IntechOpen

Silver Nanoparticles

Fabrication, Characterization and Applications

Edited by Khan Maaz







SILVER NANOPARTICLES -
FABRICATION,
CHARACTERIZATION AND
APPLICATIONS

Edited by Khan Maaz



Silver Nanoparticles - Fabrication, Characterization and Applications
http://dx.doi.org/10.5772/intechopen.71247
Edited by Khan Maaz

Contributors

Neelu Chouhan, Parvathalu Kalakonda, Mudassar Abbas, Nida Naeem, Hina Iftikhar, Usman Latif, Raul Alberto
Morales Luckie, Victor Sanchez Mendieta, Sarai Carmina Guadarrama Reyes, Rogelio Schougall, Rafael Lopez
Casatanares, Remziye Guzel, Gllbahar Erdal, Enrique Rocha, Jose Vega Baudrit, Hermicenda Perez Vidal, Zenaida
Guerra Que, Jose Gilberto Torres Torres, Marfa A. Lunagémez Rocha, Juan C. Arévalo Pérez, Ignacio Cuauhtémoc
Lopez, Alejandra E. Espinosa De Los Monteros Reyna, Durvel De La Cruz Romero, José G. Pacheco Sosa, Adib A. Silahua
Pavon, Jorge S. Ferrdez Hernandez, Musibau Azeez, Felicia Durodola, Agbaje Lateef, Taofeek Yekeen, Amos Adubi,
Margarita Miranda Hernadez, Andres A. Arocha Arcos, Sarai C Guadarrama-Reyes, Rogelio J Scougall-Vilchis, Markus
Diantoro, Abdulloh Fuad, Nandang Mufti, Arif Hidayat, Hadi Nur, Atamijit Singh, Kirandeep Kaur, Yasemin Budama
Kilinc, Rabia Cakir Koc, Tolga Zorlu, Burak Ozdemir, Zeynep Karavelioglu, A. Can Egil, Serda Kecel-Gunduz, Adewumi
Dada, Oluwasesan Micheal Bello, Folahan A. Adekola, Oluyomi Adeyemi, Charles Adetunji, Oluwakemi Josephine
Awakan, Abiola Grace Femi-Adepoju, Magdalena Skonieczna, Dorota Hudy

© The Editor(s) and the Author(s) 2018

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without
INTECHOPEN LIMITED's written permission. Enquiries concerning the use of the book should be directed to
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen

eBook (PDF) Published by IntechOpen, 2019

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number:
11086078, The Shard, 25th floor, 32 London Bridge Street

London, SE19SG - United Kingdom

Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Silver Nanoparticles - Fabrication, Characterization and Applications
Edited by Khan Maaz

p.cm.
Print ISBN 978-1-78923-478-7

Online ISBN 978-1-78923-479-4
eBook (PDF) ISBN 978-1-83881-546-2



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

36®®+ 113,000+ 115M+

ailable International authors and editor Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 un sities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Dr. Maaz Khan is working as a senior researcher in
PINSTECH, Pakistan. He has done his PhD degree from
Quaid-i-Azam University and postdoctorate degree from
South Korea and China. He is working on fabrication of
nanomaterials applying different chemical and electro-
chemical techniques and studying their structural, mag-
netic, optical, and electrical characterizations. He is the
author of more than 80 articles in peer-reviewed journals and also the author
and editor of many books in the field of materials science. Dr. Maaz is work-
ing as the editor in chief of the Journal of Materials, Processing and Design and
executive editor of the International Journal of Nano Studies & Technology and
also serving as an editorial board member of few more journals.







Contents

Preface XIlI

Section 1  Synthesis and Properties 1

Chapter 1 Synthesis of Silver Nanoparticles 3
Remziye Glzel and Gulbahar Erdal

Chapter 2 Silver Nanoparticles: Synthesis, Characterization and
Applications 21
Neelu Chouhan

Chapter 3 Synthesis and Optical Properties of Highly Stabilized Peptide-
Coated Silver Nanoparticles 59
Parvathalu Kalakonda and Sreenivas Banne

Chapter 4  Synthesis, Characterization and Antimicrobial Properties of
Silver Nanocomposites 71
Mudassar Abbas, Nida Naeem, Hina Iftikhar and Usman Latif

Section2 Applications 93

Chapter 5 Application of Silver Nanoparticles for Water Treatment 95
Zenaida Guerra Que, José Gilberto Torres Torres, Hermicenda Pérez
Vidal, Maria A. Lunagémez Rocha, Juan C. Arévalo Pérez, Ignacio
Cuauhtémoc Lépez, Durvel De La Cruz Romero, Alejandra
E. Espinosa De Los Monteros Reyna, José G. Pacheco Sosa, Adib A.
Silahua Pavon and Jorge S. Ferrdez Herndndez



X Contents

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Chapter 10

Chapter 11

Chapter 12

Antibacterial Effect of Silver Nanoparticles Versus
Chlorhexidine Against Streptococcus mutans and
Lactobacillus casei 117

Raul Alberto Morales Luckie, Rafael Lopez Casatafiares, Rogelio
Schougall, Sarai Carmina Guadarrama Reyes and Victor Sanchez
Mendieta

Biological Activity of Silver Nanoparticles and Their
Applications in Anticancer Therapy 131
Magdalena Skonieczna and Dorota Hudy

Silver Nanoparticles and PDMS Hybrid Nanostructure for
Medical Applications 147
Solano-Umafa Victor and Vega-Baudrit José Roberto

Exploring the Effect of Operational Factors and
Characterization Imperative to the Synthesis of Silver
Nanoparticles 165

Adewumi O. Dada, Folahan A. Adekola, Oluyomi S. Adeyemi,
Oluwasesan M. Bello, Adetunji C. Oluwaseun, Oluwakemi J.
Awakan and Femi-Adepoju A. Grace

Assessment of Nano-toxicity and Safety Profiles of Silver
Nanoparticles 185

Yasemin Budama-Kilinc, Rabia Cakir-Koc, Tolga Zorlu, Burak
Ozdemir, Zeynep Karavelioglu, Abdurrahim Can Egil and Serda
Kecel-Gunduz

Use of Silver Nanoparticles as Tougheners of Alumina
Ceramics 209

Enrique Rocha-Rangel, Azucena Pérez-de la Fuente, José A.
Rodriguez-Garcia, Eddie N. Armendariz-Mireles and Carlos A.
Calles-Arriaga

Modification of Electrical Properties of Silver

Nanoparticle 233

Markus Diantoro, Thathit Suprayogi, Ulwiyatus Sa’adah, Nandang
Mufti, Abdulloh Fuad, Arif Hidayat and Hadi Nur



Chapter 13

Chapter 14

Contents

Antimicrobial Effect of Silk and Catgut Suture Threads Coated
with Biogenic Silver Nanoparticles 249

Sarai C. Guadarrama-Reyes, Rogelio J. Scougall-Vilchis, Raul A.
Morales-Luckie, Victor Sdnchez-Mendieta and Rafael Lopez-
Castafnares

Electrochemical Formation of Silver Nanoparticles and
Nanoclusters on Multiwall Carbon Nanotube

Electrode Films 263

Andrés Alberto Arrocha Arcos and Margarita Miranda-Hernandez

Xl






Preface

The book contains 14 chapters that describe fabrication, characterization, and application of
silver nanoparticles. Various topics such as preparation of silver nanoparticles using wet
chemical route and green synthesis of silver nanoparticles using plants and other organism
derivatives; structural, chemical, electrical, optical, and photocatalytic properties, as well as
their applications as electrochemical transducer and tougheners of alumina ceramics; anti-
microbial, anticoagulant, and thrombolytic activities; and silver-based hybrid nanostruc-
tures for medical applications are discussed in detail in the book. Each chapter is written
clearly and precisely that illustrates easier understanding of various phenomena reported in
the book. This book is addressed to scientists in specialized fields, research students, post-
doctoral fellows, and technical professionals.

The authors of the book are highly skilled in their field, and therefore this book provides up-
to-date information about the concerned topics. The contents provide fundamental prepara-
tion needed for advanced research on silver nanoparticles and their applications. At the end
of each chapter, references are included that can lead the readers to the best sources in the
literature and help them to go into more details about the concerned topics.

I am grateful to all the authors for helping me to complete this project and also to the entire
InTech’s publishing team for making this project possible. I am very thankful to Mr. Julian
Virag, Publishing Process Manager of the book, for his cooperative attitude during the entire
reviewing and publishing processes. I hope that this book will provide an opportunity to the
readers to strengthen their knowledge and capabilities in the fields related to silver nano-
particles and their applications.

Maaz Khan

Senior Researcher

Physics Division

Pakistan Institute of Nuclear Science and Technology
Islamabad, Pakistan
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Chapter 1

Synthesis of Silver Nanoparticles

Remziye GUzel and Gulbahar Erdal

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75363

Abstract

Nanoparticles of noble metals, especially the silver nanoparticles, have been widely used
in different fields of science. Their unique properties, which can be incorporated into
biosensor materials, composite fibers, cosmetic products, antimicrobial applications, con-
ducting materials and electronic components, make them a very important subject to be
studied by chemistry, biology, healthcare, electronic and other related branches. These
unique properties depend upon size and shape of the silver nanoparticles. Different
preparation methods have been reported for the synthesis of the silver nanoparticles,
such as electron irradiation, laser ablation, chemical reduction, biological artificial meth-
ods, photochemical methods and microwave processing. This chapter aims to inform the
synthesis methods of the silver nanoparticles.

Keywords: silver nanoparticles, physical methods, chemical methods, green synthesis,
different shape

1. Introduction

Silver has too much of modern industrial uses and is considered a store of wealth. However, the
story of this legendary precious metal begins with its use by ancient civilizations. Silver has many
attributes that made it so valuable to early peoples. It is malleable, ductile, lustrous, resilient,
conductive, antibacterial, and rare. Also, it was used as a precious commodity in currencies, orna-
ments, jewelry, electrical contacts and photography, among others. Although bulk silver is widely
known for their brilliant surfaces and colors, there is a drastic color difference when the metal
reduces in dimensions. Even though the craftsmen did not know nanoparticles in that period, the
mixing of the metal chlorides with molten glass led to the formation of metallic nanoparticles of
different shape and size, therefore the physical formats of the metal nanoparticles had interesting
interactions with light and produced visibly beautiful colors. The metal chlorides materialized

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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and formed nanoparticles in the molten glass before cooling, making art, one of the first uses
for nanotechnology. Nowadays, the nanoparticles are an important field of the modern research
dealing with design, synthesis, and manipulation of particle structures ranging from approxi-
mately 1 to 100 nm. Nanoparticle research is currently an area of intense scientific research, due
to a wide variety of potential applications in fields such as healthcare, cosmetics, food and feed,
environmental health, mechanics, optics, biomedical sciences, chemical industries, electronics,
space industries, drug-gene delivery, energy science, optoelectronics, catalysis, single electron
transistors, light emitters, nonlinear optical devices, and photo-electrochemical area. The silver
nanoparticles have been widely used in the fields of chemistry and related branches due to their
high surface to volume ratio and excellent conducting capability. From electrical switches, solar
panels to chemical-producing catalysts and antimicrobial activity, the silver nanoparticle is an
essential component in many industries. Its unique properties make it nearly impossible to sub-
stitute and its uses contain a wide range of applications. At the same time, many of the consumer
products that claim to contain nanomaterials contain nanosilver. Examples of the consumer prod-
ucts that include nanosilver including computers, mobile phones, automobile appliances, food
packaging materials, food supplements, textiles, electronics, household appliances, cosmetics,
medical devices, imaging techniques, and water and environment disinfectants. Most of these
nanosilver-containing products are manufactured in North America, the Far East, especially in
China, South Korea, Taiwan, Vietnam and India, the Russian Federation, and the Western Europe.

The knowledge of the silver nanomaterials synthesis methods is important due to an exten-
sive application and area of use perspective. The main problem in synthesizing the silver
nanoparticles is the control of their physical properties such as obtaining uniform particle size
distribution, identical shape, morphology, nanoparticle coating or stabilizing agent, chemical
composition or type and crystal structure. The methods can be classified and categorized that
they follow common approaches and the differences such as reactants and the reaction condi-
tions. Top-down versus bottom-up, green versus nongreen, and conventional versus noncon-
ventional synthesis methods have been reported. The conventional synthesis methods contain
the use of citrate, borohydride, two-phase systems (water-organic), organic reducers such
as cyclodextrin, and micelles and/or polymer in the synthesis process. The unconventional
methods contain laser ablation, radiocatalysis, vacuum evaporation of metal, irradiation,
photolithography, electrodeposition and the electrocondensation. Top-down and bottom-
up are the two synthesis approaches of metallic nanoparticles involving chemical, physical,
and biological means. The common fabrication of the nanoparticles includes chemical and
physical processes. The top-down approach uses macroscopic initial structures, which can be
externally controlled in the processing of nanostructures. The nanoparticles synthesized by
mechanical grinding of bulk metals and the addition of colloidal protecting agents are some
examples of the top-down method. The bottom-up approaches contain the miniaturization of
materials components (up to atomic level) with further self-assembly process. The reduction
of metals, electrochemical methods, and decomposition are the examples of the bottom-up
methods. In addition, the synthesis approaches can be classified as either green or non-green.
Green synthetic systems use environmentally friendly agents such as sugars, plant extracts,
bacteria and fungi to form and stabilize nanosilver.

Itis important to measure nanosilver concentration, size, shape, surface charge, crystal structure,
surface chemistry, and surface transformation in nanoparticle synthesis. The characterization
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and detection techniques for the nanosilver contain transmission electron microscopy (TEM),
scanning electron microscopy (SEM), electrospray scanning mobility particle sizer (ESMPS),
zeta size analysis, atomic force microscopy (AFM), dynamic light scattering (DLS), Brunauer-
Emmett-Teller analysis (BET), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
X-ray absorption near edge structure (XANES), Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, nuclear magnetic resonance spectroscopy (NMR), inductively coupled
plasma mass spectroscopy (ICP-MS), thermal gravimetric analysis (TGA), and atomic absorp-
tion spectroscopy (AAS).

2. Physical methods

The most important physical methods for the synthesis of the silver nanoparticles are evapo-
ration-condensation, laser ablation, electrical irradiation, gamma irradiation, and lithography.
Kimura and Bandow examined the measurement of the optical spectra of many metal col-
loid solutions and presented new preparation methods of metal colloids inorganic solvents
without the chemicals such as redox reagents, polymers, electrolytes, glue or other kinds of
colloid stabilizers. Three different preparation methods as the matrix isolation method, the
gas flow-cold trap method, and the gas flow-solution trap method, were used to examine the
synthesis of silver NPs [1]. The laser ablation method, which has several types of different
applications, is another method to study the synthesis of silver nanoparticles (Ag-NPs). The
laser ablation technique is a new useful and efficient method to prepare and obtain metal col-
loids in absence of chemical reagents. This method helps to control particle size of colloids
by changing the number of laser pulses [2]. Pyatenko et al. produced silver nanoparticles by
irradiating an Ag target with a 532 nm laser beam in pure water. This technique is successfully
applied to produce small nanoparticles with a narrow size distribution in pure water without
using any chemical additives by using a high-power laser and small laser beam spot sizes [3].
Sadrolhesseini et al. prepared a new method for the fabrication of silver nanoparticles which
are dispersed in graphene oxide using the laser ablation and thermal effusivity of nanocom-
posite. This environmentally friendly method, which does not require any chemical agents,
polymeric or surfactant stabilizers, works by releasing the nanoparticles inside liquid solu-
tion [4]. Tsuji et al. studied to perform to prepare Ag-NPs by laser ablation of a silver plate in
polyvinylpyrrolidone (PVP) aqueous solutions and laser irradiation onto prepared colloidal
solutions. This technique is seen as a remarkable technique due to its procedural simplicity
and a very high rate of obtainability of nanoparticles of various species and materials such as
metals, metal oxides semiconductors, and organic materials by the irradiation of intense laser
light onto those materials settled in solvents [5]. The pulsed photoacoustic (PA) technique is
another method to study the synthesis of the Ag-NPs in ethanol by laser ablation and deter-
mine the production rate laser pulse and concentration of synthesized Ag-NPs [6]. Researchers
have studied mechanisms and processes such as plasma formation, dynamics of the cavitation
bubble [7, 8], and also the influence of laser parameters and solvents on nanoparticles [9, 10].

Nanosphere lithography (NLS) is a simple and inexpensive nanofabrication method to produce
large variety of nanoparticle (NP) structures and well-ordered 2D NP arrays. Jensen et al. stud-
ied the effect of solvent on the optical extinction spectrum of periodic arrays of surface-confined
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silver nanoparticles fabricated by NSL and four separate samples of NP arrays. Jensen et al.
have investigted four separate samples of nanoparticle arrays; three samples were obtained
nanoparticles that are truncated tetrahedral in shape but that differ in out-of-plane height and
one sample have nanoparticles that are oblate ellipsoidal in shape [11]. Jensen et al. also demon-
strated that the localized surface plasmon resonance extinction maximum of a single nanopar-
ticle material system, silver, can be continuously tuned throughout the visible, near-infrared,
and mid-infrared regions of the electromagnetic spectrum [12].

3. Chemical method

3.1. Chemical reduction of silver nanoparticles

The size, shape, and surface morphology play an important role in controlling the chemical,
physical, optical, and electronic properties of nanomaterials. The chemical reduction is one of
the most commonly used methods for the synthesis of silver nanoparticles by inorganic and
organic reducing agents. In general, different reducing agents such as sodium citrate, ascor-
bate, sodium borohydride (NaBH,), elemental hydrogen, polyol process, Tollens reagent,
N,N-dimethylformamide (DMF), and poly(ethylene glycol)-block copolymers, hydrazine,
and ammonium formate are used for the reduction of the silver ions (Ag’) in the aqueous or
nonaqueous solutions.

3.2. Different shapes of silver nanoparticles synthesized with various chemical
reductants

3.2.1. Synthesis of spherical silver nanoparticles

The spherical silver nanoparticles were synthesized using the reducing agents such as ascor-
bic acid, sodium citrate, NaBH,, thiosulfate, and polyethylene glycol. In addition to that, the
use of the surfactants such as citrate, polyvinylpyrolidone (PVP), cetyltrimethylammonium
bromide (CTAB), and polyvinyl alcohol (PVA) for interactions with particle surfaces can sta-
bilize particle growth and protect particles from sedimentation and agglomeration [13-17].

3.2.2. Synthesis of silver nanorods

Zhang et al. prepared silver nanorods by photoinduced synthesis (Figure 1). At first step,
monodisperse spherical seed nanoparticles were prepared by irradiating silver nitrate, bis(p-
sulfonatophenyl)-phenylphosphine dihydrate dipotassium salt (BSPP), trisodium citrate, and
sodium hydroxide solutions with 254 nm light. Then, Silver nanorods were grown in the
solution with the injection of silver seeds at the growth medium containing silver nitrate
and sodium citrate and then irradiated for 24 h using a halogen lamp and a bandpass filter
to selectively tune. This photomediated method provided an elegant method for controlling
the architectural parameters of the resulting silver nanostructures [18]. Ojha et al. mixed the
solution of AgNO, and citrate and added NaOH into the solution. Then solution of ice cold
of NaBH, was added while stirring. To synthesize Ag nanorods of at three different aspect
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Figure 1. (A) TEM image of the silver seed nanoparticles. (B) SEM and (C) TEM images of silver nanorods synthesized
with a bandpass filter centered at 600 + 20 nm. (D) Selective-area electron diffraction (SAED) pattern of a single silver
nanorod, showing the interpenetration. [100] (red) and [112] (blue) zone patterns (scale bars: 100 nm) [18].

ratios, three stock solutions of AgNQO,, ascorbic acid, and the surfactant cetyltrimethylam-
monium bromide (CTAB) were prepared separately. These stock solutions were mixed at
certain quantities properly. Thereafter, 1.0, 0.5, and 0.25 ml of synthesized seed solution were
added to set one, two and three, respectively, and at the end, NaOH solution was also added
to each set. The color of each nanorod solutions depends on the seed concentrations added
in the final solution [19]. Ajitha et al. prepared the aqueous solution containing AgNO, with
sodium citrate dihydrate as stabilizer. Then, sodium borohydride (reducing agent) solution
was injected to the above solution all at once while stirring vigorously. The solution color was
changed to light yellow. The entire solution was heated under continuous stirring on mag-
netic stirrer. CTAB solution was prepared through heating stirring on a magnetic stirrer for
dissolution of CTAB. Then, AgNO, and ascorbic acid solution were added. And then, the seed
solution was added and at last, few drops of NaOH were added to maintain constant pH and
stirred well. The synthesis temperature was varied from 30 to 70°C [20].

3.2.3. Synthesis of silver nanowires

Sun et al. studied silver nanostructrures that could be varied from nanoparticles and nanorods
to long nanowires by adjusting the reaction conditions, including the ratio of PVP to silver
nitrate, reaction temperature, and seeding conditions. They found that the large-scale synthe-
sis of silver nanowires with diameters ranged from 30 to 40 nm, and lengths up to ~50 um

7
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[21]. Li et al. demonstrated that the diameter of Ag nanowires produced by a polyol syn-
thesis could be controlled by adjusting the concentration of bromide. The silver nanowires
with diameters of 20 nm and aspect ratios up to 2000 have obtained by adding 2.2 mM NaBr
into AgNO, solution [22]. Gebeyehu et al. synthesized silver nanowire using a simple polyol
method (Figure 2). They used polyvinylpyrrolidone as stabilizing and capping agent com-
bined with sodium chloride and potassium bromide salts, ethylene glycol was used as both
solvent and a reducing agent, and silver nitrate was used as a silver precursor. They deter-
mined that the diameter and uniformity of silver nanowires can be controlled by adjusting
the concentration of AgNO, and [PVP] to [AgNO,] molar ratio keeping the other parameters
constant. AgNWSs with diameters of 20 nm and aspect ratios >1000 were obtained by adding
30.5 mM AgNO, to a silver nanowire synthesis [23].

3.2.4. Synthesis of cubic silver nanoparticles

The synthesis of cubic silver nanoparticles was achieved by the reduction of silver nitrate
using ethylene glycol in the presence of polyvinylpyrrolidone (PVP). In polyol process, ethyl-
ene glycol containing hydroxyl groups have functional structure as both solvent and reducing
agent. Polyvinylpyrrolidone as capping agent was used to constitute the cubic shape. Molar
ratio of the PVP and silver ions determines the shape of the product [24-26]. Siekkien et al.
performed a faster method for synthesis of cubic silver nanoparticle by adding a trace amount
of sodium sulfide (Na,S) or sodium hydrosulfide (NaHS) to the conventional polyol synthesis
(Figure 3). The reduction agent is important for the synthesis of NPs with different chemical
compositions, sizes and morphologies, and controlled dispersities [27].

Figure 2. FE-SEM images of AgNWs synthesized at different [PVP] to [AgNO,] molar ratio: (A) 2:1, (B) 4:1, (C) 6:1,
(D) 8:1, (E) 10:1, and (F) 12:1 [23].
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Figure 3. SEM images of reactions containing increasing molar ratios between the repeating unit of PVP and silver
nitrate. The ratios of PVP to silver nitrate were (a) 0.77, (b) 1.15, (c) 1.5, (d) 1.9, (e) 2.3, and (f) 0.7 [27].

3.2.5. Synthesis of triangular silver nanoparticles

Zhang et al. prepared silver triangular bipyramids using the photoinduced reduction of
0.3 mM silver nitrate in aqueous solutions containing 1.5 mM sodium citrate, 0.3 mM bis(p-
sulfonatophenyl) phenylphosphine dihydrate dipotassium salt (BSPP), and 0.005 M NaOH
for 8 h using a 150 W halogen lamp and a bandpass filter (Figure 4). The samples were irradi-
ated in the excitation wavelength range (500 + 20, 550 + 20, 600 + 20, 650 + 20 nm) [28]. Métraux
and Mirkin used the chemical reduction method for the fabrication of silver nanoprisms. They
synthesized silver nanoprisms at room temperature by using a mixture of AgNO,/NaBH,/
polyvinylpyrrolidone/trisodium citrate/H,O, in an aqueous solution as reagents [29].

3.3. Microemulsion techniques

Microemulsion includes a mixture of water, surfactant, and oil or a mixture of water, surfac-
tant, co-surfactant, and oil. Many surfactants are available for the formation of the microemul-
sion in the preparation of the silver nanoparticles. Generally, many surfactants can be used

9
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Figure 4. (A-D) SEM images of the triangular bipyramids (scale bar 300 nm) generated with the bandpass filter centered
at 500 + 20, 550 + 20, 600 + 20, and 650 + 20 nm, respectively. Inset of (B): a higher-magnification view, scale bar 100 nm [28].

to form microemulsion, including anionic surfactants such as bis(2-ethylhexyl)sulfosuccinate,
sodium dodecyl benzene sulfonate, and lauryl sodium sulfate, cationic surfactants such as
cetyltrimethylammonium bromide, polyvinylpyrrolidone, and nonionic surfactants such as
Triton X-100, etc. The water droplets covered by surfactant molecules act as micro-reactors
and offer a unique micro-environment for the formation of nanoparticle [30-35].

3.4. Microwave-assisted techniques

The microwave synthesis methods provide the reduction of the silver nanoparticles with
changeable rate microwave radiation in comparison to the conventional heating technique.
Microwave-assisted technology, by accelerating chemical reactions from hours or days to
minutes, provides quick results. Also, microwave irradiation provides uniform heating for
the preparation of metallic nanoparticles and aids the ripening of these materials without
aggregation [36-39].

4. Green synthesis

Biosynthesis of the nanoparticles has received considerable attention due to the growing need
to develop environmentally beneficial technologies in material synthesis. To illustrate, a great
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deal of effort has been put into the green synthesis of inorganic materials, especially metal
nanoparticles using microorganisms and plant extracts. While microorganisms such as bacte-
ria [40], algae [41], yeast [42], and fungi [43] are continued to be examined so far for the intra
and extracellular synthesis of metal nanoparticles, the use of parts of the whole plant in analo-
gous with nanoparticles synthesis methodologies is an exciting possibility which is newly
explored. In the literature, various bacterial strains such as Bacillus amyloliquefaciens [44],
Acinetobacter calcoaceticus [45], Pseudomonas aeruginosa [46], Escherichia coli [47] and Bacillus
licheniformis [48] were used effectively for the synthesis of silver nanoparticles.

The benefits of using plants for the synthesis of the nanoparticles are that the plants are eas-
ily available and possess a large variety of active functional groups that can promote the
reduction of silver ions. Most of the plant parts like leaves, roots, latex, bark, stem, and seeds
are being used for the nanoparticle synthesis. Major compounds that ensure the reduction
of the nanoparticles are biomolecules such as polysaccharides, tannins, saponins, phenolics,
terpenoids, flavones, alkaloids, proteins, enzymes, vitamins, amino acids, and alcoholic com-
ponent. The procedure for the nanoparticle synthesis of plants requires the collection of the
part of the plant of interest from the available sites is done and then it is washed thoroughly
several times with tap and distilled water to remove impurities of plants; followed with sterile
distilled water to remove related wastes if any. Then, plant is dried clean and dry place in the
shade for 10-15 days and then pulverized using a blender. For the plant broth preparation, an
approximate amount of the dried powder is boiled with deionized distilled water. The result-
ing extraction is then filtered thoroughly until no insoluble material appears in the broth. Then
afew mL of the plant extract is added to the silver nitrate solution whose concentration is kept
at 1 mM. The reduction of Ag* to Ag® is confirmed by the color change of the solution. Its for-
mation is confirmed by using UV-visible spectroscopy and transmission electron microscopy
or scanning electron microscopy. The most important plants like Alternanthera dentate [49],
Cymbopogon citratus [50], Argyreia nervosa [51], phlomis [52], Aloe vera [53], Carica papaya [54],
Nelumbo nucifera [55], Moringa oleifera [56], Ziziphora tenuior [57], Centella asiatica [58], Vitex
negundo [59], Swietenia mahagoni [60], Boerhavia diffusa [61], Cocos nucifera [62], Brassica rapa
[63], Melia dubia [64], Pogostemon benghalensis [65], Garcinia mangostana [66], Psoralea corylifolia
[67], Portulaca oleracea [68], Trachyspermum ammi [69], Eclipta prostrate [70], Vitis vinifera [71],
Thevetia peruviana [72], Calotropis procera [73], Premna herbacea [74], Ficus carica [75], Abutilon
indicum [76], Terminalia chebula [77], Acorus calamus [78), Tinospora cordifolia [79], Ocimum tenui-
florum [80], bamboo hemicelluloses [81], Strychnos potatorum [82], Pine, Persimmon, Ginkgo,
Magnolia, and Platanus [83] used by researchers in green synthesis.

Many different plant extracts have been used in the synthesis of silver nanoparticles with
the aim of producing Ag-NPs presenting different morphologies. TEM and SEM studies
have shown that the presence of reducing agent in a plant-mediated synthesis of Ag-NPs,
where the plant extract acts as reducing agents, shapes the nanoparticle during its growth.
The use of medicinal plants in the synthesis of Ag-NPs is not only used for size and shape
control, but also for providing plant antimicrobial properties to Ag-NPs. Tippayawat et al.
reported a one-step hydrothermal method to prepare silver nanoparticles which is effective
against gram-positive (Streptococcus epidermidis) and gram-negative (Pseudomonas aeruginosa).
Reduction of Ag* ions to Ag® nanoparticles was performed in a medium of Aloe vera extract
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in which no extra reducing agent was used. The silver nanoparticle sizes were found to be
in a range of 70.70-192.02 nm and controllable by varying temperature and time conditions
of the hydrothermal process (Figure 5) [53]. Kagithoju et al. achieved an economic and envi-
ronmentally friendly green synthesis of silver nanoparticles using an aqueous leaf extract
of Strychnos potatorum from 3 mM silver nitrate solution. The XRD and SEM analysis have
shown the average particle size of nanoparticles as 28 nm as well as revealed their (mixed, i.e.,
cubic and hexagonal) structure. These nanoparticles have shown bactericidal activity against
multidrug-resistant human pathogenic bacteria [82].

Song and Kim compared their extracellular synthesis of metallic silver nanoparticles by using
five plant leaf extracts (Pine, Persimmon, Ginkgo, Magnolia, and Platanus). Magnolia leaf

Figure 5. SEM images of Ag-NPs were obtained at (A) 100°C for 6 h, (B) 150°C for 6 h, (C) 200°C for 6 h, (D) 100°C for
12 h, (E) 150°C for 12 h, and (F) 200°C for 12 h [53].
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Figure 6. Green synthesis of different shape Ag-NPs and their antibacterial activity [84].

broth was the best reductive agent for the synthesis and conversion of the silver nanoparti-
cles. More than 90% of the conversion was completed in 11 min by using Magnolia leaf broth
at 95°C of reaction temperature. The average size of the nanoparticles, which was analyzed
by TEM and SEM, ranges from 15 to 500 nm. The particle size was controlled by changing
the reaction temperature, leaf broth concentration, and AgNO, concentration [83]. Roy et al.
prepared four different shapes (spherical, oval, rod and flower shape) of silver nanoparticles
(Ag-NPs) using pomegranate juice as a novel reducing agent via microwave-assisted synthe-
sis. The Ag-NPswere characterized by UV-vis spectroscopy, XRD, SEM and TEM analysis. The
synthesized Ag-NPs have shown a very rapid, effective, shape-specific and dose-dependent
bacteriostatic/bactericidal effect towards four different bacterial strains. Among the four
different shaped AgNPs, the flower shape AgNPs exhibited the best results and led to the
fastest bactericidal activity against all the tested strains at similar bacterial concentrations
(Figure 6) [84].

5. Conclusions

Silver nanoparticles can be obtained by physical, chemical, and biological synthesis meth-
ods. Hundreds of research articles reporting different synthesis methods for Ag-NP are
published every year. Throughout this chapter, we have reviewed only some of the most
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relevant works, dealing mostly with physical, chemical, and biological methods. In literature,
all known applications for metallic silver may involve the use of nanosilver in place of silver
to take advantage of nanosilver’s unique properties. Despite all beneficial uses for nanosilver,
its impact on the environment is concerning. These synthesis methods may require the use
of different raw materials and yield reaction by using toxic products or wastes. But in recent
years, also known as “green chemistry”, an environmental-friendly approach has become a
new option in chemistry, consisting of reduction and elimination of dangerous substantives
for the design of products in the environment. However, as seen, there are numerous stud-
ies for the synthesis methods (green or nongreen) of the nanosilver in literature but the most
commonly used methods in the industry are not yet known. For this reason, we suggest that
researchers should be directed to work on the methods of synthesizing nanosilver used in
the industry.
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Abstract

Day by day augmenting importance of metal nanoparticles in the versatile fields like,
catalyst, electronic, magnetic, mechanic, optical optoelectronic, materials for solar cell
and fuel cell, medical, bioimaging, cosmetic, ultrafast data communication and optical
data storage, etc, is increasing their value. Nanoparticles of alkali metals and noble metals
(copper, silver, platinum, palladium, and gold, etc.) have a broad absorption band in the
visible region of the electromagnetic spectrum of light, because the solutions of these
metal nanoparticles show the intense color, which is absent in their bulk counterparts as
well as their atomic level. The main cause behind this phenomenon is attributed to the
collective oscillations of the free conductive electrons that are induced by an interaction
with electromagnetic field. The whole incidence is known as localized surface plasmonic
resonance. Out of these, we have selected the silver nanoparticles for the studies. In this
article, we will discuss the synthesis, characterization, and application of the silver
nanoparticles. Future prospective and challenges in the field commercialization of the
nanosilver is also discussed.

