry for 2 minutes. The excess
of slurry was shaken out of the monolith and the blocked
channels were cleared using pressurized air. Then the mono-
lith was dried horizontally in air while being continuously
rotated around its axis. Finally, the monolith was dried at
110∘C for 2 hours and calcined at 550∘C for 4 hours.This high
temperature calcination step permitted to fix the coating to
the monolith walls. The monolith was coated again before
the calcination step using the same slurry composition. The
washcoat loading was determined by weighting.

2.2. Procedure of Monolith Pd Impregnation. The palladium
(1 wt.% referred to as the washcoat layer) was incorporated
into the layer either by excess solvent impregnation or by
incipient wetness impregnation.

In the first case, the aluminium washcoated monolith
was dipped into the palladium solution. The impregnation
was carried out using an evaporator (60∘C, 180 rotations per
minute). The wet impregnated monoliths were dried at 110∘C
for 2 hours and calcined at 550∘C for 4 hours in air with a
heating rate of 10∘C⋅min−1.

In the second case, the monolith was dipped into the Pd
catalyst slurry always using the same washcoating procedure
in Section 2.1. Supported Pd catalyst, prepared by incipient
wetness impregnation, was employed as starting material for
thewashcoat preparation.ThePd catalyst precursorwas dried
at 110∘C for 2 hours and calcined at 550∘C for 4 hours in air
with temperature ramp of 10∘C⋅min−1.

In both cases, an aqueous solution of tetramine palladium
nitrate solution (Pd(NH

3
)
4
(NO
3
)
2
) was used as palladium

precursor.

2.3. Physicochemical Characterizations. The powder X-ray
diffraction patterns were recorded with a SIEMENS D500
diffractometer using monochromatised CuK𝛼 radiation.
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Measurements were carried out for 2𝜃 ranging from 10∘ up
to 70∘.

The specific surface areas were measured by nitro-
gen adsorption at −196∘C using the multipoint method
(Micromeritics ASAP 2010). The samples were previously
treated at 110∘C under vacuum (2 × 10−3 torr) for 3 hours.

The starting material was milled using a planetary micro
mill Pulverisette 7 and the particle size distributions of
milled powder weremeasured by a laser particle size analyzer
(ANALYSETTE 22-COMPACT) with a measurement range
from 0.3 to 300 𝜇m. The analysis of the scattered light
information in the analysette 22 was based on Fraunhofer or
Mie theory. A volume distribution based on the equivalent
diameter of the laser diffraction was obtained.

Thewashcoat quality of the coated honeycombswas stud-
ied by a JEOL JSM-5510 LV scanning electron microscope
(SEM) equipped for EDS (energy dispersive spectroscopy)
analysis. SEM images of the aluminawashcoatswere obtained
on pieces cut from monolith after metallization of theses
samples under an Au film.

The Pd species were studied by HRTEM on a JEOL-JEM
2011 HR (LaB) device equipped for EDS analysis. During
the same analyses, EDS measurements were performed to
verify the presence of palladium in the analyzed zone. The
interplanar spacing was measured directly on the HRTEM
images. The identification of Pd species was realized using
JCPDS patterns [29].

Resistance to mechanical vibrations was evaluated using
ultrasonic vibrations. A piece of the prepared monolith was
treated in an ultrasound water bath (power 220W, frequency
35 kHz). Finally the sample was dried and weighted. The
adhesion properties between the catalyst and ceramic surface
were determined by weight loss of the monolith as a function
of time. The weight loss of sample after ultrasonic vibration
was defined as follows:

Δ𝑊 = [
(𝑊
1
−𝑊
2
)

𝑊
1

] × 100%, (1)

where𝑊
1
is the washcoat weight before ultrasonic vibration

and𝑊
2
is the washcoat weight after ultrasonic vibration.

Resistance to high temperature was studied using a piece
of the loadedmonolith in order to simulate an ageing process.
This ageing process was performed in an oven at 950∘C for
4 hours with a heating rate of 10∘C⋅min−1 using 10 vol.% of
water in air.These conditions correspond to the cracking and
detaching state of a layer after using a vehicle for 50000 km.

2.4. Catalytic Activity Tests. The evaluation of the catalytic
performancewas carried out using temperature programmed
surface reaction (TPSR). The TPSR was performed from
room temperature (RT) to 570∘C with a heating rate of
10∘C⋅min−1 using the following gas mixture: 2500 ppm NO,
1700 ppm CH

4
, 4800 ppm O

2
, 4700 ppm CO, 3400 ppm H

2
,

9.25% CO
2
, and 18% H

2
O which is representative of a real

CNG exhaust gases mixture. This composition corresponds
to a richness of 1.0005. The hour space velocity (GHSV) was
40,000 h−1.
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Figure 1: XRDpowder patterns of samples: (a) pseudoboehmite and
(b) 𝛾-alumina.

To be close to industrial conditions, our apparatus showed
a preheater in which the gases are heated up to 790∘C. These
heated gases flowed through the catalytic bed composed by
the monolith sample. Three thermocouples were available
to follow the reaction temperature. The first one was placed
prior to the catalyst, the second one close to the catalyst, and
the third one at the exit of the reactor.

The reactor outflow was analyzed using a set of spe-
cific detectors. An Eco Physics NOx L Chemiluminescence’s
analyzer (for NO and total NOx) allowed the simultaneous
detection of both NO, NO

2
and NOx (0–2500 ppm). An IR

analyser was used to monitor N
2
O and CH

4
(0–2500 ppm).

The CO was analyzed by two specific IR analyzers dedicated
to low (0–2000 ppm) and high CO concentrations (1–5%).
The CO

2
was monitored by Rosemount analytical detector

(0–20%).

3. Results and Discussion

3.1. Characterization of StartingMaterial. The 𝛾-alumina was
obtained by the 𝛾-AlOOH dehydration during calcination
step. The temperatures at which these transitions have been
observed are somewhat variable, apparently dependent on
the crystallinity and previous history of the boehmite and on
the conditions of heat treatment [30, 31].

The dehydration of 𝛾-AlOOH to 𝛾-Al
2
O
3
was realized

at 500∘C for 4 hours. The XRD patterns of the boehmite
and 𝛾-alumina are presented in Figure 1. Some of the peaks
of the boehmite sample are broad and well defined (14.3∘,
28.3∘, 38.5∘, 49.3∘, and 55.5∘). The broad diffraction lines of
the boehmite reveal that the crystallites are very small. The
boehmite structure corresponds to an orthorhombic unit cell.
The boehmite sample was classified as a pseudoboehmite
since the peaks are not sharp and intense [32].

The diffraction peaks of the calcined sample (37.3∘, 39.6∘,
46.2∘, and 67∘) can be indexed to a face-centered cubic
phase of 𝛾-Al

2
O
3
(JSPDS n∘ 00-010-0425). We can observe

a decrease of the peak intensity and the appearance of the
main peaks characteristic of 𝛾-alumina after pseudoboehmite
calcination.

The specific surface area, total pore volume, and mean
pore diameter results of the samples are reported in Table 1.
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Table 1: BET surface area, total pore volume, and mean pore
diameter of the pseudoboehmite and 𝛾-Al2O3 (fresh and aged).

Sample 𝑆BET [m
2
⋅g−1] Total pore

volume [cm3
⋅g−1]

Mean pore
diameter [nm]

𝛾-AlOOH 293 0,35 4,6
𝛾-Al2O3 201 0,42 8,4
𝛾-Al2O3 aged 115 0,43 14,9

Recrystallization to 𝛾-alumina leads to sintering and con-
sequently to a severe drop of boehmite specific surface
area. Average pore diameter ranges from 4.6 nm for the
boehmite to 8.4 nm for the 𝛾-alumina. Thus, according to
the IUPAC classification, the starting materials studied show
mesoporosity.

The specific surface area considerably decreased after the
hydrothermal ageing process. This phenomenon is explained
by water vapour presence which not only accelerates crystal-
lization but also causes structural change in the oxide support
[33].

3.2. Washcoating of Cordierite Monolith

3.2.1. 𝛾-Al
2
O
3
Coating. The washcoated monolith contains

23wt.% (134 g⋅L−1) of the alumina layer after two impregna-
tions.

The SEM images (Figures 2(a)-2(b)) of the washcoated
monolith, obtained by secondary electrons detection (SEM-
SEI images), show that the alumina layer is well deposited
on the channel walls and the washcoat is observed in all the
corners.However, we can also observe cracks in the coat layer.
The cracks in the corners of the channels can be formedmost
likely because of a difference in thermal expansion between
the cordierite and the alumina, while the cracks in the coat
layer can be formed during a too fast drying step. Forzatti
et al. [34] indicate that the drying step requires a careful
control of temperature and moisture and the steps must be
slow enough to prevent ruptures and cracks. It is evident
that the problem of an inhomogeneous moisture distribution
during drying step must be solved in the future studies.

The thickness of the alumina washcoat varies from 25 𝜇m
in the middle of the channels up to 85 𝜇m in the corners
(Figure 2(b)). The results obtained showed that the washcoat
layer is well deposited over the whole channels length.
However, the layer thickness is not homogeneous since the
chemical elements distribution studied by EDS cartography
is not uniform (results not shown). As it was mentioned
previously, the main components of the cordierite are Al,
Si, and Mg. Some silicon, which is not an element of the
washcoat composition, was detected in the middle of some
channels suggesting that the layer thickness is less important.

Thermal and mechanical treatments were realized to
determine the initial resistance of the prepared catalyst. This
information is necessary to develop more resistant catalytic
material in the future. Resistance to mechanical vibrations
and resistance to high temperature of the alumina washcoat
were determined to simulate the conditions occurring in

(a)

85𝜇m 25𝜇m

(b)

Figure 2: SEM images of the 𝛾-Al
2
O
3
washcoat layer on the

cordierite monolith: (a) general view of the monolith piece and (b)
view of one channel.

vehicles. The severe conditions (hot exhaust gases of high
velocity and mechanical vibrations) can lead to detachment
of the washcoat layer.Therefore, the adhesion of the substrate
is a very important requirement. This study was carried out
for samples before (fresh catalyst) and after ageing process
(ageing catalyst). The weight loss curves of the washcoat are
shown in Figure 3.

It can be observed that the washcoat exhibits a weight loss
in both cases. However, this phenomenon is more significant
for the sample exposed to a high temperature treatment.
In the case of the fresh catalyst, the washcoat stabilisation
is achieved after 2 hours of ultrasound treatment (the total
weight loss around 9wt.%). However, the layer stabilisation
of ageing catalyst is observed after 15 hours (the total weight
loss around 20wt.%).

The cracks formation and propagation, as a result of the
thermal stress during the drying and the high temperature
treatments, have an influence directly on the washcoat
detachment [35]. The numerical analysis of the wet body
deformation by drying (an increase of the cohesive force,
decohesion of the structure) was studied in detail byKowalski
et al. [36, 37].

The present works only show the elaboration of a simple
washcoat procedure. However, it will be interesting in the
future to modify the 𝛾-alumina coating (Ce, Zr, La, or Ba
addition) to improve the washcoat properties toward the
thermal stress [20, 25].
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Figure 3: Weight loss of washcoat, as function of time (X: before
ageing, e: after ageing).

3.2.2. Pd Catalyst Coating. The excess solvent impregnation
and incipient wetness impregnationwere used to prepare the
Pd-impregnated monoliths.

Excess Solvent Impregnation.The alumina washcoated quality
was determined by SEM. The results show that the alumina
layer is well deposited on the channel walls (results not
shown). The efficiency of the Pd impregnation method was
determined by EDS analysis.

The different zones were studied to obtain more precise
information on the Pd distribution. Figure 4, one of the
recorded spectra on the sample surface (different areas),
shows the chemical elements present on the channel walls.
Only aluminium, silicon, and gold peaks were observed
during the EDS analysis. The Pd presence was not confirmed
in the analysis zones. It was found that the majority of
the palladium was deposited on the external surface of
the impregnated monolith (Figure 5). It was concluded that
the Pd impregnation of monolith method by excess solvent
impregnation is unsuitable.

Incipient Wetness Impregnation. The washcoat quality was
determined by SEM. SEM-SEI images (Figure 6) show that
the cordierite support is completely covered. The thickness
of the alumina washcoat varies from 21𝜇m in the middle
of channel up to 72 𝜇m in the corners. The EDS analysis
(Figure 6) confirmed palladium presence on the channel
walls.We can conclude that themethod of palladium impreg-
nation is efficient. The distribution of the Al and Si elements
on the sample surface was determined by cartographies.
Figure 6(a) shows that the washcoat layer is well deposited
on the external parts of the monolith sample.The presence of
silicon in the middle of the channel in the case of the internal
part of the monolith sample (Figure 6(b)) indicates that the
layer thickness is not homogeneous.

The Pd species was determined by HRTEM (Figure 7).
The presence of palladium in each analyzed area was con-
firmed by EDS analysis. The lattice fringes were measured
directly on the image using high magnifications view. The
palladium species were then identified using a database of
powder diffraction patterns. The results show that palladium

Al

Al Ce

Al
Si

Si

Si

Au Au

Au

Au

(1)

(2)

(3)

Figure 4: Internal surface studies of Pd-impregnated coating (Pd
deposited by excess solvent impregnation) by EDS analysis.

is present under the PdO oxidation state and the size of these
particles varies between 2.5 and 3.1 nm.

3.3. Catalytic Activity Tests. The commercial honeycomb
converter is mainly composed by the palladium oxide
(2.55 wt.%) and a small amount of rhodium (0.18 wt.%) and
platinum (0.07wt.%) [4]. Salaün et al. [4] concluded that the
palladium is deposited on the alumina whereas rhodium is
deposed on the ceria-zirconia.

For CNG applications, methane,which is the major com-
ponent of natural gas, is the main pollutant.The palladium in
PdO form is presented as the more active phase for methane
oxidation [4]. In order to evaluate the performance of the
washcoating procedure, we prepared a catalyst containing
2.5 wt.% of palladium to compare its activity with a model
catalyst which contains the same amount of palladium
provided by an international catalyst manufacturer.

In Figure 8, NOx, CH4, and CO conversions are reported
as a function of the reaction temperature for the prepared (a)
and themodel (b) Pdmonolith catalysts. At low temperatures,
we observe the evolution of the NOx concentration which
is correlated to the N

2
O formation. This phenomenon is

observed for both catalysts; however, the amount of N
2
O

formed is more important in the case of the model catalyst.
According to the literature [4, 11], at low temperature, NO

can be reduced by hydrogen or carbon monoxide, whereas at
high temperature the methane is the reducing agent of NO.
Salaün et al. [11] investigated the role of CO and H

2
in NO

reduction removing the hydrogen or the oxygen from the
feed. In absence of H

2
, the NO conversion was decreased

significantly and the light off temperature was shifted to
higher temperature. In absence of CO, the global trends of the
plots of NO reduction and CH

4
oxidation were comparable

with those obtained for the total gas mixture. These authors
showed that the major reducing agent for NO reduction at
low temperature is hydrogen.

At low temperature, we can also observe the carbon
monoxide conversionwhich is oxidized by oxygen (Figure 8).
Salaün et al. [4] proposed that the CO oxidation and the
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Figure 5: External surface studies of Pd-impregnated coating (Pd deposited by excess solvent impregnation) by EDS analysis.

NO reduction do not take place on the same catalytic site
(rhodium and palladium sites, respectively). Furthermore,
these authors supposed that a reaction between CO and
N
2
O (product of NO decomposition or reduction at low

temperature) is possible since less N
2
O quantity is detected.

However, at high temperature, CO could be consumedduring
the water gas shift reaction. We observed that in the case of
the prepared catalyst, the light off temperature is shifted to
lower temperature.

At high temperature, we can also observe simultaneously
NOx and CH

4
conversion. The methane is completely con-

verted below 560∘C. Salaün et al. [4] showed that the main
oxidizing agent of methane is NO. However, these authors
suggest that, at high temperature, the steam effects are not
negligible. We can observe that the evolution of the methane

concentrationwas the same formodel and prepared catalysts.
The results obtained show that our catalyst is as good as
the model catalyst and that the procedure of our monolith
preparation is efficient.

The prepared catalyst is active in the methane oxidation
reaction. However, it is evident that its composition must be
optimised to reinforce its catalytic action and to stabilise the
alumina transformation.

4. Conclusions

The washcoat layer is well deposited on the channel walls
and in the corners. However, the layer thickness is not
homogeneous. The cracks observed on the coat layer and in
the corners of the channels were formed most likely because
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Figure 7: Transition electron microscopy of Pd-impregnated monoliths, coupled with EDS spectroscopy.

of a difference in thermal expansion and during a too fast
drying step. Obviously, the drying step (temperature and
moisture control) has to be optimized.

A detachment of the washcoat layer was observed after
ultrasound treatment for fresh and aged catalysts. However,
this phenomenon is more significant for the sample exposed
to a high temperature treatment. The washcoating procedure
must be optimized to increase the coating adhesion.