Keywords: silver nanoparticles, particle size, localized surface plasmonic resonance
(LSPR), characterization, application

1. Nanoparticles: an introduction

In a particle world, nanoparticles had attracted an immense attraction of the scientific world
due to their large surface area to volume ratio and high reactivity with unmatchable proper-
ties. Greek Nano word used for “dwarf” means one-billionth. Nanoparticles can be served as a
strong bridge between the bulk materials and atomic or molecular structures. A bulk material
has constant physical properties regardless of their size and shape, but at the nanoscale, the
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size, morphological substructure of the substance, and shape (as well as aspect ratios) are the
major driving factors for changing their biological, chemical, and physical properties. Because
at the nanoscale, the materials behave differently and they emerge with few novel characters in
themselves, such as some of the materials become explosive (for example, aluminum) or their
melting point changes (for example, silver and gold) or a new property is revealed (for
example, nanosilver possess the antibacterial character and becomes an odor eater).

1.1. Salient features of nanomaterials

The novel properties of nano-objects occur due to the changes in size and scale. Surface area to
volume ratio of the particle depends on the size and shape of an object; here, the size of the
nanoparticle is very small in at least one dimension. Nanoparticles exhibited some extra
phenomenon, i.e.,, random motion of the small particles, quantum tunneling, discreteness of
energy, uncertainty of the matter, duality nature of mass, and energy for wave particles, etc.
Moreover, the gravity becomes a markedly less significant force at the nanoscale, while the
Vander Waals forces became incredibly strong. Therefore, the Vander Waals forces make the
materials “sticky” [1]. Due to the reduction in the spatial dimension, confinement of these
quasi particles in a particular crystallographic direction within a structure generally leads to
changes in physical properties of the system in that direction. Some qualities (gravitational
forces, vapour pressure and boiling point) of the nanoparticles decreases with their particle
size and became insignificant at nanoscale because the electromagnetic force of protons is 10
times stronger than gravitational forces. Here, quantum mechanics dominates in place of
classical mechanics. Nanomaterials are changing their electrical, optical, surface-related,
mechanical, and magnetic properties at nanoscale and exhibits some prominent effects that
are associated with nanoparticles, as mentioned below.

1.1.1. Electrical properties

Because of the electrons that cannot move freely at nanolevel and their motion became restricted,
this confinement at the nanoscale resulted in the changes in electrical properties, such as the bulk
conductor/semiconductor materials behaving as superconductors or conductors at nanoscale.
Similarly, nanogold/nanosilver (of size less than 10 nm) cannot conduct electricity.

1.1.2. Optical properties

Optical properties of nanomaterials are also size dependent. Electrons cannot move freely at
the nanoscale and become restricted. The confinement of the electrons causes them to react to
light differently. Gold appears golden at the macroscale, but the nanosized gold particles are
red. Nanosized zinc oxide particles will not scatter visible light and bulk zinc oxide particles
used for sun block as they scattered visible light and appear white. Quantum dots changes in
their optical appearance as the size of the particles decreases creating different colors.

1.1.3. Surface properties

The surface-dominated properties such as melting point, rate of reaction, capillary action, and
adhesion, are controlled by their surface area and due to high surface area of the nanomaterials,



Silver Nanoparticles: Synthesis, Characterization and Applications
http://dx.doi.org/10.5772/intechopen.75611

these properties show drastic changes from their bulk counter parts. At the macro scale, gold has
a melting point of 1064°C, but by decreasing the particle size from 100 to 10 nm diameter, its
melting temperatures drops up to 100°C. As the size reduces to about 2 nm, the melting point
decreases to about half of the melting point at the macroscale level [2, 3].

1.1.4. Mechanical properties

At nanolevel, the changes in mechanical properties of the material such as Young’s modulus,
tensile strength (four times larger), lower plastic deformation, more hardness, more brittle,
grain boundaries deformations, decrease in elongation, lower density of dislocation moments,
short distance of dislocation moments increases, are observed.

1.1.5. Magnetic properties

For nanomagnetic materials, each spin behaves as a small magnet for nanomaterials. The
interaction between neighboring spins is dominated by the spin exchange interaction. Usually,
most of the materials has ] <0 and are nonmagnetic (paramagnetic or diamagnetic) by nature.
Similar to the paramagnets, the nanosuperparamagnets back to zero magnetization upon
removing of the field. It happens because of their small size and not due to the inherently
weak exchange between the individual moments.

1.1.6. Lotus effect

Lotus leaves are super hydrophobic due to high contact angle (122°) of water droplets to lotus
leaf surface and presence of the needle-shaped wax tubes in these leaves, (a smaller-sized
roughness region of 0.3-1.7 um with D of 1.48) besides normal leaves pattern. Similarly,
nanomaterials show the self-cleaning phenomena that are controlled by various parameters,
i.e., surface fractal dimension, surface morphology, and dynamic-wetting behaviors, responsi-
ble for the super hydrophobic character in them [4].

A rough surface of lotus leaves was etched into polydimethylsiloxane (PDMS) and a negative
PDMS template was made, and then, the negative template was used to make a positive PDMS
reproduced as a replica sheet of the original lotus leaf. These positive PDMS templates exhibit
the extreme water repellency (superhydrophobic) along with the same surface structural
features as the lotus leaves shown in Figure 1a—d and f. Four classes of surfaces are revealed
on the grounds of surface wettability and their contact angles are shown in Figure 1g [5, 6].
The chief applications of lotus effect are in making of non-wettable rain wear/sails for boats,
paints for kitchen roofs/walls that make them soot-free, windows in high-rise buildings, glass
for greenhouses avoiding their expensive and cumbersome cleaning, water-repellant fibers for
garments, sanitary products in bathrooms/toilets and windshields motor vehicle for reducing
sticking of dirt matter and easier cleaning, etc.

1.1.7. Localized surface plasmon resonance (LSPR)

When plasmonic material (nanosphere is small in comparison to the wavelength of light, and
the light has a frequency close to that of the SP, then the SP will absorb energy) is exposed to
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Figure 1. (a) SEM images of superhydrophobic plant leave surfaces, showing the different type of epidermal cells (a—c)
and various types of epicuticular wax crystals (d-f) on leaves of Euphorbia myrsinites (a, d), Xanthosoma robustum (b, e), and
Taxus baccata (c, f). Lotus effect associated with lotus leaves and (g) the four classes of surface wettability types of leaf
surface based on their interaction with aqueous droplets [5, 6].

sunlight, free electrons of the nanoparticle of noble metals are integrated with the photon
energy that produces subwaves and conducting electrons in oscillating mode [7, 8]. These
collective oscillations (excitation) offer a localized surface plasmonic resonance (LSPR). LSPR
adds the benefits of the enhanced local heating effect, LSPR-powered e/h generation, enhanced
UV-Vis absorption, reduced e/h diffusion length, enhanced local electric effect and molecular
polarization effect, quantum tunneling effect, high catalytic effect, and to the main
photocatalytic unit. Hence, NPs of noble metals act as the thermal redox reaction-active centers
on the catalyst that can trap, scatter, and concentrate light [9-11], and enhance the number of
active sites and the rate of electron-hole formation by providing a fast lane for charge transfer
on the semiconductor surface. Cu, Ag, Au, Pt, Pd, and their alloys Cu-Ag, Cu-Au, Cu-Ag-Au,
are few examples of NPs of the noble metals with SPR. This phenomenon results in numerous
physical effects including tailorable absorption of light (from UV to near-IR), local heating, and
proficient charge transfer. Therefore, photoexcitation leads to a smooth electron transfer
between the semiconductor carrier/supports and the noble-metal NPs. NPs of Ag, or Au
(< 10 nm), are the most commonly used plasmonic materials.

1.1.8. The quantum confinement effect

The quantum confinement effect is observed for the particles having particle size less than
the wavelength of the electron. If the motion of randomly moving electron is to be restricted
in a specific energy levels (discreteness) then the motion of electron confined in three dimen-
sions, two dimensions and one dimension, result in the particles having the shape of quan-
tum dots, nanowire/rods and nanosheets, respectively. As the size of a particle decreases up
to a nanoscale, the decrease in confining dimension makes the energy levels discrete, which
widens up their band gap and band gap energy. If the size of the quantum dot is smaller than
the Bohr’s radius of the charge carrier (excitons, electron, hole quasi-particles of semicon-
ductors), then the confinement observed here leads to a transition from continuous to dis-
crete energy levels [12]. Although the physical properties of a quantum dots are not affected
by quantum confinement, their optical absorption and emission can be tuned via the quan-
tum size effect.
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(c)

Figure 2. (a) Schematic diagram of typical arrangement of electrodes (quantum dot (QD) surrounded with source, drain
and gate) for a single electron transistor. Energy diagram for a quantum dot, where the two tunnel barriers connected the
QD to the source and drain contacts. (b) Electron transport is blocked and the dot contains a fixed number of N electrons.
(b) Number of electrons on the QD can vary between N and N—1, result in rise a peak in the conductance because the gate
voltage was tuned in order to align the chemical potential of the QD with that of source and drain [15].

1.1.9. Coulomb blockade

The phenomenon of Coulomb blockade can also be observed for a very small device (like a
quantum dot) at the temperature which has to be low enough (~1 Kelvin 2 3 He refrigerators)
so that the characteristic charging energy (the energy that is required to charge the junction
with one elementary charge) is larger than the thermal energy of the charge carriers. But the
small sized quantum dots of only few nanometers has quality to observe Coulomb Blockade
from the liquid helium temperature up to room temperature (Figures 2a-2c) [13-15].

During the Coulomb Blockade phenomenon, the electrons inside this quantum sized device
will create a strong coulomb repulsion that prevent other electrons to flow, resulting in the
device will no longer follow Ohm'’s law as shown in Figures 2a-2c. When very few electrons
are involved and an external static magnetic field is applied, Coulomb blockade provides
the ground for spin blockade (also called Pauli blockade) and valley blockade [16, 17] which
includes quantum mechanical effects due to spin and orbital interactions, respectively, betw-
een the electrons.

2. Present, past, and future of nanoparticles

History of mankind is a pursuit of color. Even in the Stone Age, people made use of pigments
in paintings. In the Middle Age, the ancient Egyptians used nanotechnology but they did not
understand as such in detail, but they prepared colloidal dispersion as inks and other useful
products like paintings, dying hair, etc. Long ago before the beginning of the “Morden nano-
era,” people were well encountered with various nanosized objects and nanolevel processes,
and they were using them in practice without due knowledge of the nature of these objects and
processes. Thus, people were indulged in nanotechnology subconsciously, without proper
understanding of the reason behind them. The secrets of nano-antiques were passed from
generation to generation, without getting into the reasons behind their acquired unique
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properties. Thousands of primeval knew to cultivate and process the natural fabrics, such as
flax, cotton, wool, and silk, in developing the fabric of typical nanoporous materials with pores
size of 1-20 nm. They were able to cultivate them and process into fine fabric product. These
special fabrics possessed a developed network of pores with the size of 1-20 nm, i.e., they are
typical nanoporous materials. Due to their nanoporous structure, the natural fabrics possess
high-utilitarian properties as they absorb sweat well, quickly swell, and dry. Since ancient
times, Egyptian people were mastered with the ways of making bread, wine, beer, cheese,
and other foodstuffs, where the critical fermentation processed at nanolevel. Ph. Walter
conducted a study on the hair samples from ancient Egyptian burial sites. He found that the
primeval Egyptians used a nanoparticle of galenite (5 nm sized PbS) made of paste of lime,
lead oxide, and small amount of water to dye hair in black. The dyeing paste reacted with
sulfur of keratin, to obtain a few nanometer-sized galenite particles, to provide even and
steady dyeing. The British museum possess Lycurgus Cup that was made by Roman artists in
the 4th century AD, as an outstanding glass work of the primordial Rome. The impression of
the Tsar of Edons (Lycurgus, Figure 3a) is embossed on the bowl and it shows unusual optical
properties. In natural light, the bowl is green (Figure 3b), and if illuminated from within cup, it
turns red (Figure 3b). The analysis of fragments of the bowl was done in 1959, by General
Electric Motors for the first time, which reflected that the bowl consists of usual soda-lime-
quartz glass with about 1% of gold and silver, and also 0.5% of manganese. The researchers
discovered particles of gold and silver from 50 to 100 nanometers in size using an electronic
microscope (Figure 3c), responsible for the unusual coloring of the bowl. In 2007, Harry [18]
explained this phenomenon by the effects of plasmon excitation of electrons with metal
nanoparticles. The Medieval Age manufacturing of multi-colored-stained glass windows (due
to the gold and other metal nanoparticles) of church in Europe, are also a good example of high
perfection engineering. During the battles of the European knights against Muslims, they faced
the extraordinary strength of the blades of Muslims warriors in fights for the first time that was
made of an ultra-strong Damascus steel (nanofibrous structure). After the discovery of electron
microscopy in 1857, Michal Faraday discovered the colloidal gold in different colors: ruby,
green, violet, or blue [19]. Thereafter, Albert Einstein explained the existence of colloidal
dispersion in terms of Brownian motion. The above theory was experimentally confirmed by
Jean-Baptize Perrin, which was awarded by Nobel Prize in 1926 [20].

[b} 50nm

Figure 3. (a) Dichroic Lycrugus cup made in 4th century AD and (b) in direct light it resembles jade with an opaque
greenish-yellow tone, but when light shines through the glass (transmitted light) it turns to a translucent ruby color. (c)
Transmission electron microscopy (TEM) image of a silver-gold alloy particle within the glass of the Lycurgus Cup [21].
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3. Why silver nanoparticles preferred over the available nanoparticles?

Metal nanoparticles (MNPs) exhibit novel and size-related physico-chemical properties signif-
icantly different from their bulk counterpart [22]. The unique properties of MNPs have been an
ambassador of their potential uses in medicine, catalysis, optics, cosmetics, renewable energies,
inks, microelectronics, medical imaging, environmental remediation, and biomedical devices
[23-28]. Besides, Ag-NPs exhibit a broad spectrum of bactericidal and fungicidal activity [29].
Therefore, the use of MNPs became exceptionally trendy for the wide range of consumer
goods, including plastics, soaps, pastes, food, and textiles, to enhance their market value [30-
32]. Among the wide range of metal nanoparticles, silver nanoparticles (Ag-NPs or nanosilver)
were the most popular, due to their unique physical, chemical, and biological properties when
compared to their macroscaled counterparts [33]. The advantage of the nanosilver over the
other noble metals with respect to their physico-chemical properties are: small loss of the
optical frequency during the surface-plasmon propagation [34], non-toxic, high electrical and
thermal conductivity, stability at ambient conditions, low cost than the other noble metals such
as gold and platinum, high-primitive character, wide absorption of visible and far IR region of
the light, surface-enhanced Raman scattering, chemical stability, catalytic activity, and non-
linear optical behavior (Figure 4a—c). Moreover, they exhibit a broad spectrum of high antimi-
crobial activity (bactericidal and fungicidal activity) attracting the scientists and technologists
with much interest to develop nanosilver-based disinfectant products [35].

LSPR region of Ag, Au, and Cu in the visible and near-infrared wavelength range of sunlight
is exhibited in Figure 5a [38]. The comparative UV/Vis diffuse-reflectance spectra of AgCl,
Ag@AgCl, and N-TiO,, are demonstrated by the Figure 5b that reflected the Ag@AgCl with
plasmonic Ag molecules covers the wide range visible wavelength than other systems. The
large effective scattering cross section, plasmon resonance with unique colors of the individual
silver nanoparticles, as well as their non-bleaching properties have significant potential for
single molecule labeling-based biological assays [40, 41]. Metal nanoparticles are also used in
various near-field optical microscopic applications [42, 43] on the heels of augmented signal
output due to their efficient scattering properties. Currently, nanosilver technologies
have appeared in a variety of manufacturing processes and end products. There are many
consumer products and applications which are utilizing nanosilver in consumer products
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Figure 4. (a) Real and (b) imaginary part of permittivities of the metal candidates Ag, Au, Na K, and Al [36]. (c) Quality
factor of plasmon resonances of a metal nanostructure as a function of plasmon frequency for two commonly used metals:
silver (dashed line) and gold (dotted line) [37].
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Figure 5. (a) Localized surface plasmon resonance of Ag, Au, and Cu that covers most of the visible and near-infrared

wavelength range of sunlight [38]. (b) Comparative UV/Vis diffuse-reflectance spectra of (a) AgCl, (b) Ag@AgCl, and (c)
N-TiO, [39].

(soap, shampoo, textile, disinfecting medical devices and home appliances to water treat-
ments) with the highest degree of commercial value.

4. Silver nanoparticles: a plasmonic material for optical applications

During the LSPR, the light exposure in the UV-Visible wavelength range to the noble metal
NPs (<10 nm), induced collective oscillations of their valence electrons [44]. The oscillating
electron cloud (called localized surface plasmon/hot electrons) has the lifetime of femtoseconds
order. After the lifetime, the population of hot electron started decaying via the radiative and
non-radiative routes [45]. In radiative decay, they released radiations and in non-radiative
decay, they were converted into photons and electron-hole pairs by inter-band/intra-band
excitations that populated in conduction bands of the SP, as shown in Figure 6.

Surface plasmon resonance (SPR) has two different forms: (i) propagating part: surface plasmon
polaritons (SPP) and (ii) stationary part: localized SPR (LSPR) [46]. The SPP traveled through
resonantly excited charge oscillations on the surface of thin metal films, whereas LSPR represents
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Figure 6. Schematic representation of radiative (left) and non-radiative (right) decay of the SP NP. The intra-band
excitation within the conduction band results the non-radiative decay.
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the non-propagating collective oscillation of the surface electrons in metal nanostructures. By
utilization of SPP and LSPR in plasmonic nanostructures, the solar energy conversion efficiency
of semiconductors can be improved via two paths [46]: photonic enhancement (or light trapping)
and plasmonic energy transfer enhancement. In patterned plasmonic nanostructures, multiple
times efficient scattering of the incident light increases the optical path length along with the light
absorption direction in thin semiconductor layers [46, 47]. The previous part (SPP) contributes to
enhance the energies above the band gap of a semiconductor, whereas the latter (LSPR) can
induce charge separation in the semiconductor by absorbing light at the energies below the band
gap [44, 48] due to the large local-field enhancement and absorption cross-section. The LSPR-
induced charge separation can occur by transferring the plasmonic energy from the metal to the
semiconductor via (i) direct electron transfer (DET) [49] and/or (ii) plasmon-induced resonant
energy transfer (PIRET) [48]. This is referred to as plasmonic energy transfer enhancement [46]
and is strong in small metal nanoparticles with small scattering cross-sections. The efficiency of
the DET process depends open the relative energy of the hot electron to the height of the
Schottky barrier at the interface Therefore, the semiconductor must be in close contact with the
plasmonic metal. In contrast, PIRET proceeds non-radiatively based on the near-field dipole-
dipole interaction between the plasmonic metal and the semiconductor [48]. PIRET allows the
light absorption and the charge separation and does not require direct contact or band align-
ment, but its efficiency is controlled by the spectral overlap between the semiconductor’s absorp-
tion band edge and the LSPR absorbance [48]. The good example of utilizing propagating (SPP)
and localized (LSPR) plasmon modes is hematite nanorod array grown on a long-range-ordered
plasmonic gold nanohole array pattern by combating the scattering/absorption trade-off, illus-
trated in Figure 7, where the hematite nanorods have been acted as “fiber optics miniature” to
create the incarcerated modes, to trap the incident light, and to enhance the light absorption [50].

The size, shape, and composition of plasmonic NP affects the optical properties, i.e., absorp-
tion phenomena in the semiconductor, charge transport, and energetics of the semiconductor
photoelectrodes as illustrated in Figure 8 [51].
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Figure 7. Architecture and microstructure of plasmonic photoanode. (a) Scheme for the growth of the hematite nanorod
array on the Au nanohole array. (b, ¢) Scanning electron microscopic images of the Au nanohole array without (b) and
with (c) the hematite nanorods. Scale bars, 1 mm (b) and 200 nm (c) [50].
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Figure 8. (A) Normalized extinction spectra of spherical Ag-NPs (38 & 12 nm in diameter), Au NPs (25 & 5 nm) and
CuNPs (133 £ 23 nm). The solar radiation (air mass 1.5G) spectrum was taken from the National Renewable Energy
Laboratory and is shown in black (http://rredc.nrel.gov/solar/spectra/am1.5/). Dashed portions of the metal extinction
curves represent the inter-band transitions without surface plasmon resonance. (B) Normalized extinctions spectra of Ag-
NPs with the wire (d = 90 & 12 nm with >30 aspect ratio), cube (d =79 + 12 nm), and sphere (d = 38 & 12 nm) shapes. (C)
Normalized extinction spectra for Ag nanocubes as a function of size as 56 + 8 nm (orange), 79 + 13 nm (red), and 129 £
7 nm (blue) edge lengths. The ethanolic suspension of the three different nanocube samples is shown in inset (reprinted
with permission from Ref. [51]).

The energy of electron-electron as well as electron-phonon coupling was ultimately being
converted into heat which will further thermalize the hot electrons. In the most of the cases,
nonradiative (formation of electron and holes) plasmonic decay paralyzed the thermaliza-
tion process that results in the efficiency minimization of the devices [52]. It not only limits
the propagation length of plasmonic waveguides but also reduces the optical absorption of
the metal that declines the overall performance of the device. The hot carriers generated from
nonradiative plasmon decay offers new avenues to exploit the absorption losses. Although
the much efforts have been devoted to alleviate the plasmon nonradiative decay, recent
research has exposed the new prospectives by utilizing this energy in the areas [44, 53] such
as in photothermal heat generation [45], photovoltaic devices [53, 54], photocatalysis [55, 56],
driving material phase transitions [57, 58], photon energy conversion [59, 60] and photod-
etection [51, 61], and solar steam generation [62-64]. Most significantly, the decay of hot
electrons can lead to the localized heating in the plasmonic nanostructures and making them
good candidates for nanoscale heat sources [45, 65] that can be used in cancer therapy for
destroying cancer cells [66]. On the contrary, hot electrons can be captured before thermali-
zation by an adjacent semiconductor, to provide a novel photo-electrical energy conversion
or chemical energy. The transformations from Plasmon energy to chemical energy occurred
in four ways to drive the chemical reactions, i.e., (i) light scattering (radiative decay,
Figure 9A), (ii) hot electron injection (HEI, Figure 9B), (iii) light concentration (Figure 9C),
and (iv) Plasmon-induced resonance energy transfer (PIRET, Figure 9D). Light scattering by
radiative decay can enhance the effective optical path length in the semiconductor. This leads
to enhance the absorption of light and generation of charge carriers that can drive the
chemical reactions [65].

Recently, a combination of a chiral metamaterial with hot electron injection was demonstrated
in circularly polarized light detector [62, 67], where the chiral metamaterial can perfectly
absorb the circularly polarized light which is the complimentary component of the largely
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Figure 9. Schematic presentation of the transformations from Plasmon energy to chemical energy occurred in four ways
(A) light scattering (radiative decay; LS), (B) hot electron injection (intra-band excitation; HEI), (C) light concentration
(near field induced absorption; LC) and (D) plasmon-induced resonance energy transfer (dipole-dipole coupling; PIRET).

reflecting device. Therefore, it can be also selectively generate the hot electrons and produce a
photocurrent signal depending upon the handedness of the light [62]. This ultracompact
detector avoids the complexity of conventional circularly polarized light detectors, where a
quarter wave-plate/polarizer were used.

In order to obtain the mechanistic insights into the structure-functionality relationship of the
plasmonic NP/semiconductor composites, the decoupling of plasmon-induced and non-
plasmon-induced effects are promising way to improve activity. Resonant enhancement in the
polarizability of the materials with a negative real dielectric function (assuming a relatively
small imaginary part) is responsible for plasmonic excitations in the metal nanoparticles.

The scattering cross section of a spherical gold NP is almost vanished when its radius
decreased from 35 nm (Figure 10A) to 10 nm (Figure 10B), while the absorption and excitation
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Figure 10. Extinction (black), scattering (blue) and absorption spectra (red) of a gold NP with a radius of 35 nm (A) and a
radius of 10 nm (B) calculated using Mie theory. In both cases, the refractive index of the environment is 1.33 [68].
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cross section are decreased to a lesser extent for the same compound. Thus, small NPs are used
for applications where only non-radiative decays are desired.

5. Synthesis methods of silver nanoparticles

Recently, many techniques have been used for the synthesis of Ag-NPs by using chemical,
physical, photochemical, and biological methods. Each method has its pros and cons with
common problems of cost, scalability, uniform particle size, and the size distribution. Tradition-
ally, metal nanoparticles are produced by physical methods like ion sputtering or pulsed laser
ablation and chemical methods such as reduction, solvothermal synthesis, hydrothermal, sol-gel
methods, and so on. However, recently, the environmentally friendly synthesis methods (by
using natural products) have been developed under the branch of “green syntheses.” Depending
upon the selected path of synthesis and different experimental conditions, the silver NPs of
different morphology, sizes, and shapes can be obtained. Nevertheless, the most important
criteria is the size distribution that should be achieved as narrow as possible for the target-
specific applications [69]. Four important methods (chemical, physical, photochemical, and
biological) for the synthesis of nanoparticles are discussed as follows.

5.1. Chemical method

Among the existing methods, the chemical methods have been most common used for the
production of Ag-NPs. The chemical reduction of metal ions is the most universal and easy route
for the preparation of the metal nanoparticles. The chemical transformation of the silver ions into
the silver nanostructures can occurred using photochemical method, [70, 71] wet chemical
synthesis with [72] or without templates, [73] by employing liquid crystal, [74] polymer tem-
plates,[75] solution-based methodologies such as aspartate reduction [76] and starch-mediated
reduction, etc [77]. Generally, the chemical synthesis process of the Ag-NPs in solution usually
employs the following three main components: (i) metal precursors (for formation of AgNPs:
AgNO; AgClO,, AgCl, (PPhs);AgNO;, CF3CooAg), (ii) reducing agents, and (iii) stabilizing/
capping agents. Few of the representative reducing agents are: NaBH, glucose, N,N-
dimethyformamide, N,H,, sodium citrate, polyols, (such as ethylene glycol, diethylene glycol
or a mixture of them), formaldehyde, etc., [78-83]. It is known that the different reductants are
powered by different degree of reducibility that can play an important role in deciding the final
shape of nanostructures. Moreover, these reductants favor the growth of nanocrystals along its
different facets ((100) (111) or (110) facets). Unprotected metal colloids are highly vulnerable to
the irreversible aggregation due to their small size. Therefore, the protective agents such as
thiols, amines, polymers (e.g., polyvinylpyrrolidone PVP, polyvinyl alcohol PVA), polyelectro-
lytes (sodium oleate, oleic acid, etc.) [84-86], surfactants (cetyl trimethyl ammonium bromide
(CTAB), sodium dodecyl sulfate, and cetyl trimethyl ammonium chloride (CTAC)), etc., can be
added to suppression aggregation. The formation of colloidal solutions from the reduction of
silver salts involves four stages, i.e., nucleation, incubation, subsequent growth, and Ostwald
ripening. It is also revealed that the size and the shape of synthesized Ag-NPs are strongly
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dependent on these stages. Furthermore, for the synthesis of monodispered Ag-NPs with uni-
form size distribution, all nuclei are required to form at the same time. In this case, all the nuclei
are likely to have the same or similar size, and then they will have the same subsequent growth.
The initial nucleation and the subsequent growth of initial nuclei can be controlled by adjusting
the reaction parameters such as reaction temperature, pH, precursors, reduction agents, and
stabilizing agents. These capping agents spontaneously adsorbed on the particle surface prevent
their agglomeration, resulting in instable particle. In a typical experiment, aqueous 0.5 M AgNO;
(0.8 mL) was mixed well with aqueous 0.4 M poly[(2-ethyldimethylammonioethyl methacrylate
ethyl sulfate)-co-(1-vinylpyrrolidone)] (PQ11) (3 mL), and the resulting solution was hydrother-
mally treated at 100°C for 60 min. The spontaneous formation of the AgNPs can be attributed to
the direct redox reaction between the PVP part of PQ11 and Ag", because there are no other
reducing agents involved in the reaction system. As-formed dark brown colored colloidal-silver
dispersion turned into yellow color (characteristic of spherical shaped AgNPs) on dilution. Usu-
ally, the bulk Ag show 4d — 5sp inter-band transitions, which are represented by the character-
istic peak at 320 nm [87] in its UV-Vis spectrum (Figure 11). But the nano dispersion of silver
display red shift and the peak at 320 nm shifted to 416 nm that corresponds to the dipole
resonance of silver nanospheres.

5.1.1. Polyol process

Monodispersed solution of silver nanocubes were synthesized in large quantities by reduc-
ing silver nitrate with ethylene glycol in the presence of the capping agent polyvinylpyr-
rolidone (PVP) [79], which is an example of the so-called polyol process. In this case,
ethylene glycol served as both reducing agent and solvent. It shows that the presence of
PVP and its molar ratio relative to silver nitrate along with other additive formaldehyde,
NaOH, played important roles in finalizing the geometric shape and size of the product. It
suggested that it is possible to tune the size of silver nanocubes by controlling the experi-
mental conditions.

5.1.2. Precursor injection technique

In the precursor injection method, the injection rate and the reaction temperature were impor-
tant factors for producing uniform-sized Ag-NPs with a reduced size [81]. The injection of the

' )
(a)

Figure 11. (a) Polygonal (mainly triangular) silver nanoprisms were synthesized by boiling AgNO; in N, N-dimethyl
formamide and PVP, [88] (b) TEM image of as-formed silver colloids and the corresponding particle size distribution

histogram and (c) UV-Vis spectrum of 150-fold diluted PQ-11 supported Ag NP solution of the dispersion synthesized at
100°C and 60min [89].
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precursor solution into a hot solution is an effective mean to induce rapid nucleation in a short
period of time, ensuring the fabrication of Ag-NPs with a smaller size and a narrower size
distribution. Spherical Ag-NPs with a controllable size and high monodispersity were synthe-
sized under the polyol process with the help of the modified precursor injection technique. Ag-
NPs of the size 17 4+ 2 nm were obtained at an injection rate of 2.5 mLs ' along with the
reaction temperature 100°C. Nearly, monodisperse Ag-NPs have been prepared in a simple
oleylamine-liquid paraffin system [82] by using this technique.

5.2. Physical method

In the physical synthesis process of Ag-NPs, usually, the physical energies (thermal,
ac power, and arc discharge) are utilized to produce Ag-NPs with a narrow size particle
distribution. This approach can permit us to produce large quantities of Ag-NPs samples in
a single process. Under the physical methods, the metallic NPs can be generally fabricated
by evaporation-condensation process that could be carried out in a tube furnace at atmo-
spheric pressure. The large space of tube furnace, consumption of large amount of energy,
raising the environmental temperature around the source material and a lot of time for
achieving thermal stability, are the few drawbacks of the method. Another physical method
of synthesis of Ag-NPs is a thermal decomposition method that used to synthesize the
powdered Ag-NPs [90]. In particular case, Ag-NPs (particles with particle size of 9.5 nm
with a standard deviation of 0.7 nm) were formed by thermal decomposition of a Ag'*—
oleate complex, at high temperature of 290°C. This indicates that the Ag-NPs were pre-
pared with a very narrow size distribution. Jung et al. [91] reported a small ceramic heater
(with a local heating area) for synthesizing the metal NPs and by evaporating the source
materials under the flow of carrier gas, i.e., air. It had been reported that the geometric
mean diameter, the geometric standard deviation, and the total concentration of spherical
NPs without agglomeration increases with the temperature of the surface of the heater. The
testimony given by Tien et al. [92] reveal the fabrication technique for the Ag-NPs by
employing the electrical discharge machining (EDM) without addition of any surfactants.
Where, pure silver wires were submerged in deionized water and treated as electrodes. The
stability of suspension, concentration of particles, particle size, solution properties, electric
conductivity, and pH are the factors that may affect the synthesis of NPs by enhancing the
complex interactions to the nanofluid, in the form of van der Waals combination force and
electrostatic Coulomb repulsion force. Metallic Ag-NPs of the 10 nm size and ionic silver of
approximate concentrations 11-19 ppm were obtained by silver rod at the consumption rate
~100mgmin . More recently, Siegel et al. [93] reported an unconventional approach for the
physical synthesis of gold-NPs and Ag-NPs by the direct metal sputtering into the liquid
medium (glycerol-to-water).

5.3. Photochemical synthesis

The photo-induced synthesis of Ag-NPs has two main approaches: that is the photophysical
(top down) and photochemical (bottom up) ones. In former way, NPs could be prepared by
the fragmentation of the bulk metals and followed by generation of the NPs from ionic
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precursors. The NPs are formed by the direct photoreduction of a metal ion using photo-
chemically generated intermediates, such as excited molecules and radicals, which are often
known as photosensitization of NPs [94, 95]. The main advantages of the photo-induced
process are: clean process, high spatial resolution, convenience of use, the controllable in-situ
reducing agents generation; the formation of NPs can be triggered by the photo irradiation,
(ili) enables one to fabricate the NPs in various mediums including emulsion, surfactant
micelles, polymer films, glasses, cells, etc [94]. The direct photo-reduction process of AgNO;
takes place in the presence of sodium citrate (NaCit) using different light thermal sources
(UV, white, blue, cyan, green, and orange) at room temperature [96]. This light-induced
process results in a metallic colloid with size and shape powered distinctive optical properties
of the particles. Reproducible UV photo-activation method is used for the preparation of the
stable Ag-NPs in aqueous TritonX-100 (TX-100) [97], where TX-100 molecules play a dual
role: (i) as an reducing agent and (ii) as a NPs stabilizer through template/capping action. The
addition of surfactant solution to TX-100 and silver precursor helps in carrying out the NPs
growth process by controlling the diffusion (by decreasing the diffusion/mass transfer coeffi-
cient of the system) to improve the NPs size distributions (by increasing the surface tension at
the solvent-NPs interface). The Ag-NPs (size 2-8 nm) can also be synthesized in a basic
aqueous AgNOj solution and carboxymethylated chitosan (CMCTS) under UV light irradia-
tion. CMCTS is a biocompatible water-soluble derivative of chitosan and served as a reducing
agent for silver cation and a stabilizing agent for Ag-NPs (stable for more than 6 months),
simultaneously [98]. This method is used to fabricate a high-yield metal nanostructures and
composite materials at low cost. Few alternative approaches, such as laser ablation at the
solid-liquid interface and combination of the reducing agent and sunlight, are also used for
metal nanostructure fabrication. The three-dimensional metal NPs are produced using laser
ablation and are applicable in the field of a light-driven actuator, bioimaging, and three-
dimensional processing [99]. The photo-induced silver nanoprisms/nanodecahedrons have
been the synthesis by controlling the concentration of sodium citrate and sunlight (ultraviolet
light). At the lower concentration of citrate (<5.0 x 10~* M), silver nanoprisms are converted
into nanodecahedrons silver by increasing the concentration of citrate as shown in Figure 12.
Although the intensity of light affects the shape of the NPs, the lighting power density did
not influence the shape conversion except for reaction rate [100].

e

Silver l;‘\fll ’ Silver nanoprism Silver nanodecahedron

Figure 12. Photo-induced synthesis of silver nanoprisms and nanodecahedrons by controlling the concentration of
sodium citrate and sunlight [100].
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5.4. Biological synthesis

Usually, wet-chemical or physical method is used to prepare the metal nanoparticles. However, the
chemicals used in pbhysical and chemical methods are generally expensive, harmful and inflam-
mable but the bogenic methods are a cost effective, energy saver and having enviornmentally
benign protocols technique for green synthesis of silver nanoparticles from different microorgan-
isms (yeast, fungi and bacteria, etc) and plant tissues (leaves, fruit, latex, peel, flower, root, stem,
etc) as shown in Figure 13. Pytochemicals (lipids, protiens, polyphenols, carboxylic acids, sapo-
nins, aminoacids, polysachccarides amino cellulose, enzymes, etc.) present in plants are used as
reducing and capping agent. The use of agro waste and micro-orgamisms materials not only
reduces the cost of synthesis but also minimizes the need of using hazardous chemicals and
stimulates “green synthesis” way for synthesizing nanoparticles [101, 102].

This method of biosynthesis is very simple, requiring less time and energy in comparison to
the physical and chemical methods with predictable mechanisms. The other advantages of
biological methods are the availability of a vast array of biological resources, a decreased time
requirement, high density, stability, and the ready-to-soluble as-prepared nanoparticles in
water [103]. Therefore, biogenic synthesis of metal NPs unwraps up enomorus opportunities
for the use of biodegradable or waste materials.

o Biological synthesis wrgoaic ashd
Mltronrgtnlsms /  of nanoparticles Plant tissues
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Figure 13. Biogenic synthesis of metal nanoparticle of various shape and size using microorganisms and plant tissues
extracts.

6. Characterization tools for analysis of silver nanoparticles

At the nanoscale, particle-particle interactions are either dominated by weak Vander Waals
forces, stronger polar and electrostatic interactions or covalent interactions. Characterization
of nanoparticles is vital part of determination of the phase purity, shape, size, morphology,
electronic transition plasmonic character, atomic environment and surface charge, etc.
By using advanced analytical techniques such as electron microscopic techniques (atomic
force microscopy (AFM), electron energy loss spectroscopy (EELS), surface enhanced Raman
scattering (SERS), scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) and their corresponding energy-dispersive X-ray spectroscopy (EDX),
and selected area electron diffraction (SAED for crystallinity). Properties like surface mor-
phology, size, and overall shape are determined by electron microscopy techniques and
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elemental composition by SEM-/TEM-/EELS-supported EDX. Optical analysis techniques
such as Fourier transform infrared (FTIR) spectroscopy, fluorescence correlation spectros-
copy (FCS, diffusion coefficients, hydrodynamic radii, average concentrations, and kinetic
chemical reaction), X-ray diffraction (XRD for phase purity with crystal parameters and
particle size), diffuse light scattering (DLS can probe the size distribution of small particles),
UV-Vis spectroscopy (band gap, particle size electronic interaction), XPS (X-ray photon
spectroscopy, surface environment of elemental arrangement), Raman spectroscopy (it pro-
vides submicron spatial resolution average size and size distribution through analysis of the
spectral line broadening and shift), nuclear magnetic resonance (NMR can detect structure,
compositions, diffusivity of nanomaterials, dynamic interaction of species under investiga-
tion), small-angle X-ray scattering (SAXS; from 0.1° to 3° can evaluate the size distribution,
shape, orientation, and structure of a variety of polymers and nanomaterials), zeta potential
with a value of 30 mV is generally chosen to infer particle stability. Above analysis
can be used to determine the properties of nanomaterials such as the size distribution,
dispersibility, average particle diameter, charge affect the physical stability and the in vivo
distribution of the nanoparticles. Few of above are discussed below.

6.1. X-ray diffraction spectroscopy (XRD)

The crystalline structure, size, and shape of the unit cell and the crystallite size of a material
can be determined using X-ray diffraction spectroscopy (XRD). Usually, X-ray diffraction
peaks were observed at 20 = 38.00°, 44.16°, 64.40°, and 77.33°, which correspond to (111),
(200), (220), and (311) Bragg's reflections of the face-centered cubic (fcc) structure of metallic
silver, respectively (standard JCPDS card No. 04-0783 or 87-0597). The crystalline size of the
particulate can be estimated by using the Debye-Scherrer formula d = 0.89A fcos6, where d is
the particle size, A is the wavelength of X-ray radiation (1.5406 A), { is the full-width at half-
maxima (FWHM) of the strongest peak (in radians) of the diffraction pattern and 20 is the
Bragg angle [104].

6.2. Scanning electron microscopy (SEM)

In this technique the whole sample is analyzed by scanning with a focused fine beam of
electrons and electrostatic or electromagnetic lenses to generate images of much higher resolu-
tion. Surface morphology of the sample is determined by the help of the secondary electrons
emitted from the sample surface.

6.3. Transmission electron microscope (TEM)

In TEM analysis, an incident beam of electrons is transmitted through an ultra-thin sample
which interacts with the sample and transforms into unscattered electrons, elastically scattered
electrons, or inelastically scattered electrons. The scattered or unscattered electrons are focused
by a series of electromagnetic lenses and then projected on a screen to generate a electron
diffraction, amplitude-contrast image, a phase-contrast image, or a shadow image of varying
darkness according to the density of unscattered electron. Transmission electron microscopy
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techniques can provide direct imaging, diffraction and spectroscopic information, chemical
composition, either simultaneously or in a serial manner, of the specimen with an atomic or a
sub-nanometer spatial resolution. High-resolution TEM imaging, when combined with
nanodiffraction, scanning tunneling microscopy (STM), atomic resolution electron energy-loss
spectroscopy, and nanometer resolution X-ray energy dispersive spectroscopy techniques, is
critical to the fundamental studies of importance to nanoscience and nanotechnology.

Different surface structures can be obtained from various synthesis routes. Surface morphol-
ogy of the nano-structural features of silver are examined using above electron microscopic
techniques. Electron microscopy images of single-crystal Ag-NPs (cubes, bars, wires, and
bipyramids) grown in ethylene glycol in the presence of PVP and Br— at different proportions,
are demonstrated in the Figure 14A-D. Silver triangular nanoplates, prepared by are demon-
strated by the Figure 14E and F Asymmetric Silver “Nanocarrot” Structures, were synthesized
by using wet chemical method using CF3COOAg as precursor, PEG as reducing agent, and
PVP as capping agent are depicted in the Figure 14G-I [105, 106].

6.4. Scanning tunneling microscopy (STM)

STM uses quantum tunneling current to generate electron density images at the atomic scale for
conductive/semiconductive surfaces and biomolecules attached on conductive substrates [107].
A sharp scanning tip, an xyz-piezo scanner controlling the lateral and vertical movement of the
tip, a coarse control unit positioning the tip close to the sample within the tunneling range, a
vibration isolation stage and feedback regulation electronics are the basic parts of the STM
instrumentation. Its working on the generic principle for, i.e., to bring a susceptible probe in
close proximity to the surface of an object measured to monitor the reactions of the probe [108].

6.5. Atomic force microscopy (AFM)

The AFM can investigate the size, shape, structure, sorption, dispersion, and aggregation of
nanomaterials. It is based on a physical scanning of samples at sub-micron level (contact or
noncontact mode) using a probe tip of atomic scale and offers ultra-high resolution (>100 times

—
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Figure 14. Electron microscopy images of single-crystal Ag nanocrystals: (A) nanocubes prepared in ethylene glycol with
PVP as a capping agent in DMF; (B) nanobars prepared in ethylene glycol in the presence of PVP and Br—; (C) pentagonal
nanowires prepared in ethylene glycol in the presence of PVP in DMF; (D) bipyramids prepared in ethylene glycol in the
presence of PVP, where TEM image represented by E, F, and G and the EELS spectrum of the asymmetric silver
nanocarrot, were represented by H&I [105, 106].
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better than the optical diffraction) in particle size measurement. One of the principal advantages
of this nondestructive technique is that it felicitates the imaging of the non-conducting samples
without any specific pretreatment and without causing appreciable harm to the surface. The
major drawbacks of this technique is (i) the size of the cantilever tip is generally larger than the
dimensions of the nanomaterials to be examined that led to unfavorable overestimation of the
lateral dimensions of the samples [109, 110], (ii) AFM also lacks the capability of the detecting or
locating specific molecules; however, this disadvantage has been eliminated by recent progress
in single-molecule force spectroscopy with an AFM cantilever tip carrying a ligand.

6.6. Electron energy-loss spectroscopy (EELS)

In looking to the better understanding of the atomic processes in solids, their emerging
demand for new imaging, diffraction and spectroscopy methods with high-spatial resolution.
That demand has been reinforced by the growing interest of human being in nanomaterials.
Although, the transmission electron microscopy (TEM) can provide the structural information
with excellent spatial resolution (down to atomic dimensions) through high-resolution TEM
imaging and electron diffraction technique, electron energy-loss spectroscopy offers unique
possibilities for the nanoscale thin materials (plasmonic) analysis. Due to the broad range of
inelastic interactions of the high energy electrons with the specimen atoms, ranging from
phonon interactions to ionization processes, EELS and their combination with TEM offers the
facility to map the elemental composition of a specimen for studying the physical and chemical
properties of a wide range of biological and non-biological materials. Moreover, the energy
distribution of all the inelastically scattered electrons provides the information [111] about the
local environment of the atomic electrons for the universal dispersions of surface plasmons in
flat nanostructures, [112] 3D distribution of the surface plasmons around a metal nanoparticle
[113] and exotic nanostructures are shown in Figure 15 [114].

6.7. UV-Visible spectroscopy analysis

In decades past, synthesis of silver nanostructures has been an active research area because
of their excellent optical properties such as surface-enhanced Raman scattering (SERS) and

(d) /™
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Figure 15. EELS data and corresponding electrodynamic calculation for rod. (a) Annular dark field (ADF) image of rod
with high aspect ratio 9.6, (b) multivariate statistical analysis (MVSA)) score images, (c) discrete dipole approximation
(DDA) calculated electric field plots displaying the field generated by a plane wave optical excitation at the energies and
polarization given on each plane, and (d) summed EEL spectrum [114].
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surface plasmonic resonance, which strongly depend on size, shape, and composition, and can
be checked by the help of the optical analyses like XPS and UV-Visible spectroscopy analysis.
Although, the change in color of precursor silver ion to silver nanoparticles was visually
observed, the absorption measurements were carried out using UV-Visible spectrophotometer
to check the stability of silver nanoparticles. Characteristic UV-Vis spectrum peak of bulk Ag
appears at 320 nm due to the inter-band 4d — 5sp transitions [87]; and the red shift in this peak
to around 420 nm was observed due to the occurring of the plasmonic resonance phenomenon
in the nano-dispersion of silver metal. Effect of shape and size on optical properties of the
silver nanoparticle is reflected by Figure 16.

UV-Vis spectroscopy also used for particle size determination of silver nanoparticles, using
Mie scattering theory. The full width at half maxima of the optical spectra (Lorentz-shaped
peak; Q) can be used to calculate the particle size of stable suspension by using following
equation [116, 117]:

D_ (co +2n?) cm U M
2N.e2w

where, w is full width at half maxima of the Lorentz shaped peak, and ¢, 1, ¢, m, Ug, N, e, and

D, are the frequency independent dielectric constant, refractive index of water, velocity of light,

mass of electron, electron velocity at the Fermi energy, number of electrons per unit volume,

the electron charge and diameter of the particle, respectively.

6.8. Surface-enhanced Raman scattering spectroscopy (SERS)

SERS can be employed as a sensitive and selective technique for identification of molecules.
Strong electromagnetic fields are generated due to the localized surface plasmon resonance
(LSPR) of nano-noble metals, when they are exposed to visible light. If the Raman scatterer is
placed near these intensified electromagnetic fields of nano-noble metals, the induced-dipole
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Figure 16. (a) optical spectra of the individual silver nanoparticles of different shape spherical (Blue emission), pentagon
(Green emission) and triangular (Red emission) as reflected from their typical high resolution TEM images. (b) Plot of the
lateral size of TEM images vs the wavelength of the plasmonic resonance spectral peak for a spherical (dark circle; 85%)
pentagon (empty rectangle; 5%) and triangular (dark triangle; 5%) particles [115].
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Figure 17. SEM images of a self-assembled dimmer of flower-like silver mesoparticles along with their corresponding
Raman images at the axis parallel to the dimer axis of the detected particles with high SERS quality [118].

increases that results in the increase of intensity of the inelastic scattering. Similar relations can
hold-good for the extinction and scattering cross sections of the nanoparticle. If the extinction
and scattering cross sections of the nanoparticle at resonant wavelengths are maximized, it
represents the spectroscopic signature of exciting the LSPR. A SER spectrum also provides the
accurate information about molecular structure and the local environment in condensed
phases than any other electronic spectroscopy technique.

A typical example of the surface-enhanced Raman scattering (SERS) is reflected by Figure 17,
where the coupling effect still dominates the SERS and the flower-like silver mesoparticle dimer
image with the large hot areas is 10 to 100 times greater than the individual mesoparticles [118].

7. Applications of the silver nanoparticles

Metal nanocatalysts of different shapes and sizes like quantum dots, nanotubes, nanofibres,
nanolithographs, self-assemble processing devices, nanoparticles, and nanofibres, have immense
significance. They have bright future in broad research areas of high-tech applications in the field
of information of storage, computing, medical and biotechnology, energy, sensors, photonics,
communication, and smart materials. The size and shape of the nanometal is a critical criteria to
target-specific applications that may be achieved by keeping size distribution as narrow as
possible. Nanometals has enormous potential to serve all facets of life for building big future
from small things, as they acquire the goodness of both homogeneous and heterogeneous
catalysts. At present, the pretty command over the morphologies of silver nanoparticles has
received immense attention of researchers due to their considerable budding applications in
almost all fields. In the present context, they have attracted the interest of the people due to their
unique physical, chemical, and biological properties in compared to their massive counterparts.
Silver nanoparticles are also studied by material scientists who investigate their integration into
other materials in order to obtain enhanced properties, for example, in solar cells where silver
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nanoparticles are used as plasmonic light traps. These properties make them valuable in other
applications such as catalyst [119, 120], inks, microelectronics, medical, imaging, health products,
and waste management. Antifungicidal activities making them extremely popular in a diverse
range of consumer/medical products, including plastics, soaps, pastes, food, cosmetics, medicine,
highly sensitive surface-enhanced Raman spectroscopy (SERS) application [121-123], water
treatment and textiles, etc., that boost their market value [124]. Moreover, the nanofibre can be
very effective in attracting and trapping small particles because it is “sticky” due to its large
surface area. This makes nanofibres excellent materials for use in filtration [125]. Moreover, silver
nanoparticles accounts for more than 23% of available nano-products in the market. It includes
the share of different facets of life, i.e., 52.61% health and fitness, 10.44% cleaning, 10.04% food,
6.02% household equipments, 4.02% medicine, 3.21% electronic devices, 2.01% toys, and 11.65%
others [126]. Out of the versatile applications of nanosilver in diverse phases of life, few are
discussed below.

7.1. Medical: diagnosis and treatment of aliment

The silver nanoparticles exhibit a broad spectrum of antibactericidal, antiviral, anti-inflmmatory,
antiangiogenic, anti-tumor, and anti-oxidativeproperties along with the biological and chemical
sensing, imaging, drug carrier, and diagnosis of the cancer/HIV/AIDS [127-131]. When the
researchers directed near-infrared laser light through the mice’s skin and at the tumors, the
resonant absorption of energy in the embedded nanoshells raised the temperature of the cancer-
ous tissues from about 37°C to about 45°C. The photothermal heating killed the cancer cells
while leaving the surrounding healthy tissue unharmed. In the mice treated with nanoshells, all
signs of cancer disappeared within 10 days; in the control groups, the tumors continued to grow
rapidly [132].

Silver nanotechnology, emerging as a fast growing technology in the field of orthopedics due
to its antimicrobial properties. Therefore, silver nanoparticles can be used in orthopedic appli-
cations such as trauma implants, tumor prostheses, bone cement, and hydroxyapatite coatings
to prevent the biofilm formation. Bio film formation is a major source of morbidity in orthope-
dic surgery. The promising results with in vitro and in vivo studies of the use of AgNPs in this
field reduce the risk of infection in an effective and biocompatible manner [133].

7.2. Food industry

Silver nanoparticles are already utilized for various applications in areas such as food supple-
ments, food packaging, and functional food ingredients. To protect the food from dust, gases (O,,
CO,), light, pathogens, moisture nanocomposite LDPE films containing Ag and ZnO nanopar-
ticles packaging, would be a safer, inert; cheaper to produce, easy to dispose and reuse-way.
Nanocomposite LDPE films containing Ag and ZnO nanoparticles were prepared by melt
mixing in a twin screw extruder. Packages prepared from the above films were used to carry/
store fresh orange juice, fresh meat (highly perishable commodity) to avoid the proliferation of
undesirable microorganisms and also to provide desired texture to the food, encapsulate food
components (e.g., control the release of flavors), increase the bioavailability of nutritional com-
ponents [134].
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7.3. Catalyst

In recent years, one of the most important applications of the AgNPs has been observed in
catalysis of chemical reactions. Nanosilver catalysts” with their unique reactivity and selectivity,
stability, as well as recyclability in catalytic reactions with atom-economy and environmental
benign nature, increases the interest in nanosilver-mediated organic synthesis in the last few
years. Nanosilver of different shapes and sizes catalyzed many organic transformations such as
cyclization, Michael addition, alkylation, alkynylation, oxidation, cross-coupling reaction, A>-
coupling reaction, reduction, Friedal-crafts, Diel-Alder reaction, and many more [135]. Resea-
rchers are fascinated to silver nanoparticles, since it has enabled unprecedented or low selective
transformations to highly reactive and chemoselective catalysis for various nanosilver-catalyzed
reactions. For example, kinetically difficult reduction of p-nitrophenol is not possible even in
presence of strong reducing agent NaBH,4 and month long aging. But, by the addition of AgNPs
in the same reaction mixture, it made the reaction possible by formation of the p-aminophenol
[136]. Studies in this field, revealed the strong potential of nanosilver catalysis in the total
synthesis of natural products and pharmaceutical molecules [137].

7.4. Air disinfection (biosols filter)

Bioaerosols are airborne biological origins such as viruses, bacteria, fungi, which are capable of
causing infectious, allergenic, or toxigenic diseases. Large quantities of these bioaerosols were
accumulated on the filters of heating, ventilating, and air-conditioning (HVAC) systems [138].
It often resulted in the low quality of indoor air. The WHO estimated that 50% of the biological
contamination present in indoor air comes from filter-medium after air filtration, which can
add on microbial growth. These pathogens generate mycotoxins which are dangerous to
human health. To reduce the microbial growth in air filters, Ag-deposited-activated carbon
filters (ACF) were effectively used for the removal of bioaerosols. Antibacterial activity analy-
sis of Ag-coated ACF filters was checked for Bacillus subtilis and E. coli [138]. It was found that
above two bacteria were completely inhibited the physical properties of ACF filters such as
pressure drop and filtration efficiency with in 10 and 60 min, respectively.

7.5. Drinking water purification

Studies supported that the silver nanoparticle (AgNP) can work as an excellent antiviral,
antimicrobial, and disinfectant agents. The results obtained showed that silver nanoparticles
in surface water, ground water, and brackish water are stable. However, in seawater condi-
tions, AgNP tend to aggregate. The comparison of AgNP-impregnated ceramic water filters
and ceramic filters impregnated with silver nitrate was made. The results showed that AgNP-
impregnated ceramic water filters are more appropriate for this application due to the lesser
amount of silver desorbed compared with silver nitrate-treated filters without disturbing
the water chemistry conditions and performance of the filters. Quaternary ammonium
functionalized silsesquioxanes-treated ceramic water filter desorbed less from the filters and
achieved higher bacteria removal than the filters impregnated with AgNP. This indicates that
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the quaternary ammonium functionalized silsesquioxanes compound could be considered as a
substitute for silver nanoparticles due to its lower price and higher performance [139].

7.6. General/health care

Nanosilver products such as beauty soap, hair shampoo and conditioner, body cleanser, tooth
brush, sanitizer, facial masksheets, skin care line, makeupline, wetwipes, disinfectant spray,
wash and laundry detergent, etc., have been influence our daily life at great extent [140]. Silver
nanoparticles can also be incorporated in manufacturing of the toothpaste or oral care gels.
Silver nanoparticles with particle size less than 15 nm and concentration of 0.004% w/w
showed maximum efficiency to prevent the growth of bacteria that causes unpleasant oral
smells and dental cavities [141].

The nanoproduct can also be used in dyeing of cosmetic foundations, eye shadows, powders,
lipsticks, inks, varnishes, or eyebrow pencils. According to Ha et al., the products with metal
nanoparticles, unlike the conventionally used metallic pigments, are not harmful to human
health, and may even have health benefits [142].

A soap with silver nanoparticles as one of the ingredients was prepared; and in 2013, the
method for its preparation was patented [143]. Nia had used the silver nanoparticles to
improve the plant growth of the plants (citrus fruits, grains, and oleaceae trees) [144]. Silver
nanoparticles-treated structure of textile materials [145] were used for antimicrobal activities
protected clothing. The authors reported that the silver nanoparticles coated nylon fibers used
in making of floor coverings/carpets that helps to secure them against bad odors and the
growth of pathogenic microorganisms [146].

8. Challenges and perspectives

The commercial use of the engineered nanomaterials, with at least one-dimension of 100 nm
or less, is increasing in the area of fillers, opacifiers, consumer/medical products (including
plastics, soaps, pastes, food, cosmetics, medicine, drug carriers, and highly sensitive SERS
application), catalysts, semiconductors, textile, waste water treatment, microelectronics,
bioimaging, etc. Materials at nano-level may induce some specific physical or chemical
interactions with their environment. As a result, they perform exceptional changes in the
properties like conductivity, reactivity, and optical sensitivity, in comparison to their massive
counterparts, which may enhance the processes such as dissolution, redox reactions, or the
generation of reactive oxygen species (ROS). These processes may be accompanied by biolog-
ical effects that would not be produced by larger particles of the same chemical composition.
The nanomaterials are responsible for the possible undesirable interactions with biological
systems and the environment which might generate toxicity. Therefore, there is an urgent
requirement to establish the principles, procure the test procedures to ensure safe manufacture
and commercial use of nanomaterials [147] to stop the uncontrolled release of nanoparticles to
the environment through waste disposal, and to incorporate the nanowaste and nanotoxicology
in the waste management. Thus, the bioaccumulation and toxicity of the nanoparticles may



Silver Nanoparticles: Synthesis, Characterization and Applications
http://dx.doi.org/10.5772/intechopen.75611

become important environmental issues. Although the amount of the nanoparticles in commer-
cial products are lower than those present in soluble form but the toxicity resulting from their
intrinsic nature (e.g., their size, shape, or density) may be significant. Moreover, the major
challenge in the treatment of nanowaste is the current need of the time. Not only the proper
understanding of its chemical, physical, and biological properties, but it also requires the apt
number of studies on the impact (short- and long term effects) of these new materials on
biological and environmental systems (acutely lacking area). It is necessary to have basic
information from companies about the level and nature of nanomaterials produced or emitted
and about the expectation of the life cycle time of nanoproducts as a basis to estimate the level
of nanowaste in the future. Without the knowledge of how to use, store, facilitate the separa-
tion, and recovery of recyclable and non-recyclable nanomaterials, the development of the
regulations in this field is difficult. Moreover, Ag metal has strong affinity toward the ele-
ments, i.e.,, O, Cl, S, and organic compounds (particularly, the thiol group containing com-
pound) and oxidation capacity that shorten the lifetime of Ag-NPs in the environment. The
kinetics of Ag-NPs corrosion increases with decreases in particle size. Sulfidation (significant
amount of the sulfide ion present in polluted water) is the most probable corrosion process
for metallic AgNPs undergo because of the very high stability of Ag,S. However, the mech-
anisms with the kinetics of the oxidation of Ag,S-NPs in to Ag,50,, on contact with air or
microbial transformation, is needed to be deal with as Ag,SO, (Ksp = 1.2 x 10™°) is consider-
ably more soluble than Ag,S (Ksp = 5.92 x 10°'). Furthermore, in comparison to the
unsulfidized AgNPs and Ag ion, the toxicity of Ag,S-NPs has shown limited acute toxicity
because sulfidation momentously decreases the solubility [148]. Recently, the plasmonic
materials are in fashion because of their efficiency in optoelectronic materials; for example,
in a recent report, the hot electron transfer from a plasmon-induced interfacial charge-transfer
transition induced the quantum efficiency of the device up to 20% independent of incident
photon energy [149]. In addition to above, a better understanding of the hot carrier genera-
tion, transport, emission and relaxation timescale, engineering of semiconductor-hot electron
interface is still needed for better designing of the efficient hot carrier devices [150-153].
Beside all the challenges, the future of silver nanoparticles is bright because of their potential
use in biomedical applications as long lasting and enhanced antifungal, antibacterial, disin-
fection properties along with their utilization in drug delivery, diagnosis, bioimaging,
biosensoring, etc. Moreover, their role as an effective molecular sieve, metallic sorbent, and
catalyst for the removal of the environmental pollutions are commendable. There is great
hope for the application of Ag-NPs in the versatile field of computers and informatics,
cosmetics, textile, food, and medicine. Although a lot of work is done in this field, the full
potential of silver nanoparticles is yet to come into lime light with better understanding of
their mechanism and long lasting impact on environment and waste management.

9. Chapter summary

The chapter started with a brief introduction of the nanomaterials along with their historical
existence without in-depth knowledge. The importance of the silver NPs over other nanometals
was established on the account of their properties such as surface-enhanced plasmonic character,
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cost, stability, and so on. The synthesis methods and advanced characterization tools were also
discussed in keeping AgNPs in the mind. The applications of these competent nanoparticles
along with their goodness and special qualities are also described in the chapter. In the end, the
challenges and future prospective of this up-bringing area were discussed.
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Abstract

The interaction between the silver nanoparticle and peptide surfaces has been of increased
interest for the applications of bionanotechnology and tissue engineering. In order to
completely understand such interactions, we have examined the optical properties of
peptide-coated silver nanoparticles. However, the effect of peptide binding motif upon
the silver nanoparticles surface characteristics and physicochemical properties of these
nanoparticles remains incompletely understood. Here, we have fabricated sodium citrate
stabilized silver nanoparticles and coated with peptide IVD (ID,). The optical properties
of these peptide-capped nanomaterials were characterized by UV-visible, transmission
electron microscopy (TEM), and z-potential measurement. The results indicate that the
interface of silver nanoparticles (AgNP)-peptide is generated using ID, peptide and sug-
gested that the reactivity of peptide is governed by the conformation of the bound pep-
tide on the silver nanoparticle surface. The interactions of peptide-nanoparticle would
potentially be used to fabricate specific functionality into the various peptide-capped
nanomaterials and antibacterial applications.

Keywords: silver nanoparticles, peptide, Z-potential, physicochemical properties

1. Introduction

Over the last few years, the fabrication and synthesis of stable silver nanoparticles are the
most leading active areas of research in the field of bionanotechnology due to their wide range
of applications in areas such as biosensing, biotechnology, biolabeling, biomedical, and anti-
bacterial applications [1-8]. The properties of nanoparticles would be modified by capping
certain functional groups to change their biocompatibility and stability in many biological
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systems [9, 10]. The major challenge is maintaining the size control and distribution of these
particles into the biological environment. The nanoparticles’ size plays a very important role
and it should be of a suitable size between 20 and 100 nm to avoid the negative charge and
renal clearance [11]. The physical and chemical properties of nanoparticles can be changed
rapidly by the adsorption of proteins which enable them to help cellular internalization [12].
In addition, opsonization can result in an undesired cellular uptake, nanoparticle aggrega-
tion, and an immune system response [13].

The available methods for creating “stealth” nanoparticles that resist nonspecific protein adsorp-
tion include surface modification by polyethylene glycol (PEG) [14], polysaccharides [15], mixed
charge self-assembly [16], and polymers [17, 18]. An attractive way for stealth coatings is to
study the use of natural materials such as peptides: they are biocompatible, biodegradable, well-
studied, non-immunogenic, and multifunctional materials [19]. Over the last few years, anti-
bacterial peptides have become huge interesting diagnosis tools for improving new techniques
for the production of novel antibiotics in the treatment of human infections [20]. The antimicro-
bial activity of AgNP nanoparticles has been communicated extensively in the area of killing
Gram-negative and Gram-positive bacteria [21, 22]. Silver nanoparticles are more toxic element
to microorganism compared to other metals and they exhibit slow toxicity into cells. They have
an advantage of lower propensity to induce microbial resistance [23, 24]. The protein-coated
nanoparticles have been well studied to fabricate stable systems in buffered saline systems (PBS)
[25, 26]. However, by improving the nanoparticles stability in complex fluids, we can use as
undiluted human serum is very challenging than in buffered saline solution due to the presence
of huge proteins. And also, the interactions between peptides and peptide-bound nanoparticles
were not yet well studied. It is very important to investigate nanoparticles properties in com-
plex fluids before performing in vivo experiments. Developing peptide-coated-AgNP materials
that are stable in complex fluids increases in vivo applications. In addition to possessing stealth
properties, it is very useful to incorporate specific interactions of peptide with nanoparticles for
biomedical technology applications. The peptide sequences have a particular molecular recog-
nition for receptors on various cell types. However, additional conjugation steps are important
to change peptide targeting sequences onto stealth particles which contain synthetic polymers
such as PEG [27, 28]. Peptide capping offers many advantages due to their sequence and can be
applied off for the existing peptide sequence [29, 30]. Combining the s-peptide sequence with a
targeting moiety leads to specific interactions with maintaining a low fouling background, and
the complex fluids increase the stability of nanoparticles by peptide coating.