The Pd impregnation of monolith by incipient wet-
ness impregnation is more efficient than the excess solvent
impregnation method. The Pd is present under the Pd (II)
oxidation state.

The prepared catalyst is active in the methane oxidation
reaction.The results obtained show that our catalyst is as good
as the model catalyst and that the procedure of our monolith
preparation is efficient.

Themain goal of our research is to develop a new catalyst
for GNV applications. The know-how of the washcoating
procedure allows us to optimize the catalyst composition,
such as the active phase and the stabilizing agent of alumina.
The objective is to improve the catalytic performance and to
decrease the price of the catalyst.Thismonolithic catalyst will
be also applied for the methane oxidation and the selective
catalytic reduction of NOx by methane.
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Investigations and use of nanoparticles (NPs) as photothermal (PT) agents in laser and optical nanotechnology are fast growing
areas of research and applications.The potential benefits of NPs applications include possibility for thermal imaging and treatment
of materials containing of NPs, applications of NPs for light-to-thermal energy conversion, in catalysis, laser nanomedicine,
and chemistry. Efficiency of applications of metallic NPs for laser and optical nanotechnology depends on plasmonic and
thermophysical properties ofNPs, characteristics of radiation, and surroundingmedium.Herewe present the results of comparative
analysis of NP properties (plasmonic, thermooptical, and others) allowing selecting their parameters for thermoplasmonic and
photonic applications. Plasmonic and thermooptical properties of several metallic (aurum, silver, platinum, cobalt, zinc, nickel,
titanium, cuprum, aluminum, molybdenum, vanadium, and palladium) NPs are theoretically investigated and analysis of them is
carried out. Investigation of the influence of NPs parameters (type of metal, radii, optical indexes, density, and heat capacity of NP
material), characteristics of radiation (wavelength and pulse duration), and ambient parameters on plasmonic and thermophysical
properties of NPs has been carried out. It was established that maximum value of thermooptical parameter (maximum NP
temperature) can be achieved with the use of absorption efficiency factor of NP smaller than its maximum value.

1. Introduction

Recent advances in photothermal nanotechnology based on
the use of nanoparticles (NPs) and optical (laser) radiation
have been demonstrated for their great potential. In recent
years, the laser-NP interaction, absorption, and scattering
of radiation energy by NP have become of great interest
and an increasingly important for topic in photonic and
laser nanotechnology [1–27] (also see the references in these
papers). There are many reasons for this interest including
application of NPs in different fields, such as catalysis [1, 2],
laser nanobiomedicine [3–11], nanooptics and nanoelectron-
ics [12–15], laser processing of metallic NPs in nanotechnol-
ogy [16–23], and light-to-heat conversion [24–27].

Most of these technologies rely on the position and
strength of the surface plasmon on a nanosphere and the
fact that NP will absorb and scatter radiation energy well
at resonance wavelength. Successful applications of NPs in
photonics and thermoplasmonics are based on appropriate
plasmonic and optical properties of NPs. High absorption
of radiation by NPs can be used for conversion of absorbed
energy into NP thermal energy, heating of NP itself and
ambient medium, and following photothermal phenomena
in laser and optical nanotechnology and nanomedicine. High
scattering of radiation is essential for optical diagnostics and
imaging applications based on light scattering.

Metallic NPs are mostly interesting for different nano-
technologies among other NPs. First investigations of optical
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properties of metallic NPs were carried out in [28, 29]. The
attempts to search for the “ideal” plasmonic NPs were carried
out in many papers. Optical absorption efficiency of some
metallic NPs was investigated in [28–33]. Thermooptical
analysis and selection of the properties of gold NPs for laser
applications in nanotechnologywere carried out in [8, 26, 34].
Searching for better plasmonicmaterials (metals) was carried
out in [13, 32, 35, 36] based on investigations of quality factors
of each metal. Different metallic NPs (gold, silver, platinum,
zinc, etc.) were used in [1–36]. Gold and silver NPs were
considered as the most appropriate ones and widely used in
experiments. Methods of chemical synthesis of metallic NPs
have been developed and presented in [37–39].

On the other side, a comparative analysis of optimal
parameters of different metallic NPs for using them as PT
agents in thermoplasmonics and laser nanotechnology is still
missing. Here we propose the results for analysis of the NP
properties for their photonic and thermoplasmonic appli-
cations.

Plasmonic and thermooptical properties of metallic NPs
were theoretically investigated and compared in this paper
based on computer modeling. We carry out complex inves-
tigation of the plasmonic and thermooptical properties
of spherical metallic NPs for their interaction with opti-
cal (laser) radiation placed (embedded) in some ambient
medium. We investigated the influence of the parameters of
radiation, NP, and ambient medium on the properties of this
interaction.

2. Plasmonic and Thermooptical
Parameters of Nanoparticles

Among different characteristics of NPs, laser radiation, and
ambientmedium that will determineNP plasmonic and ther-
mooptical properties we can note the following ones:

(1) laser (optical) radiation—(a) pulse duration 𝑡
𝑃
, (b)

wavelength 𝜆, and (c) radiation (laser) exposure
(energy density) 𝐸

0
, intensity 𝐼

0
= 𝐸
0
/𝑡
𝑃
;

(2) spherical nanoparticle—(a) type of NP metal with its
values of density 𝜌

0
, heat capacity 𝑐

0
, optical indexes

of refraction 𝑛
0𝜆
, and absorption 𝜒

0𝜆
of NPmetal and

(b) NP radius 𝑟
0
;

(3) nonabsorbing surrounding medium—(a) coefficient
of thermal conductivity 𝑘

∞
= const and (b) optical

indexes of refraction 𝑛
𝜆
.

Consider the parameters that characterize the transfor-
mation of radiation energy in the processes of NP-radiation
interaction.

Efficiency factors of absorption 𝐾abs, scattering 𝐾sca, and
extinction𝐾ext of radiation by NP [29] determine the optical
properties of NP.

Parameter 𝑃
1
describes the correlation between absorp-

tion and scattering of radiation by NP. Parameter 𝑃
1
char-

acterizes the contribution of the processes of absorption and
scattering to the general energy balance of the NP:

𝑃
1
=
𝐾abs
𝐾sca
. (1)

The efficiency factor of absorption of laser radiation by NPs
𝐾abs can be greater or smaller than the factor of scattering
of radiation by NP 𝐾sca in the cases of predominant role of
absorption or scattering in the process of radiation interac-
tion with NP:

𝐾abs > 𝐾sca, 𝑃1 > 1, (2a)

𝐾abs < 𝐾sca, 𝑃1 < 1. (2b)

The parameter Δ𝑇
0
/𝐸
0
[6–8] can be used for determina-

tion of thermooptical properties of NPs

Δ𝑇
0

𝐸
0

=
𝐾abs𝑟0
4𝑘
∞
𝑡
𝑃

[1 − exp(−𝑡𝑃
𝜏
0

)] , (3)

𝜏
0
= 𝜌
0
𝑐
0
𝑟
0

2
/3𝑘
∞
—characteristic time for heating and

cooling of NP. This parameter determines the increase of NP
temperature Δ𝑇

0
= 𝑇max − 𝑇∞ under action of radiation

energy density with value 𝐸
0
= 1 J/cm2, 𝑇max, maximum

temperature of NP at 𝑡 = 𝑡
𝑃
, and 𝑇

∞
, initial NP temperature.

Parameter Δ𝑇
0
/𝐸
0
(3) may be viewed as NP heating

efficiency under action of radiation energy with energy
density 𝐸

0
. For 𝑡

𝑃
< 𝜏
0
and 𝑡
𝑃
> 𝜏
0
the parameter Δ𝑇

0
/𝐸
0

will be approximately determined by the following (see (3)):

𝑡
𝑃
< 𝜏
0
,
Δ𝑇
0

𝐸
0

≈
3𝐾abs
4𝜌
0
𝑐
0
𝑟
0

, (4a)

𝑡
𝑃
> 𝜏
0
,
Δ𝑇
0

𝐸
0

≈
𝐾abs𝑟0
4𝑘
∞
𝑡
𝑃

. (4b)

In general, the parameter Δ𝑇
0
/𝐸
0
((3), (4a), and (4b))

depends on characteristics of radiation, 𝜆 and 𝑡
𝑃
, metallic

NP, 𝐾abs(𝜆), 𝑟0, 𝑐0, and 𝜌0, and ambient medium, 𝑘
∞
, index

of medium refraction 𝑛
𝜆
. Combinations 𝐾abs(𝑟0)/𝑟0 and

𝐾abs(𝑟0)𝑟0 in (4a) and (4b) determine the range of radii
𝑟
0
appropriate for the achievement of the maximum value

of 𝑇
0
under a fixed value of 𝜆, 𝐾abs(𝜆). The combination

1/𝑐
0
𝜌
0
determines the influence of NP metal properties on

the maximum value of 𝑇
0
. Values of 𝑘

∞
and 𝑛

𝜆
determine

the influence of surrounding medium on thermooptical
properties of NPs.The parameter of Δ𝑇

0
/𝐸
0
does not depend

on parameters of radiation (𝑡
𝑃
) and ambience (𝑘

∞
) in (4a).

The selection of mentioned parameters in (3), (4a), and (4b)
can provide maximum values Δ𝑇

0
for concrete values of 𝐸

0
.

We will investigate the influence of all characteristics of
NPs, laser radiation, and ambient medium mentioned above
on plasmonic and thermooptical properties of metallic NPs.
Comparative analysis of the properties of metallic NPs and
their efficiency for photonic applications in nanotechnology
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have to use the following set of plasmonic and thermooptical
parameters of the laser-NP interaction processes:

(i) efficiency factors of absorption 𝐾abs, scattering 𝐾sca,
and extinction𝐾ext of radiation by spherical NP;

(ii) parameter of 𝑃
1
(1);

(iii) parameter Δ𝑇
0
/𝐸
0
((3), (4a), and (4b)).

3. Plasmonic and Thermooptical
Properties of NPs

Calculations and analysis of plasmonic and thermooptical
properties of NPs have been carried out in our investigations.
We numerically calculated efficiency factors of absorption
𝐾abs, scattering 𝐾sca, and extinction 𝐾ext of radiation with
wavelength 𝜆 by spherical homogeneous metallic NP based
on generalized Mie theory [29]. Values of optical indexes
of refraction and absorption of metals and surrounding
media were used from [40–42]. After that, we use (1) and
(3) for calculation of the parameters 𝑃

1
and Δ𝑇

0
/𝐸
0
. All

figures presented describe the dependences of efficiency
factors of absorption𝐾abs, scattering𝐾sca, and extinction𝐾ext,
parameters 𝑃

1
and Δ𝑇

0
/𝐸
0
for metallic NPs on wavelength of

radiation, NP radii, pulse duration 𝑡
𝑃
, and characteristics of

surrounding media. Simultaneous comparative investigation
of the dependences of 𝐾abs, 𝐾sca, 𝐾ext, and Δ𝑇0/𝐸0 on 𝜆,
𝑟
0
, and other characteristics is very complex and hard task.

We have divided this task into two steps. A first step is the
calculation and investigation of the dependences of𝐾abs,𝐾sca,
𝐾ext, 𝑃1, and Δ𝑇0/𝐸0 on 𝜆 for some fixed values of 𝑟

0
, 𝑡
𝑃
, and

selected NP metal and surrounding medium. Second one is
the investigation of the dependences of 𝐾abs, 𝐾sca, 𝐾ext, 𝑃1,
and Δ𝑇

0
/𝐸
0
on 𝑟
0
for some fixed values of 𝜆, 𝑡

𝑃
, and selected

NPmetal and surroundingmedium.This allows investigating
complex task step by step and present clear dependences of
𝐾abs,𝐾sca,𝐾ext, 𝑃1, and Δ𝑇0/𝐸0 on one parameter when other
parameters are constant. Figures 1–7 present the dependences
of 𝐾abs, 𝐾sca, 𝐾ext, 𝑃1, and Δ𝑇0/𝐸0 on 𝜆, 𝑟0, 𝑡𝑃, and optical
indexes of metals and surrounding media.

The heat flow from NP, placed in liquids, amorphous
solids, and so forth, can bewell described by the diffusive heat
equation, whenmean free path of heat transporter (molecule,
etc.) is very short, like ∼10−8 cm in mentioned media [43,
44], and this one is much smaller than characteristic NP
radii of 𝑟

0
∼10–100 nm. In gases at atmospheric pressure

the mean free path of molecules is about ∼10−5 cm and
diffusive heat equation can be applied to the heat exchange
of NP with gaseous medium for 𝑟

0
≥ 100 nm. Methods

of kinetic equation or molecular dynamics should be used
for the description of heat exchange of NP in this case. But
during ultrashort laser pulse action with 𝑡

𝑃
∼ 10−10–10−12 s

on NP we can neglect NP heat exchange with surrounding
gas during laser action and calculate parameter Δ𝑇

0
/𝐸
0
for

𝑡
𝑃
= 1 × 10

−12 s using (4a). The dependence Δ𝑇
0
/𝐸
0
(𝜆) for

𝑡
𝑃
∼ 1 × 10−10 s practically coincides with this one for 𝑡

𝑃
=

1⋅10
−12 s and only one dependenceΔ𝑇

0
/𝐸
0
(𝜆) is presented in

Figures 1–6 for ambient air and 𝑡
𝑃
= 1 ⋅ 10

−12 s. We can note
that the values ofΔ𝑇

0
/𝐸
0
for 𝑡
𝑃
∼ 10−12 s can be used as upper

boundaries of NP heating (Δ𝑇
0
= 𝑇max−𝑇∞) withoutNP heat

exchange.
The positions of maximum values of efficiency factors of
𝐾

max
abs ,𝐾

max
sca , and𝐾max

ext on 𝜆 axis are denoted in Figures 1–6 by
different vertical lines and locations 𝜆max

abs of maximum value
of absorption factor𝐾max

abs on axis 𝜆 are denoted by solid lines,
𝐾

max
sca , dashed lines, and 𝜆max

sca ,𝐾
max
ext , dashed-dotted lines, and

𝜆
max
ext in the case of different values of 𝜆max

abs , 𝜆
max
sca , and 𝜆

max
ext . In

the case of equal values of 𝜆max
abs , 𝜆

max
sca , and 𝜆

max
ext the location

of coincident values of 𝐾max
abs , 𝐾

max
sca , and 𝐾max

ext is denoted by
solid lines. In some cases additional solid lines denote the
locations of the formation of new maximums of efficiency
factors (see Figures 3(c), 3(g)) or the points of sharp bend
of the dependence of 𝐾abs on 𝜆 (see Figures 4(i) and 4(j)).
Horizontal dashed lines in Figures 1(d), 1(h), 1(l)–6(d), 6(h),
and 6(l) denote the value of 𝑃

1
= 1.

Figures 1–3 present the dependences of efficiency factors
of 𝐾abs, 𝐾sca, and 𝐾ext of radiation, parameters Δ𝑇

0
/𝐸
0
for

𝑡
𝑃
= 1 ⋅ 10

−8, 1 ⋅ 10−12 s, and 𝑃
1
for homogeneous metallic

Au (Figure 1), Ag (Figure 2), and Pt (Figure 3) NPs with radii
𝑟
0
= 10, 25, and 50 nm on wavelengths 𝜆. NPs are placed in

silica, water, and air ambient nonabsorbing media. Optical
constants (indexes of refraction 𝑛

𝜆
and absorption 𝜆) are

changed in the ranges for silica 𝑛
𝜆
≈ 1.51 − 1.45, water 𝑛

𝜆
≈

1.39 − 1.33, air 𝑛
𝜆
≈ 1.0, and 𝜘

𝜆
≈ 0 for all ambiences

with increasing wavelength 𝜆 in the spectral interval ∼200–
1000 nm.

The dependences of efficiency factors of 𝐾abs, 𝐾sca, and
𝐾ext on 𝜆 for fixed values of 𝑟

0
have complicated forms.