In this work, we have examined a synthetic peptide of IVD (ID3) [31]. The sequence mimics
is important and the surfaces of proteins have adapted to avoid nonspecific adsorption. This
leads to improve the stability of nanoparticles in complex fluids. Here, charge neutrality is
balanced by leaving the N-terminus amine which is free ion, and it contributes to an extra
positive charge to the peptide. The peptide sequence was attached to nanoparticles such as
AgNP through a surface anchoring via covalent bonding. The zeta potential and optical spec-
troscopy (UV-visible) results indicate that peptide-anchored silver nanoparticles show high
stability in complex fluids. The functional peptide always contains biomolecular recognition.
Moreover, the advantages of this system are easily fabricated in a one-step process by mixing
silver nanoparticles and self-assembling peptides.
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2. Experimental section

2.1. Materials and methods

Peptide (ID,) with confirmed amino acid analysis was purchased from the American Peptide
Company. Silver nitrate (AgNO,) and citric acid tri-sodium salt dehydrate were purchased
from Fisher Scientific (Waltham, MA). The peptide content varied between 70 and 85%, and
the ID, peptide was acetylated at the N-terminus. All solvents were purchased from Sigma-
Aldrich Co.

2.1.1. Synthesis

Silver nanoparticles were synthesized by reduction method. Hundred milligrams of silver
nitrate was dissolved in 500 ml of aqueous solution. It was vigorously stirred and heated
to a steaming point. To synthesize about 20-30-nm diameter AgNPs, 10-15-mL solution
of sodium citrate was quickly added while steaming the AgNP solution. The solution was
heated for another 10-15 min, and the final solution was allowed to cool naturally to room
temperature (shown in Figure 1).

2.1.2. Peptide-coated AgNPs

Peptide-anchored silver nanoparticles were prepared by mixing citrated-capped AgNP with
0.5-mM peptide concentration in aqueous solution. The solution was stirred for about 10 min,
and the self-assembled process was made for 20 h to get a uniform coating.

2.1.3. Characterization of silver nanoparticles

UV-visible absorption spectra were recorded at room temperature from 300 to 800 nm range.
Fluorescence emission spectra were collected using a Horiba Fluoromax-4 spectrofluorom-
eter. The chemical compositions of AgNPs solution were collected using a Fourier transform
infrared spectroscopy ranging from 4000 to 400 cm™. The silver nanoparticles size and mor-
phology of particles were determined by TEM using a Tecnai G2 F20. Samples were prepared
by evaporating a 10-uL solution of AgNPs onto carbon-supported copper grids. For the deter-
mination of particle size, 300 particles were counted from multiple pictures from different
areas of the TEM grid using Image ] software analysis. The zeta potential of the particles was

Figure 1. Schematic of silver nanoparticles (AgNPs) synthesis.
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analyzed by using the Zetasizer Nano-ZS device. The measurements were carried out at room
temperature at 25°C in aqueous solution. The zeta potential was calculated from the electro-
phoretic mobility based on the Smoluchowski theory.

3. Results and discussion

The peptide-capped-AgNPs size was analyzed by transmission electron microscopy (TEM)
(Figure 2). The diameter and size distribution of the AgNPs were measured using TEM image
analysis software and verified by image ] software. The diameter of the silver nanoparticles
was approximately observed to be 27 + 2.0 nm (Figure 2), and it was measured by statisti-
cal analysis. The images of nanoparticles are shown in Figure 2(a)-(c) and peptide-anchored
AgNPs images are also shown in Figure 3(a) and (b). The peptide anchoring does not influ-
ence the size of silver nanoparticles. On the basis of the HR-TEM images, and the constant
silver core diameter, it is evident that peptide-anchored-AgNPs remain mono-disperse even
after peptide-anchoring process (Figure 3).

The HR-TEM image (Figures 2 and 3) of AgNPs showed that the fringe spacing of AgNP was
2.4 A, which corresponded to the spacing between the plane of face-centered cubic (fcc) silver.
The selected area of the diffraction pattern (SEAD) of silver nanoprism (Figure 2(d)) indicated
that the entire nanoparticle was a single crystalline structure [32-34]. The SEAD pattern was

Figure 2. The TEM images of silver nanoparticles dispersion (a—c) and a selected area of the diffraction pattern of gold
nanoparticles (d), and the insert shows the diameter distribution of AgNPs (a).
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indexed according to planes of (111) and (200) reflection, and the crystal structure of silver is
FCC on the basis of the d-spacing 2.4 and 2.04 A. The d-spacing was also calculated from dif-
fraction pattern. The HR-TEM image of peptide-anchored AgNPs showed (Figure 3) that the
nano-thin layer of peptide anchoring was observed.

The FTIR spectra of citrate-stabilized AgNPs were performed to know the anchoring mol-
ecules present on the surface of AgNPs (Figure 4). FTIR spectrum shows absorption bands at
3350, 2914, 2855, 2354, 1740, 1632, 1455, 1377, 1242, and 1040 cm™ and indicating the presence
of anchoring agent on the AgNPs surface. The bands at 3350 cm™ in the spectra indicate an
O-H stretching vibration in the presence of alcohol. The bands at 2914 and 2855 cm™ regions
arising from C-H stretching of the aromatic groups were found. The band at 1740 cm™ was
assigned to the C—C band stretching. The band at 1632 cm™ in the spectra indicates C—C and
C-N stretching in the presence of proteins [35]. The band at 1455 cm™ was indicated for N-H
stretch vibration in the presence of amide linkages of peptides. These functional groups have

Absorption (%)

i 1 i 1 i 1 i 1 i

3600 3000 2400 1800 1200 600
Wave number (cm™)

Figure 4. FTIR spectra of silver nanoparticles.
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an important role in stability and anchoring of AgNP as reported in the previous studies [35].
The bands at 1455 and 1040 cm™ were assigned for N-H and C-N stretch vibration of the
proteins, respectively. The peptide-anchored AgNP particles spectra were also collected by
using FTIR and observed that the peaks were suppressed. It may be due to a thin nano-layer
anchoring covered on the nanoparticles surface.

The citrated-AgNPs show a Plasmon band at 529 nm (Figure 5(a)) with the help of UV-visible
spectra. The particle diameter and size can also be identified from the concentration of sil-
ver nanoparticles solution [36-38]. The surface Plasmon absorption spectrum of AgNPs as
the function of concentration is shown in Figure 5(a). The intensity of absorption spectra
increases as increasing the AgNP concentration. The trend was consistent with the changes
indicating the surface of Plasmon band of AgNPs. For peptide (ID,)-anchored AgNPs, the
Plasmon band absorbance shifts to a higher wavelength of 404-nm region (Figure 5(b)).

The hydrodynamic diameter of peptide-anchored-AgNPs was measured by Zetasizer as
27 +2 nm. Zeta potential measurements indicate that the charge of the Cit-AgNP is -40+2 mV
(Figure 6) in a water medium and the charge of peptide-anchored-AgNPs is =13 + 1 mV. The
differences of charge are observed between citrated-AgNPs and PC-AgNPs in UV-visible
region, and TEM and zeta potential measurements show evidence that the peptide is effec-
tively anchored on the surface of AgNPs. The shift to a higher Plasmon band and the hydro-
dynamic diameter size increase by about 1-2 nm after the addition of a peptide which is
consistent with the formation of a peptide layer on the surface of nanoparticles [18]. Also, the
reduction of charge from —40 to -13 mV (Figure 6) indicates the displacement of negatively
charged citric acid by the positive charge of the peptide. The small amount of negative charge
still remaining on the PC-AgNPs is most likely due to a few residual citrate molecules on the
surface even after ligand exchange.

The stability of peptide-anchored nanoparticles in phosphate-buffered saline is the first phenom-
enon for developing robust, biocompatible systems. However, if the particles are to be utilized
in more complex environments, such as in vivo, then harsher conditions need to be analyzed.
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Figure 5. (a) Absorption spectra with a peak intensity of AgNPs at different concentrations. (b) Absorption spectra of
AgNPs and AgNP/ID, at 30 mg/ml AgNP concentration.
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Particle stability was assessed by monitoring the hydrodynamic diameter of nanoparticles using
the UV-visible, TEM, and DLS. As seen in Figure 7, PC-AgNPs maintain the same hydrody-
namic diameter (27 + 2) after exposure to 15 wt% NaCl, 1 mg/ml lysozyme, and PBS solutions.

We examined the peptide-anchored AgNP stability under high salt conditions. Most of the
nanoparticles aggregate when the salt was increased due to the screening of electrostatic
repulsion. However, zwitterionic and mixed charge materials can resist aggregation of
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Figure 6. (a) The zeta potential of AgNPs and AgNP/ID; as a function of concentration.
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Figure 7. DLS measurements of the hydrodynamic diameter (volume percentage) (nm) of PC-AgNPs after exposure
to PBS, 1 mg/mL lysozyme in PBS, and 15 wt% NaCl solution for 50 min. Each data point represents an average value/
standard deviation from three independent measurements.

65



66

Silver Nanoparticles - Fabrication, Characterization and Applications

nanoparticles due to the presence of a strongly bound surface hydration layer [17, 18]. In
addition, to examining particle stability in PBS medium, the stability of peptide-anchored
AgNPs was also measured at higher salt concentrations. Peptide-anchored silver nanopar-
ticles maintain stability even at 15 (wt%) salt concentration. These results indicate that the
thin nano-peptide layer formed on the surface of silver nanoparticles (AgNPs).

4. Conclusion

In summary of results, the synthesis and characterization of peptide-anchored silver nanopar-
ticles was demonstrated. The peptide-anchored nanomaterials were generated through a
simple reduction approach, which helps a general synthetic route that produces particles of a
similar size using peptides anchoring. The AgNPs were generally spherical with a relatively
narrow size distribution. Peptide-anchored AgNPs show high stability in a high salt concen-
tration. The results suggest that the reactivity of the peptide on AgNPs surface is governed
by more details as indicated by the peptide structure. These results would be useful in the
development of functional nanoparticles that exploit surface-based activity in the area of drug
delivery and various bionanotechnology applications.
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Abstract

Nanoparticles and polymers in their respective fields have contributed greatly in the
form of science and hence in daily life application products. But due to lack in emerging
technologies for developing silver nanocomposites with polymers and other materials,
the nanoparticle-based products have conquered little less attention. Hereby, an effort is
made to put a light on already developed functional materials containing silver nanopar-
ticles and also to look forward their scope in daily life applications. A little more insight
into antimicrobial properties of such materials will also be elaborated. Finally, the opti-
mal amounts of silver that cannot be health hazardous to living being especially human
and overall environmental impacts of Nanocomposites are presented.

Keywords: silver nanoparticles, functional materials, antimicrobial properties, polymers

1. Introduction

Today the nanoscience can easily be presumed as the key feature of modern world technology.
Thereforth, due to assorted field of utilizations, it is playing pivotal role in material science
industry [1]. Its applications can monetarily expand the properties and estimations of material
preparing and items. The nanomaterials are prepared either by incorporating into the core
matrix of the material or via polishing over the surface of designed materials. The wide spread
application of nanomaterials ranges from catalysis to electronics and optics as well as in mag-
netics alongside the health and environment applications [2]. Yet the future of nanotechnology
in material applications lies in territories where the new standards will be joined into strong,
multifunctional material frameworks without bartering the intrinsic material properties.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Silver nanoparticles are domineering among the most important and entrancing nanomaterials
among a few metallic nanoparticles that are engaged with the biomedical applications. They
exhibit excellent antibacterial, antifungal, anti-inflammatory and antiviral properties gener-
ously or either after reacting with specific elements to impart such functional properties [3]. To
an extent, the silver nanoparticles can be utilized against a broad variety of infections [4]. The
use of silver nanoparticles is not restricted to the medical field only; they have been also used
as self-cleaning, UV protection, improving durability and opto-electronics.

Silver is stable in pure water and air environments but the surrounding of ozone, hydrogen
sulfide or sulfur if present in air or water may bring about silver tarnishing because of the
formation of silver sulfide [5]. Apart from conventional Ag?, silver is available in three other
oxidation states: Ag’, Ag*, Ag®. However, the last two are unstable and rarely found in the
sea-going condition. Silver has numerous isotopes but with molecular weight 107 is the most
commonly existing. Even though intense poisonous quality of silver in the condition is subject
to the accessibility of free silver particles, analyses have appeared that these convergences
of Ag* particles are too low to lead toxicity. Metallic silver appears to posture the negligible
hazard to wellbeing, while solvent silver mixes are all the more promptly consumed and can
possibly deliver unfriendly effects [6]. The decrease in the measure of silver to nano-sized
silver expands its capacity to control microscopic organisms and growths. Because of the
extensive surface region of nanomaterials prompt the expanded contact with microbes and
growths which builds its affectivity. Nano-silver, when in contact with microorganisms and
their growth, unfavorably influences the cell digestion of the electron exchange structures

®m Health and fitness

m Cleaning

H Food

m House-hold
equipment

B Toys

» Medicine

u Electronic device

u Other

Figure 1. Application of silver nanoparticles in different fields.
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and cause the substrate movement in the microbial cell film [7]. Microscopic organisms and
growths causes irritation, contamination, smell, wounds, the utilization of nano-silver subdue
the expansion of microscopic organisms and parasites [8]. Nano-silver have been generally
utilized because of its antibacterial microbial movement for the advancement of items con-
taining silver incorporate nourishment contact materials, (for example, containers, bowls and
cutting sheets), scent safe materials, gadgets and family unit apparatuses, beautifying agents
and individual care items, therapeutic gadgets, water disinfectants, room splashes, children’s
toys, newborn child items and health supplement [9] (Figure 1).

2. Synthesis of silver nanoparticles

The nanoparticles of silver can be synthesized by various physical, chemical, biological and
other methods. The most prevalent chemical methodologies contain the chemical reduction
by using a range of several inorganic and organic reducing agents, physicochemical reduc-
tion, radiolysis and electrochemical methods [10]. The vast majority of these techniques are
still in the development stage as well experienced some complications in silver nanoparticles
stability and accumulation, morphology, size and size distribution [11]. Moreover, for the
produced silver nanoparticles, the extraction and purification are still significant concerns for
further applications. Besides, silver nanoparticles prepared through biological-, irradiation-
and Tollen’s method and in presence of polyoxomerales and polysaccharides method can also
be incorporated into functional materials [12].

In the biological method, the synthesis of silver nanoparticles takes place through the reduc-
tion of the silver ion by the help microorganisms extracts [13]. The extracts of the micro-
organisms at a time can behave as both the capping agents as well as reducing agent. The
preparation of silver nanoparticles by using polysaccharides along with water as the capping
agent is recognized as polysaccharide technique [14]. The nanoparticles of silver can also be
synthesized by using numerous irradiation methods like UV-irradiation, microwave, gamma
rays and through sonochemical methods [15]. These nanoparticles can also fabricated by the
Tollen’s method and polyoxomerales procedures. The stable spherical silver nanoparticles
with a diameter 0.5-150 nm are also created at the several concentration of silver nitrate using
the biosynthesis procedure [16]. These methods have many advantages than chemical, physi-
cal and the microbial synthesis because in this procedure no hazardous chemicals are being
used. Fundamentally, the green synthesis is considered to be an environmental friendly as
well the cost effective substitute to the physical and chemical procedures.

The plant extract is the most common reducing agent in the green synthesis [17]. Generally,
the silver ions face reduction in aqueous solution to produce different nanometer diameter
sized colloidal silver. Herein, the silver ions also get reduced to silver atoms which then rise
into the oligomer clusters. Later these clusters support to advance the colloidal silver particles.
Fabrication of silver nanoparticles follows the three chief principles that are, the selection of
solvent medium, and selection of environment friendly reducing agent along with the choice
of the harmless substances to stabilize the nanoparticles of silver. A huge collection of second-
ary metabolites is created in plants that have the redox capability for the biosynthesis of silver
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nanoparticles. So, the silver nanoparticles are produced from Ag+ ion by the bio reduction by
the help of plant metabolites [18]. The uniform silver nanoparticles of controlled size can also
be synthesized by using the microemulsion procedures [19]. The nanoparticles preparation in
the two-phase aqueous organic schemes is centered onto the preliminary spatial split-up of
the reactants of metal precursor and reducing agent into the two immiscible segments. The
interface between the two fluids and the strength of inter-phase transference between the two
phases, which is intermediated by the quaternary alkyl-ammonium salt, influence the level of
interactions between the metal precursors and the reducing agents. The metal clusters formed
at the interface are stabilized, due to their coated surface with stabilizer molecules arising in the
non-polar aqueous medium, and shifted to the organic medium by the inter-phase transporter
[20]. The major drawbacks of this process are the use of highly poisonous organic solvents.
Consequently, the large amounts of surfactant and the organic solvent must be disconnected
and removed from the final product. On the other hand, the colloidal nanoparticles prepared
in no aqueous media for conductive inks are well-dispersed in a low vapor pressure organic
solvent, to readily wet the surface of polymeric substrate without any accumulation [21].

The nanoparticles of silver can be produced through the wide range of the irradiation meth-
ods [22]. The silver nanoparticles of well-defined shape and size can be produced by the laser
irradiation of the surfactant along with an aqueous solution of the silver salt. Moreover, laser
is being used in the photo-sensitization synthetic method of producing the silver nanopar-
ticles by using benzo-phenone. At the short irradiation periods, the low laser powers formed
the nanoparticles of about 20 nm, whereas an improved irradiation power created the silver
nanoparticles of the size about 5 nm. Mercury lamp and laser can be used as the light sources
for the production of the silver nanoparticles. In the visible light irradiation method, the
photo-sensitized growth of silver nanoparticles using thiophene (sensitizing dye) and silver
nanoparticle formation by illumination of [Ag(NH3)]+ in ethanol are being used [23].

Among all available methods, the basic route for the syntheses of nanoparticles is defined by
keeping in mind the parameters like availability of chemicals, natural extract and available
instruments, the demanded size and shape of nanoparticles and most importantly the use of
nanoparticles in a particular application. In our laboratory, we prepared the solvent-free syn-
thesis of oleophlic nanoparticles from silver nitrate and oleyl amine [24]. The direct heating
of reaction mixture for 20 min at 165°C yielded the nanoparticles of average 68 nm upon dis-
persal in ethanol. The ultra-refined nanoparticles were incorporated in the polymerization of
dicyclopentadiene and polymers were evaluated against their activity for microbes. Another
example constitutes the manufacturing of fluff pulp using sonochemically impregnated silver
nanoparticle and the materials was compared for their antimicrobial properties against the
conventionally used sodium borohydride reducing agent [16].

3. Application of silver nanoparticles in functional materials

Silver nanoparticles represent the manifest nano-products and are now generally utilized as
a part of medicinal applications, including wound dressing, diagnosis, water filtration, elec-
tronics, optics, and pharmacological treatment [15]. Since the shape, size, and synthesis of
silver nanoparticles can affect their capability and conceivable dangers to human wellbeing,
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broad research is expected to completely comprehend their amalgamation, portrayal, and
conceivable harmfulness. Herein, we present an outline of silver nanoparticles amalgamated
materials for utilizations in different fields.

Nano-silver has high electrical and thermal conductivity alongside the improved optical prop-
erties that prompts different applications in hardware. In nano-electronics, silver nanowires
are utilized as nano-connectors and electrodes. Other applications include opto-electronics,
nano-electronics, (for example, single-electron transistors and electrical connectors), informa-
tion stockpiling gadgets, the readiness of dynamic waveguides in optical gadgets high thick-
ness recording gadgets, intercalation materials for batteries, making small scale interconnects
in coordinated circuits (IC) and fundamental capacitors [25].

For the access of clean water, a feasible treatment of the combination of filtration along with
disinfection is recommended. Revealing in Nanotechnology, analysts have built up a layer
channel in view of silver nanostructures that are connected to cellulose filaments. Driven
by gravity, the framework gives a rapid yet modest and sturdy alternative for the cleans-
ing of water [26]. The silver nanostructures gradually break down and discharge silver
particles, which have been utilized as antibacterial operators for a considerable length of
time. In such a way, debased water can be purged averting basic sicknesses, for example,
cholera or gastroenteritis. This gives a shabby, protected, compact and simple to-utilize
water-purification framework.

Similarly, it is equally utilized with conjunction of copper ions as a protection measured
against colonization of Legionella spp. Silver nanoparticles are right now being tried in
various trial purpose of-utilization (POU) treatment frameworks and ionic silver has been
researched for its potential use as an optional disinfectant (to lessen levels of chlorine) in
drinking-water supplies. Silver particles (in mix with both copper and chlorine) have also
been examined for use in swimming pool sterilization [27].

The production of metal-polymer involves multiple procedures. Due to harmful steps and dif-
ficulty in managing the nanoparticles for even distribution in the large medium, less work has
been done using ex-situ process. Besides this, in-situ method has been appreciated for linking
the beneficial properties of all the materials involving in the process and metal NPs formed
through it has provided numerous uses. According to the latest research study, different poly-
mer amalgams have been tried for fabrication of metal nanoparticles. The technique of in-situ
method in polymer matrixes majorly deals with uniform solution, direct photo-reduction and
photo-sensitization [28]. Basically photo-reduction of the metal and reduction of their salts/
ions takes place to generate M. The main approach for synthesis of the Ag nanoparticles
involves the reaction between silver cations and shortly lived specie formed by photo-genera-
tion. Two photo-induction reactions are performed to formulation the basic radicals.

Another process involves the photo-initiation by acryl-phosphine (photo-initiator) that
encourages the synthesis of silver nanoparticles by the reduction of AgNO, and fundamen-
tal polymerization of acrylic resin. Hence, speedy production of metallic silver and radical
initiation of the crosslinking polymerization takes place at the same time when irradiation
of Irgacure 819 is reacted with polyethylene-glycol di-acrylate monomer in the presence of
AgNO,. Change in color of the solution was observed by the UV-Visible absorption that clari-
fies the synthesis of silver nanoparticles [29].
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A wide range of actinic wavelengths and photo- reduction media were tried for fabrication
of silver nanoparticles through photo-induction method. Table 1 describes the photo-indica-
tor and their chemical structures that have been tried for this respective purpose. In another
example, by mixing of silver cations and dye, two processes i.e.; photo-reduction and photo-
initiation are simultaneously carried out. Ag nanoparticles were uniformly dispersed in the
polymer mixture and photo-polymerization process was carried without any interruption.
This single step process for synthesis of silver nanoparticles proves to be new method for pro-
duction in polymer matrixes. Apart from the synthesis of nanoparticles in spherical form by
photo-induced method, the production of the NPs in other distinctive geometrics is thought-
provoking matter still left for working [30].

Among the numerous conductive materials like; nickel, palladium, gold, copper, graphite, sil-
ver, and carbon fibers, only silver exhibits the best properties due to its brilliant conductivity
as well chemical durability and also ability to manufacture the different shapes of the nano-
structures with modified substrates. For increasing the conductivity, a ribbon shaped silver
nanostructures is formed by the fabrication of the metallic ribbons where the cotton fabric is
being used as a substrate. By these techniques a solution of a solution of PVP and AgNO, in
ethylene-glycol (EG) is sprayed onto the cotton fabric surface and dried at about 160+5°C for
8 min [31]. The nano-porous structure of cotton can act as a nano-reactor and hence a good
pattern to control the shape of nano-structure is produced. These ribbons are further charac-
terized by SEM micrographs. Therefore, the technique provides a geometrically organized
method to synthesize in-situ nanoribbons onto the fabric models [32].

The conducting polyaniline produced in the existence of the oxidizing agent potassium
dichromate by the chemical oxidation process helped in producing silver composites using
various compositions of silver nitrate (AgNO,) into the polyaniline. The surface morphology
of the composites was investigated utilizing Scanning electron magnifying instrument (SEM)
demonstrate that Ag molecule are implanted in the chain of polyaniline to form the different
phases. The powder X-beam diffraction (XRD), Spectrograph recommends the semi-crystal-
line behavior of the materials. It was additionally discovered that the electrical conductivity of
PANI/Ag nanocomposite was around 100 times higher than that of the pure polyaniline. The
arrangement of PANI as the semiconducting polymer with the silver as the noble metal can

Dentistry The silver-loaded SiO, nanocomposite resin filler used as an additive in the polymerizable
dental constituents

Neurosurgery The coating of the catheter for the drainage of cerebrospinal fluid
Eye care Nano-silver used in the coating of contact lenses
Anesthesiology Used in the coating of the breathing mask also in endotracheal tube for the mechanical

ventilatory maintenance

Diagnostics Nano-silver pyramids for improved bio-detection Ultrasensitive and ultrafast stage for
clinical tests for analysis of myocardial localized necrosis Fluorescence-based RNA detecting
Magpnetic center/shell Fe,O,/Au/Ag nanoparticles with turnable plasmonic properties

Table 1. Coatings of silver nanoparticles in different medical domains.
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produce the hybrid material which behaves as the semiconductor at the low temperature and
as the metal at relatively high temperatures [33].

Polyvinylpyrolidone is one of the largest contributors for polymer based nanoparticle synthesis.
In a particular example, silver nanoparticles- polyvinylpyrolidone (PVP) composite comprising
the 100 ppm of silver has been synthesized in the powder in the textile applications by utilizing
the sonochemical method comprising the sonication and reduction with the tri-sodium citrate
followed by the spray drying. The synthesized PVP coated silver nano-powder is characterized
by using the atomic absorption spectra, UV-visible spectra, energy dispersion analysis of X-ray
and transmission electron microscope. As well the EDX measurements confirm the presence of
silver in the synthesized powder. The silver nanoparticles of the size of 50-60nm are present in
the nano-powder. By exhaustion method, silver nano-powder can be applied onto the cotton
and wool fabric for imparting the antibacterial efficacy. A clear zone of inhibition was observed
in both of the treated cotton and wool fabrics against the microorganisms [34].

Nano-silver is being utilized in paper industry by DocuGuard and many others. The use
of silver nanoparticle-based paper for the protection of the hospital case notes as well the
medical files against the production of bacteria. Future applications include the business sta-
tionery, brochures, envelopes, as well the book-binding materials. Nano-silver can be used
in the commercial water-purification schemes where polymers and fibers containing silver
nanoparticle for stronger antimicrobial applications. Due to such antibacterial properties,
nano-silver is also being used in the interior of the automobiles such as steering wheels and
in building materials such as sanitary tubing and coverings. Nano-silver can also be used for
the preservation of wood to resist mold and mildew. MTR Corporation in Hong Kong reports
the use of silver nanoparticles in combination with titanium dioxide coating to improve the
hygiene by spraying it onto the surfaces in MTR train stations, inside train compartments, as
well as MTR managed shopping malls, staff offices along with recreational services [35].

The accumulation of the coated silver nanoparticles to the matrix of polypropylene by the
extrusion process signifies a stimulating solution that increases the protection against the bac-
teria of both nature Gram-negative like S. aureus and Gram-positive like E. coli. Some of the
silver nanoparticles disclosed inside the Polypropylene film which obstructs the antibacterial
activity however the general outcome was the high antibacterial effectiveness. Typical organic
biocides have limited their applications due to low heat resistance, high decomposability,
short life and high toxicity. One feasible alternative are inorganic biocides such as polymers
composites. Presence of silver nanoparticles also slightly increases the thermal stability of
PP-AgNPs (Polypropylene-silver nanoparticles) compounds therefore assisting the easy
processing; this could be done to the interaction between polypropylene chains and (PVP)
surfactant-coated silver nanoparticles. Reduction (%) CFU assay exhibited positive biocide
outcomes for S. aureus and for E. coli bacteria. No cytotoxicity effect is produced onto the
polypropylene film having silver nanoparticles (AgNPs) [36].

Water soluble biopolymers in combination with AgNP were expected to produce new anti-
microbial activities. A stream of natural polymers has been employed for the preparation
process of polymeric AgNP nanocomposites. Polyvinyl alcohol (PVA) represent a nontoxic,
synthetic and water soluble polymer used in stabilization in nanoparticles synthesis and their
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blend with chitosan exhibits antimicrobial activity against pathogenic bacteria in food pack-
aging preparation. Films of AgNPs/PVA/CS were synthesized using solution casting method.
Solutions of equal weights of PVA and CS were prepared using double distilled water with
constant stirring at 60°C. The homogeneous solution was casted into Petri dishes and left to
dry at 50°C for 3 days to form the desired film with a thickness from about 0.5-1.0 mm, and
then the films were stripped off the dish. After the FTIR and XRD analysis, the results indicate
that the nanocomposite samples show better film properties than that of pristine polymer
blend without silver nanoparticles [37].

4. Application of nanotechnology in textiles

Nanotechnology has appeared to be the paramount technology for the abundant applications
that could cover an extensive range of the industries [3]. The increased efficiency has subse-
quently added the definite value of products in textile industry. Development of the smart,
nano-textiles has the great potential to revolutionize the production of the fibers, nonwovens
or woven fabrics and functionality of the clothing in all forms of the textile products [38].
Silver nanoparticles are being widely used in apparel applications that include a wide range
of functional properties. The fabrics containing engineered nano-silver are also being used to
kill odor causing bacteria in socks and sports clothing.

The nano-fibers of silver are of the great importance recently in view of the double advantages
from silver particles and nano-fibers. Silver nanoparticles are widely utilized for biomedical
applications because of the antibacterial and antiviral properties [39]. The nanocomposites
of Ag (0)-polymer has been manufactured by the various techniques by introducing the pre-
cursors of the salts of silver into the polymer network followed by the method of chemical
reduction or by laser ablation furthermore processing to form the silver-embedded fibers or
silver-bonded polymer micelles [40]. Depending onto the preparation process of the silver
particles, the Ag (0)-polymer nanocomposites synthesis can be one stage or two stages. In
the one-step process, the silver precursor and the polymer that functions as the stabilizer for
the solver nanoparticles segment the same solvent. The selective solvents must be used in
this method so the precursor and the polymer can be melted. Additionally, the ethanol and
methanol are usually used as a solvent and these solvents should reduce the silver precur-
sors into the nanoparticles of silver. After the homogeneous solution scheme is attained, the
solution is then further subjected toward the electro-spinning for the production of silver
nanoparticle-containing the nano-fibers [41]. Whereas, in two-step process the conversion
of silver precursors into the silver nanoparticles involves an extra step instead of reduction
in presence of solvent. Usually silver nitrate is introduced into the polymer solution. After
achieving the homogeneous dispersion, the solution is subjected to chemical reduction or
laser ablation. The plasma treatment has been described as an operative way to produce the
silver nanoparticle in the solution of nylon 6. The chemical reduction has similarly employed
to make the silver nanoparticles in the solution of polypyrrole (PPy). At the second stage,
electro-spinning is employed to create the silver particles suspended polymer solution into
the nano-fiber composites [42].
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Though the one-step process is simpler and needs the less treatments as well processing as
compared to the two-step process. For the two-step process, since the reduction of silver par-
ticle and nano-fiber formation are accomplished into the two separated steps, solvent is not
needed in that process that is for reducing the silver precursors and more possibilities of solu-
tion structures. Electro-spinning is an adaptable and solid procedure to deliver smaller scale
or nano-fibers. Electro-spinning is a fiber framing process, where a high voltage is utilized
to make an electrically charged jet of polymer arrangement or soften from the needle. At the
point when the voltage is sufficiently high, the electrostatic powers beat the surface pressure
of the polymer, and the stream is extended and goes toward the collecting plate. The polymer
solidifies among the movement toward the collecting plate, frequently providing the nano-
meter scale filaments [43]. Nano-fiber development by electro-spinning is influenced by the
spinning parameters including arrangement properties as well the concentration, hydrostatic
pressure of the capillary tube, the electric potential at the capillary tip, the tip-to-collector
distance and the conditions of chamber [44]. By the electro-spinning, the nano-fibers embed-
ded with the silver nanoparticles can be organized, and the morphology can be controlled by
the parameters of electro-spinning process. With benefits of the antibacterial and fungicidal
properties of silver nanoparticles and high surface-to-volume proportion of nano-fibers, the
utilization of the silver-containing nano-fibers extends from biomedical applications to opti-
cal materials [45].

The synthesis of the composite film was accomplished by the addition of 100 ul of the differ-
ent concentrations of silver nitrate (AgNO,) [46] to the solution of chitosan in the presence of
1% acetic acid. The temperature of this reaction plays a significant role as it strongly influ-
ences the particle size and silver nanoparticles dispersion into the solution of chitosan [47].
These films were produced by the solvent cast method pouring the finishing solution into the
plastic petri dish and allowing the solvent to vaporize. The confirmation of the silver nanopar-
ticles in the metallic state carried out by the XRD and XPS measurements [48].

Silver wires can be directly organized from the aqueous silver nitrate by depositing the
reduced silver nanoparticles (AgNPs) onto the self-assembled, 1-D wires of tetra-anilines
(TeAN-ES) that are doped with nitric acid which also act as a reducing agent [49]. Nano-silver
is utilized for the coating materials, for example, fused in wound dressings, diabetic socks,
frameworks, sanitization materials in healing centers, therapeutic materials and so forth.

Nano-silver can be used to cover the wound pads for bandages with assorted sizes for treatment
of cuts, burns and scratches. Any antibacterial spray or ointment, (for example, Neosporin)
should not be used as it might hinder the silver's fixing properties. Despite the fact that
researchers and wellbeing experts have cautioned about the ascent of “supergerms,” organ-
isms that have turned out to be impervious to anti-infection medications, microbes appear not
able develop a protection from silver. The bandage pad is basically absorbed colloidal silver
and is permitted to dry. The nanoparticles of silver impregnate the gauze material and will
give against microbial protection when the wrap is connected to an injury. Silver restricts the
microorganisms in no less than three courses: by connecting with the cell film, authoritative to
the DNA of cells and hindering the digestion of the microscopic organisms. It lessens the devel-
opment of several distinct sorts of microbes, including some that do not regularly respond to
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pharmaceutical antibacterial specialists. Since silver obstructs the development and spread of
germs through various instruments, it is hard for microbes to develop protection. Dissimilar
to some different metals, silver is not toxic to the body—just too wounding organisms. It is
additionally not addictive, and is exceptionally hard to overdose on. Notwithstanding many
years of handy utilize, late logical examinations on people and creatures have demonstrated
that injuries treated with silver heal at a speedier rate than those treated without silver [50]
The antibacterial properties were brought into the bandages by drop-cast technique, utilizing 2
and 5% concentrations by weight of silver nanoparticles in water. To decide the measure of the
silver nanoparticles and their dispersion over the wraps, Scanning Electron Microscopy was
utilized. In the SEM can be watched that more nanoparticles were saved in the bandages with
the less concentrated dispersions (2%) [51]. For a specific example for bandage preparations
and in order to determine the antibacterial properties, Escherichia coli (E. Coli) bacteria were
used. The bacteria cells were grown into the liquid at 37°C and 250 rpm overnight. After that,
the piece of bandages with 0% (blank sample), 2% and 5 % silver nanoparticles were placed
into the solution containing E.Coli bacteria and left another 24 h at 37°C.

Silver nanoparticles (AgNDPs) are utilized as a part of antimicrobial applications, containing
an extensive collection of the consumer goods and apparel. This advanced fiber protection,
based upon the nanotechnology also provides the oil and water resistant properties to the tex-
tiles. In general, an invisible film is produced onto the surface around the fibers by the prod-
uct. Resultantly, the dry dirt cannot adhere to the material and the liquid cannot be soaked
up by the fibers. Water, coffee and fatty substances are repelled from the treated textiles. Even
extreme soiling can be removed certainly without any trace [25].

It is ideal for the clothes made up of wool, silk, synthetics and leather. It can be applied on
every textile from finest silk to hard wearing cotton on different garments such as uniforms,
hiking clothes costumes, sports jackets, suits, jackets, blouses, shirts, track suits, ties, rain
coats, trousers, jeans, anoraks, ski clothing, motorcycle clothing, adventure wear and snow-
board clothing [52].

The main advantages of the silver nano coatings

* Environmentally friendly

¢ Harmless to skin

¢ Easy handling

¢ Breathability remains

¢ Dry cleaning resistant

¢ Ironing resistant

¢ Suitable for all textiles

* Long lasting sealing of textiles

e Prevents tea, coffee and ketchup stains etc.
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¢ Simply wash off contaminants
* Washing stable up to 40°C
* The look, texture and breathability of the material remains

* Long lasting protection for the textiles against dirt water and grease

5. Characterization of silver nanoparticles

The synthesized nanoparticles of silver can be characterized by various electron micro-
scopic and absorption spectroscopic techniques [53]. The major among them are atomic force
microscopy (AFM), scanning electron microscopy, dynamic light scattering (DLS), transmis-
sion electron microscopy (TEM), X-ray photoelectron spectroscopy, X-ray diffraction analy-
sis, UV-visible spectroscopy and Fourier transformation infrared spectroscopy (FTIR). The
UV-visible spectroscopy is the most convenient and feasible method for detection of nano-
silver as the typical peak of 385-450 nm range predicts the presence of nanoparticles. The
powder form of silver nanoparticles is used for capturing SEM image and X-ray diffraction
pattern is used to obtain the structural image of the prepared nanoparticles and to determine
the size of the nanoparticles [54]. Atomic force microscopy is used for observing the surface
morphology and the size of consequential silver nanoparticles [55]. The sample is dropped
onto the new cleaved mica pieces and dried overnight. This study of nanoparticles of silver
that are deposited onto the mica pieces is executed in a microscope VEECO or Multimode
Nano-scope Illa [56]. At times, after synthesis, the nanoparticles are also examined under
scanning electron microscopy (SEM) VEGA3 TESCAN, which provides the clear image of the
nanoparticles synthesized [57] and morphological structures of nanoparticles are exposed.
Scanning electron microscopy depiction not just provides the structural depiction but also
provides the nanoparticles’ size in the specimen to recognize whether the nanoparticles are in
range of the nano-scale or above [53] (Figure 2).

Dynamic light scattering (also known as Photon Correlation Spectroscopy) is an important
technique, mostly used in recognizing the distribution pattern of the size of very small par-
ticles present in the suspension or in the solution. This light scattering (Malvern) technique is
being used to recognize the size distribution pattern of the silver nanoparticles synthesized
biologically or other methods [58]. Transmission electron microscopy (TEM) demonstrates
the crystal structure, shape as well as the size of the nano- particles [59]. The grid for this anal-
ysis is arranged by placing a drop of the nanoparticle suspension on a carbon-coated copper
grid and allowing the water to evaporate inside a vacuum dryer. The grid covering with the
silver nanoparticles is scanned by the Transmission Electron Microscope [60]. Similarly, the
X-ray beam photoelectron spectroscopy (XPS) estimations have been done to clear up the sur-
face compound conditions of the nanoparticles. Silver nanoparticles are explored by XPS to
describe the idea of the surfactant chemisorbed to the surface. Itis utilized to inspect the valence
of the subsequent silver nanoparticles while it also gives the additional information with
respect to the structure of the silver nanoparticles encapsulated into the organic linkages [61].

81



82

Silver Nanoparticles - Fabrication, Characterization and Applications

BJ
1,0 -
0,5 Y,
o
\, e, ./:
0,04 e —
T ¥ T . T ¥ T ' T ¥ T ' T .
300 350 400 450 500 550 600

Figure 2. The exemplary UV-visible spectra of silver nanoparticles prepared from orange juice.

In contrast the crystal structure and respective particle size is calculated via X-ray diffraction
analysis [62]. The diffracted intensities are recorded from 35.01 to 79.99° at 20 angles. The
crystalline size is calculated from the half-height width of the diffraction peak of XRD pattern
by using the Debye-Scherrer equation [63].

_ _Ki

D = Beosd ()
where D is the crystalline size, A, Kis the crystalline-shape factor, A is the X-beam wavelength,
0 is the watched crest point, degree [64],  is the X-beam diffraction expanding, radian.

The change of the color into the reaction combination of the metal ion solution during nanopar-
ticle formation is generally recorded by the visual observation. The synthesized nanoparticles
of silver are confirmed by sampling the aqueous component of two hour after the reaction and
the absorption maxima was scanned by the UV-Vis spectrophotometer at the wavelength of
325-825 nm onto the Beckman Du-50 Spectrophotometer [65]. The absorption as well into the
visible range directly reflects the perceived the color of the chemical convoluted in the whole
synthesis process [56]. For the measurements of FTIR, the synthesized silver nanoparticles
arrangement is centrifuged at 10000 rpm for 30 min. The pellet is washed thrice with 5 ml of
deionized water to dispose of the free proteins or chemicals that are not topping the silver
nanoparticles. The pellet is then dried by utilizing vacuum drier to measure the recording
through FTIR [66] (Figure 3).
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Figure 3. The SEM images of silver nanoparticles from Sumbla plant.

6. Antibacterial properties

Both, the Gram-positive and Gram-negative microorganisms are successfully killed by nano-
silver, so it can call as executing agent including the anti-toxin safe strains [67]. Gram-negative
microscopic organisms are the microbes which hold the shade of the stain even in the wake
of washing with liquor acetone or alcohol as well include genera, for example, Salmonella
Acinetobacter, Escherichia, Vibrio and Pseudomonas [68]. The Acinetobacter species are
related with nosocomial diseases, i.e., contaminations that are the consequence of treatment in
a doctor's facility or a human services benefit unit, however auxiliary to the patient’s unique
condition. Gram-positive microscopic organisms are those which lose the shade of the stain
after wash with liquor or acetone and incorporate some outstanding genera, for example,
Staphylococcus, Listeria, Bacillus, Enterococcus, Streptococcus and Clostridium [69]. Anti-
toxin safe microbes are the microscopic organisms that are not controlled or murdered by
anti-toxins which incorporate strains, for example, Staphylococcus aureus, and Enterococcus
faecium, methicillin-safe and vancomycin-safe [70]. To improve the antibacterial action of
different antibiotics, penicillin G, amoxicillin, erythromycin, clindamycin and vancomycin
against Staphylococcus aureus and Escherichia coli, the silver nanoparticles assumes to be an
extremely evident part. The antimicrobial movement of silver nanoparticles relies upon their
size and Gram-positive microorganisms [71]. The little-sized nanoparticles with a vast surface
range to volume proportion give a more effective intends to antibacterial action even at low
fixation. Additionally, the antimicrobial action of silver nanoparticles relies on the fixation
and shape [72]. The diverse shapes silver nanoparticles of circular, pole formed, truncated
triangular nano-plates have been created by manufactured progressions [73]. Because of their
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Figure 4. Silver nanoparticles rupturing the cell membrane.

expansive surface zone to volume proportions, truncated triangular silver nano-plates show

the most grounded antibacterial action [74] (Figure 4).

6.1. Factors affecting the antimicrobial activity of silver nanoparticles

Silver nanoparticles are right now utilized as a part of the type of colloids, comprising mostly
of diffused nano-metric silver particles, a stabilizing element and also act as a solvent [75].
Biological action of silver nanoparticles relies upon the morphology and physicochemical
properties of the nanoparticles, and in addition the particular qualities of microorganisms
which are dealt with by silver nanoparticles [76]. One can recognize various elements influ-
encing the antimicrobial action, for example, shape, size and zeta (C) potential of the metal
particles which impact the surface properties of the particles and the stabilizer, the pH of the

suspension, ionic quality contaminants and so forth [77].

6.2. Mechanism of antibacterial activity of silver nanoparticles

Usually it is broadly recognized that the main antibacterial effect of silver nanoparticles or
silver nanoparticles-based materials is due to the partial oxidation of nanoparticles and due
to the release of the silver ions (Ag+) [78]. Later on the oxidation takes place, resulting the fol-

lowing actions that can happen either separately or simultaneously;

1. The uptake of the free silver ions (Ag+) followed by the interference of ATP production and

DNA replication
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2. Silver nanoparticles and silver ions (Ag+) interaction takes place with the bacterial pro-
teins, by disrupting the synthesis of protein

3. Silver nanoparticles directly damage the cell membranes, interacting with the peptidogly-
can wall cell and the plasmatic membrane causing cell-lysis [79].

7. Conclusion

In sum, the exploration of silver nanoparticle and related materials is established in this chap-
ter. The availability, comparatively inexpensive price, ease of formation of nanoparticles and
related materials and less toxic nature of silver as compared to other transition metals make
silver and its nanoparticles special place in material science applications. The nanoparticles
either prepared through natural extract or via synthetic routes from commercially available
chemicals in laboratory both are of equal benefits when utilized in the development of func-
tional materials. The polymers, emulsions, resins, natural extracts, carbohydrates, materi-
als for water cleaning application, electronics, textiles and all related applications specially
human health and environment make silver nanoparticles an essential addition.
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Abstract

In recent past development of silver nanoparticles and their application in the treatment
of wastewaters is becoming a major area of research. It is mainly applicable to the removal
of three major pollutants like pesticides, heavy metals, and microorganisms. Variety of
synthesis techniques have been reported for preparation and characterization of silver
nanoparticles. In our research, we synthesized Ag nanoparticles supported on ZrO, and
ZrO,-CeO, by a “deposit-precipitation method” as the first step and later sequentially
synthesized Ag-Au supported on ZrO, and ZrO,-CeO, by Redox method. Catalysts were
evaluated in catalytic wet air oxidation (CWAO) of methyl tert-butyl ether and phenol.
The CWAOQ is a liquid phase process for the treatment of organic pollutants operating
at temperatures in the range of 100-325°C at 5-200 bar pressures. The selectivity and
efficient of catalysts were evaluated by total organic carbon (TOC) and high-performance
liquid chromatograph (HPLC). Ideally, the total mineralization of pollutants into CO,
and H,O is preferred.

Keywords: silver nanoparticles, wastewaters, catalytic wet air oxidation, phenol, MTBE
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1. Introduction

1.1. Refractory organic compounds in wastewater

Many factors have contributed to the deterioration of our environment, among them the
exponential growth of the world population, the industrial sector excessive exploitation of
the natural resources on earth, the generation of waste as a result of the activities by the
aforementioned and the irrational consumption of the domestic sector. A large number of
anthropogenic activities generate wastewater as a product of the processes that are carried out
by the chemical, petrochemical, pharmaceutical, textile, agriculture and domestic sectors [1].

The conventional processes applied for water treatment have not been effective enough which
can be evidenced worldwide showing that there are high concentrations of toxic, dangerous
substances of the carcinogenic type, teratogenic and mutagenic, in surface and groundwater
bodies of fresh water.

Freshwater is the most valuable resource we have since all the metabolic processes of the
human body (reproduction, growth, development) are regulated by the presence of this fun-
damental substance. It is for these reasons that water pollution is a severe environmental
problem, which is why strict water quality regulations have been implemented [2, 3].

In domestic, industrial, service or wastewater there are refractory organic compounds that by
their chemical constitution are not susceptible to microorganisms in the aerobic digester to take
advantage of it to obtain energy. Refractory molecules are organic compounds that are pres-
ent in aqueous residues, formed by solid non-sedimentable particles of colloidal size, which
as they are not biodegradable or even toxic thus cannot be treated by conventional methods
since they show resistance to biological degradation from microorganisms, therefore, after the
application of conventional treatments, remain present [4, 5]. These organic compounds tend
to resist conventional methods of wastewater treatment [6]. The current conventional tech-
nologies available for wastewater treatment, whose processes can be physical, chemical and
biological are very diverse and have been used to remove aqueous pollutants [7].

In general, conventional processes are frequently classified as preliminary, primary, second-
ary (biological) and tertiary treatments. Specifically, the biological treatment is designed to
eliminate the dissolved organic load of the waters using microorganisms. The microorgan-
isms used are responsible for the degradation of organic matter. The aerobic treatment of
wastewater converts organic pollutants into wastewater in a good amount of excess sludge
and oxidizes the remainder with oxygen to carbon dioxide [8, 9]. The treatments depend on
the aerobic or anaerobic organics, for example, the Ochrobactrum cytisi is an aerobic bacterium
used to degrade methyl tert-butyl ether (MTBE). In the aerobic mechanism, oxygen is essen-
tial for successful operation of the systems [10].

In most applications of conventional wastewater treatment, the complete oxidation of organic
pollutants to carbon dioxide and water is difficult to achieve due to the formation of even
more refractory intermediates such as short chain carboxylic acids. As a consequence, the
combination of processes has a great potential benefit, chemical treatment of advanced oxida-
tion (unconventional) and then the conventional biological that could be a more efficient way
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to reduce pollution; this has been presented as a strategy. For such a case, chemical oxidation
is needed to destroy persistent molecular structures, remove high ecotoxicity and improve
solubility in water [9, 11].

1.2. Environmental impact of refractory organic compounds

The persistent or refractory organic pollutants, such as phenols and derivatives, polycyclic
aromatic hydrocarbons (PAHs), polychlorinated by phenyls (PCBs), pesticides or even other
organic compounds, are very slowly metabolized or otherwise degraded. Since long, plant
protection products, substituted phenols, non-biodegradable chlorinated solvents, PAHs,
PCBs, and surfactants are recognized as examples of relevant substances, because of the envi-
ronmental damage they cause [2, 7].

The Phenol and phenolic compounds are harmful from the human health; they can cause tis-
sue detachment, necrosis, digestive delay, kidneys and liver damage. Furthermore, if the dis-
charge is at very low concentrations, they are highly dangerous to aquatic life and transfer a
particularly unpleasant smell and taste [9, 12]. MTBE is a suspected human carcinogen by the
US Environmental Protection Agency, which is hazardous to human health [10]. Therefore, it
is essential to treat water contaminated properly with refractory organic compounds before
being discharged to freshwater bodies.

1.3. Non-conventional treatment for the degradation of refractory organic
compounds

The unconventional treatment methods include membrane separation, adsorption by acti-
vated carbon, the Fenton Process, oxidation using H,0,/UV, advanced oxidation processes
(AOPs) and chemical oxidation technologies. The environmental technologies play an impor-
tant role in de-coupling environmental from economic growth. Advanced treatment technol-
ogies have been demonstrated to remove various potentially harmful compounds that could
not be effectively removed by conventional treatment process [8, 9, 13, 14].

The objective of oxidative treatment processes is frequently to rapidly convert organic mol-
ecules to carbon dioxide, water, and innocuous products by exploiting chemical principals in
order to surmount the kinetic restraints, which are responsible for the slowness of some of the
reactions. AOPs have been roughly defined as near ambient temperature treatment processes
based on highly reactive radicals, especially the hydroxyl radical (.OH). The .OH radical is
among the strongest oxidizing species used in water and wastewater treatment and offers
the potential to greatly accelerate the rates of contaminant oxidation. The generation of OH,
radicals are commonly accelerated by combining ozone (O,), hydrogen peroxide (H,O,), tita-
nium dioxide (TiO,), heterogeneous photocatalysis, UV radiation, ultrasound, and (or) high
electron beam irradiation [15].

Besides, the Catalytic Wet Air Oxidation process (CWAQ) has been adopted for wastewater
with very low concentrations of contaminants that cannot be incinerated or very high con-
centrations that cannot be biologically treated. The main efforts in research are frequently
directed to reach the total oxidation of organic effluents in wastewater under less severe con-
ditions in the presence of homogeneous or heterogeneous catalysts [16, 17].
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CWAO is regarded one of the most important industrial processes to destroy hazardous,
toxic and non-biodegradable organic compounds present in wastewater streams. The process
involves the use of a trickle-bed or slurry reactors operating at temperatures in the range of 100-
325°C at 5-200 bar pressures, with oxygen as oxidant agent, using a supported catalyst [18-20].

1.4. Silver nanoparticles supported applied in the degradation of organic matter

Currently, efforts have been directed to conduct studies of silver nanoparticles (NPS) in
organic matter oxidation due to the persistence of certain molecules after conventional deg-
radation treatments, or to their partial oxidation to obtain precursors for other valuable prod-
ucts in the industry.

Noble metals have been widely used in the CWAO of model compounds, as well as in real
wastewater due to their excellent catalytic activities. One of these metals is the finely dis-
persed nanometer-sized silver particles that have been studied by various authors, as an ideal
feature for outstanding catalytic properties [21-24].

Metal nanoparticles have been widely studied because they have excellent optical, mechani-
cal, electrical, magnetic, and chemical properties. These properties are generally the product
of the large surface area possessed by the nanoparticles due to the reduction in size. Recently,
metallic nanoparticles have turned out to be very attractive for their commercial develop-
ment, which is why their production has increased in different industries such as aeronau-
tics, agriculture, food, automotive, biomedical, cosmetic, pharmaceutical, computer, textile,
catalysis, among others [25, 26].

Metals such as gold, silver, palladium, and copper are used for the manufacture of nanopar-
ticles of different shapes and sizes. The techniques and conditions when the synthesis is per-
formed the nanoparticles are directly influenced by the morphology and physical-chemical
properties of these. Of all the metal NPS, in this chapter, we will discuss silver and gold for
their catalytic application.

2. Silver nanoparticles supported on metal oxides for the catalytic
wet air oxidation of refractory organic compounds

The technology used for the mineralization of refractory organic matter, has different types
of treatments, which we will discuss this chapter, it will be focused on the CWAO, which is
based on a reaction in the presence of oxygen on the problem molecule (phenol, MTBE) in
which is used inorganic catalysts, at a certain pressure and specific temperature, with the aim
of the total or almost total degradation of the pollutant.

2.1. Silver nanoparticles supported applied in the degradation of organic matter

Organic matter is composed mainly of proteins, carbohydrates, and fats, biodegradable organ-
ics measured in terms of biochemical oxygen demand (BOD) and chemical oxygen demand
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(COD). If there is untreated discharge to the environment, its biological stabilization can cause
the depletion of natural oxygen sources and the quality of fresh water in available sources [9].

The silver nanoparticles, in particular, are exceptional due to their excellent optical, thermal,
catalytic, electromagnetic, adsorbent and antimicrobial properties, which differ greatly to
the properties that silver presents in volumetric sizes. This is due to the reduction in size
which produces an increase in the surface area in relation to the volume, as well as the shape
of the nanoparticle [27-30]. The optical properties of nanoparticles strongly depend on the
particle size and the refractive index of the medium. The dependencies of these properties
with respect to particle size can be of two kinds, due to the increase in energy caused by
the quantum confinement of the system or by the resonance of the surface plasmon [30, 31].
The surface plasmons are defined as the collective oscillation of conduction electrons on the
surface of the particle, as a result of the interaction with the electric field of electromagnetic
radiation [31, 32].

2.2. Au-Ag bimetallic nanoparticles supported in oxide

The supported bimetallic gold-silver nanoparticles have been reported in various reactions of
CO oxidation, photoreaction of phenol degradation among others. In addition to the chemi-
cal relationship between the metals, the proportions of the mesoporous support in the case
of mixed oxides have a remarkable effect on the catalytic activity [33-37]. Many experiments
show that the modification of the structure of the support surface or the morphology can result
in the improvement of the catalytic activity in case of the oxidation of CO [34, 38]. Modifying
nanoparticle systems with such characteristics are procedures that require a deep study of the
physicochemical properties of the materials in question, Au-Ag nanoparticle alloys which is a
system that is currently studied for oxidation systems and has peculiarities that are of special
scientific attention For example, particle size no longer plays a key role in the determination of
catalytic activity, while the composition of the Au:Ag ratio becomes important [34]. However,
this type of mixed nanoparticle has been studied as “inert” systems and it is not clear how it
affects the support in the alloy particle, size and catalytic activity [37].

That is why our research group was interested in working with noble metals (Ag, Au) and
evaluating them in CWAQ, since it has been little studied, despite its interesting properties in
catalytic oxidation. Next, we present the most relevant synthesis methods, results and conclu-
sions of Ag and Au-Ag nanoparticles supported on ZrO, and ZrO,-CeO, for the degradation
of phenol and MTBE.

3. Synthesis, characterization and catalytic activity of silver
nanoparticles

The NPS of Ag’ can be manufactured using a large number of methods such as electric,
chemical reduction, photochemistry, among others [39]. The reduction technique is the most
economical and used method due to its large-scale manufacturing and easy handling [40-42].
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From these methods, our research group decided to carry out different strategies: (1) sol-gel
method to obtain simple (ZrO,) and mixed (ZrO,-CeQ,) supports, (2) deposit-precipitation
with NaOH for the synthesis of NPS of Ag, (3) with urea to obtain the bimetallic materi-
als, (4) sequential deposit precipitation method to introduce the Au and obtain the bimetal-
lic (Au-Ag), and (5) oxide-reduction method to introduce a second metal (Au) and obtain
bimetals. The materials were evaluated in the catalytic activity using probe molecules: phenol
and MTBE.

3.1. Synthesis of silver monometallic catalysts for deposition-precipitation using
NaOH

Brackets of simple zirconium oxides (Zr) and mixed oxides (Zr-Ce) were initially prepared by
the sol-gel method. After addition of the metal (Ag) by the deposition-precipitation method
which is a modification of the precipitation methods in solution. It consists of the conversion
of a highly soluble metal precursor into another substance of low solubility, which precipi-
tates specifically on the support and not in the solution [43].

3.2. Synthesis of Au-Ag bimetallic catalysts for sequential deposition-precipitation
using urea

The materials that were synthesized have a 1:1 molar ratio of Ag:Au.

The addition of the second metal (Au) was done by the deposit-precipitation method, with a
slight modification to the synthesis process, this is because the second metal is gold, these gold
nanoparticles are very sensitive to the preparation method, the choice of the support or the
treatment conditions, for which the deposit-precipitation process with urea was chosen [44].

At the end of the synthesis of the catalysts, materials with a weight concentration of 1.4%
silver supported in the oxides were obtained.

3.3. Synthesis of Au-Ag bimetallic catalysts by recharge or redox

The selective deposition of Au on the surface of nanoparticles of a primary oxide-supported
metal has been performed by a redox method that is based on the reduction of the second
metal ions with hydrogen adsorbed on the surface of first metal or with itself [45].

The bimetallic catalysts were prepared by the recharge method, reducing HAuCl,~ (from
HAu(l,) with pre-adsorbed hydrogen on the silver surface. An amount of 2 g silver mono-
metallic catalyst supported on zirconia and mixed oxides of pre-reduced zirconia-ceria was
introduced into a reactor under nitrogen flow and was activated at 400°C for 1 h under a
hydrogen atmosphere. Next, the solution of the gold precursor, previously degassed under a
stream of nitrogen, was introduced onto the catalyst, taking an amount sufficient to synthesize
a 1:1 molar ratio. After a reaction time of 1 h under hydrogen bubbling at room temperature,
the bimetallic catalyst is dried with hydrogen at room temperature, then at 100°C (heating
rate 2°C/min) overnight. Finally, the five bimetallic catalysts synthesized were reduced under
a stream of hydrogen at 400°C for 1 h, with a heating rate of 2°C/min [45-47].
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3.4. Degradation of pollutants (methyl tert-butyl ether and phenol) by catalytic wet
air oxidation over Ag/ZrO,-CeO,

All catalysts were tested in a high-pressure stainless steel batch reactor (Parr Instruments)
equipped with sampling valve, magnetically driven stirrer, gas supply system and tempera-
ture controller. The Catalytic Wet Air Oxidation reaction was carried out as follows: using
a reaction volume of 300 mL of an aqueous solution with a concentration of 440 ppm and
1 g/L of the monometallic catalyst. After the reactor was heated at 100°C to reach the desired
temperature, pure oxygen (O,) at 8 bar was added under stirring. The catalysts were previ-
ously reduced at 400°C during 3 h with an H, flow (60 ml/min). The reaction was performed
for 60 min. The samples in the effluent were taken at intervals of 10 min through 1 h, and the
MTBE content (C), intermediate content and Total Organic Carbon (TOC) were analyzed.
MTBE content and intermediate content were measured with High-Performance Liquid
Chromatograph (HPLC). Total Organic Carbon (TOC) of the samples was measured with a
TOC 5000 Shimadzu Analyzer. The conversion of MTBE and phenol, respectively, for the dif-
ferent materials and the TOC was calculated using:

= %S x100%

Xpollutant CU
TOC,~TOC, .
roc = —foc,—** 100%

where TOC, is Total organic carbon at t = 0 (ppm), C, is the MTBE or Phenol concentration
at t =0 (ppm), C,, is the MTBE or Phenol concentration at t = 1 h of reaction (ppm), TOC_; is
total organic carbon at t =1 h of reaction (ppm). So the selectivity was calculated according to
following equation [48].

X
Seo, = X x 100

mtbe

The initial rate (r,) was calculated from the MTBE or phenol conversion as a function of time,
using the following equation:

A (%)
r, = (ﬁ) < [pollutant],

is the conversion at initial time; [pollutant], = initial concentration of the
=mass of catalyst (g_ L™?).

A% (%)

‘mtbe

where AT
pollutant and m_

t cat

3.5. Characterization of monometallic nanoparticles (Ag) y bimetallic of Au-Ag
supported on Simple and mixed oxides of ZrO, and ZrO,-CeO,

In Table 1 the materials studied are listed, the nomenclature is Ag/ZrO,-Cex and Au-Ag/ZrO -
Cex, where X = % cerium.
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Nomenclature  Supports and catalysts Synthesis method Molecular probe
Sol-Gel Deposit-precipitation Redox
method
NaOH Urea  Urea: MTBE Phenol
sequential

Supports
S1 ZrO, X
S2 ZrO,-Ce0.5 X
S3 ZrO,-Cel X
S4 ZrO,-Ce5 X
S5 ZrO,-Cel0 X
S6 ZrO,-Cel5 X
S7 ZrO,-Ce20 X

Monometallic
M1 Ag/ZrOZ X X X
M2 Ag/7r0,-Ce0.5 X X
M3 Ag/ZrO,-Cel X X
M4 Ag/ZrO,-Ceb X X X
M5 Ag/ZrO,-Cel0 X X X
M6 Ag/ZrO,-Celb X X X
M7 Ag/ZrO,-Ce20 X X X

Bimetallic
B1-U* Au-Ag/ZrO, X X X
B2-U* Au-Ag/ZrO,-Ce0.5 X X X
B3-U* Au-Ag/ZrO,-Cel X X X
B4-U* Au-Ag/ZrO,-Ceb X X X
B5-U* Au—Ag/ZrOZ—CeIO X X X
B6-U* Au-Ag/ZrOZ-Ce15 X X X
B7-U* Au-Ag/ZrO,-Ce20 X X X
B1-R* Au-Ag/ZrO, X X
B2-R* Au-Ag/ZrO,-Ceb X X
B3-R* Au—Ag/ZrOZ—CeIO X X
B4-R* Au-Ag/ZrO,-Cel5 X X
B5-R* Au-Ag/ZrO,-Ce20 X X

S = supports (1-7), Mx = monometallic, By-U* = bimetallic from urea y Bz-R = bimetallic by the redox method. x = 1-7,
y=1-7,z=1-5.

Table 1. Method of synthesis of Ag and Ag-au/ZrO,-Cex, and catalytic evaluation: phenol and MTBE.
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The real properties were determined by the Brunauer-Emmett-Teller method (BET) and the
average pore diameter was estimated by the BJH method. The real values of the supports (51
and S7) indicate that the specific area did not vary significantly (S, 72-63 m*/g) when increas-
ing the cerium content and the average pore diameter was 3.6 and 3.3 nm. When depositing
Ag (M1 and M?) it was 68 and 49 m?/g, respectively, and, with Au, samples B1 and B7 were 69
and 62 m*/g. There are no significant changes in these properties in the synthesized materials.
All the isotherms were of the type IV characteristics of well-defined mesoporous systems. The
shape of the hysteresis loop was H, type according to the IUPAC classification. All materials

have a unimodal pore size distribution.

In the X-ray diffraction patterns (XRDs) of the supports (Figure 1), diffraction planes (101),
(110), (112) and (211) are observed, having as the main peak the plane (101) located at 30.11°
on a 20 de scale; these planes are characteristic of the tetragonal phase of ZrO, with a spatial
group of P42/nmc and reported cell parameters of a=b =3.612 A and ¢ =5.212 A and angles
for a=p=vy=90°[49].

As the concentration of ceria increases in the surface of ZrO, it stabilizes the tetragonal phase
of it and this is easily appreciated when taking as reference the material Au-Ag/ZrO, in which
a small peak is observed in 28.41° in 20, characteristic of the monoclinic phase of ZrO, [50],
this peak disappears in the materials synthesized with a concentration of 5% CeO, (Au-Ag/
Zr0O,-Ce5) at 20% CeO,.
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Figure 1. X-ray diffraction pattern of S1, S4 and S7 supports.
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The average crystal size was calculated using the Scherrer equation [51]. The results indicate that
the crystal average decreased when CeQ, of 9.50 nm was added in ZrO, at 8.36 nm in ZrO,-Ce0.5
and, 6.33 nm in ZrO,-Ce20 (S7). When the Ag was supported in these materials values of 8.36,
8.04 and 6.52 nm were recorded in Ag/ZrO,, Ag/ZrO,-Ce0.5 and Ag/ZrO,-Ce20, respectively,
and, when introducing the second metal (Au) in these bimetallic materials the values were as
follows: 9.09, 8.36, and 6.33 nm. The estimated average crystallite size varies depending on the
concentration of cerium in the structure of ZrQO, in the case of supports, but changes when depos-
iting the Ag on the surface of the material, the smaller average size of the crystal was for the
materials S7, M7, and B7. In the bimetals (Au-Ag) the size of the crystallites does not vary much
in relation to the supports. If they are of a larger size, they decreased in size, this is due to the
sequential precipitation deposition method, which not only deposits the second metal (Au) in the
system’s matrix but also redisperses the entire system, recovering the crystal size of the support.

The crystalline phases of the support (51-57) and the monometallic catalysts (M1-M7) are
similar, and there are no differences in the diffraction peaks (Figure 2), so the amount of Ag
that was deposited on the support formed no agglomerations of the metal, forming silver
nanoparticles well dispersed in the material, this is corroborated by the UV-Vis with DRS
(surface plasmon) and the TPD of H, of the materials.

In the XRD diffractograms of the bimetallic materials (Figure 3), a small peak could be observed
at 38.33° in 20, attributed to the diffraction of silver or gold, of which the two elements have
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Figure 2. X-ray diffraction of M1, M4 and M7, monometallic catalysts.
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Figure 3. X-ray diffraction pattern of B1, B4 and B7, bimetallic catalysts.

diffraction peaks in the same region due to having a similar crystalline structure (fcc, cubic
centered on the faces). Since the concentration of silver is relatively low (1.4% by weight), the
equipment does not detect peaks in the DRXs in the monometallic, but when depositing the
gold 1:1 molar, the concentration of the metals together reaches ~4% by weight.