Values of 𝐾max
abs are placed at 𝜆max

abs ∼ 510–530 nm for Au
NPs and 𝜆max

abs ∼ 380–410 nm for Ag NPs for 𝑟
0
= 10,

25, and 50 nm and different ambiences. Consequently the
absorption of radiation is determined by plasmon resonances
of silver and gold NPs in the field of electromagnetic (laser)
radiation. Values of 𝐾abs are decreased in UV and NIR spec-
tral intervals out of plasmon wavelengths and especially for
Ag NPs these values undergo sharp decrease up to 102-103
times. We can note a slight decrease of 𝐾abs for Au NP in
the UV spectral interval in comparison with NIR spectral
interval. The behavior of dependences of 𝐾sca on wavelength
𝜆 is analogous for the dependence of𝐾abs(𝜆).Maximumvalue
of 𝐾max

sca for Ag NPs achieves 𝐾sca ∼ 11 ÷ 15 in the interval
of 𝜆 ∼ 410 ÷ 430 nm and 𝑟

0
= 25 nm. Dependence of 𝐾ext

on 𝜆 presents itself the sum of the dependences of 𝐾abs(𝜆)
and 𝐾sca(𝜆). The values of 𝐾max

abs and 𝐾max
ext for Au, Pt NPs for

𝑟
0
= 10 and 25 nm and for Ag NPs 𝑟

0
= 10 nm practically

coincide with each other and for different ambiences (see
Figures 1–3). But for 𝑟

0
= 50 nm values of𝐾max

sca and𝐾max
ext are

greater than𝐾max
abs .This factwas also noted in [31]. An increase

of 𝑟
0
may lead to increase or decrease of the maximum values

of 𝐾abs, 𝐾sca, and 𝐾ext. Coincidence of different vertical lines
in figures means the coincidence of corresponding values of
optical parameters. Placements of 𝐾ext at 𝜆 ∼ 292 nm and
443 nm for NPs in water for 𝑟

0
= 25 and 50 nm quantitatively

coincide with experimental data [45].
Placements of maximum values of𝐾abs,𝐾sca, and𝐾ext on

axis 𝜆 can be different in some cases (Figures 1(c), 1(g), 1(k)–
3(c), 3(g), and 3(k)). The formation of additional maximums
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Figure 1: Dependences of efficiency factors of absorption 𝐾abs (solid), scattering 𝐾sca (dashed), and extinction 𝐾ext (dashed-dotted) of
radiation and parameter Δ𝑇

0
/𝐸
0
(dotted) for 𝑡

𝑃
= 1 ⋅ 10

−8 (1), 1 ⋅ 10−12 (2) s for Au NPs with radii 𝑟
0
= 10 ((a), (e), and (i)), 25 ((b),

(f), and (j)), and 50 ((c), (g), and (k)) nm, and the dependences of parameter 𝑃
1
((d), (h), and (l)) for Au NPs with radii 𝑟

0
= 10 nm (1),

𝑟
0
= 25 nm (2), and 𝑟

0
= 50 nm (3) on wavelengths 𝜆. Au NPs are placed in silica ((a)–(d)), water ((e)–(h)), and air ((i)–(l)).

of𝐾abs,𝐾sca, and𝐾ext on axis𝜆 can be connectedwith possible
manifestation of resonances with higher orders (Figures 3(c)
and 3(g) Pt NPs). An increase of NP radii to 𝑟

0
= 50 nm

shifts the maximum values of 𝐾sca and 𝐾ext in the region of
greater values of 𝜆.The value of shift ofΔ𝜆max = 𝜆max(𝐾abs)−
𝜆max(𝐾sca) increases with increasing of 𝑟

0
, for 𝑟

0
= 10 nm

Δ𝜆max ∼ 5–13 nm for all surroundings, and for 𝑟
0
= 50 nm

this one achieves values of Δ𝜆max ∼ 15–70 nm. These values

increase with increasing of 𝑛
𝜆
from air to silica for Au, Ag, Pt

NPs. But 𝐾max
sca and 𝐾max

ext have been shifted compared to the
position of 𝐾max

abs (𝜆
max
abs ) up to 80–120 nm (Figures 1(c), 2(c),

and 2(g)) to bigger values of 𝜆 with increasing of 𝑟
0
.

Figure 3 shows for Pt NPs that maximums of absorption
𝐾

max
abs and scattering 𝐾max

sca for 𝑟
0
= 10 nm are accordingly

situated at wavelengths 𝜆max
abs = 248 nm and 𝜆max

sca = 150 nm
in silica. Increase of 𝑟

0
leads to shifting of 𝐾max

abs , 𝐾
max
sca , and
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Figure 2: Dependences of𝐾abs (solid),𝐾sca (dashed), and 𝐾ext (dashed-dotted) of radiation and parameter Δ𝑇
0
/𝐸
0
(dotted) for 𝑡

𝑃
= 1 ⋅ 10

−8

(1), 1 ⋅ 10−12 (2) s for Ag NPs with radii 𝑟
0
= 10 ((a), (e), and (i)), 25 ((b), (f), and (j)), and 50 ((c), (g), and (k)) nm, and the dependences of

parameter 𝑃
1
((d), (h), and (l)) for Ag NPs with radii 𝑟

0
= 10 nm (1), 𝑟

0
= 25 nm (2), and 𝑟

0
= 50 nm (3) on wavelengths 𝜆. Ag NPs are placed

in silica ((a)–(d)), water ((e)–(h)), and air ((i)–(l)).

𝐾
max
ext to bigger values of 𝜆; for example, 𝐾max

abs is shifted from
𝜆
max
abs ∼ 220–250 nm for 𝑟

0
= 10 nm to 𝜆max

abs ∼ 450–480 nm
for 𝑟
0
= 50 nm in silica and water. But for air this shift is

from 𝜆max
abs ∼ 220 nm for 𝑟

0
= 10 nm to 𝜆max

abs ∼ 310 nm for
𝑟
0
= 50 nm. Maximum values of𝐾max

abs ,𝐾
max
sca , and𝐾max

ext are at
the values of 𝜆max

abs , 𝜆
max
sca , and 𝜆

max
ext for 𝑟

0
= 50 nm. Moreover

two maximum values of 𝐾max
abs are formed for 𝑟

0
= 50 nm in

silica at𝜆max
abs = 317.9 and 495.9 nmand inwater at𝜆max

abs = 290
and 477 nm.

For Au NPs, dependences of 𝑃
1
on 𝜆 are determined by

the dependences of 𝐾abs and 𝐾sca on 𝜆. Increase of 𝑟0 from
𝑟
0
= 10 nm to 𝑟

0
= 50 nm leads to a decrease of the parameter

𝑃
1
from the values of about𝑃

1
∼ 20–300 for 𝜆 ∼ 300–1000 nm

up to values of about 𝑃
1
∼ 0.1–0.3 for 𝜆 ∼ 600–1000 nm.
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Figure 3: Dependences of 𝐾abs (solid),𝐾sca (dashed), and 𝐾ext (dashed-dotted) of radiation and parameter Δ𝑇
0
/𝐸
0
(dotted) for 𝑡

𝑃
= 1 ⋅ 10

−8

(1), 1 ⋅ 10−12 (2) s for Pt NPs with radii 𝑟
0
= 10 ((a), (e), and (i)), 25 ((b), (f), and (j)), and 50 ((c), (g), and (k)) nm, and the dependences of

parameter 𝑃
1
((d), (h), and (l)) for Pt NPs with radii 𝑟

0
= 10 nm (1), 𝑟

0
= 25 nm (2), and 𝑟

0
= 50 nm (3) on wavelengths 𝜆. Pt NPs are placed

in silica ((a)–(d)), water ((e)–(h)), and air ((i)–(l)).

It means sharp increase of radiation scattering by NPs with
an increase of NP 𝑟

0
. For Ag NPs, a sharp decrease with

increasing of 𝜆 in the spectral interval 𝜆 ∼ 300–400 nm is
observed and is approximately constant in the interval 𝜆 ∼
300–1000 nm. General feature for all presented dependences

of 𝑃
1
(𝜆, 𝑟
0
) is the decrease of 𝑃

1
with increasing of 𝑟

0
for the

whole spectral interval 𝜆 ∼ 200–1000 nm.
The dependences of 𝑃

1
on 𝜆 for Pt NPs increase with

increasing 𝜆 for 𝑟
0
= 10 and 25 nm and achieve values

of 𝑃
1
∼ 3–200 for the whole spectral interval because of
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Figure 4: Dependences of factors 𝐾abs (solid), 𝐾sca (dashed), and 𝐾ext (dashed-dotted) of radiation for homogeneous metallic Pd ((a), (b),
(c), and (d)), Cu ((e), (f), (g), and (h)), andMo ((i), (j), (k), and (l)) NPs, placed in water, with radii 𝑟

0
= 10 ((a), (d), and (g)), 25 ((b), (e),

and (h)), and 50 ((c), (f), and (i)) nm, parameter Δ𝑇
0
/𝐸
0
(dotted) for 𝑡

𝑃
= 1 ⋅ 10

−8 (1), 1 ⋅ 10−12 (2) s, and dependences of parameter 𝑃
1
((d),

(h), and (l)) for 10 (1), 25 (2), and 50 (3) nm on wavelengths 𝜆.

sharp decreasing of𝐾sca with increase of 𝜆 (see Figure 3).The
parameter 𝑃

1
is smaller than 1, 𝑃

1
< 1, for 𝑟

0
= 50 nm and

the narrow wavelength interval ∼350–500 nm for different
surroundings.

Figures 1–3 describe the influence of the medium refrac-
tion indexes and thermal properties on plasmonic and ther-
mooptical properties of Au, Ag, and Pt NPs. Concrete
values of 𝐾max

abs and 𝑘
∞

determine the influence of different
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Figure 5: Dependences of factors 𝐾abs (solid), 𝐾sca (dashed), and 𝐾ext (dashed-dotted) of radiation for homogeneous metallic Ni ((a), (b),
(c), and (d)), V ((e), (f), (g), and (h)), and Ti ((i), (j), (k), and (l)) NPs, placed in water, with radii 𝑟

0
= 10 ((a), (d), and (g)), 25 ((b), (e), and

(h)), and 50 ((c), (f), and (i)) nm, parameter Δ𝑇
0
/𝐸
0
(dotted) for 𝑡

𝑃
= 1 ⋅ 10

−8 (1), 1 ⋅ 10−12 (2) s, and dependences of parameter 𝑃
1
((d), (h),

and (l)) for 10 (1), 25 (2), and 50 (3) nm on wavelengths 𝜆.

surroundings on the value of Δ𝑇
0
/𝐸
0
for different 𝑡

𝑃
(see

(3)). The wavelength shift Δ𝜆max exists between maximums
of 𝐾max

abs from one side and maximums of 𝐾max
sca and 𝐾max

ext
from a second side for silica and water. Maximum values
and dependences of 𝐾abs, 𝐾sca, and 𝐾ext on wavelength are
qualitatively close to each other for 𝑟

0
= 10, 25, and 50 nm.

The decrease of refraction index from 𝑛
𝜆
= 1.51 for silica

to 𝑛
𝜆
= 1.00 for air leads to shifting of 𝜆max for all efficiency

factors for 𝐾abs from ∼545 nm to ∼510 nm and for 𝐾sca and
𝐾ext from 600 nm to 510 nm. Decrease of 𝑛

𝜆
for silica to 𝑛

𝜆
=

1.00 (air) leads to decrease of values of 𝐾abs, 𝐾sca, and 𝐾ext
up to 4 times for 𝑟

0
= 10 and 25 nm, but for 𝑟

0
= 50 nm
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Figure 6: Dependences of factors 𝐾abs (solid), 𝐾sca (dashed), and 𝐾ext (dashed-dotted) of radiation for homogeneous metallic Co ((a), (b),
(c), and (d)), Zn ((e), (f), (g), and (h)), andAl ((i), (j), (k), and (l)) NPs, placed in water, with radii 𝑟

0
= 10 ((a), (d), and (g)), 25 ((b), (e), and

(h)), and 50 ((c), (f), and (i)) nm, parameter Δ𝑇
0
/𝐸
0
(dotted) for 𝑡

𝑃
= 1 ⋅ 10

−8 (1), 1 ⋅ 10−12 (2) s, and dependences of parameter 𝑃
1
((d), (h),

and (l)) for 10 (1), 25 (2), and 50 (3) nm on wavelengths 𝜆.

the dependence of maximum values of 𝐾abs, 𝐾sca, and 𝐾ext is
rather weak and leads to the smoothing of plasmonic peaks
of the dependences of𝐾(𝜆), first of all, for 𝑟

0
= 10, 25 nm.

The spectral dependence of Δ𝑇
0
/𝐸
0
(𝜆) is determined

by the dependence of 𝐾abs(𝜆) for all values of 𝑟
0
, because

of dependence Δ𝑇
0
/𝐸
0
∼ 𝐾abs(𝜆) in (3), (4a), and (4b).

The influence of NP radius 𝑟
0
is directly realized on the

value of Δ𝑇
0
/𝐸
0
and it is determined by the dependence of

𝐾abs(𝑟0) and value of 𝑟
0
in (3), (4a), and (4b). Parameters of

surroundings influence the value of Δ𝑇
0
/𝐸
0
by the value of

𝐾abs(𝑛𝜆).
The values of Δ𝑇

0
/𝐸
0
for 𝑡
𝑃
= 1 × 10

−8 s are, as a rule,
smaller in comparison with other ones for 𝑡

𝑃
= 1 × 10

−12 s.
It is determined by the influence of heat exchange of NP with
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Figure 7: Dependences of𝐾abs (solid lines refer to the left axis), parameter𝑃
1
(dashed lines refer to the left axis), and thermooptical parameter

Δ𝑇
0
/𝐸
0
(dotted lines refer to the right axis) for 𝑡

𝑃
= 1 ⋅10

−8 (1), 1 ⋅10−12 (2) s for NPs - Au, 𝜆 = 532 nm (a), Ag, 𝜆 = 400 nm (b), Pt, 𝜆 = 500 nm
(c), Cu, 𝜆 = 570 nm (d), Pd, 𝜆 = 470 nm (e), Ti, 𝜆 = 500 nm (f), Ni, 𝜆 = 470 nm (g), and Zn, 𝜆 = 350 nm (h) on 𝑟

0
.

surrounding medium during radiation pulse action for pulse
duration 𝑡

𝑃
= 1 × 10

−8 s and bigger ones.
The maximum value of (Δ𝑇

0
/𝐸
0
)max for Au NPs, placed

in silica, is equal to (Δ𝑇
0
/𝐸
0
)max = 5.53 × 10

5 Kcm2/J for 𝑟
0
=

10 nm, 𝜆 = 532 nm, and 𝑡
𝑃
= 1×10

−12 s. Maximum values for

Ag NPs, placed in different media, of about (Δ𝑇
0
/𝐸
0
)max ∼

(2 − 5) × 10
6 Kcm2/J are achieved with 𝑟

0
= 10 nm and

𝑡
𝑃
= 1 × 10

−12 s among other NPs. For example, Ag NPs
with 𝑟

0
= 10 nm, placed in water, can achieve the heating of

Δ𝑇
0
= 100K under action of laser pulse with 𝜆 = 382 nm,
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𝑡
𝑃
= 1 × 10

−10, 1 × 10−12 s, and 𝐸
0
= 5.6 × 10

−5 J/cm2. It is
connected with the achievement of maximum values of 𝐾abs
for Ag NPs in comparison with other presented NPs.

Figures 4–6 present efficiency factors of absorption 𝐾abs,
scattering 𝐾sca, and extinction 𝐾ext for radiation with wave-
lengths 𝜆 in the spectral interval 200–1000 nm for homoge-
neous metallic spherical NPs with radii 10, 25, and 50 nm,
placed in water, for nine different metals.

Figure 4 presents factors of 𝐾abs, 𝐾sca, and 𝐾ext of radi-
ation with wavelengths in the range 300–1000 nm bymetallic
Pd, Mo, and Cu NPs with radii 𝑟

0
= 10, 25, and 50 nm placed

in water.
The spectral dependences of𝐾abs and𝐾ext for Cu NPs are

smooth enough for 𝑟
0
= 10 and 25 nm. An interesting feature

of these dependences of 𝐾abs and 𝐾ext on 𝜆 for 𝑟0 = 10 and
25 nm is the formation of so called “step” (weak dependence
of 𝐾abs and 𝐾ext on 𝜆) for the spectral interval of 𝜆 ≈
300–565 nm.There is one weakly defined maximum in these
curves for 310 nm (𝑟

0
= 10 nm) and for 387 nm (𝑟

0
= 25 nm).

We see sharp folding of the dependences of 𝐾abs and 𝐾ext on
𝜆 for 𝑟

0
= 10 and 25 nm at 𝜆 ≈ 565 nm. For 𝑟

0
= 10 and

25 nm values of 𝐾abs ≫ 𝐾sca and dependences of 𝐾ext and
𝐾abs on 𝜆 are close to each other. The factor of scattering𝐾sca
monotonously decreases with increasing 𝜆 for 𝑟

0
= 10 and

25 nm.
In the case of 𝑟

0
= 50 nm spectral dependences of 𝐾abs,

𝐾sca, and 𝐾ext for Cu NPs have one distinct pronounced
maximum: 𝐾max

abs ≈ 2.7 for 𝜆
max
abs = 563 nm and 𝐾max

sca ≈ 3.5,
𝜆
max
sca = 590 nm and 𝐾max

ext ≈ 6 for 𝜆
max
ext = 590 nm. Positions

of 𝐾max
abs , 𝐾

max
sca , and 𝐾max

ext have been separated in Figure 4 for
𝑟
0
= 50 nm.
Factor 𝐾abs > 𝐾sca and 𝑃1 > 1 for 𝑟0 = 10 and 25 nm

and for all presented intervals of wavelengths. But for spectral
interval 𝜆 ≈ 570–1000 nm, the value of 𝑃

1
is smaller than 1,

𝑃
1
< 1.
Maximum of𝐾max

abs for Pd NP is shifted from the position
𝜆
max
abs = 230 nm at 𝑟

0
= 10 nm to bigger values of 𝜆 with

increasing 𝑟
0
up to 𝜆max

abs = 310 nm and with formation of
two weakly defined maxima of 𝐾max

abs at 𝜆max
abs = 292 nm and

𝜆
max
abs = 470 nm for 𝑟

0
= 50 nm. The maximum of 𝐾max

sca is
shifted from the values of 𝜆max

sca = 190 nm for 𝑟
0
= 10 nm

to 𝜆max
sca = 230 nm for 𝑟

0
= 25 nm, and 𝜆max

sca = 435 nm at
𝑟
0
= 50 nm.The maximum of𝐾max

ext is shifted from the values
of 𝜆max

ext = 190 nm for 𝑟
0
= 10 nm to 𝜆max

ext = 450 nm at
𝑟
0
= 50 nm. We see that the values of 𝐾max

abs , 𝐾
max
sca , and 𝐾max

ext
have been placed at different positions on 𝜆 axis. Parameter
𝑃
1
increases up to values of 𝑃

1
∼ 10–100 for 𝑟

0
= 10, 25, and

50 nm with increasing of 𝜆 in the range of 𝜆 ∼ 200–1000 nm.
For the spectral interval of 𝜆 ∼ 200–600 nm parameter 𝑃

1
is

smaller than 1, 𝑃
1
< 1.

Two maximum values of (Δ𝑇
0
/𝐸
0
)max are realized in

Figures 4(c) and 4(g), for Cu andPdNPs because twomaxima
of𝐾max

abs have been formed for 𝑟
0
= 50 nm.

For Mo NPs (Figures 4(e), 4(f), 4(g), and 4(h)) maxima
of 𝐾max

abs are realized in the spectral region 180 ÷ 200 nm
for 𝑟
0
= 10 and 25 nm. Positions of maxima of 𝐾max

sca and
𝐾

max
ext are shifted from ∼200 for 𝑟

0
= 10 nm to ∼230 nm

when increasing NP radius up to 25 nm. When the radius is
increased up to 50 nm, two maxima of𝐾max

abs ,𝐾
max
sca , and𝐾max

ext

are formed in all curves in Figure 4 (g). They are localized
in the case of 𝐾max

abs at 𝜆max
abs = 200 nm and 440 nm, 𝐾max

sca
at 𝜆max

sca = 230 and 420 nm, and 𝐾max
ext at 𝜆max

ext = 210 and
420 nm. Maximum value of absorption of Mo NPs attains
𝐾

max
abs ≈ 3.2 for 𝑟

0
= 10 nm and maximum values scattering

and extinction attain𝐾max
sca ≈ 2.73 and𝐾

max
ext ≈ 4.5 accordingly

for 𝑟
0
= 50 nm. Two maximum values of (Δ𝑇

0
/𝐸
0
)max are

realized in Figure 5(g) for Mo NPs.
Figure 5 presents spectral dependences of efficiency fac-

tors of 𝐾abs, 𝐾sca, and 𝐾ext of radiation in the range 150–
1000 nm by metallic Ni, V, and Ti NPs with radii 𝑟

0
= 10,

25, and 50 nm, placed in water. Spectral dependences of effi-
ciency factors of𝐾abs,𝐾sca, and𝐾ext for Ni, V, and Ti NPs for
radii 𝑟

0
= 10 nm and 25 nm are smooth curves with maxima

in the UV region. With increasing wavelength till 1000 nm
absorption, scattering, and extinction slowly decrease. In the
case of 𝑟

0
= 50 nm spectral dependences of efficiency factors

of𝐾abs and𝐾sca for VNPs have some weakly definedmaxima
located both in UV and in visible region of spectra.

For Ni, V, and Ti NPs we see general features that were
early noted for Figures 1–5. The first feature is the shifting
of the values of 𝐾max

abs , 𝐾
max
sca , and 𝐾max

ext to bigger values of 𝜆
with increasing the NP radius; the second one is the shifting
between 𝐾max

abs , 𝐾
max
sca , and 𝐾max

ext themselves that means that
values of 𝜆max

abs , 𝜆
max
sca , and 𝜆

max
ext have different values, for

example, for Ti NPs with 𝑟
0
= 50 nm, 𝜆max

abs = 505 nm,
𝜆
max
sca = 355 nm, and 𝜆max

ext = 450 nm. The third feature is the
formation of secondmaximums of𝐾max

abs ; for example, second
maximum is formed at 𝜆 ≈ 480 nm.

Parameters 𝑃
1
for Ni, V, and Ti NPs and for the radiation

spectral interval 𝜆 ≈ 150–1000 nm are bigger than 1, 𝑃
1
> 1,

instead of narrow interval 𝜆 ≈ 200–480 nm for V NPs with
𝑟
0
= 50 nm. Moreover, for 𝑟

0
= 10 and 25 nm parameters 𝑃

1

achieve the values of 𝑃
1
≈ 10–500 with increasing 𝜆. It means

that Ni, Ti, andVNPs are good absorbers of radiation in wide
range of ultraviolet, visible, and infrared optical spectrum.

Figure 6 presents the spectral dependences of 𝐾abs, 𝐾sca,
and 𝐾ext for metallic Co, Zn, and Al NPs with radii 𝑟

0
= 10,

25, and 50 nm, when placed in water. Spectral dependences of
efficiency factors of 𝐾abs, 𝐾sca, and 𝐾ext for Co nanoparticles
are smooth and have some weakly defined maxima located
both in UV and in visible region of spectra for 𝑟

0
= 10 and

25 nm. In the case of 𝑟
0
= 50 nm maximum of absorption

is in the UV region of spectra and maxima of scattering
and extinction are in the visible one. The maximum value
of absorption for Co NPs is 𝐾max

abs ≈ 2.5 for 𝑟0 = 25 nm,
𝜆
max
abs ≈ 300 nm, and maximum values of scattering and

extinction are 𝐾max
sca ≈ 2.2 and 𝐾

max
ext ≈ 3.9 for 𝑟

0
= 50 nm,

𝜆
max
sca = 𝜆

max
ext = 450 nm.

For ZnNPs,maxima of spectral dependences of efficiency
factors of 𝐾abs, 𝐾sca, and 𝐾ext are sharply defined, more
than for Co NPs, and are shifted in the direction of greater
wavelengths. For example, the maximum value of absorption
for Zn NPs is𝐾max

abs ≈ 4.5 for 𝑟0 = 10 nm, 𝜆max
abs ≈ 305 nm, and

maximum values of scattering and extinction are 𝐾max
sca ≈ 4.3

and 𝐾max
ext ≈ 5.7 for 𝑟0 = 50 nm, 𝜆max

sca ≈ 465 nm. We note the
shifting of𝐾max

sca and𝐾max
ext to bigger values of 𝜆 in comparison

with position𝐾max
abs for Co and Zn NPs.
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The spectral dependences of efficiency factors of 𝐾abs,
𝐾sca, and 𝐾ext for Al NPs show strongly defined maxima
located mainly in UV. Maximum values of absorption and
scattering are close for 𝑟

0
= 10 nm, and then for 𝑟

0
= 25 and

50 nm maximum values of scattering are essentially higher
than absorption. For example, maximum value of absorption
for Al NPs is 𝐾max

abs ≈ 7.5 for 𝑟0 = 10 nm, 𝜆max
abs ≈ 190 nm,

and maximum values of scattering and extinction are𝐾max
sca ≈

6, 𝐾max
ext ≈ 7 for 𝑟0 = 25 nm, and 𝜆max

sca ≈ 250 nm. Factors of
𝐾sca and𝐾ext rise to maximum values in the spectral interval
190–500 nm, before decreasing with increasing wavelength in
the range 200–1000 nm. Some oscillation structures of the
dependences of 𝐾abs on 𝜆 are formed for Al and Zn NPs
with increasing of 𝑟

0
. It is interesting to note for Al NPs

the shifting of 𝐾max
sca and 𝐾max

ext to bigger values of 𝜆 and
the formation of two maximums of 𝐾max

sca and 𝐾max
ext with

simultaneous formation of oscillation structure of the 𝐾abs
dependence on 𝜆 with increasing of 𝑟

0
to 𝑟
0
= 50 nm.

Zn NPs with 𝑟
0
= 25 nm are good absorbers and bad

scatterers for all spectral interval of 𝜆 ≈ 200–1000 nm. The
parameter 𝑃

1
for Al NPs is smaller than one (𝑃

1
< 1) for 𝑟

0
=

25 nm in the range of 𝜆 ≈ 200–500 nm and for 𝑟
0
= 50 nm,

𝜆 ≈ 150–1000 nm.
Figures 1–6 present spectral dependences of the param-

eter Δ𝑇
0
/𝐸
0
(3) for pulse duration 𝑡

𝑃
= 1 ⋅ 10

−8, 1 ⋅ 10−12 s
for NPs with radii 𝑟

0
= 10, 25, and 50 nm placed in water.

The range of pulse duration 𝑡
𝑃
= 1 ⋅ 10

−8–1 ⋅ 10−12 s is of
great interest for laser applications in nanotechnology. The
dependences of parameter Δ𝑇

0
/𝐸
0
(3) on 𝜆 are analogous to

the dependences𝐾abs(𝜆) because of (2a) and (2b). For 𝜆
max
abs ≈

190 nm and 𝑟
0
= 10 nm maximum value of thermooptical

parameter for Al NPs achieves value (Δ𝑇
0
/𝐸
0
)max ≈ 1.5 ×

10
6 Kcm2/J.
Figure 7 presents the dependences of 𝐾abs, parameter 𝑃

1
,

and thermooptical parameter Δ𝑇
0
/𝐸
0
for 𝑡
𝑃
= 1 ⋅ 10

−8,
1 ⋅ 10
−12 s for metallic NPs, placed in water, and fixed values

of 𝜆, for Au NPs, 𝜆 = 532 nm; Ag NPs, 𝜆 = 400 nm; Pt
NPs, 𝜆 = 500 nm; Cu NPs, 𝜆 = 570 nm; Ti NPs, 𝜆 =
500 nm; Pd NPs, 𝜆 = 470 nm; Ni NPs, 𝜆 = 470 nm; and
Zn NPs, 𝜆 = 350 nm on 𝑟

0
in the range of radii 𝑟

0
=

5–100 nm.The locations of maximum values of𝐾max
abs (𝑟0) and

(Δ𝑇
0
/𝐸
0
)max (𝑡𝑃, 𝑟0) are denoted by vertical lines (solid and

dotted accordingly). The choice of mentioned wavelengths is
determined by their location nearby plasmonwavelengths for
these NPs (see Figures 1–6). We consider the results for Au
and Ag NPs more closely.

Results for Au NPs are presented in Figure 7(a). The
maximum value of 𝐾max

abs (𝑟0, 𝜆) was calculated and was equal
to the next value of 𝑟

0
: 𝐾max

abs (𝜆 = 532 nm) ≈ 3.97 for 𝑟
0
=

33 nm. The maximum values of (Δ𝑇
0
/𝐸
0
)max for 𝜆 = 532 nm

are approximately equal to (Δ𝑇
0
/𝐸
0
)max ≈ 4.1 × 10

5 Kcm2/J
at 𝑟
0
≈ 23 nm for 𝑡

𝑃
= 1 ⋅ 10

−12 s and (Δ𝑇
0
/𝐸
0
)max ≈ 6 ×

104 Kcm2/J at 𝑟
0
≈ 39 nm for 𝑡

𝑃
= 1 ⋅ 10

−8 s (see Figure 7(a)).
The maximum values of 𝐾max

abs (𝑟0) and (Δ𝑇0/𝐸0)max (𝑟0) have
different locations on 𝑟

0
axis for 𝜆 = 532 nm in Figure 7(a).

Themaximumvalues of (Δ𝑇
0
/𝐸
0
)max have been shifted by the

valueΔ𝑟
0
≈ 10 nm to smaller values of 𝑟

0
for 𝑡
𝑃
= 1⋅10

−12 s and

to bigger values of 𝑟
0
by the valueΔ𝑟

0
≈ 6 nm for 𝑡

𝑃
= 1⋅10

−8 s
in comparison with the location of 𝐾max

abs (𝑟
0
) in Figure 7(a).

The maximum values of (Δ𝑇
0
/𝐸
0
)max for 𝜆 = 532 nm are

achieved for𝐾abs ≈ 3.3, 𝑡𝑃 = 1⋅10
−12 s, and 𝑟

0
≈ 23 nm and for

𝐾abs ≈ 3.6, 𝑡𝑃 = 1 ⋅ 10
−8 s, and 𝑟

0
≈ 39 nm. It means that for

achievement of the maximum values of (Δ𝑇
0
/𝐸
0
)max under

minimal values of 𝐸
0
we have to use the values of 𝐾abs that

are smaller than𝐾max
abs mentioned above.

The differences between the values of Δ𝑇
0
/𝐸
0
for 𝑡
𝑃
= 1 ⋅

10
−8 s and 𝑡

𝑃
= 1 ⋅ 10

−12 s decrease with increasing 𝑟
0
. These

differences are about ∼102-103 times for 𝑟
0
= 10 nm and are

equal to only ∼2-3 times for 𝑟
0
= 100 nm. It can be explained

by a sharp increase of 𝜏
𝑇
∼ 𝑟
2

0
and approaching of 𝜏

0
to 𝑡
𝑃
=

1 ⋅ 10
−8 s for 𝑟

0
≥ 90–100 nm and fulfillment of short pulse

condition (without heat loss).
The characteristic time 𝜏

𝑇
is equal to 𝜏

𝑇
∼ 1.2 ⋅ 10

−10–3.2 ⋅
10
−9 s for the range 𝑟

0
= 10–50 nm and for ambient water

𝑘
∞
= 6 ⋅ 10

−3W/cmK, 𝜏
𝑇
∼ 0.9 ns for 𝑟

0
= 25 nm. The

fulfillment of the condition 𝑡
𝑃
< 𝜏
𝑇
(1) for themost interesting

range of 𝑟
0
: 25 < 𝑟

0
< 50 nm means that the value of 𝑡

𝑃
will

be in the range of pulse durations: 𝑡
𝑃
< 1 ⋅ 10

−9 s.
The condition of “short” pulses 𝑡

𝑃
< 𝜏
𝑇
is applicable

for 𝑡
𝑃
= 1 ⋅ 10

−12 s for all values of 𝑟
0
: 5 < 𝑟

0
<

100 nm. Under condition of “short” pulses 𝑡
𝑃
< 𝜏
𝑇
, the

parameter Δ𝑇
0
/𝐸
0
depends on the combination 𝐾abs/𝑟0

and, accordingly, equation (3) describing the increasing and
decreasing of Δ𝑇

0
/𝐸
0
.

The condition of “long” pulses with 𝑡
𝑃
= 1 ⋅ 10

−8 s is also
fulfilled for the interval 𝑟

0
= 5–100 nm. The use of “long”

pulses with 𝑡
𝑃
= 1 ⋅ 10

−8 s leads to a significant decrease of
the value of Δ𝑇

0
/𝐸
0
up to 1-2 orders and more in comparison

with cases for 𝑡
𝑃
= 1 ⋅ 10

−12 s for the whole range of 𝑟
0
=

5–100 nm. It is determined by heat conduction losses from
NP during irradiation with this value of 𝑡

𝑃
and because of the

dependence Δ𝑇
0
/𝐸
0
∼ 1/𝑡
𝑃
(see (3)).

From (4a) and (4b) we see that

𝑡
𝑃
< 𝜏
𝑇
,
Δ𝑇
0

𝐸
0

∼
𝐾abs (𝑟0)

𝑟
0

,

𝑡
𝑃
> 𝜏
𝑇
,
Δ𝑇
0

𝐸
0

∼ 𝐾abs (𝑟0) 𝑟0.

(5)

Our results are in accordance with presented dependences
(5).

Figure 7(b) presents the dependences of parameter Δ𝑇
0
/

𝐸
0
(𝑟
0
, 𝜆) (3) and 𝐾abs (𝑟0, 𝜆) for Ag NPs and for the pulse

durations 𝑡
𝑃
= 1 ⋅ 10

−8, 1 ⋅ 10−12 s, and 𝜆 = 400 nm on 𝑟
0
.