Below are the TPD of H,, TPD-NH,, and TPR-H,

3.5.1. H,of TPD

The accessibility of the silver and silver-gold catalysts was determined from the thermogram
area of the H, of TPD, assuming a stoichiometry H:Ag = 1 and H:Au = 1 [52]. The TPD-H,
method allows the calculation of the dispersion of the metal deposited on the surface of the
support, as well as an estimate of the average size of the metallic crystals on the surface.

The values of percent dispersion and average crystal size for the monometallic and bimetallic
catalysts prepared on the ZrO, carriers modified with ceria are presented in Table 2.

The dispersion percentage of the monometallic materials M1, M4 and M7, increases as the
aggregate of cerium increases in the ZrO, surface of 26 > 28 > 80%, which indicates a better
dispersion of the silver promoted by this promoter, and smaller sizes of metallic glass for the
M7 monometallic catalyst. Bimetallic catalysts (B1, B4, B7) tend to increase in size, which is
expected when a second metal is deposited on the surface, but this does not occur in material
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Catalyst umol of H, /g catalyst TPCM (nm)* %D**
M1 34 7.3 26.2
M4 37 6.7 28.5
M7 104 24 80.1
B1 37 9.1 14.8
B4 169 2.0 67.5
B7 29 11.6 11.6

*TPCM = Average size of metallic crystallite**%D = dispersion percentage.

Table 2. Monometallic catalysts (M1, M4, and M7) and bimetallic catalysts (B1, B4, and B7): umol H,/g, average crystal
size, and dispersion percentage.

B4 where it decreases possibly due to the strong metal support interaction that exists to that
concentration of ceria in the material. As it was observed in the maximum desorption tem-
perature that was of 366°C for the material B1, on the other hand in the material B4 it is of 446°
C followed by a peak at 256°C.

The B7 material increases its average size of metallic crystal in relation to its monometallic
counterpart (M7) and presents peaks of desorption at 423°C followed by one at 294°C which
suggests very strong interactions between the support and the metals deposited in its surface.

3.5.2. NH, of TPD

This technique is used in catalysis to determine the number and type of acidic sites available
on the surface of the catalyst. Desorption at a programmed temperature of ammonia is based
on the chemisorption of a gas on a solid and the subsequent desorption of that gas by a pro-
gressive increase in temperature.

Monometallic materials show some acidity, but the most notable is M7, which presents ammo-
nia desorption peaks at a temperature of 435°C and is due to strong acid sites; the percentage
of acidity of the sites have 69.9% for strong acid sites. In the case of bimetallic catalysts, the
deposit of Au on the surface of the monometallic material changes the acidity of M4 to desorp-
tion sites of a higher temperature for the case of its bimetallic counterpart B4.

For bimetallic materials, the appearance of strong acid sites is due to the deposition of the
second metal to the surface of the monometallic material. The addition of second metal (Au)
can modify the active sites of mono-metallic material. This change can be shown through
TPD-NH, when increasing the number of moderate and strong acid sites. An alternative
modification can be done through addition of promoter CeQ, in the support. In this study we
synthesized supports with different CeO, content, increasing gradually when ceria is present
in high concentration enhance strong metal-support interaction effect.

It has been reported that the addition of Au by the precipitation deposition method increases
the oxygen reducibility of ceria [52]. In general, the capacity to store oxygen of the systems
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containing CeQ, results from the change in the associated oxidation state that is reversible in
the case of materials with Ceria in a very general way is 2CeO,<Ce,O, + 2 O, [53], so that
denotes the importance of the oxygen kinetics incorporated or removed from the CeQ, struc-
ture promoted by the Au is a crucial step in the formation of stronger acid sites.

3.5.3. H, of TPR

The studies of the programmed temperature reduction were made to the materials M7, B7,
M4, and M7. In B7 material, two reduction peaks predominate, one at 130° C and the other at
200°C corresponding to the metal on the surface of the material, because there are oxidized
species of silver (AgO and Ag,0) and Gold (Au,0 and Au,O,) in The surface of the metal will
be reduced to the aforementioned temperatures. Another peak that is observed is at 275°C
which may be due to the reduction of the Ag,O on the surface of the support, this peak of
reduction indicates that on the surface of the support the silver is oxidized easily due to the
strong interaction with CeO,, in the literature it is indicated that the ceria is reduced at two
temperatures 770 and 1100 K [54], not appearing in the ranges of analysis of the samples, this
is corroborated by UV-Vis and TPD of H,. Associated with the small cerium crystal and its
reduction temperature, it is clear to note that this helps the material to have a better oxidation—
reduction on the surface contributing oxygen to the system and increasing its catalytic activity.

The monometallic materials are easily oxidized even after the thermal treatment with
Hydrogen, where two reduction peaks are shown at 66 and 158°C for the M7 material. The
peaks of the silver as the support without Ceria (material M1) in relation to those that do have
the promoter, present peaks at lower temperatures than for the monometallic ones.

3.6. Catalytic evaluation (phenol, MTBE)
3.6.1. Phenol

In the group of M catalysts the best nanomaterial was M7 which corresponds at Ag/ZrO,-Ce20
for degradation of phenol. The conversion of phenol was followed through Gas chromatog-
raphy and Total Organic Carbon. M7 has 30% of conversion of phenol and 25% of TOC. The
rest of the M catalyst has lower values. The reasons for this behavior are explained basically
through TPD-NH,. M7 has a higher percentage of strong acid sites than the rest of his other
counterparts. M7 has 69.9% of strong acid sites and M4 and M1 0%. As they know the adsorp-
tion of molecules over a strong acid site is more stable than the adsorption over a weak acid site.

In the group of B-U* catalysts the best nanomaterial was B7 which corresponds at Ag-Au/
Zr0,-Ce20 for degradation of phenol. The conversion of phenol was followed through Gas
chromatography and Total Organic Carbon. B7 has 61% of conversion of phenol and 40% of
TOC. The rest of the B-U* catalyst has lower values. The reasons for this behavior are explained
basically through TPD-NH,. M7 has a higher percentage of strong acid sites than the rest of his
other counterparts. B7 has 47.9% of strong acid sites and B4 35%. As they know the adsorption
of molecules over a strong acid site is more stable than the adsorption over a weak acid site.
Thus, the bimetallic catalyst B7 overcomes the monometallic catalyst M7. Therefore it is the
most active for CWAOQ reaction of phenol, mineralizing intermediaries in a more efficient way.
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The B7 catalyst showed the highest conversion of all the catalysts. B7 has 61% of conversion
of phenol and 40% of Total Organic Carbon (TOC), which is highly consistent with the acces-
sibility data for the Ag-Au active sites obtained by the acidity study obtained by TPD-NH,, in
which this catalyst presented the values higher in the percentage of strong acidity. When Au
is added to the solid, the conversion of the model molecule increases in the case of the M4 and
MY catalysts. However, catalyst M1 decreased its catalytic activity by depositing gold (mate-
rial B1) and had greater selectivity to CO, production. The bimetallic catalyst B7 prepared by
the sequential deposition-precipitation technique has the highest conversion (61%) compared
to the catalyst B1 (16%). In catalyst B7 there is a higher conversion of phenol and the highest
selectivity to CO,. Therefore, the increase in oxidation and conversion to CO, can be explained
by an adequate relationship between the acid function of the support and the metallic func-
tion of the system.

3.6.1.1. Degradation of phenol (TOC)

The results of metallic dispersion of the monometallic materials (M1-M7) indicate a decrease
in the average crystal size in relation to the increase in Ceria concentration. Despite the size,
it was not a determinant factor in the degradation, where the monometallic M4 (6.7 nm) has
higher conversion than the M7 (2.4 nm). The deposit of the gold to the monometallic catalyst
increases the crystal size and increases the degradation of the phenol for the catalyst (B7). It
was observed that the increase in the degradation and mineralization of phenol due to the
addition of gold to the system promotes the oxidation change of CeQO,, causing structural and
electronic defects in bimetallic materials. This is also corroborated in the analysis of the acid-
ity in the material.

The increase in the activity promoted by gold in the catalysts with a greater amount of ceria
shows that gold facilitates the reduction of CeQO,, causing superoxide species in the surface
and increases the oxidative-reductive capacity of the promoter. Various authors [38, 51, 55]
have studied the alloy of Ag-Au in catalytic reactions, and have proposed that the natu-
ral adsorption of oxygen by silver is favored by the presence of gold. This implies that the
adsorption of oxygen and its subsequent activation by gold creates superoxide species (O,)
on the surface of the bimetallic nanoparticles; which, besides being catalytically active, have a
strong metal-support interaction, which favors the catalytic activity.

3.6.2. MTBE

Results from Ag/ZrO,-CeO, catalysts with 5, 10, 15 and 20% ceria the MTBE conversion has
values between 52 and 90%, being the Ag/ZrO_-Ce15 catalyst the most active with 90% MTBE
conversion.

In TOC conversion for monometallic catalysts (Figure 4) it is strongly distinguished the effect
of ceria dopant on the conversion of intermediates, because at a high content of cerium oxide
(15-20%) it results in high percentages of TOC conversion (69 and 80%), so the reaction rate is
faster for the conversion of intermediates and therefore, the concentration of the intermediate
compounds is degraded more efficiently. According to the reported by Cervantes et al. [19],
this latter result is controlled by the relative abundance of Ce™.
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Figure 4. TOC abatement as a function of the time for silver supported catalysts.

This activity results demonstrate the effect of the ceria content on the effectiveness of the
MTBE degradation process for the supported Ag nanoparticles. With the characterization
studies hydrogen temperature programmed desorption and UV-Vis, we verified the high
metal dispersion of the silver when in the materials there was a high concentration of ceria
since they reached values of between 49 and 61%, the latter value being assigned to the cata-
lyst Ag/ZrO,-Cel5.

In this study, it was found that one of the essential steps to carry out the oxidation process by
the active phase of the supported silver catalysts is the adsorption of molecular oxygen on the
surface of the metallic crystallite. The spectra for reduced Ag/ZrO,, and several Ag/ZrO,-Cex
containing catalysts it is important to point out that the most intense plasma absorption is for
the Ag/ZrO,-Cel5. This finding suggests that this catalyst should contain the larger propor-
tion of metallic silver. In other words, Ag/ZrO,-Cel5 has more abundance of Ag’ nanopar-
ticles compared to their monometallic counterparts. This result shows better performance of
chemisorption of oxygen over Ag/ZrO,-Cel5 and Ag/ZrO,-Ce20 than the rest of catalyst.

The results of XPS revealed the importance of ceria in the improvement of silver properties.
Figure 5 shows XPS of Ce,, ., and Ce,, ,, core levels for calcined and H,-reduced samples
and according to several similar studies, the slightly negative shift of Binding Energies was
attributed that cerium is mainly in the Ce* oxidation state, with a certain increase in the Ce®.
For the samples prepared for our study, the Ce,, ., of Ag/ZrO,-Ce20 is 0.3 eV smaller than
of ZrO,-Ce20, indicating a greater abundance of Ce* species, after doping of silver. In this
way, we show the presence of oxygen vacancies in the ceria, in the materials with the highest

percentage of ceria.

The results showed that in the Ag_, region consisted of two peaks which corresponded to
Ag., 5, and Ag,, ., and it was determined that The Ag,, ., binding energies of Ag/ZrO, and
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Figure 5. XPS Ce 3D spectra for ZrO,-Ce20 support and Ag/ZrO,-Ce20 catalyst.

Ag/7r0,-Ce20 were 368.2 and 368.5 eV, respectively. These results demonstrate that only one
form of Ag is present, in the form of Ag0. This is because we did not observe any peak cor-
responding to the oxidized silver species located around 367.7 eV.

The ceria through the oxygen vacancies exerts an interaction between the support and Ag
nanoparticles, which allows the silver to become more metallic, increasing the degree of
reduction state of silver. This behavior was observed when there is a higher percentage of
ceria in the catalysts synthesized, in the case of Ag/ZrO,-Ce20. That is why the catalysts Ag/
ZrO,-Cel5 and Ag/ZrO,-Ce20 showed better activity or degradation efficiency of CWAQO for
MTBE.

With respect to the bimetallic catalysts synthesized by the redox method (Au-Ag/ZrO,-Cex),
CWADO tests were performed under the same conditions presented for the monometallic.

Results from Table 3 show that on Au-Ag/ZrO,-Ce5 the MTBE conversion has value 86% and
TOC conversion of 68%, being the Au-Ag/ZrO,-Ce5 the most active catalyst.

Table 3 shows the activity and selectivity for the catalyst Wet-Air Oxidation of MTBE after
60 min of reaction. MTBE conversion (X,.), TOC abatement (X,,,.) and intermediate concentra-
tion (Acetone) as a function of the time for gold-silver supported catalysts.
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Catalysts X, (%) Xioc (%0)? C (mmol/l)*  r?(mmol h’g_ ) Selectivity to CO,
Ag-Au/ZrO, 78 61 n.d. 2310 78
Ag-Au/ZrO,-(5%)CeO, 86 68 n.d. 2580 79
Ag-Au/ZrO,-(10%)CeO, 77 68 n.d. 2340 88
Ag-Au/ZrO,-(15%)CeO, 81 59 n.d. 2430 73
Ag-Au/ZrO,-(20%)CeO, 86 61 n.d. 2580 71
Without catalyst 51 16 6 — 31

aObtained after 1 h of reaction, n.d. not detected.

Table 3. Activity and selectivity for the catalyst of MTBE after 60 min of reaction.

The values determined by TOC in the MTBE CWAO of bimetallic catalysts, it is observed
that the effect of the ceria is minimized, and when depositing the gold (2.5%), it is possible to
improve the TOC of Au-Ag/ZrO,, Au-Ag/ZrO,-Ce5 and Au-Ag/ZrO,-Cel0, the opposite being
for Au-Ag/ZrO,-Cel5 and Au-Ag/ZrO,-Ce20.

The XPS results showed that For the pure Ag/ZrO, and Ag/ZrO,-20% CeO,, the binding energy
(BEs) of Ag,, ., were 368.243 and 368.355 eV, which is slightly higher than that of bulk metal-
lic Ag (368.1-386.5 eV). Moreover, for the bimetallic catalyst, the BE Ag,, ., were 368.22 eV
for Ag-Au/ZrO,, 368.23 eV for Ag-Au/ZrO,-10% CeO, and 367.36 eV for Ag-Au/ZrO,-Ce20.
This implies that through allowing gold, the silver has a greater tendency to lose electrons.
Therefore, the doping ceria of support affected the degree of reduction of silver in the Ag-Au
system. The relative abundance of Ag’/Ag™ were 49.14/50.86, obtained after deconvolution of
Ag., of Ag-Au/ZrO,-Ce20.

For the bimetallic catalyst, the XPS analysis of Au,, shifted to slightly higher values com-
pared Ag-Au/ZrO, (83.9455 eV) and Ag-Au/ZrO,-Cel0 (83.9604 eV), but closer to that of the
bulk metallic Au (84 eV). But, for the Ag-Au/ZrO,-Ce20, the BE Au,, was 84.7392 eV. The rela-
tive abundance of Au’/Au*' were 89.74/10.26, obtained after deconvolution of Au,, of Ag-Au/
Zr0,-Ce20. This implies that promoter Ce, in high loading, can inhibit the formation of Ag’
and Au’ species, in the bimetallic catalyst. It is because of that the catalyst Au-Ag/ZrO,-Ce5
shows better activity or degradation efficiency of CWAO for MTBE.

4. Conclusions

The addition of CeO, to the ZrO, system varied the textural and electronic properties, cor-
roborated by physisorption of N, and UV-Vis; increasing the surface area of the support and
its capacity of oxide-reduction of the system.

The monometallic nanoparticles by the method deposit precipitation (DP) with NaOH gives
excellent results obtaining nanoparticles less than 10 nm, even reaching 2.4 nm for the case
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of the material Ag/ZrO,-Ce20 (M7). The DP method with urea for the bimetals, improved
the particle size (2 nm in the B4-U*), although the oxidation is not modified by the size of the
nanoparticles.

The addition of Au by the precipitation method with urea modifies the active sites of mono-
metallic material, dispersing the gold in nanometric sizes, not greatly modifying the surface
area of the monometallic system, this is corroborated by the TPD-NH,. The dynamic interac-
tion between Au and CeO, modifies the properties of ceria.

For the degradation of phenol, the best catalytic material was Au-Ag/ZrO,-Ce20 (B7-U*) with
a composition of 1.4% Ag and a ratio of Au: Ag molar 1:1 supported in ZrO,-CeO, (20% by
weight), due to the strong metal-support interaction that modifies the structure of CeO,, cre-
ating strong acid sites that promote the mineralization of phenol in a catalytic wet oxidation
reaction.

A higher percentage of ceria greater vacancies of oxygen and there is an interaction between
the support and the silver nanoparticles, allowing the Ag to be reduced to its metallic state. In
the monometallic Ag/ZrO,-CeO, catalysts with 5, 10, 15 and 20% ceria, the MTBE conversion
was from 52 to 90%; the most active was Ag/ZrO,-Cel5. The bimetallic catalyst Ag/ZrO,-Ce5
(B2-R*) was the best in the degradation of CWAO for MTBE, because those containing higher
Ce content (Ag-Au/ZrO,-20% CeO,) the relative abundance of Au’/Au*' obtained from the
deconvolution of Au,, was 89.74/10.26, which suggests that Ce at high concentrations inhibits
the formation of Ag’ and Au’ species in bimetallic catalysts.
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Abstract

The porpoise of the study was to evaluate the antibacterial effect of silver nanoparti-
cles (Ag-NPs) versus chlorhexidine (CHX) against Streptococcus mutans and Lactobacillus
casei. Three different reducing agents were used for the synthesis and characterization
of Ag-NPs: sodium borohydride (NaBH,), a chemical method, and Heterotheca inuloides
(Hi) and Camellia sinensis (Cs), two eco-friendly methods. The synthesized substance was
deposited on deciduous teeth. Its behavior in dental tissues was evaluated through an
energy dispersive X-ray spectroscopy (EDS) analysis, using a scanning electron micro-
scope (SEM). The characterization of Ag-NPs in terms of shape, size, and polydispersity
was performed through spectrophotometry of ultraviolet-visible light analysis (UV-vis),
as well as by transmission electron microscopy. Isolation and culture of strains S. mutans
and L. casei were done to perform the microbiological analysis.

In Petri dishes, paper discs containing different concentrations of Ag-NPs (synthesized by
Hi, and by Cs) were deposited and tested along with paper discs containing CHX. Their
antibacterial effect against both bacteria was evaluated by the inhibition zones test. By
means of UV-Vis and TEM analysis, it was possible to observe that Heterotheca inuloides
produced smaller and more stable nanoparticles, also in greater quantities (17.5 nm),
when compared to Camellia sinensis. EDS analysis through SEM showed a 6.25 average
absorption of silver in dental tissues. The microbiological analysis revealed a greater
zone of inhibition when the test bacteria were in contact with 20 pl of Ag-NPs, synthe-
sized by Hi, being statistically significant (p < 0.05), compared to the growth inhibition
zones produced by Cs, and CHX against both strains. We can conclude that eco-friendly
methods produced Ag-NPs with an important antibacterial effect in both strains.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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1. Introduction

While Streptococcus mutans plays an important role in the initiation of dental caries, Lactobacillus
casei, on the other hand, is considered an important secondary invader; both microorgan-
isms are actively involved in the process of tooth decay [1-5]. Dental practitioners recognize
that chlorhexidine has been the gold standard for more than 3 decades [6-8]; it is consid-
ered a potent agent against S. mutans. Nevertheless, L. casei, which dominates among oral
Lactobacilli, is relatively resistant [9]. The main concern about its use is its limited period of
substantivity (which is the ability of chlorhexidine to bind to tissues and release slowly for a
longer time), and some reported cytotoxicity cases [10, 11].

Therefore, we consider it important to find substances with a potent antibacterial effect but
with a minor impact on human health and the environment [12].

In recent years, nanotechnology has become an important discipline in the field of biology
[13]. A considerable achievement is the ability to form atoms and molecules to further form
new structures (id est., one-billion times smaller than what can be observed with the naked
eye). Therefore, the new materials and devices can be developed with high atomic precision.
Nanoscience involves the use of nanoparticles in a range between 1 and 100 nm to obtain
unique and improved properties [14-20]. Nanomedicine is an extremely useful tool because
most of the body’s natural processes occur at an almost imperceptible level [21, 22].

Due to the aforementioned reasons, the interest in the study and synthesis of nanoparticles
has grown recently. Silver nanoparticles (Ag-NP) are broad spectrum microbicide agents
widely used in health sciences [23]; they are nanostructured materials based on silver salts.
Silver is currently being used to inhibit bacterial growth in a variety of applications, including
dentistry [17, 24]. Efforts have been made to explore the properties of Ag-NPs, as an efficient
way to provide stability and improve antibacterial effect is the reduction in size [25, 26]. It is
known that Ag-NPs exert an antimicrobial effect on Gram+ and Gram- producing lysis in
peptides of the membrane of microorganisms [27].

“Eco-friendly” chemistry seeks to reduce waste, and eliminate pollution and environmental
damage; it promotes the creation of products that are environmentally and economically sus-
tainable [12]. Different forms of syntheses have been sought, in which natural and renewable
reducing agents are used during the chemical processes. The principles of green chemistry
are oriented to the search for new ways of synthesizing substances, not only minimizing the
costs but also the damage to human health and reducing environmental pollution, while tak-
ing advantage of the benefits and properties of plants such as Heterotheca inuloides (Hi) and
Camellia sinensis (Cs), which have shown antimicrobial and inhibitory activity, as well as anti-
oxidant and cytotoxic properties against oral bacteria [28, 29].
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Mexican medicinal plants have enormous potential [30]. Heterotheca inuloides (Arnica) is a
Mexican plant widely used due to its medicinal properties; it has shown anti-inflammatory
and analgesic effect [31]. The plant grows abundantly in the Mexican region and has been
used as part of folk medicine for the topical treatment of contusions, bruises as well as for the
treatment of skin wounds and injures [28, 32].

This medicinal herb has been reported to exhibit antimicrobial activity, cytotoxic, and anti-
oxidative properties [33], which has led the World Health Organization (WHO) to recognize
its use in medicine [34].

Several constituents of H. inuloides have been identified, mainly, flavonoids, sesquiterpe-
noids, triterpenoids, and sterols. The composition of the essential oil has also been described.
Recently, four sesquiterpenoids of H. inuloides were identified as antimicrobial agents [35].

The dried flowers of H. inuloides have been used for the treatment of postoperative throm-
bophlebitis, and externally for acne, bruises, and muscle aches in Mexico. Previously, ses-
quiterpenoids, 7-hydroxy-3,4-dihydrocadalin and 7-hydroxycadalin, were characterized as
antibacterial agents from the dried flower of H. inuloides. The flavonoids, quercetin, kaemp-
ferol, and their glycosides were also isolated from the same source and showed tyrosinase
inhibitory activity [36].

2. Experimental details

2.1. Synthesis of silver nanoparticles

Ag-NPs were synthesized from silver nitrate salts with the use of sodium borohydride
(NaBH,), a conventional chemical reducing agent. Pursuing the same purpose, two eco-
friendly agents, were separately used as green reducers: Heterotheca inuloides and Camellia
sinensis.

For chemical synthesis, NaBH, (in a concentration of 1 x 10”?) was weighed on an analytical
balance (Explorer Pro, model EP213C, OHAUS, USA), and then dissolved in a flask with dis-
tilled water.

A 10 mM silver nitrate solution (AgNO,, Sigma-Aldrich) was prepared and mixed along with
the NaBH, solution, in a 1:2.5 ratio to generate Ag-NDPs.

The resulting solution was placed in a beaker on a heating grate (Thermo Scientific Cimarec).
Using a magnetic stirrer, the incorporation of powder was achieved. The mixture was centri-
fuged with filter paper, allowing obtaining the smallest particles (i.e., nanoscale).

Water (H,O) and alcohol (ETOH) were separately used as diluents.
The ecofriendly synthesis was performed by collecting dried flowers of Hi and Cs.

The leaves were mashed to a powder and mixed to obtain a homogeneous sample (both pow-
ders were used separately for the synthesis). One gram of each powder was immersed in

119



120

Silver Nanoparticles - Fabrication, Characterization and Applications

100 mL of distilled water; it then underwent a boiling process. Afterward, the solution was
filtered through a filter paper.

2.2. Characterization of Ag-NPs

Following Ag-NPs formation, UV-vis analysis was carried out every hour, for the next 6
hours. UV-vis spectra measurements were recorded on a Cary 5000 UV-vis scanning spectro-
photometer using quartz cells. The wavelength ranges from 300 to 600 nm.

To observe the size and shape of solutions, transmission electron microscopy (TEM) analysis
was also carried out with a JEOL JEM-2100-Tokyo, Japan Microscope.

Scanning electron microscope (SEM) analysis was performed in a JSM-6510-LV microscope
(JEOL) at 20 kV of acceleration, using secondary electrons.

The two eco-friendly substances were deposited in 20 deciduous teeth to analyze, through
EDS (energy dispersive spectroscopy), the behavior of silver in dental tissues.

2.3. Microbiological analysis

Strains of S. mutans and L. Casei were isolated and cultivated in specific mediums for their
growth (Gold mitis salivarius and Rogosa). Discs embedded with Ag-NPs synthesized by the
two eco-friendly reducing agents, at different concentrations (10, 20, and 30 pl), were placed
in Petri dishes. Some discs were used as blank control, and others were embedded with 2%
CHX (Consepsis, Ultradent products Inc). Petri dishes were incubated at 37°C for 48 hours.
The inhibitory halos of each substance were measured in millimeters to compare the antibac-
terial effect at different doses.

3. Results

The synthesis with H O provided more stable Ag-NPs because the chemical polarity of a mol-
ecule of water is greater than that of ETOH, and through the boiling process (applying heat
to the mixture), the active ingredients are extracted from the infusions. UV-vis analysis deter-
mined, through the formation of the plasmon (maximum peak where light is absorbed), that
Ag-NPs synthesized by Hi showed more stable and smaller nanoparticles in greater quanti-
ties compared to Cs but bigger than NaBH,, because this is a more drastic reducing agent
(Figure 1).

UV-vis shows that the plasmon wavelength lies between 440 and 456 nm in Ag-NPs synthe-
sized by Heterotheca inuloides (Figure 1A). While the plasmon wavelength lies between 355
and 448 nm in Ag-NPs synthesized by Camellia sinensis (Figure 1B); which, unambiguously,
indicates the presence of silver nanoparticles under the specific conditions of each synthesis.
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(C) sodium borohydride.

The plasmon wavelength lies between 385 and 401 nm in Ag-Np synthesized by sodium boro-

hydride because this is a more drastic reducing agent (Figure 1C).

TEM allowed us to see that Hi showed smaller nanoparticles than Camellia sinensis while

sodium borohydride were smaller (Figure 2).

3.1. Characterization of Ag-Np

Assessment of Ag-NPs impregnated teeth was performed through EDS (energy dispersive
spectroscopy) analysis. A 6.26 weight percent mean absorption of silver to dental tissues was
found among the total percent, meaning that Ag-NPs are compatible with deciduous teeth. A

statistical analysis at a confidence level of 95% was set (Figure 3A and B).

Elemental chemical analysis through EDS by SEM.
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T L Phot

A)  Ag-NPs synthesized by Heterotheca inuloides

a

C) Ag-NPs synthesized by Sodium Borohydride

Figure 2. The size of silver nanoparticles synthesized by two eco-friendly reducing agents Heterotheca inuloides (17.5 nm)
and Camellia sinensis (48.2 nm), and sodium borohydride (8 nm).

Student t test for unknown variances was used to establish the average inhibition of bacterial
growth. A higher antibacterial effect of Ag-NPs synthesized with Hi, followed by Cs was observed,
compared with CHX, particularly at the dose of 20pl. The effect on both bacteria was similar. The
results were statistically significant to a confidence level of 95% (Figure 4 and Table 1).
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A) Lower deciduous molar through SEM

Lower Deciduous Molar | Weight percant | Atamic percent

43.70 59.11
30,99 3147
6.76 3.54
12.09 4.90
647 0.97
100 100

B) Absorption of Silver to teeth through EDS

Figure 3. Weight percent of elements on deciduous teeth showing the absorption of silver. (A) Lower deciduous molar
through SEM. (B) Absorption of silver to teeth through EDS.

Figure 4. Petri dishes showing inhibitory halos of the discs rinsed with Ag-NPs by two reducing agents (Hi and Cs)
versus chlorhexidine against S. mutans and L. casei. C1. Blank disc; C2. Disk containing chlorhexidine; C3. Disk containing
Ag-NPs synthesized by Heterotheca inuloides versus S. mutans. D1. Disk containing 30 ul of Ag-NPs synthesized by
Heterotheca inuloides; D2. Disk containing 20 ul; D3. Disk containing 10 ul versus L. casei. Values of inhibitory halos of
Ag-NPs with two eco-friendly reducing agents and chlorhexidine T.
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valug value walue walue
reduced %) 0264 59 B4 h26 0402 58 65
0404 50 58 543 0153 53 ik
0268 53 58 556 04m 50 59
0252 B6 71 7.00 0.264 6B 73
0418 B6 T4 693 0231 -E] 72
0305 58 54 5.53 055 51 63
0152 55 63 530 D458 58 6.7
0.737 1] 74 650 0.781 (1] TA
0252 56 51 570 0.700 50 54

Table 1. As can be seen from the experimental data, with the agents used at different concentrations, the inhibitory
halos’ size ranged from 5.0 to 7.4 mm. The highest growth inhibition means were observed at doses of 20 ul. The greatest
variability in the size of halos was observed with Ag-NPs synthesized with Heterotheca inuloides. T en mm. SD. Standard
deviation.

4. Discussion

We consider it important that dental science search for treatment alternatives incorporating
products of natural origin, such as green plants. Mexico’s varied vegetation allows the imple-
mentation of traditional medicine, as an alternative treatment for various diseases, including
dental caries. Eco-friendly chemistry may propose a dental practice that is environmentally
and economically sustainable. Nanotechnology has moved rapidly toward the improvement
of health. The incorporation of silver salts in dental materials allows the dentist to ensure a
longer lasting effect against pathogenic microorganisms.

As it is known, the size of bacteria is measured in microns, three orders of magnitude greater
than the nanoparticles obtained by any of the three methods used. Therefore, the probabil-
ity that nanoparticles come into contact with bacteria is higher when the size of Ag-NPs is
smaller; hence, Hi turns out to be the best eco-friendly reducing agent.

L. casei has shown some resistance to chlorhexidine [9]. In this study, it is shown that green
Ag-NPs inhibited both L. casei and S. mutans. Ag-NPs at a concentration of 1 x 102 showed
acceptable antibacterial effect when compared to 2% CHX (containing 20 mg of chlorhexidine
gluconate). The concentration used in Ag-NPs is minimal (nm) compared with the various
concentrations shown in different presentations of CHX [6, 7, 37-41].
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The knowledge of nanoscience and the emergence of new technologies in medical practice
can transform the traditional way of attending a patient and promote a new paradigm based
not only on clinical experience, but on the use of technological tools [42].

Having not found in our country, a study where Ag-NPs were in contact with deciduous
teeth, in order to observe their behavior, the authors would like to propose deeper research
in this matter.

The study of tissues from a nanoscale perspective, at molecular and cellular levels, leads to a
better understanding of the structure-function-physiological relationship of oral structures,
making it possible that diseases can be better understood and thereby prevented.

Ag-NPs have demonstrated efficacy in inhibiting the main microorganisms causing tooth
decay. So the authors consider it relevant to continue research in this area. Ag-NPs can be
used in various fields of treatment as an effective antibacterial agent; as an example, we can
mention, the area of periodontology, where its action as a mouthwash agent can reduce gin-
gival conditions. It is also possible to prepare toothpastes combining the antibacterial effect of
silver and the benefits of green plants. In other areas of dental practice, Ag-NPs can be added
to traditional dental cements or surgical materials and thereby diminish the risk of a possible
postoperative infection.

From the visionary talk “There’s Plenty of Room at the Bottom,” given by physicist Richard
Feynman in the American Physical Society meeting at Caltech in the late 1950s, from the
“nanorobots” used in medicine, nanodentistry can really improve dental practice and treat
common problems, such as dental hypersensitivity and implant placement; it can provide
more durable and biocompatible restorations and more precise orthodontic treatments and
reduce the appearance of gum and bone diseases.

5. Conclusions

Interpretation of the UV-vis spectra and images obtained through TEM showed that the for-
mation of silver nanoparticles is more effective when the active ingredients are extracted from
the bioreducers in the boiling process. This shows that the polarity of the active ingredients is
similar to that of water, and that temperature plays an important role by increasing solubil-
ity and antibacterial effect. It is also concluded that nanoparticles obtained by Hi have a very
good size (17 nm), in sufficient quantity, and with a narrow particle size distribution.