Maximum values of (Δ𝑇
0
/𝐸
0
)max for Ag NPs are equal to ≈

1.1 × 10
6 Kcm2/J, 𝑡

𝑃
= 1 ⋅ 10

−12 s, and 𝑟
0
∼ 19 nm and ≈ 5.1 ×

10
4 Kcm2/J, and 𝑡

𝑃
= 1 ⋅ 10

−8 s at 𝑟
0
∼ 21 nm in the range 5–

100 nm (see Figure 7(b)). Heating of NP with 𝑟
0
∼ 19 nm and

for 𝑡
𝑃
≤ 1 ⋅ 10

−10 s could achieve 1 ⋅ 103 K under radiation
energy density 𝐸

0
= 1 × 10

−3 J/cm2.
There are three maximums of 𝐾max

abs and correspondingly
three maximum values of (Δ𝑇

0
/𝐸
0
)max for 𝑡𝑃 = 1 × 10

−12 s,
placed at 𝑟

0
≈ 19, 58, and 95 nm, in the range of 𝑟

0
=

5–100 nm. Oscillated dependences of Δ𝑇
0
/𝐸
0
behave in an
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analogous manner to the dependences of 𝐾abs on 𝑟0 for the
presented values of 𝜆 (see Figure 7(b)). Values of Δ𝑇

0
/𝐸
0
for

𝑡
𝑃
= 1×10

−8 s are smaller than the ones for 𝑡
𝑃
= 1×10

−12 s for
thewhole range of 𝑟

0
= 5–100 nm.The values of shift between

the locations of𝐾max
abs and (Δ𝑇

0
/𝐸
0
)max for AgNPs are smaller

than in the case of Au NPs because of sharp dependences of
𝐾abs on 𝑟0, especially for 𝜆 = 400 nm (see Figure 7(b)).

The dependences of 𝐾abs, 𝑃1, and Δ𝑇0/𝐸0 on 𝑟0 for fixed
values of 𝜆 for Pt, Cu, Pd, Ti, and Ni NPs are generally
analogous to the dependences of AuNPs.The dependences of
Zn NP parameters on 𝑟

0
are analogous to the dependences of

AgNPs. For all metallic NPsmaximumvalues of (Δ𝑇
0
/𝐸
0
)max

are shifted compared to location 𝐾max
abs in Figure 7(b) to

smaller values of 𝑟
0
for “short” pulses 𝑡

𝑃
< 𝜏
𝑇
and to bigger

values of 𝑟
0
for “long” pulses 𝑡

𝑃
> 𝜏
𝑇
.

Figures 1–6 present the dependences of 𝑃
1
on 𝜆 for

metallic NPs with radii 𝑟
0
= 10, 25, and 50 nm and

metals Ag, Al, Au, Co, Cu, Mo, Ni, Pd, Pt, Ti, V, and Zn.
Dependences of 𝑃

1
on 𝜆 are determined by the correlation

between dependences of𝐾abs(𝜆) and𝐾sca(𝜆). Dependences of
𝑃
1
on 𝜆 for different values of 𝑟

0
have complicated disposition.

For NPs with 𝑟
0
= 10 nm all presented metallic NPs exhibit

high absorbance and parameter 𝑃
1
≫ 1 for all metallic NPs

and in part 𝑃
1
> 1 for some spectral intervals. The maximum

values reached 𝑃
1
≥ 100 for Co, Mo, Ni, Pd, Pt, Ti, V, and Zn

NPs for interval 600 > 𝜆 > 1000 nm and for Au and Cu NPs
maximum 𝑃

1
∼ 100 for 300 > 𝜆 > 500 nm for 𝑟

0
= 10 nm.

All mentioned NPs are the best absorbers with 𝑃
1
≥ 10 ÷ 100

for 600 > 𝜆 > 1000 nm and 𝑟
0
= 10 and 25 nm instead of Au

and CuNPs. Increasing of 𝑟
0
leads to an increase in scattering

and decrease in absorbance for all presented metallic NPs.
Therefore, larger NPs are more suitable for light-scattering
based applications. At 𝑟

0
= 50 nm instead of spectral interval

600 < 𝜆 < 1000 nm for Co, Mo, Ni, Pd, Ti, and Zn NPs all
values of 𝑃

1
are smaller or much smaller than 1, 𝑃

1
≪ 1. Best

scattering NPs among the studied metallic NPs are Ag NPs
for 𝑟
0
> 20 nm. It is interesting to note that NPs can be used

as absorbers in one interval of wavelengths and as scatterers
in different intervals of wavelengths. All NPs with 𝑟

0
= 25 nm

could be the scatterers in the interval 300 < 𝜆 < 500 nm and
the absorbers in the interval 500 < 𝜆 < 1100 nm.Variantwith
value 𝑃

1
≈ 1 means approximately equal possibility of using

NP as absorber and scatterer simultaneously.
A predominant role of absorption by NP can be used

for heating of NP for thermoplasmonic applications. Such
NPs can be used as absorbers of radiation. A predominant
role of scattering by NPs can be used for the purposes of
optical diagnostics and imaging using scattered radiation.
The selection of ratio between scattering and absorption with
𝑃
1
< 1 provides a tool for NP for contrast applications in

scattering optical diagnostics.

4. Conclusions

The strongly enhanced absorption and scattering of spherical
metallic NPs make them a novel and highly effective class of
contrast agents for photothermal applications and imaging-
based optical diagnostics. A number of factors need to
be optimized for the success in these fields. These ones

include the efficiency factors of absorption 𝐾abs, scattering
𝐾sca, and extinction 𝐾ext of radiation by NP, parameters of
𝑃
1
, and Δ𝑇

0
/𝐸
0
. There is a need to study the dependence

of these parameters on the type of metal and size of NP,
radiation wavelength, parameters of surrounding medium,
and so forth. Systematic study of all these characteristics is
a prerequisite for the successful transition of the research
promise of metallic NPs to thermal applications and has been
carried out in this paper.

We conducted the investigation and analysis of plasmonic
(𝐾abs, 𝐾sca, and 𝐾ext) and thermooptical (Δ𝑇

0
/𝐸
0
) charac-

teristics of 12 metallic NPs for radiation wavelengths in the
spectral interval 200–1000 nm and in the range of NP radii
𝑟
0
= 5–100 nm, especially for 𝑟

0
= 10, 25, and 50 nm, based

on computer and analytical modeling (Figures 1–7). Different
metals were used forNPs, Au, Ag, Cu, Pt, Co, Zn, Al, Ni, Ti, V,
Pd, and Mo. Three surrounding NP media were used, silica,
water, and air. Value of refractive index of surroundings in
the range 𝑛

𝜆
= 1.51 − 1.0 influences the plasmonic properties

with the change. The use of silica as surroundings leads to
rather small deviations from the dependences with water as
ambience. More pronounced deviations of NP optical and
thermooptical characteristics have been determined for air
surrounding.

The selection of differentNPs is based on the investigation
of the influence of different parameters of NP itself, radiation
pulses, and ambient medium on NP properties.

The data in Figures 1–7 allow estimating the possibility
to use different metallic NPs for thermoplasmonics and pho-
tonic applications. Maximum values of 𝐾abs were achieved
for Au, Ag, Zn, and Cu. Transformation of plasmonic (𝐾abs,
𝐾sca, and 𝐾ext) and thermooptical (Δ𝑇

0
/𝐸
0
) properties in

dependence on 𝜆, 𝑟
0
with changing of NP, radiation, and

ambience parameters is presented in Figures 1–7. Positions
𝜆
max
abs , 𝜆

max
sca , and 𝜆

max
ext of maximum values of 𝐾max

abs , 𝐾
max
sca , and

𝐾
max
ext have been determined on 𝜆 axis and in some cases the

positions of𝐾max
abs , 𝐾

max
sca , and𝐾max

ext do not coincide.
Parameter of 𝑃

1
can be used for determination of the

use of NP predominantly as an absorber for 𝑃
1
> 1 or

as a scatterer for 𝑃
1
< 1. It is interesting to note the

achievement of values of 𝑃
1
≥ 10–100 for mentioned NPs

with 𝑟
0
= 10 and 25 nm instead of Ag and Al NPs in

some spectral intervals. Larger NPs are more suitable for
light-scattering based applications. Best scattering NPs inside
presented metallic NPs are Ag NPs for 𝑟

0
> 20 nm. It is

interesting to note Al NPs with 𝑟
0
= 25 nmwhich can be used

as absorbers in one wavelength interval (1100 > 𝜆 > 500 nm)
and as scatterers in the different one (500 > 𝜆 > 300 nm).

The main goal of light-to-thermal energy conversion and
thermoplasmonics is to achieve maximum value of efficiency
parameter of Δ𝑇

0
/𝐸
0
for NPs at minimal values of 𝐸

0
. The

influence of the parameters of radiation, 𝑡
𝑃
, 𝜆, and 𝐸

0
of NP,

𝜌
0
, 𝑐
0
, 𝑟
0
, 𝐾abs, and surrounding medium, 𝑘

∞
and 𝑛

𝜆
, reach a

maximum value of Δ𝑇
0
/𝐸
0
has been established based on an

analytical model. It is possible to achieve the values of about
Δ𝑇
0
/𝐸
0
∼ 1 ⋅10

6 Kcm2/J for NPs and for 𝑡
𝑃
≤ 1 ⋅10

−10 s under
radiation energy density 𝐸

0
= 1 ⋅ 10

−3 J/cm2 and the heating
of such NP could achieve 1 ⋅ 103 K.
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The selection of appropriate properties of NPs is based on
the choice of value of 𝑟

0
for the values of determined 𝜆 and 𝑡

𝑃

and the choice of metallic NPs, 𝜆, and 𝑡
𝑃
for the determined

value of 𝑟
0
.

It was established that maximum values of Δ𝑇
0
/𝐸
0
and

of NP temperature can be achieved with the use of the value
of absorption efficiency factor 𝐾abs smaller than maximum
value of 𝐾max

abs taking into account irradiation duration,
characteristics of NPs, and their cooling. Shift of the positions
of maximum value of Δ𝑇

0
/𝐸
0
from the location of maximum

value of𝐾max
abs on axis 𝑟

0
is determined by noticeable influence

of 𝑟
0
on the processes of NP heating and cooling.

Our results allow estimating of optimal characteristics of
absorption and scattering radiation by NPs and laser energy
conversion into photothermal phenomena by selection of
the NP and radiation parameters and ambience properties.
We present a platform for selection of the plasmonic and
thermooptical properties of metallic NPs, placed in different
media, for their photonic and thermoplasmonic applications.
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Nanobiotechnology is emerging as a field of applied biological science and nanotechnology. Synthesis of nanoparticles is
done by various physical and chemical methods but the biological methods are relatively simple, cost-effective, nontoxic, and
environmentally friendly methods. The present review focuses on the synthesis of nanoparticles with special emphasis on the use
of plants parts for the synthesis process, its applications, and future prospectus.

1. Introduction

Nanotechnology focuses mainly on the design, synthesis
and manipulation of structure and size of the particles with
dimensions smaller than 100 nm [1]. Nanotechnology com-
bines the principles with physical and chemical procedures to
generate nanosized particles with the specific function. Nan-
otechnology is now creating a growing sense of excitement in
the life sciences especially biomedical devices and medicine.
Nanoparticles exhibit completely new or improved properties
based on specific characteristics such as size, shape, and
orientation [2].

Thebiological synthesis of nanoparticles is a cost-effective
and ecofriendly methods and has ability to replace the
physical and chemical methods because these methods are
toxic and costly. Consequently, nanomaterials have been
synthesized usingmicroorganisms andplant extracts.Theuse
of plant extracts for synthesis of nanoparticles is potentially
advantageous over microorganisms due to the ease of scaling
up the biohazards and elaborate process of maintaining cell
cultures [3, 4]. For the last two decades extensive work has
been done to develop new drugs from natural products
because of the resistance of microorganisms to the exist-
ing drugs [1]. Integration of nanoparticles with biological
molecules has led to the development of diagnostic devices
and important tools in cancer therapy. Biological methods
can employ either microorganism cells or plant extracts
for nanoparticles production. Biosynthesis of nanoparticles
is an exciting recent addition to the large repertoire of

nanoparticles synthesis methods and, now, nanoparticles
have entered a commercial exploration period. Au, Ag, Zn,
and Cu have been used mostly for the synthesis of stable
dispersions of nanoparticles, which are useful in areas such
as photocatalysis, diodes, piezoelectric devices, fluorescent
tubes, laser, sensor, optoelectronics, photography, biological
labeling, photonics, and surface-enhanced Raman scatter-
ing detection [5–7]. Moreover, the biocompatible and inert
nanomaterials have potential applications in cancer diagnosis
and therapy. Nowdays, nanotechnology methods are used
to enhance the properties of material coatings which are
resistant to corrosion, high mechanical, and electrocatalytic
properties. These characteristics make nanostructured coat-
ings strong contenders in oil and gas for applications requir-
ing high corrosion protection coupled with high mechanical
properties [8, 9].

2. Plants Are Better Synthesizers
for Nanoparticles

Biologicalmethods of synthesis have covered the greener syn-
thesis of nanoparticles. These have proven to be better meth-
ods due to slower kinetics and they offer better manipulation
on control over crystal growth and their stabilization. This
has motivated an increase in research on the synthesis routes
that allow better control of size and shape for wide variety of
nanotechnological applications. The use of environmentally
benignmaterials, namely, plant extract, microorganisms, and
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enzymes for the synthesis of AgNPs [10–12] which offer
plentiful benefits such as ecofriendliness, biocompatibility,
non-toxic, and cost effective method [13].

In the present scenario of the nanotechnology, plants
are better synthesizers as compared to the other biological
methods due to the abundance of the availability of the
plant resources when compared to the other forms of bio-
logical resources. Also, plants provide a better platform for
nanoparticles synthesis as they are nontoxic chemicals and
provide natural capping agents. Additionally, use of plant
extracts also reduces the cost of microorganism isolation
and culture media enhancing the cost competitive feasibility
over nanoparticles synthesis by microorganisms [14, 15]. The
advantage of using plants for the synthesis of nanoparticles is
that they are easily available and safe to handle and possess
a broad variability of secondary metabolites. A number of
plants are being currently investigated for their role in the
synthesis of nanoparticles. Gold nanoparticles with a size
range of 2–20 nm have been synthesized using the live Alfalfa
plants. Nanoparticles of Ag, Ni, Co, Zn, and Cu have also
been synthesized inside the living plants of Brassica juncea
(Indian mustard), Medicago sativa (Alfalfa), and Helianthus
annuus (Sunflower).The research group of Gardea-Torresdey
from the University of Texas at El Paso first reports on
the formation of Ag and Au nanoparticles by living plants
Medicago sativa and it opened up new and exciting ways
to fabricate nanoparticles. It showed connecting link to
materials science and biotechnology in the new emerging
field of nanobiotechnology [16]. Certain plants are known
to accumulate higher concentrations of metals compared to
others and such plants are termed as hyperaccumulators.
Brassica juncea had better metal accumulating ability and
later assimilating it as nanoparticles, Brassica juncea when
hydroponically grown in solution of AgNO

3
, Na
3
Ag(S
2
O
3
)
2
,

and Ag(NH
3
)
2
NO
3
synthesized AgNPs of 2–35 nm [17].

The concentrations of plant extracts which are aqueous or
alcoholic extracts play an important role in maintaining the
shape and size of the nanoparticles; for example, an aqueous
seed extract of Jatropha curcas produced spherical AgNPs
of between 15 and 50 nm. The latex of J. curcas served as
reducing and capping agent in the synthesis of AgNPs of
size in between 10 and 20 nm [18]. Ag and AuNPs were
synthesized by reducing aqueous solution of AgNO

3
and

AuCl
4
with clove extract, respectively. Sun-dried biomass

of Cinnamomum camphora leaf extract, when treated with
aqueous silver or gold precursors at ambient temperature,
produced silver and gold nanoparticles in the range of 55–
80 nm. The polyol component and the water-soluble hetero-
cyclic components present in the C. camphora were mainly
responsible for the reduction and stabilization of silver or
chloroaurate in nanoparticles [19]. The reduction of silver
ions and stabilization of the AgNPs were thought to occur
through the involvement of proteins.

3. Phytofabrication of Nanoparticles

The term phytofabrication indicates the synthesis of the
nanoparticles with the help of the plant constituents. Plant

constituents include the enzymes and protein contents such
as reductases which are involved in the biological reduction
of the substrates, such as silver nitrate, aurum chloride, and
titanium chloride, into their corresponding nanoparticles
such as silver, gold, and titanium. These nanoparticles have
a wide range of the applications in the fields of physical,
chemical, material, and biological sciences.

Plant extract has been used as reducing and capping agent
for the synthesis of nanoparticles. It could be advantageous
over microbial synthesis because there is easy culturing
and maintenance of the cell. It has been shown that many
plants can actively uptake and bioreduce metal ions from
soils and solutions during the detoxification process, thereby
forming insoluble complexeswith themetal ion in the formof
nanoparticles. Plant leaf extract had been used for synthesis
of silver and gold nanoparticles, which lead to formation of
pure metallic nanoparticles of silver and gold [20, 21]. Some
of the plant extracts are given in Table 1.

4. Mechanism of Nanoparticles Formation

Still up to date there is no propermechanism for the synthesis
of silver nanoparticles. The proposed hypothetical mecha-
nism behind the synthesis of nanoparticles is an enzymatic
reaction in which the plant extract contains the complex of
reducing enzymes which reduce the chemicals such as silver
nitrate into silver ions and nitrate ions [22].

Plants contain a complex network of antioxidant metabo-
lites and enzymes that work together to prevent oxidative
damage to cellular components. It was reported that plants
extracts contain biomolecules including polyphenols, ascor-
bic acid, flavonoids, sterols, triterpenes, alkaloids, alcoholic
compounds, polysaccharides, saponins, 𝛽-phenylethylami-
nes, glucose and fructose, and proteins/enzymes which could
be used as reductant to react with silver ions and therefore
used as scaffolds to direct the formation of AgNPs in the
solution. Hypothetically, biosynthetic products or reduced
cofactors play an important role in the reduction of respective
salts to nanoparticles. However, it seems probable that some
glucose and ascorbate reduce AgNO

3
and HAuCl

4
to form

nanoparticles [13, 22–24]. In neem leaf broth, terpenoids are
the surface active molecules stabilizing the nanoparticles and
reaction of the metal ions is possibly facilitated by reducing
sugars [25]. Capsicum annuum extract also indicated that
the proteins which have amine groups played a reducing
and controlling role during the formation of AgNPs in the
solutions and that the secondary structure of the proteins
changed after reactionwith silver ions [20].Ficus benghalensis
leaf contains antioxidants and polyphenols (flavonoids) and it
can also directly scavengemolecular species of active oxygen.
Antioxidant action of flavonoids resides mainly in their
ability to donate electrons or hydrogen atoms, that is, change
keto group to enol form. Proteins, enzymes, phenolics, and
other chemicals within plant leaf extract reduce silver salts
and also provide excellent tenacity against agglomeration,
which can be further studied to understand the mechanism
of evolution by biological systems [24, 26].
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Table 1: Synthesis of metal nanoparticles by photosynthetic plants.

Plant species Plant parts Nanoparticles Size (nm) Reference
Sorghum bicolor Bran Ag and Fe — [3]
Vitex negundo Leaf Ag — [4]
Ocimum sanctum Leaf Ag — [15]
Medicago sativa Leaf Au and Ag 20–40 [16]
Jatropha curcas Latex Ag 10–20 [18]
Cinnamomum camphora Leaf Au and Ag 55–80 [19]
Capsicum annuum Leaf Ag 15–20 [20]
Allium cepa Extract Ag — [21]
Azadirachta indica Leaf Ag, Au, and Ag/Au bimetallic 50–100 [25]
Avena sativa Leaf Au 25–85 [46]
Sesbania drummondii Au 6–20 [22]
Pelargonium graveolens Leaf Ag 16–40 [47]
Aloe vera Leaf Ag 15–15.6 [23]
Emblica officinalis Leaf Ag and Au 10–20 and 15–25 [48]
Tamarindus indica Leaf Au 20–40 [49]
Chilopsis linearis Leaf Au — [50]
Humulus lupulus Leaf Au — [51]
Trapa bispinosa Peel Ag — [52]
Brassica juncea Leaf Au — [53]
Gliricidia sepium Leaf Ag 10–50 [54]
Euphorbia hirta Leaf and bark Ag — [55]
Argemone mexicana Leaf Ag — [56]
Boswelliaovali foliolata Bark and leaf Ag — [57]
Cycas circinalis Leaf Ag 2–6 [58]
Nerium indicum Leaf Ag — [59]
Bacopa monniera Leaf Ag 15–120 [60]
Rhizophora apiculata Leaf Ag 13–19 [61]
Nicotiana tobaccum Leaf Ag 8 [62]
Memecylonedule Leaf Ag and Au 50–90 and 10–45 [63]
Saraca indica Leaf Ag 13–50 [26]
Bauhinia variegata L. Leaf Au 43–145 [64]
Ficus benghalensis Leaf Ag 16 [24]
Murraya koenigii Leaf Ag 10–25 [65]
Dalbergia sissoo Leaf Au and Ag 50–80 and 5–55 [66]
Ipomea carnea Leaf Ag 30–130 [67]
Phyllanthus maderaspatensis Leaf Ag 59–76 [68]
Santalum album Leaf Ag 80–200 [69]
Syzgium cumini Leaf Ag 100–160 [70]
Syzgium cumini Bark Ag 20–60 [71]

5. Factors Affecting Phytofabrication
of Nanoparticles

There is enormous interest in metal nanoparticles because of
their unpredicted physical and chemical properties revealed
at the nanoscale level. The formation of nanoparticles is
depending upon certain physiochemical properties such as
temperature, time, pH, optical, concentration of the substrate,
and enzyme sources. These factors play an important role in
the phytofabrication of nanoparticles such as the shape, size,
and distribution. The effect of these factors is explained as
follows.

5.1. Effect of Temperature. Temperature is the basic physical
factor that affects the formation of the nanoparticles. Vig-
neshwaran et al. (2006) reported that the silver nanoparticles
synthesize by autoclaving the solution of silver nitrate and
starch at 15 psi and 121∘C temperature [27]. Njagi et al. (2011)
reported the synthesis of silver and iron nanoparticles at
room temperature using green extracts such as aqueous
sorghum bran [3]. Table 2 provides some of the plant extracts
which synthesized AgNPs at different temperatures.

The particle size in the solution is performed by several
calculations with the computer simulation program “Mie plot
v. 3.4” [28]. From the absorbance spectra we can determine



4 Journal of Nanoparticles

Table 2: Plant extracts which produce AgNPs depending on the temperature.

S. number Name of the plant Temperature Time (hrs) References
1 Ocimum sanctum Room temperature 48 [27]
2 Vitex negundo Room temperature 48 [4]
3 Boswellia ovalifoliolata 50–95∘C 1 [57]
4 Argemone mexicana Room temperature 4 [56]
5 Euphorbia hirta Room temperature 7 [59]
6 Nerium indicum Room temperature 7 [59]

size of the particles comparedwith the one calculated by using
Mie theory. One can find the useful information by analyzing
the optical spectra; the change in the absorbance shows
change of absorbing species in a solution and variations of
the quantity of the AgNPs. The position of the peak directly
depends upon the size of the nanoparticles [28, 29].

Mie theory:

𝐼 = 𝐼
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(
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2
− 1
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2
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𝑑

2
)

6

, (1)

where𝑅 is the distance between the particle and the observer,
𝜃 is the scattering angle, 𝑛 is the refractive index of the
particle, and 𝑑 is the diameter of the particle.

The stability of the nanoparticles also depends on the
temperature, the AgNPs which are formed are maintained at
the temperature between 18 and 25∘C for two to threemonths,
and these solutions are stable at these temperature ranges
[28].

5.2. Effect of Concentration of the Substrate and the Reducing
Agents. The effect of pH can be better understood by the
preparation of nanoparticles from the chemical methods
such as preparation by Tollens’ reagent, that is, ammoniacal
silver nitrate, which reduces the carboxyl group of the sugar
substrate, such as glucose and ribose; the size of the nanopar-
ticles depends on the concentration of ammonium; in this
reaction Ag(NH

3
)
2

+ is a stable complex ion resulting from
ammonia’s strong affinity for Ag+; therefore the ammonia
concentration and nature of the reductant must play a major
role in controlling the AgNPs [30].

5.3. Effect of pH. pH is physical factor that affects the size and
the distribution of the nanoparticles [30, 31]. The difference
in structure of monosaccharide and disaccharides influences
the particle size with disaccharides giving on average smaller
particles than monosaccharide at pH 11.5. Furthermore,
particles obtained at pH 11.5 were smaller than those at pH
12.5. Polydispersity also decreased by lowering the pH [31].

5.4. Effect of Time. The synthesis of nanoparticles depends
upon the rate of the reaction and the stability of the nanopar-
ticles depends upon the reaction time. Synthesis of AgNPs
revealed that glucose was able to reduce Ag+ ions to Ag0 and
through this reaction, glucose can be oxidized to gluconic
acid. The gradual formation of AgNPs was investigated by

UV visible spectroscopy, which has proven to be a useful
spectroscopic method for the detection of prepared NPs
over time. In UV visible spectra, the AgNPs can be shown
by a SPR peak at around 400 nm, but a small shift (blue
shift or red shift) in the wavelength of the peak could be
related to obtaining Ag-NPs in different shapes, sizes, or
solvent dependences of prepared AgNPs [32]. Concerning
the colloid stability of the prepared silver hydrosols, it was
found to be strongly dependent on particle size. The colloids
with particle sizes below 100 nm, prepared at lower ammonia
concentrations, are stable for several months, while larger
particles reveal a high level of instability as a result of the
relatively quick sedimentation process. The colloid stability
of silver particles prepared at lower ammonia concentrations
is well documented by the time dependencies of absorption
spectra, exhibiting a sharp plasmon absorption maximum
even three months after preparation [33].

6. Applications

Nanoparticles application in catalysis, sensors, and medicine
depends critically on the size, shape, and composition of the
particles. Thus, different routes leading to the synthesis of
nanoparticles of various shapes and sizes have extended the
choice of properties that can be obtained. Various applica-
tions of nanoparticles are listed below.

6.1. Environmental Sciences. Due to the large surface area
and relatively high surface energy, once released into the
environment, AgNPs transformation takes place such as
oxidation, aggregation, sulfurization, and chlorination. Also,
environmental transformation related AgNP toxicity and
stability should be investigated. Because environmental sys-
tems are always variable, AgNPs have limited stability and
tendency of being easily oxidized and releasing silver ion; it is
hard to predict the fate and transport of AgNPs. Furthermore,
in the presence of dissolved organic matter, dissolved silver
ion can also be reduced to AgNPs. Previous study revealed
that silver ion release is mediated by dissolved oxygen and
protons, but present study revealed that the dissolved oxygen
would generate superoxide anion in natural waters under
sunlight and significantly promote the reformation of AgNPs.
Given their complicated behaviour in the environment, we
must make great effort to broaden our knowledge of the
transformation of AgNPs so as to correctly forecast their
environmental and human health risks [34]. Photodynamic
cancer therapy is based on the destruction of the cancer cells
by laser generated atomic oxygen, which is cytotoxic [35].
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6.2. Antibacterial Activity. The AgNPs are well known for
their excellent antibacterial ability and superior physical
properties and are widely used in a growing number of
applications ranging from home disinfectants and medical
devices to water purificants. The AgNPs have been an effec-
tive biocide against broad-spectrum bacteria including both
Gram-negative and Gram-positive bacteria. Silver is known
for antimicrobial properties and has been used in themedical
field and also has been shown to preventHIV frombinding to
host cells. AgNPs can be exploited inmedicine and pharmacy
for dental materials, burn treatments, coating stainless steel
materials, and sunscreen lotions [36]. In general, therapeutic
effects of AgNPs depend on important aspects, including par-
ticle size (surface area and energy), particle shape (catalytic
activity), particle concentration (therapeutic index), and
particle charge (oligodynamic quality) [27]. Mechanisms of
antimicrobial effects of AgNPs are still not fully understood,
but several studies have revealed that AgNPs may attach to
the negatively charged bacterial cell wall and rupture it, which
leads to denaturation of protein and finally cell death. The
cell death due is also related to uncoupling of oxidative phos-
phorylation, induction of free radical formation, interference
with respiratory chain at cytochromeC level, interactionwith
protein thiol groups and membrane bound enzymes. Addi-
tionally, interaction with phosphorus and sulphur containing
compounds such as DNA and protein. AgNPs act as an
antibacterial, antiviral, and antifungal agent when incorpo-
rated in coatings, nanofiber, first aid bandages, plastics soap,
and textiles, in self-cleaning fabrics, and as conductive filler
[27]. In hospitals, infection is themost common complication
and cause of death in patients.Therefore, antibacterial effects
of AgNPs have been incorporated into various medical
applications. Plastic catheters coated with AgNPs prevent
biofilm formation from Escherichia coli, Enterococcus faecalis,
Staphylococcus aureus, Candida albicans, Staphylococci, and
Pseudomonas aeruginosa and also show significant in vitro
antimicrobial activity [37]. Microorganisms that are exposed
to pollutants in the environment such as metal ions have
remarkable ability to fight with metal stress. These metal-
microbe interactions have already found to be beneficial role
in nanobiotechnological applications.

6.3. Nanobiosensors. Nanoparticles are excellent labels for
the biosensors because they can be detected by numerous
techniques, such as optic absorption fluorescence and electric
conductivity. Using the surface plasmon resonance effect
the AgNPs gain a very high sensitivity and the measure-
ments can be conducted in real time [38]. The unique
physicochemical properties of metals at the nanoscale have
led to the development of a wide variety of biosensors,
such as nanobiosensors for point of care disease diagnosis,
nanoprobes for in vivo sensing/imaging, cell tracking, and
monitoring disease pathogenesis or therapy monitoring,
and other nanotechnology-based tools that benefit scientific
research on basic biology [35].

6.4. Agricultural Engineering. Agriculture is the backbone
of most developing countries, with more than 60% of the

population dependent on it for their occupation. Nanosized
lignocellulosic materials have been obtained from crops and
trees which had opened up a new market for innovative
and value added nanosized materials and products. These
can be applied in food and other packaging, construction,
and transportation vehicle body structures. Nanofertilizer,
nanopesticides including nanoherbicides, nanocoating, and
smart delivery system for plant nutrients are being used
extensively in agriculture with several industries making
formulations which contain 100–250 nm nanoparticles that
are more soluble in water thus increasing their activity [39].
Nanofertilizers are able to synchronize the release of nutrients
with their plant uptake, thus avoiding nutrient losses and
reducing the risks of groundwater pollution. Additionally,
the nanofertilizers should release the nutrients on demand
while preventing them from prematurely converting into
chemical/gaseous forms that cannot be absorbed by plants.
This can be achieved by preventing nutrients from interacting
with soil, water, and microorganisms and releasing nutrients
only when they can be directly internalized by the plant
[40, 41].

6.5. Nanoparticles Impregnated Fabrics for Clinical Clothing.
Because nanoparticles possess a large surface area to volume
ratio as well as a high surface energy the use of nanoparticles
could provide high durability for treated fabrics that lead
to an increase in durability of the textile functions. The
film thickness is in the range of 50–80 nm and acts as a
catalyst to self-cleaning the fabric. Titanium nanoparticles
with a smooth surfacemay be used as an antiadhesive coating
for windows or spectacles lenses and application in textiles.
AgNPs have been used to produce self-cleaning or antiodour
clothes, furniture textiles, kitchen cloths, towels, antibacterial
wound dressings, patient dresses, bed lines or reusable sur-
gical gloves and masks, protective face masks, suits against
biohazards, cosmetic products, ultrahydrophobic fabricswith
potential applications in the production of highly water
repellent materials, and sportswear. Freeman et al. (2012)
investigated the effect of silver impregnation of surgical scrub
suits on surface bacterial contamination during use in a
veterinary hospital. It was observed that silver-impregnated
scrubs had significantly lowered bacterial colony counts
compared with polyester/cotton scrubs. The results showed
that silver impregnation appeared to be effective in reducing
bacterial contamination of scrubs during use in a veterinary
hospital [42–45].

7. Conclusions and Future Prospects

Plants as a biological system for the fabrication of nanoparti-
cles have emerged as simple, cost-effective, ecofriendly, and
rapid technique. They could be a more efficient biological
system than microorganisms along with physiochemical
methods employed for the fabrication process. Nanoparticles
of Ag, Au, and Pt have been successfully prepared using a
simple and efficient green chemistry methodology.

Nanoparticles had a wide application in the field molec-
ular research to study the nucleic acid structures and their
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functions in the intact of the cell. Nanoparticles also act as
biological markers included in the proteins, nucleic acids,
hormones, and all other biological active molecules. The
application of nanoparticles in the agriculture opens a new
scope for the preparation of biologically degradable synthetic
pesticides and having the target of the pesticide action for the
agricultural pests. Nanoparticles suspensions with different
ranges of nanoparticles had different mode of application in
the agricultural biotechnology for the preparation of disease
resistant anddrought resistance plants in the futurewhich can
replace the classical experiments.

The antimicrobial activity of the nanoparticles had a
wide scope in the preparation of target based drug delivery
and clinical diagnostics system. The identification of the
specific mechanism of the AgNPs inhibition of the microbial
growth or the lethal effect provides major application in
the medicine, environment, soil fertility, and water quality.
Moreover, the synthesis of nanoparticles with different sizes
and shapes is the basic challenging task in the green synthesis
of nanoparticles; this requires a basic understanding of the
nuclei formation and the influence of reaction species in
nuclei morphology, but still there is dormancy about the
actual mechanism of the nanoparticles synthesis from the
biological mode of synthesis.