Ag-NPs can be an alternative for treatment, not only against dental caries, but also to prevent
the formation of pathogenic bacteria affecting the balance of the oral cavity. They may be an
option to reduce the harmful effect of the major pathogens, to diminish postoperative infec-
tious processes, while also representing an attractive option as part of the eco-friendly sub-
stances, which would result not only in less costly drugs, but also in substances with a minor
risk to human health and the environment.
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Abstract

Nanotechnology delivers materials and nanoparticles (NPs) with high biological poten-
tial, useful in bioengineering, nanomedicine, and human health protection. Silver
nanoparticles (NPs), because of their wide spectrum of activities and physical and chemi-
cal properties, are nowadays extensively researched. However, careful studies on living
organism should be performed, with strong attention to biocompatibility. Multiple cel-
lular effects, displayed after AgNP treatments, show interesting potential of metal-based
NPs, not only in bio-nanotechnology but also in molecular medicine and anticancer ther-
apy. AgNPs are promising anticancer agents, influencing the cell cycle, inhibiting can-
cer proliferation, and inducing oxidative stress and propagation of programmed cellular
death (apoptosis). Additionally, they protect against bacterial, fungal, and viral infec-
tions. During chemo- and radio-therapies, such antimicrobial protection will be desir-
able because of the decreased immunological resistance of cancer patients. In conclusion,
AgNPs often present in the human environment should be studied for novel findings
and better characteristic. This article discusses advantages of AgNP’s “eco-friendly” pro-
duction, followed by green synthesis, with particular consideration of antimicrobial and
anticancer properties. Cellular processes, induced after AgNP treatments, are focused on
antiproliferative, pro-oxidative, and pro-apoptotic activities of NPs.

Keywords: silver nanoparticles (AgNPs), nanotechnology, anticancer therapies,
microbiological activity, nanoparticles (NPs), cancer cell lines

1. Introduction

Nanotechnology has developed a wide spectrum of engineered materials, composites, and
particles, which in size are defined as nanoscale (below 100 nm) [1]. Comprised of different
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compounds, nanocomposites have opened possibilities for applications in fields of bioengineer-
ing for agriculture [2], green technology [3], antifungal plant protection [4], and different strate-
gies for human and animal health care—from tissue remodeling and scaffold production in
regenerative medicine [5] or antiviral [6], antimicrobial [6, 7], and anticancer therapies [7, 8], in
conventional/unconventional medical and veterinary science (Figure 1) [10, 11].

Among engineered materials various compounds are used including metals: silver (Ag)
[12, 13], gold (Au) [13, 14], copper (Cu) [14], zinc (Zn) [15, 16], gallium (Al) [17], metal
oxides [16], and many others [1, 18, 19]. Based on the physical and chemical approaches
of metal-based nanoparticles, numerous features can be used in their applications, includ-
ing shape recognition, paramagnetic properties, biocompatibility, fluorescence, and optical
density [19]. Some NPs are suitable in diagnostic techniques, because of their paramagnetic
behavior, unique optical properties, and quantum size effect used in bio-imaging (Figure 2)
[18]. NPs can be used separately, as spheres 10 nm [12] or 18 nm in diameter as reported by
Zielinska et al. [20] diluted in aqueous citrate buffer. Colloidal solutions of AgNPs were for
that reason applied at different concentrations of particles per ml of solvent. In combination
with different active compounds such as antibiotics, AGNP complexes, with improved size
of their active surfaces, improved cytotoxicity against bacteria [9]. Because of their anti-
bacterial properties and biocompatibility with human cells, many of active commercially
designed Ag-based compounds are used for nanomaterial production, including by the
coaxial electrospinning process [5].

Differentsized AgNPs
(1-100 nm)

AgNPsin nanomaterials

® AghPssihvar nanapartice

P Active compound [a.g. antibloticd)

]|
|
Complexes of AgNPs Hanofibres in nanomatesis |

Figure 1. Types of applications for AgNPs as different-sized single particles in self-organized complexes with active
compounds (e.g., antibiotics) or in nanofabricated materials (based on [5, 9]).
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Figure 2. Physical and chemical properties of AgNPs implicated in their applications (based on [18]).

2. Characteristics of silver nanoparticles

Silver nanoparticles (AgNPs) are well known because of their wide spectrum of applications
in diverse fields of research; this review will focus on their biological activities. For such rea-
son size-dependent physical and chemical properties of AgNPs are discussed [18]. Living
organisms are one-cell or multicellular structures with typically 10 um across for a single cell,
so the much smaller nanoparticles (NPs) (1-100 nm) can interact with cell surfaces (plasma
membranes, plant cellulose walls, bacterial and fungal cell walls, and membranes). NPs or
their active nano-complexes can penetrate and pass through the organism’s external enve-
lopes. The plasma membrane’s permeability for small-sized AgNPs allows for accumulation
of them in internal compartments of cells. Physical properties of Ag are used for tracking and
visualization of NPs in living organisms and cells using, for example, TEM micrography or
X-ray absorption spectroscopy [21]. The uptake mechanisms of NPs in eukaryotic cells were
observed to be phagocytosis, endocytosis, or micropinocytosis [22] and were rather dose-
dependent with diverse protection or cytotoxicity effects [21]. NPs must be well characterized
before addition to cells and their physical and chemical properties well defined. These proper-
ties result mainly from different protocols of AgNP synthesis, and only nontoxic ones should
be preferred in bioassays using living organisms.

2.1. Synthesis of AgNPs

Different strategies of AgNP synthesis should be focused on novel methods for ecological fab-
rication, allowing toxic chemical discrimination. Some so-called eco-friendly methods were
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developed using ethanol extracts from many plant species, for example, ethanolic extract of Rosa
indica petals [7]. Other procedures followed by encapsulation, microemulsions, or dispersion in
polymeric solutions, based generally on plants or algae, also bacteria [23], and fungi organism.
Intra- or externalization of NPs into one-cell organisms resulted with protein tagging, for exam-
ple, AgNPs covered with proteins from the fungus Coriolus versicolor [24]. Protein-conjugated
NPs could play a role of mimetic envelopes constructed from cellular proteins during inter- or
externalization processes in living one-cell organisms. Bio-AgNP coverings stabilize NPs and
extend the possibilities of their application in living tissues [24]. During simple aqueous synthe-
sis, temperature elevation of a starch solution for 20 h above room temperature, with addition
of silver nitrate and glucose is sufficient to produce eco-starched AgNPs [23]. It was reported
also that virus particles also seem to be useful in NP production (Figure 3) [23].

2.2. Antimicrobial activity
2.2.1. Antibacterial properties

Among the biological activities of AgNPs, an antimicrobial action is already well characterized
[7-9, 25]. The most effective is an antiproliferative impact where in a minimum inhibition con-
centration (MIC) assay, inhibition of bacterial growth on plate cultures is observed. Typically,
the tests are made both Gram-negative and Gram-positive bacteria, with plate agar, liquid
LB medium (lysogeny broth, named also Luria-Bertani medium), or a migration assay. It was
reported, in MIC assays against different bacterial strains and human pathogenic bacteria such
as Streptococcus mutants (MTCC-896), Enterococcus faecalis (MTCC-439) (Gram-positive), E. coli

AgNPs green-synthesis
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Figure 3. Scheme of green-synthesized “eco-friendly” AgNPs (based on [7, 23, 24]).
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(MTCC-40), and Klebsiella pneumonia (MTCC-740) (Gram-negative), it was reported that addition
of ethanolic petal extract of Rosa indica or AgNO, solutions (each 30 ul) reduced significant micro-
bial proliferation significantly [7]. The mechanism of action that resulted in proliferative poten-
tial reduction during MIC assays was explained by the good permeability of AgNPs through
the bacterial wall and plasma membranes [7]. The cytotoxic effect was improved when bio-
logically synthesized nanoparticles were used together with AgNO, solutions [7]. On the other
hand, addition of Ag" ions to the culture media resulted in reduction of biofilm formation by
bacteria during growth. Anti-biofilm formation effects of AgNPs were observed against Gram-
positive (Enterococcus faecalis and Staphylococcus aureus) and Gram-negative (Shigella sonnei and
Pseudomonas aeruginosa) bacteria in biological assays [6]. Other pathogens, strains of Escherichia
coli, Staphylococcus aurous, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Haemophilus influen-
zae, were inhibited by AgNPs synthesized with leaf extract of Artemisia vulgaris [3]. The inhibi-
tory effect was discussed there in terms of plasma membrane interaction of AgNPs and release
of Ag"ions into the cytoplasm that eventually resulted in disruption of respiratory mechanisms
located in in the bacterial membrane and mesosomes, and also of ion exchange processes, and
blockade of synthesis of sulfur-containing proteins on ribosomes [3]. All of those schemes of
action demonstrate the antimicrobial properties of AgNPs and implicate their usage as anti-
pathogenic agents reducing the proliferative potential of microbes.

2.2.2. Antifungal properties

The unicellular fungi, and mostly multicellular fungi, are responsible within plant agricultures
for plant diseases. They are cost-risky and noneconomic for vegetables and fruit farms, also
during long-term production, storage, and transportation procedures. AgNP addition during
plant growth could play a role of environmentally safe anti-fungicides [4, 26, 27]. AgNPs,
added at different concentrations to agar plates, were very effective against plant phytopatho-
genic fungi in studies of 18 different fungal species [4]. In vitro studies showed a hypotheti-
cal molecular mechanism of action for AgNPs, where released Ag" ions into the cytoplasmic
compartment of fungal cells disrupt respiratory system and have an impact on DNA replica-
tion process and on expression of genes implicated in replication [4, 28, 29]. Multifunctional
bio-applications of AgNPs 20 nm in size were studied for protection against pathogenically
species of fungi, strains of Trichophyton mentagrophytes and Candida species, in immunosup-
pressed patients [30]. Similar effects, with reduction of proliferation, were observed on agar
plate assays against species potentially pathogenic for plants and humans: Penicillium brevi-
compactum, Chaetomium globosum, Cladosporium cladosporioides, Mortierella alpina, Stachybotrys
chartarum, and Aspergillus fumigatus [30].

2.2.3. Antiviral properties

Anti-pathogenic activity of AgNPs is wide, and the spectrum of their action has been reported
against viral infections in plants, animals, and humans [6, 31]. The most effective prevention
against diseases caused by different viruses is an antiviral vaccine. Although effective vac-
cines have not been discovered against every viral infection, antiviral agents are still being
developed, and AgNPs are also in this potential group [31]. Human viral diseases such as
influenza, human immunodeficiency virus, hepatitis, chickenpox, infectious mononucleo-
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sis, herpes keratitis, or viral encephalitis are still studied with novel therapeutics, because of
their high mortality risk in the human population, together with increases of virus resistance
against already used pharmaceuticals [31]. The interaction of AgNPs, synthesized by a bio-
logical method using fungi, was tested against herpes simplex virus types 1 and 2 (HSV-1 and
HSV-2, respectively) and human parainfluenza virus type 3 (HPIV-3) [31]. In these reports the
particular mechanism of prevention against viral infection in Vero cells in vitro was explained
as a physical barrier, built by NPs [31]. Monolayer culture of Vero cells were preincubated
with AgNPs for 1 h at 37°C and then infected with HSV-1, HSV-2, or HPIV-3 and in the next
2 days, the monolayers were fixed and stained with X-gal (HSV-1 and HSV-2) or crystal vio-
let (HPIV-3), and plaque numbers were scored [31]. The final results showed a lower infec-
tiveness of viruses for cells pretreated with AgNPs in comparison to untreated cells without
NPs [31]. Size-dependent mechanical protection against Monkeypox virus infection was also
previously reported in vitro, in tests with 10 nm AgNPs a, with significant inhibition of dis-
ease [32]. In human cells the addition of AgNPs could inhibit enzymes responsible for DNA
replication, a crucial process for further viral infection [31]. Pure AgNPs, synthesized by the
electrochemical method were tested against poliovirus by adding different concentrations of
AgNPs were added to human rhabdomyosarcoma (RD) monolayer cells before viral infection
[33]. The results confirm silver protection against poliovirus infection, with the cell viability
up to 98% at 48 h postinfection [33]. For the food industry it is important to avoid viral infec-
tions within a big farm where the animals are cultured and are crowded. Food production in
India could be endangered by infectious bursal disease (IBD) virus [34] and therefore alterna-
tive technology against IBD virus using AgNDPs started to be developed. This strategy is based
on two schemes, inoculation of viral particles first for 2 h with active AgNP solutions and then
injection of such mixtures into embryonated chicken eggs, whereas the second method is first
infection of embryonated chicken eggs with virus and then the AgNP injection. In both strate-
gies the viral infection was reduced [34].

Antiviral activity of silver nanoparticles (AgNPs) is still unknown and needs to be studied,
because of its usefulness for human applications. However, not only direct action on virus
particles is important in developing novel strategies against viral infections. In many cases
an intermediate carrier/host is required in the replication cycle of a virus, and a strategy was
developed against such a vector using AgNPs fabricated with Pedalium murex, an ancient
Indian medicinal plant’s seed extract, for inducing mortality in mosquito’s larvae stage [6].
Zika virus needs the vector Aedes aegypti for a complete replication cycle and spreading the
disease. AgNPs fabricated with P. murex extract tested on fourth instar mosquito larvae
reduced the viability of Zika vector after 24 h [6]. This promising finding showed a wide spec-
trum of applications of different fabricated AgNPs alone against different viral infections and
diseases. The mode of action could be direct or indirect.

2.3. Anticancer activity

Combined cancer therapy allows limitation of the side effects of chemotherapy, decreas-
ing effective doses or inducing cellular self-protection against damaging agents [35]. For
many aspects of conventional therapies, combinations of novel drugs and NPs together with
already well known compounds, is still tested. Searching for more effective protocols for drug
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administration leads to the modification of already existing procedures and combining phar-
macological agents with natural, unconventional molecules. Metal-based AgNPs, known as
pro-oxidative in different cancer cell lines [36] including breast MCE-7 and lung A549 cells
[37] and squamous carcinoma SCC-25 cells [12], have shown novel applications in photody-
namic therapy [37, 38]. The alkaloid berberine was tested on squamous carcinoma cells as an
antiproliferative and pro-apoptotic agent alone [22, 39-41] or in combination with AgNPs
that improved its anticancer properties [12]. The antimicrobial activity of AgNPs as aseptic or
preservative agents has been known since decades, and they also serve for synthesis of novel
nanomaterials with potential applications in regenerative medicine [5]. For many applica-
tions, compounds such as metal NPs should be carefully examined, especially when they are
easily applied by living organisms.

2.3.1. Antiproliferative activity

Use of AgNPs in the food industry, as antimicrobial preservatives, has an impact on the human
digestive tract. Interactions of AgNPs with healthy cells (epithelial cells, mucous membrane
cells, etc.) and cancer cells (squamous, liver, or colon cells) through the gastrointestinal tract
has implicated diverse actions of NPs as anti- or pro-oncogenic factors. Knowledge about
processes of carcinogenesis are still unclear; however, applications of AgNPs as anticancer
agents is nowadays strongly developed. The most widely used AgNPs disrupt the prolifera-
tive system and cell cycle of cancer cells, with finally inhibition of proliferation. Tested on
squamous carcinoma SCC-25 cells, colloidal solutions of 10-nm-diameter NPs at a dose of
10 ng/ml arrested the cell cycle in the sub-G1 or G0/G1 phase after 24 and 48 h, respectively
[12]. The cells responded with a failure of mitosis, and in the treated population there were
not as many bi-nucleated and doublet cells as in controls. DNA synthesis was also stopped,
probably because of DNA damage (single- and double-stranded breaks, sSBs and dSBs) and
because of the presence of AgNP’s inside the cell nuclei. This suggestion was confirmed by
measuring production of reactive oxygen species (ROS) in parallel cytometric assays, which
damage DN, influence the S-phase of the cell cycle, and inhibit replication [12]. Additionally,
cell proliferation was monitored by colorimetric MTT assays, where absorbance measured
at 570 nm is proportional to the amount of cells in each well on a plate. This simple assay
showed that after AgNP treatment, viability and proliferation of SCC-25 cells decreased in
dose-dependent manner with increased concentration of AgNPs [12]. Larger 20 nm diam-
eter AgNPs also displayed antiproliferative effects at higher concentrations (up to 20 pg/ml)
in two cancer cell lines, HepG2 (liver) and Caco-2 (colon) when cytotoxicity was estimated
fluorometrically by the resazurin (Alamar Blue) reduction assay [42] in which nonfluorescent
Alamar Blue is taken up by viable cells and reduced by mitochondria to the fluorescent prod-
uct resorufin. Fluorescence is proportional to the viability of the cells and corresponds to the
cell number [42]. After 24 h of incubation with AgNPs, viability and proliferation of HepG2
cells were more reduced than those of Caco-2 cells; however, in both cell lines they were
significantly lower than untreated controls [42]. Tests on different human cell line models
showed tissue-dependent sensitivity and the importance for applied doses potentially used
in anticancer therapies of NPs. The same research group, working again with HepG2 and
Caco-2 cells, discussed the genotoxic potential of AgNPs as a result of chromosome damage
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during mitosis, where chromosomal abnormalities occurred as seen by micronucleus forma-
tion (Mn assay) [43]. The nanosilver genotoxicity resulted in viability reduction in a dose-
dependent manner and was explained by cytokinesis blockade [43], which could be a result
of abnormal formation of histone H2A, that disrupts cellular division and proper chromatin
(chromosome) formation [44]. AgNPs act also as epigenetic factors and influence genetic pro-
files in treated cells [45]. It was reported that several genes could be impacted by AgNPs,
especially those related to the cell cycle, where they could be upregulated or downregulated.
The most important findings were connected with genes coding for cell cycle checkpoint
proteins and also for DNA repair pathways during the S-phase [45-47]. All of these molecu-
lar disruptions resulted in the antiproliferative action of AgNPs in living cells, especially in
cancer and cancer stem cells [44].

2.3.2. Pro-oxidative activity

Most of the findings about toxically effects of AgNPs in antimicrobial and anticancer defense,
based on the mitochondrial activation and reactive oxygen species overproduction, are inter-
preted as pro-oxidative properties. AgNPs possess the ability to induce mitochondrial chain and
complex disruption that leads to superoxide anion leakage [12, 22, 48]. After AgNP internaliza-
tion, into cytoplasm compartments, typically Ag* ions are released which influence mitochon-
drial enzymes and also interact with -SH groups of proteins and glutathione (GSH). In such
situation the ROS scavenging potential of GSH decreased and oxidative stress occurred [44].
DNA damage changed gene expression, and cellular death could be manifested as programmed
death (apoptosis) [44]. In photodynamic therapy (PDT), AgNPs caused tumor cell sensitization
via intracellular ROS overproduction [19, 37, 38]. Ag ions are captured by free electrons, which
affect mitochondrial membrane potential (V) and leads to an increase in mitochondrial mem-
brane permeability [45]. The production of intracellular ROS is amplified by the next generation
of oxidizing agents and lowered production of ATP by mitochondria in tumor cells [45]. The
ROS production and damages resulting from oxidative stress are AgNP size-dependent; smaller
NPs cause greater ROS overproduction [1]. Those observations result from the ability of AgNPs
to interact with cellular components and to penetrate to organelles (mitochondria, nuclei, lipo-
somes, endoplasmic reticulum, etc.) and to release free Ag" ions there (Figure 4) [1].

2.3.3. Pro-apoptotic activity

After AgNP internalization into cancer cells, a cascade of processes starts with loss of inner
homeostasis and redox state destabilization. A series of free radical waves damages mito-
chondrial and nuclear membranes and propagates oxidative stress. Additionally, in S-phase
(DNA replication) of the cell cycle, damaged DNA is not repaired effectively because repair
enzymes are blocked by Ag+ ions and replication stops [12, 49]. Because of uncoupling in
mitochondria and effects on mitochondrial membrane potential, the ROS level increases to
propagate the canonical apoptotic pathway (Figure 4). The mitochondria-dependent apopto-
sis pathway was studied in SCC-25 cells at the transcriptional level, where expression of the
genes Bax and Bcl-2 was assayed [12, 50]. The pro-apoptotic Bcl-2 gene was upregulated after
24 h of treatment with AgNPs [12]. ROS production in Caco-2 cells was manifested also by
an inflammatory state that resulted in cellular death due to release of the pro-inflammatory
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cytokine interleukin(IL)-8 after 24 h of AgNP exposure [49]. This state was also propagated
between cells by external pro-apoptotic signals. Use of AgNPs as good pro-apoptotic agents
in cancer therapy seems to be reasonable. Toxicity of AgNPs is shown through the intrinsic
ROS-mediated mitochondrial apoptotic pathway [49]. AgNPs could propagate a free radi-
cal wave, with further lysosomal rupture and free radical accumulation. Lysosomal damage
leads to cathepsin release into the cytoplasm, which is a signal for lysosome-mediated apop-
tosis [1, 51]. Any of these disruptions have been described as cytotoxic effects of AgNPs of
different origins; however, the most desirable one is the lethal apoptotic effect on cancer cells.

2.4. Applications of AgNPs

The numerous physical and chemical properties of AgNPs implicate possible applications
in the human environment: in agriculture, food industry, cosmetology and finally in human
health protection and medicine [1, 2, 13, 19]. Metal-based particles, because of their paramag-
netic property and optical density (Figure 2), are widely used in bio-imaging as well as in
electron microscopy, in magnetic resonance, in computed tomography for visualization, and
in molecular diagnostics [19, 21, 50]. AgNPs, as cellular sensitizers with pro-oxidative and
pro-apoptotic potential, also serve as therapeutic agents in photodynamic therapy against
cancer cells [37, 38]. In future applications some possible controversies must be resolved:
dosage for different tissues, because of tissue-specific biocompatibility and side effects dur-
ing therapy or microbial resistance against NPs. Some effects of AgNPs appear to be dual
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Figure 4. Pro-oxidative activities of AgNPs in cancer cells.
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and even opposite in different situations, such as anti- or pro-oxidative, anti- or pro-apop-
totic, biosensing, or bioresisting-activity depending on the type of organism or cells [30].
Nanotechnology allows for technical applications of AgNPs, for example for fabrication in
material technology [5]. Size-dependent activities and the ability to form different complexes
with natural or pharmaceutical compounds have opened further applications for AgNPs,
especially in biomaterials, health care, cancer therapy, environment protection, agriculture,
and chemical synthesis [5, 9, 52]. Biomedical applications, particularly in nanomedicine, are
nowadays the most desirable.

3. Conclusions

Silver nanoparticles, because of their wide spectrum of activities and physical and chemical
properties, are nowadays studied extensively. However, careful studies on living organisms
should be performed, with strong attention to biocompatibility. Multiple effects displayed
after AgNP treatment show an interesting potential of metal-based NPs, not only in bion-
anotechnology but also in molecular medicine and anticancer therapy. AgNPs are promising
anticancer agents: they influence the cell cycle, inhibit cancer cell proliferation, induce oxida-
tive stress, and propagate programmed cellular death (apoptosis). Additionally, they protect
against bacterial, fungal, and viral infections. During chemo- and radio-therapies, such anti-
microbial protection is desirable, because of the decreased immunological resistance of cancer
patients. In conclusion, more studies on AgNPs should be carried out for novel findings and
better characteristic of silver NPs.
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Abstract

For many years, people have known about silver’s antibacterial qualities. Silver nanopar-
ticles are widely used in consumer products, biomedical equipment, textile products
and in other applications. Having a larger surface area to coat or spread over another
surface, offers a greater contact area, therefore, increases antimicrobial properties. Also,
these nanoparticles can be incorporated into polydimethylsiloxane (PDMS) implants as
immobilized or occluded particles to improve their performance in the body. PDMS is
commonly used for biomedical applications, including components for microfluidics,
catheters, implants, valves, punctual plugs, orthopedics and micro gaskets. It can be
manufactured easily in different forms such as fibers, fabrics, films, blocks and porous
surfaces. The use of silver nanoparticles for their antimicrobial qualities improves PDMS
biocompatibility, because it inhibits microbial growth, thereby making it more attractive
for biomedical applications. The presence of metal nanoparticles also helps to reduce the
hydrophobic nature of PDMS. This property of PDMS does not encourage cell adhesion,
which is a very critical requirement for medical implants. Silver nanoparticles improve
the silicone’s wettability. The exceptional properties of silver nanoparticles combined
with the PDMS have made this hybrid nanostructure applicable to different medical uses.

Keywords: silver, nanoparticles, polydimethylsiloxane, hydrophobicity, hydrophilicity

1. Introduction

Polydimethylsiloxane (PDMS) is a biocompatible material approved by the US Food and
Drug Administration in the Biocompatibility Guidelines for Medical Products (Code of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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Federal Regulations, 2013). PDMS is odorless, flavorless and resistant to both temperature
and chemicals, including acids, oxidants, ammonia and alcohol.

All of these properties are advantages for using this polymer in human body implants. In
addition, it can be manufactured easily in different forms. The PDMS is a hybrid compound
with a chemical formula (R,SiO)_, where R is an organic group, such as methyl, ethyl or phe-
nyl, attached to an inorganic chain of silicon and oxygen (Figure 1).

This kind of compound can be synthesized with a wide variety of properties and composi-
tions, allowing the consistency to vary from liquid to gel, or rubber to hard plastic.

PDMS is a good elastomer, because the bonds between the silicon atom and the two oxygen
atoms are highly flexible and very strong at the same time, so the angle formed by these links
can be opened and closed [1], Figure 2.

The substrate elasticity of PDMS plays an important role in cell adhesion, proliferation and
differentiation, thus improving implant integration in the human body.

The porosity, roughness, and surface energy are dominant factors for the material’s wettabil-
ity. These factors are especially valuable in biological environments.

The use of porous materials can be a very practical approach to reaching several goals in
current medical applications such as surgical implants. Some chemical compounds, such as
sugar or salts with water solubility, can play an important role in the synthesis of porous
matrices because these compounds can be removed with water to empty the pores. The pore
size, pore connection, and pore density are directly proportional to the crystals size of the
chemical compounds and their quantity [2]. Pore size window and accessible void space are
critical factors for medical applications [3].

Therefore, optimal pore size and specific surface area are important factors determining
migration and cell attachment [4]. Small pores limit the cells” access within the porous matrix,
and the diffusion of nutrients and removal of waste products, that can produce necrotic
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Figure 1. PDMS molecular structure.
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Figure 2. PDMS flexibility and elasticity.
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effects in the end. Large pores limit cell attachment in a porous matrix. Composite scaffolds
with preserved morphology and microstructure at micrometer scale are promising for tissue
engineering. Pore size distribution from 164 + 52 um can support the cells’ attachment to the
porous material for medical applications [5].

Material technologies are critically important for tissue engineering in designing scaffolds or
implants, and control of certain properties, such as porosity and pore size distribution, key
factors on medical applications [6, 7]. Cell adhesion and growth on a scaffold or implant is
controlled by the size and structure of the pore matrix [8, 9].

Sugar or sodium chloride can be used as pore-forming agents. For example, sieved sodium
chloride salt (99% purity), with a controlled crystal size can be mixed with polymers to pre-
pare a slurry, then the polymer is cured and the salt removed with water to obtain a porous
material with a controlled pore size distribution [10, 11].

The pore structures typically consist of irregularly shaped voids and connecting channels that can
be difficult to define. This is due to merging of adjacent cavities in the void walls. Pore size and
interconnectivity play key roles in cell interaction with scaffolds and implants [12], see Figure 3.

Adding to the benefits of porous biomaterials, micro, meso and macro channels can be cov-
ered with metallic nanoparticles, to further improve their biocompatibility properties. Recent
research has been focused on providing porous materials with interconnected channels and
walls. The growing surface functionality is centered primarily on silica-based materials,
where their composition arrangement can add different functional groups that interact with
metals [13]. Porous materials can be prepared with organic compounds used as templates or
pore-forming agents that are later removed with a solvent to empty the pores. Compounds
such as sucrose, fructose, d-glucose, d-maltose, dibenzoyl-L-tartaric acid, ascorbic acid, citric
acid, etc., can be used as pore-forming agents, then removed these with a solvent extraction
process [14]. These pore-forming agents can control the growth of biopolymers into various
sizes and shapes to obtain porous matrices for medical applications. Biomaterials of different

Figure 3. Porous PDMS matrix synthesized with sieved sugar as an agent to form pores: (A) optical micrograph and
(B) SEM micrograph.
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composition and structures (nanoparticles, nanowires, nanotubes, and nanoporous) can be
synthesized through simple wet chemistry [15].

Biocompatible materials (scaffolds and implants) allow the human body to recover biological
and mechanical functions, thereby increasing the quality of life. Based on the application or
use, the implant must support mechanical loads, and promote long-term biological interac-
tion with the body tissue. Current characteristics from bulk material give the load-bearing
capacities for implant applications where this characteristic is required. The interaction with
the adjacent tissue is dependent on the scaffold or implant surface [16, 17]. However, the bio-
materials, which have micro, meso and macro-porous, show special characteristics, based on
pore size, roughness, porosity, and surface energy, that can induce tissue development. The
porous matrices with functionalized surfaces can be hosted and allow to leave specific biologi-
cal molecules that encourage cells to grow inside and over the porous matrix. The hosting and
releasing of peptides and proteins is an important key factor, because it opens new design
ways for surgical scaffolds and implants. Biomaterials can improve bone rebuilding. In gen-
eral, organ regeneration, as well as cell and tissue growth where required [18]. Silica porous
materials have been used extensively for different medical applications, such as bone regenera-
tion. Ceramic’s characteristics, such as large surface area, porosity, and easy functionalization,
allow the design biomaterial to enclose active molecules (drugs, peptides, proteins, etc.) [19].

The combination of porous materials with inorganic materials is a developing research area.
These products are actually based on the outstanding properties for specific applications of
this combination. Direct substitution of component elements in original porous materials,
while maintaining structural regularity, provides novel properties that could be applied to
surgical implants [20].

A porous PDMS matrix can incorporate silver nanoparticles, and immobilize these particles
without affecting pore size distribution or producing a cytotoxic effect [21].

The ability of silver particles to kill microbes by airway blockage or breaking the outer walls of
the bacteria has become one of the most important properties or factors for the development
of these technologies at nanoparticle level. Application of nanoparticles in medical devices is
currently important because some of them have bactericidal and disinfectant effects. The use
of biomaterials in implants or scaffolds for medical application is limited by bacterial con-
tamination that introduces infection or disease. Silver nanoparticle coatings or nanoparticle
immobilization are currently used as antibacterial additive in poly-methylmethacrylate, the
polymer used to manufacture bone implants (prosthetic knees, hips, etc.) [22].

The constantly expanding field of silver nanocomposites has gained significant importance,
mainly due to proven antimicrobial properties offering great potential as antimicrobial coat-
ings and agents. Many experimental methods have been proposed, but all of these have
advantages as well as drawbacks. In general, identifying the method that allows the prepara-
tion of composites with biocompatible, biodegradable, and nontoxic materials (minimize toxic
effects after production) is an objective for creating outstanding medical products [23, 24].

Currently, bacterial resistance to antibiotics that have been customarily used poses a chal-
lenge. A possible solution is turning to silver nanoparticles, because of their special proper-
ties. Antimicrobial uniform or non-uniform films, such as silver nanoparticles immobilized on
a biomaterial, may be a viable solution to help in this critical issue [25, 26].
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This new research field is not only investigating nanoparticles but also focuses in nanostruc-
tures, nanocompounds, nanofilms, and so on. This is a new technology, nanotechnology that
has gained widespread acceptance.

2. Experiment

The experimental method used synthetized porous PDMS matrices with pore sizes from 100
to 300 um and PDMS film, described in previous papers. Silver nanoparticle immobilization
was addressed in two different ways:

e Surface silver nanoparticles immobilization

* Occluded silver nanoparticles inside the polymer

The PDMS film is prepared from a solution (30% PDMS, 70% heptane, mass/volume). This
solution was applied over a piece of glass, evaporating the heptane for 25 min at room tem-
perature and curing the PDMS film at a temperature of 100°C.

2.1. Chemicals

Poly-dimethylsiloxane (PDMS) Nusil Silicone technology’s product (MED-4860), silver nitrate
(99.99%, Sigma-Aldrich), disodium ethylenediaminetetra-acetate (EDTA-2Na) ACS reagent
(99.4%, powder from Sigma-Aldrich), d-glucose monohydrate (USP grade, Sigma-Aldrich),
sodium hydroxide (ACS reagent, 297.0%, pellets, Sigma-Aldrich), ammonia water solution
(ACS reagent, 28.0-30.0%, Sigma-Aldrich), anhydrous heptane (99%, Sigma-Aldrich), and
anhydrous sodium sulfite (>98%, Sigma-Aldrich).

2.2. Nano-film coating

Silver nitrate (AgNO,) was dissolved in a minimum amount of DI-water, later ammonia water
solution was added, and the chemical mixture produced a silver ammoniacal complex. The silver
concentration was adjusted to 0.0135 M. Next, ethylenediaminetetraacetic disodium salt solution
was prepared, and this solution was added to the silver solution, molar ratio 1:1 respect to AgNQO..

Next the porous silicone matrices or PDMS film was combined with the silver solution, and
mixed. Then, d-glucose solution was prepared and added to the mixture, and heated to reach
at a temperature of 50°C for 1 h. The molar ratio from silver nitrate to d-glucose monohydrate
was 1:5, final pH =9.0.