Nanobiotechnology has emerged as the present and
the future technology of the era, with profound variety of
applications that include fields such as quantum dots, opto-
electronics, medicine, therapeutics, biosensors, and many
more.
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Silver nanoparticle (AgNP) was synthesized using the cell free extract of Scenedesmus abundans with AgNO
3
. The synthesized

silver nanoparticles were characterized by UV-visible spectroscopy, dynamic light scattering (DLS), scanning electron microscopy
(SEM), and Photoluminescence. Bioreduction of Ag+ ions showed a gradual change in the colour of the extract and nanoparticles
were synthesized having the range of 420–440 nm under UV-visible spectrum. The antibacterial efficacy was assessed against
pathogenic bacteria E. coli, Klebsiella pneumoniae, and Aeromonas hydrophila. The present study revealed that the AgNPs prepared
from Scenedesmus abundans show antibacterial efficacy against the test pathogens. The bioaccumulation of silver particles makes
the organism potential candidate for ecofriendly silver biorecovery system and S. abundans can be used as a source of silver
nanoparticles.

1. Introduction

Nanoparticles are gaining the interest in it due to their
unique characteristics such as electronic, mechanical, optical,
magnetic, chemical properties [1, 2] and high surface to
volume ratio which differ significantly with bulk materials
[3, 4]. In nanotechnology, the formation of nanoparticles has
the method that mainly involved the process of separation
deformation and transformation of materials to atoms or
molecules [5]. The synthesis of nanoparticles can occur
by different methods such as dry, wet, and through com-
putational nanotechnology. Basically dry nanotechnology
concentrates on surface science, physical chemistry, and
structure of organic and inorganic materials. Wet nanotech-
nology deals with biological systems that exist primarily in
water base system, such as enzymes, membranes, and cellu-
lar components. Computational nanotechnology comprises
modelling and stimulation of complex nanometer. The novel
metal nanoparticles had attended much interest due to their
vast applications in diverse areas such as optoelectronics,
cosmetics, photo catalysis, diodes, piezoelectric devices, fluo-
rescent tubes, laser, sensor, photography, biological labeling,

photonics coatings, packaging, and drug delivery system [5–
9]. Now a days nanomaterials are produced by industries
for commercial application having many benefits. Green
synthesis of nanoparticles attracts many researchers and
industries. Many microorganisms are utilized for the syn-
thesis of nanoparticles intracellularly as well as extracellu-
larly [10–13]. The mechanism behind the synthesis of silver
nanoparticles was not known before but it was hypothesized
later that the enzymes NADH-dependent nitrate reductase
were used for the reduction of silver ions [14]. Biosynthesis of
nanoparticles has been reported by many photoautotrophic
microorganisms such as cyanobacteria, eukaryotic algae, and
fungi, and even in plants [15–20] there are various other pro-
cesses such as bioremediation, bioleaching, biological metal
recovery, and biomineralization which have been done by
biological system [21]. Biologically synthesized nanoparticles
have proved to be better than the chemically synthesized
nanoparticles due to slower kinetics, which offer a better
control over crystal growth and reduced investment involved
in production [22]. Among the biological materials, algae
could be considered as “bionanofactories” because the live
and dead dried biomass can be utilized for synthesis of
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metallic nanoparticles. Both unicellular and multicellular
organisms have been known to produce intracellular or
extracellular inorganic materials as well as high growth rate
and high biomass productivity with a less cultivation time.
Besides, they have been proved as a potential organism for
heavy metal detoxification and production of commercially
important metabolites, including biodiesel production [23].
As algae have diverse groups of organisms and make up
the lower phylogenetic echelons of the plant kingdom and
contain many characteristics of the higher plants [24]. Algae
execute about 50% of the photosynthesis on earth planet
and thus are involved in supporting the biosphere [25]. S.
abundans required smaller amount of sunlight, CO

2
, and

minerals for growth, because of these properties it is a suitable
organism for the biosynthesis of nanoparticles.

This study reported that the nanoparticles synthesis by
using the freshwater greenmicroalga S. abundans extract and
characterized by UV-vis spectroscopy and morphological
structure which were characterized by SEM. The antimi-
crobial activity of silver nanoparticles against pathogenic
bacteria was studied as well.

2. Material and Methods

2.1. Chemicals, Culture, and Growth Conditions. All ana-
lytical reagents and media components were purchased
from HiMedia (Mumbai, India) and Sigma Chemicals
(St. Louis, MO, USA). Scenedesmus abundans (NCIM
2897) culture procured from National Centre for Indus-
trial Microorganism (NCIM), Pune. Culture was grown
on Bold’s Basal Medium which is composed of (mgL−1):
NaNO

3
(250), K

2
HPO
4
(75), KH

2
PO
4
(175), CaCl

2
⋅2H
2
O

(25), MgSO
4
⋅7H
2
O (75), NaCl (25), ZnSO

4
⋅7H
2
O (882),

MnCl
2
⋅4H
2
O (144), Co(NO

3
)
2
⋅6H
2
O (49), MoO

3
(71),

H
3
BO
3
(114), EDTA⋅Na

2
(500), KOH (310), FeSO

4
⋅7H
2
O

(498), and conc. H
2
SO
4
(1mL) at 24 ± 1∘C in a continuous

illumination with cool white fluorescent tubes (Philips 40W)
having irradiance of 50Me/m2/s in a 16 h : 8 h light/dark
regime. The bacterial pathogens used as E. coli, Klebsiella
pneumoniae, and Aeromonas hydrophila were grown on
Muller Hinton agar (MHA) at 37∘C for overnight incubation
for further use and stored at 4∘C.

2.2. Biosynthesis of Silver Nanoparticles. Cell free extract
was prepared from Scenedesmus abundans for nanoparticle
synthesis. It was grown in Bold’s basal medium and after 14
days of incubation pellets were separated by centrifugation
at 10,000 rpm for 10 minutes and the pellets were washed
with sterile double distilled water in order to remove the
traces of media. Pellets were dried at 80∘C and dry weight
measurement was done. 1 gm of algal powder into 30mL of
double distilled water was added and boiled at 100∘C for 20
minutes in an Erlenmeyer flask then centrifuged at 5000 rpm
for 10min after cooling. Biosynthesis of AgNP was done by
adding 10mL of cell free extract in 90mL of 1mM AgNO

3

and incubated at room temperature for 48 hours. The change
in colour indicates AgNP synthesis.

2.3. Characterization of Synthesized Silver Nanoparticles. The
bioreduction of AgNPs was monitored using Double Beam
UV-Vis spectrophotometer (Labtronics) in 1 cm path length
quartz cuvette having spectral range of 300 and 700 nm
at different time intervals. Dynamic Light Scattering was
used to determine hydrodynamic sizes, polydispersities, and
aggregation effects of colloidal samples. Size distribution of
synthesized AgNPs was measured using a Nano Zetasizer
system (Malvern Instruments). The particular parameters
used such as measurement temperature of 25∘C, medium
viscosity of 0.8872mPa⋅s, and material refractive index of
1.59 before measuring the sample were passed through a
0.2 𝜇m polyvinylidene fluoride (PVDF) membrane and the
sample was loaded into quartz microcuvette, and measure-
ment was performed. Scanning electron microscopy offers
the information regarding the shape, size, and surface of
the nanoparticles. Electron microscopy images a sample by
scanning it with a high-energy beam of electrons. First the
sample was sonicated for 15 minutes, then a drop of sample
was dried on the glass slide, and this thin film was coated
by carbon coated copper grid and observed under ZEISS
EVO HD SEM. Photoluminescence spectra were recorded in
Shimadzu (Japan) spectrofluorometer using 90∘ illumination
and performed to find out the excitation and emission
maxima for the silver nanoparticles. The excitation and
emission slit widths were kept at 10 and 10 nm, respectively.
The entire scanning was done at the speed of 600 nm/min.

2.4. Antimicrobial Property. To study the antibacterial effect
of synthesized AgNPs from microalgae, agar well diffusion
method was used against E. coli, Klebsiella pneumoniae,
and Aeromonas hydrophila. 100 𝜇L of bacteria was spread
uniformly on MHA plate and 5mm diameter wells were
made on the medium. Into each well, 25, 50, 75, and 100𝜇L
concentrations of AgNPs were added and the plates were
incubated at 37∘C for 24 hours and zone of inhibition was
measured. Each experiment was performed in triplicate.

3. Result and Discussion

3.1. Scenedesmus abundans Mediated Bioreduction of Silver
Ions. During bioreduction of AgNPs from silver ions there is
a colour change which was monitored by using spectroscopic
techniques. In vitro synthesis of AgNPs by S. abundans, it
was observed that there is a colour change from colourless
to reddish yellow due to the excitation of plasmon vibrations
with AgNPs and the absorbance maximum was observed at
420 nm (Figure 1). The mechanism behind the synthesis of
AgNPs was not known before but it was hypothesized later
that the enzymes NADH-dependent nitrate reductase were
used for the reduction of silver ions. The UV-Vis absorption
spectra of AgNPs of S. abundanswere shown in Figure 1 after
48 hours of the bioreduction.

3.2. Dynamic Light Scattering. The size measured in DLS
technique is the hydrodynamic diameter of the theoretical
area that diffuses with the similar speed as the measured
nanoparticles. This size is not only connected with the
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Figure 1: UV-Visible spectra of cell free extract after bioreduction.
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Figure 2: DLS spectra of the size distribution profile of the
synthesized AgNPs.

metallic core of the nanoparticles but it is also influencedwith
all substances adsorbed on the surface of the nanoparticles
(e.g., stabilizers) and the thickness of the electrical double
layer (solvation shell), moving along with the particle. The
thickness of the electrical double layer and its influence on
the measured size of nanoparticles depend on the substances
present in the colloid and on the surface of nanoparticles.
As a result, the size measured in DLS technique is bigger
in comparison with macroscopic techniques done in order
to analyse the size distribution of synthesized nanoparticles
with respect to the intensity. It was observed that on in
vitro synthesis of nanoparticles the mean average size of
the nanoparticles was found to be around 150 nm as given
in Figure 2. The polydispersity index (PDI) of AgNPs was
observed to be 0.212 which points out that these particles are
polydispersed. Further analysis was done in order to confirm
the size and presence of silver nanoparticles.

3.3. Scanning Electron Microscopy. SEM was carried out to
analyze the synthesized nanoparticles for the morphology
and their size. The SEM micrograph of in vitro bioreduction
of silver ions confirms the size of the nanoparticles within the
average range of 59–66 nm. The particles are well dispersed
and showing no agglomeration as shown in Figure 3.

Figure 3: SEM image of synthesized AgNPs from S. abundans.
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Figure 4: Photoluminescence of AgNPs synthesized from S. abun-
dans.

3.4. Photoluminescence. The data were analyzed using the
WINFLR software. The photoluminescence from the rough-
ened surface of noble metals could be viewed as an excitation
of electrons from occupied d bands into state above the
Fermi level; thismechanism is responsible for the nanocluster
photoluminescence. This means that the growth of the
clusters and the surface has changed the efficiency of the
coupling of the excitation radiation to the surface plasmon.
It is also found that there is no photoluminescence for large
metal particles, because of them rapid radiation less processes
compete effectively with radiative processes.Thus the smaller
AgNPs clusters coexisting with the larger AgNPs are mainly
responsible for the photoluminescence phenomena [26, 27].
Through analysis it was found that the photoluminescence
spectra of synthesized AgNPs show that the excitation peak
was found at 420 nm, while the emission peak was observed
at 520 nm (Figure 4). The excitation peak at 420 nm is very
well correlated with the absorption maxima recorded with
UV-visible spectrophotometer.

3.5. Antibacterial Activity. Biosynthesized AgNPs were anal-
ysed for antibacterial activity against human pathogenic
bacteria such as E. coli, Klebsiella pneumonia, andAeromonas
hydrophila. These tests were performed on MHA plates by
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(c)

Figure 5: Antibacterial effects varying the concentrations of AgNPs from 25 𝜇L to 100𝜇L against (a) Aeromonas hydrophila, (b) E. coli, and
(c) Klebsiella pneumonia.

well-diffusion method [28]. Growth of bacteria was inhibited
by AgNPs and forms an inhibitory zone in Figures 5 and 6.

The highest zone of inhibition was observed for E. coli
even at lower concentration. The mechanism of inhibition is
still unknown. But the possible hypothesis for themechanism
related to the inhibition may be due to ionic binding of
the AgNPs on the surface of the bacteria causing increase
in the proton motive force; other hypothesis states that the
nanoparticles enter into the cell and bind to the enzymes
containing thiol groups [29, 30]. The molecular basis for the
biosynthesis of these silver crystals, as the organic matrix
contains the properties of silver binding which provides
amino acid moieties which serve as the nucleation sites [31,
32]. The nanoparticles produced through in vitro synthesis
that is by cell free extract gives zone of inhibition. The
bacterial growth inhibition may be dependent upon the
concentration of the nanoparticles present in the medium.

During the study S. abundans was utilized for the syn-
thesis of AgNps upon addition of silver ions into the cell free
extract.The colour of the samples changed from colourless to
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Figure 6: Antibacterial activity against synthesized AgNPs from S.
abundans.

yellowish brown and observed UV-visible spectrum 420 nm
due to reduction of the silver nitrate in aqueous solution
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due to excitation of surface plasmon vibrations in silver
nanoparticles. The plasmon bands were observed as broad,
due to the size distribution of the particles [33, 34]. The
size and structure of nanoparticles were further characterized
using DLS and SEM analysis. The surface deposited AgNps
are clearly seen at high magnification in the micrograph.
Photoluminescence spectra of silver nanoparticles show that
the excitation peak was at 420 nm, while the emission peak
was observed at 520 nm. The rapid biological synthesis of
silver nanoparticles by S. abundans provides a simple and
proficient route for the synthesis of nanoparticles with optical
properties directed by particle size. AgNPs have been verified
to exhibit antimicrobial properties against bacteria with close
attachment of the nanoparticles with the microbial cell and
the action being size dependent [35–37].

4. Conclusion and Future Prospects

Biological synthesis of the AgNPs is rapid, cost effective,
ecofriendly, and simple method of synthesis. There is lots
of work done for green synthesis of nanoparticles from
both prokaryotic as well as eukaryotic organisms [38].
During the whole work it has been concluded that the
synthesized AgNPs through in vitro bioreduction system
from unicellular microalga S. abundans produced significant
amount of nanoparticles when it is exposed to 1mM silver
nitrate solution. The SEM analysis revealed that size of the
nanoparticles ranges from 59 to 66 nm, and the synthesized
nanoparticles were well dispersed. These nanoparticles show
a broad spectrum of antimicrobial activity against both
Gram positive and Gram negative bacteria [39, 40]. There
is an everlasting need to increase the development of green
synthesis of nanoparticles which should be environmentally
acceptable solvent system, ecofriendly reducing and capping
agents, high yield, low cost, and nontoxic [41].

Future prospects of this research is to scale up the
biosynthesis production of AgNPs using these algae and
also with the wide spectrum of microbial population. Fur-
ther investigations would involve exploring the potency of
microalgae to synthesize other metallic nanoparticles that
can be used in pharmaceutical, food, cosmetics industry, and
therapeutically in biomedical applications.
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The stability of gold nanoparticles is a major issue which decides their impending usage in nanobiotechnological applications.
Often biomimetically synthesized nanoparticles are deemed useless owing to their instability in aqueous medium. So, surfactants
are used to stabilize the nanoparticles. But does the surfactant only stabilize by being adsorbed to the surface of the nanoparticles
and not play significantly in moulding the size and shape of the nanoparticles? Keeping this idea in mind, gold nanoparticles
(GNPs) synthesized by l-tryptophan (Trp) mediated reduction of chloroauric acid (HAuCl

4
) were stabilized by anionic surfactant,

sodium dodecyl sulphate (SDS), and its effect on the moulding of size and properties of the GNPs was studied. Interestingly, unlike
most of the gold nanoparticles synthesis mechanism showing saturation growth mechanism, inclusion of SDS in the reaction
mixture for GNPs synthesis resulted in a bimodal mechanism which was studied by UV-Vis spectroscopy. The mechanism was
further substantiatedwith transmission electronmicroscopy. Zeta potential ofGNPs solutionswasmeasured to corroborate stability
observations recorded visually.

1. Introduction

Gold nanoparticles are important to bionanotechnology,
owing to their easy synthesis, inert nature, good biocom-
patibility, and unique optical properties [1]. The tuning of
optical properties of gold nanoparticles can be achieved
by controlling the size of the nanoparticles [2]. Factors
controlling the size of the gold nanoparticles are, namely,
surface charge and double layer thickness [3]. Surface charge
is again controlled by two criteria, nature and charge of ions
adsorbed on the particles and surfactants used to stabilize
the particles [4, 5]. Surfactants are used in the synthesis
of gold nanoparticles when the reducing agent is not able
to stabilize the particles [6]. The standard reducing agents
which stabilize the gold nanoparticles in absence of any
surfactant are sodium borohydride [7] and sodium citrate
[8]. But for in-vivo applications these nanoparticles are of
little use since the oxidised products of the reducing agents
themselves show cytotoxicity [9, 10].Thus, biomimetic routes
of synthesis of gold nanoparticles are often implemented
wherein a biomolecule is used as a reducing agent [11].

In recent years, many biomimetic synthetic [12–14] routes
have been proposed to make the synthesized GNPs viable for
bioapplication. For example, a variety of amino compounds
have been explored as reducing agents which includes amino
acids [15, 16], primary amines [17], peptides [18–22], and
polymers [23]. Amino acids being the building blocks of pro-
teins, which are ubiquitous in organisms, have collected a lot
of interest to serve as a reducing agent. In some cases, amino
acids have been also used as a capping agent to stabilize GNPs
[24] since amino acids show strong interaction with gold
nanoparticles [25]. Jacob et al. have shown that replacement
of BH

4

− ion by Trp at silver nanoparticles surface resulted in
particle aggregation [26]. Recently a simple, facile single-step
technique for synthesis of gold nanowires and nanochains
has been demonstrated using amino acids like histidine and
glutamic acid [27]. Wangoo et al. have demonstrated the
successful synthesis and capping of GNPs by glutamic acid
[28]. Glutathione stabilized gold nanoparticles were found as
an alternative to polyethylene glycol (PEG) stabilized GNPs
that increase the stealth properties in in vivo studies for
application in therapeutics [29]. It was also demonstrated
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that tyrosine plays an important role in reduction of Au3+ to
Au0 by a number of tyrosine containing peptides, but mostly
limited to dipeptides and tripeptides [19]. Oligopeptides
containing l-tryptophan at C-terminus are used by Si and
Mandal to synthesize gold and silver nanoparticles at high pH
[22]. Selvakannan et al. have reported the synthesis of lysine
and tryptophan capped GNPs by spontaneous reduction of
HAuCl

4
or reduction by NaBH

4
followed by capping with

tryptophan [15, 30]. Iosin et al. have reported the synthesis
of GNPs using tryptophan as reducing agent and have shown
that with changing temperature the morphology of the GNPs
synthesized changes from spherical to anisotropic shapes [31].
Tryptophan exists in our body as free tryptophan, dipeptides
and in peptide chains [32]. Tryptophan is easily detectable by
UV-Vis spectroscopy and fluorescence owing to the indole
ring in its structure. Tryptophan is known to reduce gold
nanoparticles [31], but it is inadequate in stabilizing the
nanoparticles. Thus, in this study, the use of stabilizing agent
becomes imperative. In this work, chloroauric acid (HAuCl

4
)

is reduced by l-tryptophan (Trp) in presence of a stabilizing
agent, sodium dodecyl sulphate (SDS).

2. Materials and Methods

2.1. Chemicals. Chloroauric acid (Sigma-Aldrich), l-tryp-
tophan (Fluka AG), and sodium dodecyl sulphate (Sigma,
USA) were used as received. All experiments were performed
in Millipore purified water.

2.2. Synthesis and Characterization of Au Nanoparticles.
Gold nanoparticles are produced in absence of any sta-
bilizer by the reaction of chloroauric acid (HAuCl

4
) with

l-tryptophan (Trp) mixed in different ratio. The UV-Vis
spectra of the produced nanoparticles were then recorded
in JASCO V-650 spectrophotometer. The same experiment
was performed in presence of 1mM sodium dodecyl sulphate
(SDS). The stable gold sols were then characterised by scan-
ning electron microscopy (SERON INC, South Korea, AIS
2100), energy dispersive X-ray spectroscopy (Oxford Instru-
ments, UK, INCA E350), transmission electron microscopy
(Zeiss, Libra 12), and zeta potential measurements (Zetasizer,
Malvern, Nano-Z).

3. Results and Discussion

UV-Vis spectroscopy is an important tool for analysing for-
mation of gold nanoparticles as gold nanoparticles have
high molar extinction coefficient. The UV-visible absorption
spectra of the fairly dilute dispersion of colloidal particles can
be calculated from the “Mie theory” [5] and this technique
serves as a powerful tool to characterize metal nanoparticles.
The absorbance 𝐴 of a colloidal solution containing 𝑁
particles per unit volume is given by

𝐴 = (
𝑁𝜎abs𝐿

ln 10
) , (1)

where 𝜎abs (given by 𝜎abs = 𝜎ext − 𝜎scattering) and 𝐿 are
absorption cross-section and optical path length, respectively.

So, it can be clearly understood that the magnitude of
absorbance for resonant peak indicates the concentration of
nanoparticles.

Again, the particle size determines the peak position.
At nanoregime, the variation in surface to volume ratio
with increasing size shows a gradually decreasing trend.
As a result, on increasing size the fraction of surface free
electrons decreases. So less energy is required to polarize
them.Thus, red shift (shift to longer wavelength) is observed
on increasing size. Moreover, plasmonic dipolar coupling
leads to red shift of the plasmon band on agglomeration.

GNPs were synthesized by the reaction of HAuCl
4
and

Trp in absence of any stabilizing agent. UV-Vis spectrums
of the GNP solutions were recorded, as shown in Figure 1.
When 0.5mMHAuCl

4
reactedwith 0.5mMTrp (Figure 1(a))

red coloured GNPs which showed maximum absorbance at
577 nm (𝜆max) were formed. When 0.5mM HAuCl

4
reacted

with 1mMTrp (Figure 1(b)), red colouredGNPswere formed
with 𝜆max at 569 nm. GNPs formed by the reaction of
1mM HAuCl

4
and 0.5mM Trp (Figure 1(c)) showed 𝜆max at

530 nm. GNPs formed by the reaction of 1mM HAuCl
4
and

1mM Trp showed absorption maxima (𝜆max) at 570 nm, as
shown in Figure 1(d). All the above GNP solutions precip-
itated within 1 hour of formation of gold nanoparticles. In
all the above GNPs solutions, 𝜆max ranges from 530 nm to
577 nm.

Another set of similar reactions where the ratios of
HAuCl

4
and Trp were the same as above, was carried out in

presence of 1mM SDS as stabilizer. The UV-Vis spectrums
of the gold nanoparticles solutions were recorded as shown
in Figure 2(a–d). 𝜆max ranges from 533 nm to 543 nm. The
narrow range of 𝜆max suggests that surfactant is controlling
the shape and size of the GNPs formed. In reaction set
where the ratio of HAuCl

4
to Trp was 2 : 1, GNPs were found

to precipitate (Figure 2(c)). This can be attributed to the
presence of excess of HAuCl

4
as compared to Trp, which

reduced the double layer thickness, thereby facilitating faster
agglomeration. In this set of reactions performed in presence
of SDS, it was also observed that the surface plasmon peaks
were quite sharper than that of the solution sets prepared in
absence of SDS.This indicates that SDS is able to stabilize gold
sol quite efficiently.

Transmission electron microscope images of GNPs
formed in the above four reaction sets prepared in presence
of 1mM SDS were recorded as shown in Figures 3(a)–3(d).
GNPs shown in Figures 3(a), 3(b), and 3(d) are approximately
20 nm in size. GNPs shown in Figure 3(c) show a size range
of about 50–100 nm which indicates high agglomeration.
Scanning electron microscope (SEM) image of GNPs syn-
thesized by the reaction of 1mM HAuCl

4
and 1mM Trp in

presence of 1mM SDS and drop casted on silica substrate
revealed that the nanoparticles arewell dispersed, as shown in
Figure S1(a) (see the SupplementaryMaterial available online
at http://dx.doi.org/10.1155/2014/916429). Moreover, energy
dispersive X-ray spectroscopy (EDX) of the above GNPs
confirms the presence of gold in the sol as shown in Figure
S1(b).

Zeta potential measurements were carried out in an
electrophoretic cell to determine the long term stability and
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Figure 1: UV-Vis spectrum of gold nanoparticles in absence of any
stabilizer in aqueous medium formed by the reaction of 0.5mM
HAuCl

4
with (a) 0.5mM l-Trp and (b) 1mM Trp and that of 1mM

HAuCl
4
with (c) 0.5mM l-Trp and (d) 1mM Trp.

to provide a basis to the earliermentioned visual observations
about the stability of different gold nanoparticles solutions.
Zeta potential values recorded after formation of GNPs
shown in Figures 3(a), 3(b), 3(c), and 3(d) prepared in SDS
solution are −41.4mV, −47.7mV, −28.9mV, and −37.3mV,
respectively.This clearly corroborates earlier observation that
out of these four solutions, GNPs shown in Figure 3(c) are not
stable in solution. Moreover the above negative zeta potential
values also show that the colloids have a net negative charge
on them. The reason behind the negative charge may be due
to adsorption of negatively charged SDS molecules on the
surface.

Studying of the kinetics involves plotting of UV-Vis 𝜆max
absorption value of GNPs with time from the beginning
of the reaction. The reaction of 5 × 10−4M Trp with 1 ×
10−3M HAuCl

4
shows saturation growth type of kinetics.

An absorbance versus time spectra of the reaction, recorded
at 530 nm (𝜆max for the GNPs synthesized), is shown in
Figure 4. The above observation shows that Au3+ and Trp
show a simple reaction mechanism where GNPs of only one
size distribution are formed. It has also been observed that
the trace is concentration dependent.

All the solution sets ofHAuCl
4
andTrp in presence of SDS

were subjected to fixedwavelengthUV-Vis absorption at their
respective𝜆max to study their growthwith time.GNPs formed
by the reaction of 0.5mM HAuCl

4
and 0.5mM Trp in 1mM

SDS had very low final absorbance as shown in Figure 2(a),
which made them unsuitable for study of mechanism of
growth of nanoparticles. The same case was with the GNPs
formed by the reaction of 0.5mM HAuCl

4
with 1mM Trp

in presence of 1mM SDS as shown in Figure 2(b). Again
GNPs formed by the reaction of 1mM HAuCl

4
with 0.5mM

Trp in presence of 1mM SDS were rendered unsuitable since
the particles precipitated within the time of study. Only
the GNP synthesis by the reaction of 1mM HAuCl

4
and

1mM Trp in presence of 1mM SDS was the most suitable
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Figure 2: UV-Vis spectrum of gold nanoparticles in 1mM SDS
solution formed by the reaction of 0.5mM HAuCl

4
with (a) 0.5mM

Trp and (b) 1mMTrp and that of 1mMHAuCl
4
with (c) 0.5mMTrp

and (d) 1mM Trp.

candidate for fixed wavelength UV-Vis absorption study. UV-
Vis absorption with time of the above solution was recorded
at 543 nm as shown in Figure 5.

The absorbance versus time plot (Figure 5) is divided into
five regions, namely, A, B, C, D, and E. At the end of region
A, GNPs first start appearing 509 nm. In region B, the peak
remains in the range from 509 to 512 nm. A drastic peak shift
from 512 nm to 543 nm is observed in region C within a short
span of 22 minutes. In region D, the peak remains almost at
the same position (543 to 545 nm). In region E, a slight shift
of peak is seen from 543 nm to 541 nm. Then onwards the
peak remains at 541 nm. This phenomenon is also observed
in case reaction of 0.5mM HAuCl

4
with 0.5mM Trp as

well as 1mM Trp, but because of low final absorbance
and taking the sensitivity of the UV-Vis measurement into
consideration, these reactions were not studied to determine
the mechanism of reaction. The UV-Vis spectrum of the
above solution at different times is also recorded as shown in
Figure 6.

In region A (Figure 5), it seems that smaller GNPs are
forming by the reduction of HAuCl

4
by Trp. In region B

(Figure 5), the reduction process seems to have achieved
saturation. In region C (Figure 5), the drastic shift can be
attributed to bimolecular agglomeration and autocatalytic
agglomeration as there is an observable shift in 𝜆max value.
In region D (Figure 5), the almost linear and saturation type
of growth at a fixed 𝜆max can be attributed to predomi-
nance of autocatalytic agglomeration mechanism. In region
E (Figure 5), the small shift in 𝜆max may be attributed to
adsorption of surfactantmolecules on theGNPs. In the above
reaction, bimodal size distribution is observed during the
course of the reaction. This reaction can be said to follow a
bimodal mechanism.

Finney et al. [33] and Sabir et al. [34] have observed
similar mechanisms to occur during synthesis of GNPs by
different routes. A proposed scheme of bimodal mechanism
is shown in Scheme 1.
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Figure 3: Transmission electronmicroscope image of gold nanoparticles in 1mMSDS solution formed by the reaction of 0.5mMHAuCl
4
with

(a) 0.5mM Trp and (b) 1mM Trp and that of 1mM HAuCl
4
with (c) 0.5mM Trp and (d) 1mM Trp.
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Figure 4: UV-Vis spectrum recorded at 530 nm with time (in
minutes) for the reaction of 0.5mM Trp with 1mM HAuCl

4
in

absence of any stabilizer.

First two steps, namely, nucleation and autocatalytic
growth, are difficult to characterize by optical method as
magnitude of 𝜎abs is very low for small GNPs (here B
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Figure 5: UV-Vis spectrum recorded at 543 nm with time (in
minutes) for the reaction of 1mM Trp with 1mM HAuCl

4
in 1mM

SDS solution.

is assumed to be small GNPs). Here it is assumed that,
before the commencement of bimolecular agglomeration and
autocatalytic agglomeration step, the first two elementary
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Scheme 1: Schematic representation of bimodal mechanism of
formation of gold nanoparticles.
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reactions involving reduction of Au3+ ions, are complete. But
as the size of the GNPs falls within the range of 5–20 nm,
optical measurements become quite reliable.

It can be seen that the variation in wavelength in region B
is very less. It reflects that though bimolecular agglomeration
has started but the rate is not that high. The rate law for
the last two steps, namely, bimolecular agglomeration and
autocatalytic agglomeration, may be given as follows:

−
𝑑 [B]
𝑑𝑡
= 2𝑘
3
[B]2 + 𝑘

4
[B] [C]

∵ 2 [C] = [B]
0
− [B] , we get

𝑑 [C]
𝑑𝑡
= 𝑘
3
[B]2 + 1
2
𝑘
4
[B] [C] .

(2)

In region B, as the number density of larger GNPs, that is [C],
is very low, (2) reduces to 𝑑[C]/𝑑𝑡 = 𝑘

3
[B]2, and solving it we

get

[C] =
[B]
0

2
{1 −

1

2𝑘
3
[B]
0
𝑡 + 1
} . (3)

Thus with increasing time, number density of C increases.
Again as absorbance is directly proportional to the number
density, absorbance also increases.

In region C, there is a drastic increase in the wavelength
as well as absorbance. This indicates that the formation of C
has increased and as a result the size distribution shifts toward
the higher wavelength. Now the rate equation can be given by

𝑑 [C]
𝑑𝑡
=
1

2
𝑘
4
[B] [C] . (4)

Here the basic assumption is that formation of B has reached
saturation.

In region D, trace resembles a saturation growth type of
profile. In this region, the change in wavelength is very less.
It may be said that, in this region, the predominant process
occurring is autocatalytic agglomeration.

This bimodal mechanism of formation of GNPs is further
confirmed by transmission electronmicroscopy by recording
the image of the GNPs formed after 5 minutes of initiation
of reaction, that is, in the plateau region shown in Figure 7.
The TEM image shows that the particles are roughly 10 nm in
size, whereas the particles formed after the completion of the
reaction are about 20 nm in size

It is assumed that UV-Vis absorbance value is propor-
tional to the concentration and approximate concentration of
gold nanoparticles determined by taking the approximate size
of gold nanoparticles as obtained from TEM image shown in
Figures 3(d) and 7. With the above assumptions, the curve
shown in Figure 5 is fitted with (3) and (4). It was found that
the bimolecular aggregation step has initiated just after the
onset of reduction step and the autocatalytic agglomeration
has started at around 28 minutes from the onset of reaction
as shown in Figure 8.

4. Conclusion

L-tryptophan reduced gold nanoparticles are stabilized in
aqueous solution by SDS. Results revealed that SDS plays
an important role in the formation mechanism of the gold
nanoparticles. Moreover, the reaction kinetics of GNPs in
this case is easily observable by a steady-state spectroscopic
method such as UV-Vis spectroscopy unlike NaBH

4
where

the reaction is too fast and citrate method where heating is
required to initiate the reaction. The kinetic details of the
formation processes of GNPs reveal the bimodal mechanism.
The observation of formation of gold nanoparticles of two
different sizes, spaced over a time gap of about 30 minutes
during the process of synthesis, opens up the prospect of
utilizing the same reaction to tune nanoparticles size. The
GNPs prepared by this method are quite stable, which
suggests that their usage in biological application can be
safely extrapolated in future. This study guides our attention
towards the potential usage of anionic surfactants in tuning
the size of GNPs along with their stabilization.
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Figure 7: Transmission electronmicroscope image of GNPs formed
after 5 minutes of initiation of reaction between 1mM HAuCl

4
and

1mM Trp in presence of 1mM SDS.
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Figure 8: UV-Vis spectrum recorded at 543 nm with time (in
minutes) for the reaction of 1mM Trp with 1mM HAuCl

4
in 1mM

SDS solution, showing fitted curve using (3) and (4) for the regions
B and C as mentioned in Figure 5.
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