For more details on preparation of a porous PDMS matrix, silver immobilization, and PDMS’s

film see previous papers.

2.3. Occluded silver nanoparticles inside the polymer

The AgNO, was dissolved in DI-water, added to the PDMS solution (30% PDMS, 70% hep-
tane) mass/volume, placed in a magnetic mixer hot plate, mixed and heated from 35 to
45°C. Heptane was added to maintain the volume.
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Later the solution was applied over a piece of glass, the heptane was evaporated for 25 min at
room temperature and the PDMS film was cured at a temperature of 100°C.

2.4. Characterization method
2.4.1. Optical inspection

An optical microscope, Smart Scope Flash 200, model CNC200, serial SVW2003849 was used
to perform a visual inspection. Smart Scope Flash is an automatic dimensional piece of equip-
ment, with a measurement system, and optical metrology.

2.4.2. Scanning electron microscope (SEM)

SEM images were obtained, using a JEOL JSM-6390LV Scanning Electron Microscope, pores
and particle size were verified.

2.4.3. Wettability test

A contact angle goniometer was used to measure PDMS’s wettability, some film samples
with and without silver immobilized nanoparticles were used to measure the wettability. The
silicone film was mixed with the silver solution as described in Section 2.3. Then the contact
angle was measured.

2.4.4. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of elec-
trons is transmitted through a specimen to form an image and observe small components
such as metallic nanoparticles.

2.4.5. Fourier transform infrared (FTIR)

FTIR was used to show some changes in the functional groups on the silicone surface.

3. Results

The PDMS can be oxidized to produce silanol. Silanol is a functional group with the bond
Sim=O==H, as the functional group (C=O==H) found in alcohols.

Silanol compounds are more acidic than corresponding organic alcohols. This behavior con-
trasts with its electronegative property. Silicone is less electronegative than carbon (1.90 vs.
2.55), Et3SiOH’s pKais 13.6 vs. 19 for tert-butyl alcohol. Because of their greater acidity, silanol
can be fully deprotonated in an aqueous solution [27]. Also this group Si==O==H gives a little
polar characteristic to the polymer that contributes to the surface energy and improves the
wettability.

Poly-dimethylsiloxane (PDMS) product, from Nusil Silicone technology (MED-4860), can
be oxidized with hydrochloric acid and sodium hydroxide solution treatment (etching).
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Figure 4 shows PDMS ATR FTIR spectrum from the elastomer without treatment
and Figure 5 shows PDMS ATR FTIR spectrum after the etching process and silver
immobilization.

PDMS spectrums, Figures 4 and 5 show the symmetric and asymmetric stretching peaks of
the methyl groups at 2963 and 2906 cm™, along with the deformation vibration peak of this
group, too, at 1412 and 1258 cm™. Also, the Si==O==5i asymmetric stretching peaks are pres-
ent, between 930 and 1200 cm™, and the Si==C vibrations and methyl rocking peak at around
800 cm™.

Comparing Figure 4 to Figure 5, a weak broad peak approximately from 3200 to 3700 cm™
is present only in Figure 5, and it corresponds to the =OH functional group present on the
PDMS surface representing Si==OH bonding after the oxidation process (etching). Also, the
characteristic peaks shown by the presence of methyl (==CH,) functional group in Figure 5
show a gradual decrease in intensity.

The different and bright colors observed on the porous PDMS matrices after silver immobili-
zation are produced by the nanoparticles’ plasmon effect (the quantum of plasma oscillation
produced by the vibration of noble metals, such as silver and gold, and free electrons that is the
consequence of the formation of a dipole in the material due to exposition of electromagnetic

Figure 4. PDMS, ATR FTIR spectrum, sample without treatment.
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Figure 5. PDMS, ATR FTIR spectrum from a sample after the etching treatment and silver nanoparticle immobilization.

waves). Generally metallic silver nanocrystals show typical optical absorption due to their sur-
face plasmon resonance, showing a bright color (Figure 6).

The silver nanoparticles” immobilization on PDMS has an important medical application
improving the PDMS surface properties. Therefore, these particles potentially have antimi-
crobial activity toward many microbes. Along with this antimicrobial activity, silver nanopar-
ticles show unacceptable toxic effects on human health. In addition, chronic exposure to silver
causes adverse effects such as permanent bluish-gray discoloration of the skin (argyria) and
eyes (argyrosis). Exposure to soluble silver compounds may produce other toxic effects. Some
of these effects are liver and kidney damage, eyes, skin, respiratory and intestinal tracts irrita-
tion, and changes to blood cells [28].

Despite the toxicity data, silver nanoparticles have many medical applications. During recent
years outbreaks of re-emerging and emerging infectious diseases have been a significant bur-
den on the global economy and public health. Population and urbanization growth, poor
water quality and lack of environmental hygiene are the main reasons for increased outbreak
of infectious pathogens. Comprehensive treatments using advanced disinfectant nanomateri-
als have been proposed for prevention of such outbreaks. Among these nanomaterials, silver
nanoparticles (Ag-NPs) with unique properties of high antimicrobial activity have attracted
much interest from scientists and technologists for the development of nanosilver-based
products [29].
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Figure 6. PDMS before and after silver nanoparticle immobilization, optical micrograph from different positions.

Silver nanoparticles have been demonstrated to be an effective biocide with a broad-spectrum,
including Gran-negative and Gram-positive bacteria, in which there are many highly patho-
genic bacterial strains [30, 31].

Silver nanoparticles biocide activity is based on three mechanisms:

1. Nanoparticles can attach to the surface of the cell membrane and drastically disturb its
proper functions, such as permeability and respiration.

2. Nanoparticles are able to penetrate inside the bacteria and cause further damage by inter-
acting with sulfur and phosphorus containing compounds.

3. Silver nanoparticles release silver ions. Silver ions are predominantly responsible of silver
nanoparticles’ bactericidal activity. Silver ions can kill bacteria cells [32].

Silver nanoparticles’ toxic responses are related to their chemical characteristics and their aggre-
gation; their toxicity depends on their composition [33]. There are mechanisms devised to nul-
lify any toxicity caused by silver nanoparticles to humans and the environment so that their
unique properties can be used to increase human quality of life without any negative effects [34].

Antimicrobial materials with immobilized or occluded silver nanoparticles are of consider-
able interest because those applications avoid all issues associated with the negative impact
from the nanoparticles’ toxicity. There is a significant debate on the mode of bactericidal
action of silver nanoparticles. Both contact killing and/or ion-mediated killing have been pro-
posed. Contact killing is the predominant bactericidal mechanism when silver nanoparticles
are immobilized in or on a substrate, and these show great efficacy. Silver—silica-based hybrid

155



156

Silver Nanoparticles - Fabrication, Characterization and Applications

nanostructures are becoming more and more common as silica surface satisfies different func-
tionalities for silver nanoparticles’ immobilization, which makes possible the nanostructure
surface modification. The silica’s surface terminates in siloxane groups (==Si==O==Si==) with
oxygen atoms on its surface as silanol groups (==Si==OH) that make the silver nanoparti-
cles’ immobilization possible. The antibacterial surface was found to be extremely stable in
an aqueous medium; no significant leaching was observed. Thus, immobilization of silver
nanoparticles on a silica surface may promote reuse, reduce environmental risks associated
with leaching of AgNPs and also enhance cost-effectiveness [35].

PDMS as was mentioned has (==Si==O==Si==) too and it can perform a chemical reaction
with different compounds to produce (==Si==OH) groups, the same functional group used
on the silver nanoparticle immobilization over silica. The research consists of silver nanopar-
ticle immobilization in PDMS. In this application, silver ion release decreases because silver
nanoparticles are not free, and their big surface area is not totally exposed based on the sil-
ver’s interaction with the oxygen groups (silver immobilization over PDMS surface). This
effect is reflected by the non-toxicity of this nanostructure as reported in previous papers.

As shown in Figure 7, silver nanoparticles were immobilized over the PDMS surface and
some of them formed clusters near to the pores. Also, the EDX spectrum shows the presence
of silver, Figure 8.

When silver nitrate solution is mixed with the PDMS solution, the silver ions are reduced to
silver nanoparticles and the PDMS is oxidized to silanol. This reaction is illustrated by the
color change in the mixture, Figure 9. Later the solvent evaporated, and the silver nanopar-
ticles were occluded inside the polymer structure, Figure 10.

Figure 11, as in Figures 4 and 5, demonstrates strong characteristic peaks from the PDMS, the
methyl symmetric and asymmetric stretching respectively, and the deformation vibration of
the same group, the Si==O==5i asymmetric stretching, Si==C vibrations and methyl rocking.
Also, as in Figure 5, the spectrum shows a weak broad flat peak ranging from approximately
3200 to 3700 cm™ that correlates to Si==OH bonding after the redox chemical reaction between
the silver ions and the PDMS. On this spectrum (Figure 7) the characteristic peaks from methyl
(==CH,) functional groups also show a decrease in intensity.

Figure 7. Silver nanoparticles immobilized on PDMS, SEM micrograph. (A) x50, (B) x500, (C) x6000.
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Figure 8. Silver nanoparticles immobilized on PDMS, Energy-dispersive X-ray spectroscopy (EDS) spectrum.

Figure 9. Silver nanoparticles synthetized inside PDMS’ dispersion: (A) PDMS heptane solution and (B) PDMS heptane
solution and silver nanoparticles synthetize inside.
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Figure 10. Silver nanoparticles occluded inside PDMS’ film, SEM micrograph: (A) x50 and (B) x2000.
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Figure 11. PDMS, ATR FTIR spectrum from a sample with occluded silver nanoparticles.

PDMS material in general comprises of repeated units of ==O==5i(CH,),-, which on exposure
to oxygen plasma or corona treatment develops silanol groups (=OH) at the expense of methyl
groups (==CH.,). The surface oxidation layer increases the concentration of hydroxyl groups. As the
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hydroxyl groups are polar, they turn the hydrophobic exposed PDMS surface to a hydrophilic sur-
face [36]. This effect can be shown by the contact angle change of deionized water or the changes
in ATR FTIR spectrum peaks; the OH peak appears and the methyl peaks’ intensity is reduced.

The mix of strong acids like H,SO, and HNO, in an H,O solution can induce the PDMS oxida-
tion. Wet surface chemical oxidation produces a rough oxidase surface [37]. A different wet
surface chemical oxidation (etching) used to treat the PDMS is piranha solution, followed by
a dip in KOH solution. The piranha solution has hydrogen peroxide (H,O,) and sulfuric acid
(H,SO,) in 1:1 ratio. The above-mentioned PDMS surface activation processes involve cleav-
age of the nonpolar hydrophobic methyl (==CH,) group of the siloxane polymer chain and
oxidation of the cleaved sites to polar hydrophilic silanol (Si==OH). The result is the increase
of the polymer surface energy, thereby rendering it wettable [38].

The silver nanoparticles immobilized over the surface or occluded on PDMS film (Figures 10
and 12) were visualized with a SEM and TEM micrograph. The TEM micrograph shows an
agglomerated or cluster when the nanoparticles are immobilized over the surface, Figure 12A.
When these nanoparticles are occluded, these are more spread out, Figure 12B.

PDMS film samples with immobilized and occluded silver nanoparticles were tested to check
their wettability and compare them with pure PDMS film, see Figure 13.

The obtained results are:

* Water drop contact angle measured of the pure PDMS sample 107°
* PDMS with immobilized silver nanoparticles over their surface 61°

¢ PDMS with occluded silver nanoparticles 76°

The data obtained reflect the different wettability (surface energy) between the samples. Pure
PDMS’ wettability is lower than occluded silver nanoparticles in PDMS’ wettability, but silver

Figure 12. TEM micrograph, silver nanoparticles on PDMS. (A) Immobilized over the surface and (B) occluded.
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Figure 13. Water drop placed on different PDMS hybrid structures. (A) Silver nanoparticles immobilized over PDMS
surface, (B) pure PDMS, and (C) occluded silver nanoparticles inside PDMS.

nanoparticles immobilized over PDMS surface’s wettability is stronger than occluded silver
nanoparticles in PDMS’ wettability. These data demonstrate how the silver nanoparticles turn
the hydrophobic PDMS surface into a hydrophilic surface. Also the decrease in the water
drop contact angle coincides with the results obtained in Figures 4, 5 and 7. Figure 5 shows
stronger Si==OH peak than Figure 11. Si==OH peak intensity is related to wettability proper-
ties, because silanol groups contribute to the wettability too, just as the silver nanoparticles.

4. Conclusion

The PDMS chain, although it has oxygen groups (Si==O==5i) on its structure, is hydrophobic,
because the methyl groups (==CH,) bond to the chain are non-polar compounds with hydro-
phobic properties.

PDMS oxidation can turn a hydrophobic surface into a hydrophilic surface, because in this
process the methyl group is changed by the hydroxyl group. The hydroxyl group is polar and
gives hydrophilic characteristics to the surface, so then surface energy increases.

Hydrophilic PDMS can be addressed with a special treatment such as plasma, corona or other
treatments, but it can also be done with wet chemical treatment (etching). In this process the
strong acids following the alkaline solution produce the PDMS oxidation, as is shown in these
research data. This etching process permits the silver nanoparticle immobilization on a PDMS
surface, and wettability increases. Also, the silver nitrate can react directly with a PDMS/hep-
tane solution to produce a PDMS nanostructure with occluded silver nanoparticles. During
the process a little PDMS oxidation is produced and it improves PDMS wettability, too.

Production of PDMS’ matrices with silver nanoparticles to form hybrid nanostructures, in
addition to giving bactericidal properties to the surface, fosters cellular growing, associated
with wettability.
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Abstract

The synthesis and application of silver nanoparticles are increasingly becoming attractive.
Hence, a critical examination of the various factors needed for the synthesis of silver
nanoparticles as well as the characterization is imperative. In light of this, we addressed
in this chapter, the nitty-gritty on the operational parameters (factors) and characteriza-
tion relevant to synthesis of silver nanoparticle. The following characterization protocols
were discussed in the context of silver nanoparticle synthesis. These protocols include
spectroscopic techniques such as ultraviolet visible spectroscopy (UV-Vis), Fourier trans-
form infrared spectroscopy (FTIR), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray fluores-
cence (XRF), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and X-ray pho-
toelectron spectroscopy (XPS).

Keywords: silver nanoparticles, characterization, morphology, operational factors

1. Introduction

The field of nanotechnology is gaining more attention daily from different researchers based
on the vast applications and its efficacy. Silver nanoparticle is a metallic nanoparticle with the
size of 1-100 nm existing either as zerovalent silver (Ag®) or silver oxide due to their large ratio
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of surface-to-bulk silver atoms. Of all the metallic nanoparticles, silver nanoparticles is excep-
tional and it is the most explored by researchers globally because of its various versatility,
simplicity of synthesis, adaptability, morphology and its extreme surface area that paves way
for the coordination of a vast number of ligands [1-9]. The following methods have been
identified for synthesis of silver nanoparticles: Wet chemistry, Ion implantation, Biological
synthesis and product functionalization. Wet chemistry involves nucleation of the nanoparticles
within the solution by the action of a reducing agent on the silver ion complex forming colloidal
silver. A number of wet chemistry methods, including the use of reducing sugars, citrate reduc-
tion, reduction via sodium borohydride, the silver mirror reaction, the polyol process seed-
mediated growth and light-mediated growth have been identified [10-14]. However, reduction
by borohydride is gradually facing out because of its toxicity thus the major reason why
biological method of synthesis has been more preferable. Biological method of synthesizing
silver nanoparticles may involve the use of bacteria, fungi and plant extract using green synthesis
route. This method is ecofriendly, low cost and silver nanoparticles formed are stable and well
dispersed with limited aggregation and good size control [15, 16]. There are different applica-
tions of silver nanoparticles ranging from its function as catalyst [5, 17], water treatment [6],
antimicrobial properties [8], chemotherapeutic agent and drug delivery [18], Optical sensor [19],
food packaging [20], and adsorption [21]. Although, there have been reports on the synthetic
routes and applications of silver nanoparticle, however, nitty-gritty on the operational parame-
ters imperative to the synthesis have not been so reported and the cogent considerable factors in
characterization have not been majorly explored by researchers. Therefore, this book chapter
aimed at taking a review survey of the operational parameters (factors) and the characterization
imperative to synthesis of silver nanoparticles.

2. Operational parameters for synthesis of silver nanoparticles

The synthesis of silver nanoparticles depends on some important operational parameters.
Irrespective of the technique used for the synthesis of silver nanoparticles, certain operational
factors such as the concentration and volume ratio of reacting substances, reaction time,
temperature and pH influence the synthesis rate, size and shape of the nanoparticles. These
parameters could be varied to control its size, shape and general morphology, efficiency and
applicability. A survey of these operational parameters are examined in this section.

2.1. Effects of concentration

The silver ion concentration majorly affects the synthesis of silver nanoparticles. This parame-
ter was investigated to identify the amount of silver ion most suitable for the generation of
silver nanostructure. To investigate the effect of initial silver ion concentration, range of con-
centrations were prepared while other parameters was kept constant. The common practice is
to vary the concentration of Ag" ion from 1072 to 107> M. Report from the literature have
established and approved 10~ M as the most appropriate and suitable concentration where
better surface plasmon resonance was obtained. In most wet chemistry and biological synthetic
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methods, increase in silver ion intensity increases the rate at which the surface plasmon
resonance will be attained. Silver nanoparticle is formed within the wavelength range of 400—
490 nm with the formation of the ideal bell shape which is characteristic for the formation of
Ag® nanoparticles [19].

Studies have shown that a variation in the concentration of metal salt used in the synthesis of
nanoparticles influences the product of synthesis. Ibrahim [21] synthesized silver nanoparticle
using silver nitrate as metallic salt and banana peel extract as reductant and capping agent,
and reported a variation in color tending from yellowish brown to light reddish brown and
darker shades of reddish brown with increasing silver nitrate concentration. Surface plasmon
resonance (SPR) also attained distinctiveness with increasing concentrations of silver nitrate.
These findings were also corroborated by reports from literature [22, 23]. Typical result of
effect of concentration is shown in Figure 1A.

2.2. Effect of volume ratio

The volume ratio of silver ion solution to the extract which is serving as the reducing and
stabilizing or sodium borohydride plays a substantive in the synthesis of silver nanoparticles.
Report from different literature showed that in biological method/green synthesis route, excess
silver ion is needed for better formation of the silver nanoparticles. In some instances, ratio 9:1
(Silver ion solution: plant extract/broth) were used while in some other reports, ratio of 4:1 was
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Figure 1. (A-D): (A) effect of variation of concentrations of Ag + solution (B) effect of volume ratio (C) effect of contact
time (D) effect of change in pH carried out by different researchers [22-24].
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used. Typical instances is seen in the synthesis of silver nanoparticle using T. peruviana
(Figure 1B). Oluwaniyi et al.,, (2016) [22] investigated the influence of change in volume of
silver nitrate to T. peruviana aqueous leaf extract other parameters were kept constant. Differ-
ent volume ratios ranging from 4:1, 3:2, 2:3 and 1:4 of 1 mM silver nitrate to T. peruviana
aqueous leaf extract, respectively, were used. Excellent surface plasmon resonance (SPR) was
recorded on the UV-Vis at ratio 4:1. At 4 parts of 1 mM silver nitrate solution to 1 part of
T. peruviana aqueous leaf extract (4,1), the leaf extract bioreduced and stabilized the
nanoparticles with the plasmon resonance at 460 nm. Other volume ratios, 3:2, 2:3 and 1:4 of
1 mM silver nitrate to T. peruviana aqueous leaf extract did not give distinct characteristics SPR
for silver nanoparticles at the visible region of the UV-Vis. However, the in case of wet
chemistry method using sodium borohydride (NaBH,) as the reducing agent, excess volume
of borohydride is needed for better formation of silver nanoparticle for better dispersion and
low agglomeration. Typical, the ratio of NaBH, to silver ion solution is 4:1 or 5:1 [25, 26].

2.3. Effect of contact time and temperature

Another important factor influencing the growth of silver nanoparticles is the contact time
which is also known as reaction time (Figure 1C). This was done by varying the time taken for
the formation of silver nanoparticle. Generally, the change in color to yellow or brown is an
evidence of the growth of silver nanoparticle. This is monitored with use of UV-Vis spectro-
photometer until the maximum absorption wavelength is reached with excellent surface
plasmon resonance (SPR). The intensity of the peak is function of the contact time therefore it
increases with increase in time. Contact time is one of the parameters that controls the size of
silver nanoparticles because of the blue shift of the adsorption peaks. It can be inferred that at
between 0 and 20 minutes (at the early stage), the SPR band is broadened because of the slow
conversion of silver ion (Ag") to zerovalent silver (Ag’) nanoparticles. Increasing the contact
time enhances excellent plasmon band formation because large amount of Ag" has been
converted to Ag’. However, further increase in the contact time leads to noticeable decrease
in the absorption intensity and wavelength which is an indication of some aggregation of silver
nanoparticles leading to decrease in particle size [17, 19-23, 25, 26].

Temperature is another essential factor that should be considered in the synthesis of silver
nanoparticles because it controls the reaction kinetics of the synthetic process. Increase in
temperature is known to increase the rate of reaction because there will be an increase in the
effective collision and the frequency factor of the reacting species. From the literature reports,
studies showed that increase in temperature leads to increase in the intensity of the plasmon
band as a result of bathochromic shift resulting in a decrease in the mean diameter of silver
nanoparticle. At the beginning of the reaction, the synthesis of AgNPs may be rapid but this
does not connote optimum temperature of the system because low temperature readily under-
scores the ability of reducing and stabilizing agent [27, 28].

2.4. Effect of pH

There are so many factors that influence the reduction of silver ion to AgNP. Effect of pH as
one of the operational parameters plays a major role because it influences the chemistry of the
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silver nanoparticle synthesis (Figure 1D). This is carried out by pH adjustment using phos-
phoric acid or hydrochloric acid and sodium hydroxide. In practice, during green synthesis,
the extract pH is adjusted from pH 2 to 11 and it reduction process monitored by UV-Vis
spectrophotometer. This change in the chemical nature of the extract affects its performance as
well as the rate of reduction. In the study carried out by Heydari and Rashidipour on the green
synthesis of silver nanoparticles using extract of Oak fruit hull, the result showed that the rate
of AgNPs synthesis increases with increasing pH up to pH =9 and then decrease [29]. More so,
investigation carried out by Kokila et al., on biosynthesis of silver nanoparticles from Caven-
dish banana peel extract and its antibacterial and free radical scavenging assay showed that
formation of AgNPs depends mostly on the pH of the reaction medium. The result confirmed
that formation of silver nanoparticles is favorable in the basic medium than in acidic medium
because the absorbance values increase with increase in pH. This could be accredited to the
ionization of the functional groups at higher pH and the slow rate of reduction observed in the
acidic medium could be attributed to electrostatic repulsion of anions present in the reaction
mixture. This was in accordance with the findings in the literature [30-34].

3. Characterization

One of the main problems confronting scientists is understanding the properties a novel
material displayed. This can only be achieved by knowing and determining the structure of
this new material by characterization. Presently, there is an established and well accepted
concept that structures are driven by properties. This is acknowledged in chemistry and in all
fields where chemistry plays a primary character such as biochemistry, biology, environmental
science, engineering, medicine, polymer science and nutrition. The make-up or property of a
nano/biomaterial is placed into three groups i.e. chemical (e.g., equilibrium position, reaction
rates, etc.), physical (e.g., melting/boiling points, solubility, spectra, symmetry, etc.) and bio-
logical (e.g., color, drug action, odor, taste, toxicity, etc.). This property gives rise to structural
features which affect intensely the macroscopic character of the material. Since this is a struc-
ture driven properties concept, the structure of the novel material mostly signifies its compo-
sition at each level of complexity. However, this varies from the simple molecule formula
(giving the ratio that the elements present bears to each other) and the exact positions and
locations of all atoms in the molecules of this novel material referring to the three (3) dimen-
sional electronic density distribution [35]. This section of book chapter therefore, excellently
and succinctly state the relevant of various characterization techniques relevant to the synthe-
sis of silver nanoparticles.

3.1. UV: Vis spectroscopy

Ultraviolet visible spectroscopy (UV-Vis Spec) remains the most useful characterization rele-
vant to the synthesis of silver nanoparticles [2-23, 25-28]. In principle, the absorption of light
occurs in the visible region of the electromagnetic spectrum where atoms and molecules
undergo electronic transition of m-t¥, n-rt¥, 0-0*, and n-o*. Absorption of energy in the form
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of ultraviolet or visible light is by molecules containing mt-electrons or non-bonding electrons
(n-electrons) to excite these electrons to higher anti-bonding molecular orbitals. The length of
wave depends on the excitation of the electrons, the more easily excited the electrons the
longer the wavelength of light it can absorb. The absorption in the visible range directly affects
the perceived color of the chemicals involved. UV-Vis in silver nanoparticle synthesis provides
vivid information on the surface plasmon resonance (SPR) at the absorption maximum wave-
length. The surface plasmon resonance comes from the free electron arising from the conduc-
tion and valence bands lying close to each other in metal nanoparticles. It is as a result of the
collective oscillation of free electron of silver nanoparticles in resonance with the light wave in
silver nanoparticle synthesis [36, 37]. All the experimental operational parameters vis-a-vis
effect of initial concentration, contact time, temperature, pH, and volume ratio are monitored
using the UV-Vis spectrophotometric technique. Information obtained from the absorption
spectrum as a result of SPR surface, gives a clue on the type of shape of the silver nanoparticles.
It is important that the interpretation from the UV-Vis measurement corroborates with TEM
measurement [38]. Figures 1(A-D) portray different UV-Vis spectra at various operational
factors influencing the synthesis in the studies carried by researchers.

3.2. Fourier transform infrared spectroscopy (FTIR)

The nature, structure and physicochemical properties of silver nanoparticles (AgNPs) are
imperative to their activity, behavior, bio-distribution and safety. Therefore, characterization
of AgNPs is essential and important for the assessment of the functional features and charac-
teristics of the synthesized nanoparticles.

FTIR measurements is usually carried out to identify the possible biomolecules which are
involved in the synthesis of nanoparticles and to find out their functions in reduction and
stabilizing the nanoparticles. This spectroscopy method is employ to detect and distinguish
small absorption bands (changes on the order of 10~°) of functional group covalently grafted
onto silver or functionally active points that is characteristics to AgNPs. This method has the
ability to give precision, it is easily reproducible and also a favorable signal-to-noise ratio [39-
41]. One of the major advantage of FTIR spectrometers to other methods of characterization of
AgNPs is that, it is a non-invasive technique, data are collected rapidly data, signals are strong
and bold, large signal-to-noise ratio, and very little sample is heat-up [42].

Lately, attenuated total reflection (ATR)-FTIR spectroscopy which is more advance in mea-
surement than the conventional FTIR method has been discovered [43]. Using ATR-FTIR, we
can easily know and establish the chemical properties on the polymer surface, nanoparticle
surfaces and nature, its sample preparation is very simple when compared to conventional
FTIR [44]. Therefore, FTIR as a method is appropriate, indispensable, non-invasive, affordable,
easy and hands-on technique to know the function of biological molecules in the reduction of
silver nitrate to silver.

Identification of the functional groups or biomolecules which are responsible for the reduction
of silver ions in silver nanoparticles could be achieved by the Fourier transform infrared (FTIR)
spectroscopy. This is achieved by comparing the intense bands with standard values. The
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proportionate shift in band revealed after treatment with silver nitrate is a likely indication of
participation of the functional groups in the process of nanoparticle synthesis [45].

3.3. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

The significance attributes of synthesized silver nanoparticles have been documented to have a
greater consequence on their behavior and toxicity encompasses of particle size, shape, surface
properties, aggregation state, solubility, structure and chemical make-up. The characterization
of silver nanoparticle is necessary for proper insight into the formation, synthesis and their
utilization in various fields including agriculture, medical, industries, and environment [46,
47]. The validation and confirmation of synthesized nanoparticle have been carried out using
various techniques however transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) is important methods for the cases. The significant of Microscopic tech-
niques in the characterization of silver nanoparticles cannot be overemphasized because they
give a more clear insight from the obtained data on the size, size distribution, and other
quantifiable properties. The significant of electron microscopy in the analysis the synthesized
silver premised on their ability to show the real structure of the particle between some ranges
of nanometers (nm) conventional bright field images and the intermediate resolution darkfield
techniques, to the high-resolution atomic images [48].

3.3.1. Scanning electron microscopy (SEM)

The SEM works by producing images whenever the electron beams scanning probe the periph-
eral surface of the given sample in order to confirm its structure as well as the topographical and
elemental composition present in the materials [48]. During SEM analysis the electrons possess
large amount of kinetic energy that is distributed and eventually leads to the generation numer-
ous signals during the analysis of samples during whenever they interacts with the surface of the
atom in the sample. The generated signal are secondary electrons, backscattered electrons,
characteristics X rays, cathodoluminescence, specimen current and transmitted electrons which
can generate a high-resolution magnified descriptions of a synthesized silver nanoparticle, illu-
minating facts with sizes that varies from 1 to 5 nm in size. Appropriate signals are collected
depending upon the mode of operation of the instrument. The numerous field observed in SEM
could be linked to the facts that it produced a large depth of field. Many researchers have utilized
SEM for the determination of various synthesized silver nanoparticles including, polyhedral [49],
flake flower [50], hexagonal [51], isotropic [52], irregular [53], triangular [54], anisotropic [55] and
rod like structures [56], pentagonal [57].

3.3.2. Transmission electron microscopy (TEM)

The TEM works based on the application of a very high resolution microscopy method to
generate an image as well as a diffraction patterns of the atomic size as well as shape of
material by focusing the electron beam that can penetrate through the given material as well
as interact with the sample of microstructure of materials. The major difference between TEM
and SEM is that TEM can detect the following in the synthesized silver nanoparticles in a
microstructure: crystallographic defects, line defects and planar defects. Another major difference
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is that TEM could determine the available elemental composition at nano level [58, 59]. There are
different forms of TEM including high-resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM) and analytical transmission electron micros-
copy (ATEM). TEM also shows a better image, diffraction properties, and the chemical analysis
competences when compared to SEM. TEM can also detect a small size up to 0.2 nm when
compared to SEM. Also, TEM produced a better resolution image because it utilized a low
wavelength electron when compared to SEM. Finally, TEM can shift from diffraction to imaging
by shifting the excitation of the lenses following the objective lens. TEM can be utilized to capture
silver synthesized particle image in the plane of the fluorescent screen as well as the diffraction
pattern from the particles. The nanoparticle size and particle size distribution of the synthesized
nanoparticle could be determined and evaluated by transmission electron microscopy (TEM) and
high-resolution microscopy. Moreover, the application of image ] software for the plotting of
histogram by measuring the size of different nanoparticles could be explored. Some of the
demerits of using TEM entails required high vacuum, thin sample section, time consuming for
the sample preparation [60]. Further insight and details about the morphology of AgNPs are
provided by TEM. The most common size of the silver nanoparticles from various TEM image is
spherical [61].

3.4. Energy-dispersive X-ray spectroscopy (EDX) and X-ray fluorescence (XRF)

The elemental constituents and composition of nano-materials could be determined by EDX
and XRF. This section explores the principle and relevance of these analytical techniques in
nano-research and most especially, silver nanoparticles studies.

3.4.1. Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique that gives information
on the surface atomic distribution and the chemical elemental composition [62-65]. In most
cases, the EDX is always coupled with SEM. The EDX is used in the elemental determination of
composition of the silver nanoparticles.

In Practice, it relies on an interaction of some source of X-ray excitation and a sample. Its
characterization capabilities are due in large part to the fundamental principle that each
element has a unique atomic structure allowing a unique set of peaks on its electromagnetic
emission spectrum. In order to determine the peak of an element, a high energy beam of
electron or beam of X-ray is targeted toward the sample to analyze. Excitation of electrons in
the inner shell (lower energy level) occurs via the incident beam creating an electron holes
which electron from the outer shell (higher energy level) fills. The difference between the
higher and lower energy levels is released in form of an X-ray. The number and energy of the
X-rays emitted from the silver nanoparticle can be measured by an energy-dispersive spec-
trometer. Electron beam excitation is used in electron microscopes, scanning electron micro-
scopes (SEM) and scanning transmission electron microscopes (STEM). X-ray beam excitation
is used in X-ray fluorescence (XRF) spectrometers. A detector is used to convert X-ray energy
into voltage signals; this information is sent to a pulse processor, which measures the signals
and passes them onto an analyzer for data display and analysis [66, 67]. Most researchers
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utilize EDX for characterization of silver nanoparticles than XRF. Report from the literature
vividly revealed that AgNPs signal is detected at 3.0 keV [19, 22, 23, 61, 68-70].

3.4.2. X-ray fluorescence (XRF)

This is the emission of characteristic “secondary” (or fluorescent) X-rays from a material that
has been excited by bombarding with high energy x-rays or gamma rays. XRF technology
provides one of the simplest, most accurate and most economic analytical methods for the
determination of the chemical composition of many types of materials, particularly in the
investigation of metals, glass, ceramics and building materials, and for research in geochemis-
try, forensic science and archeology. It is non-destructive and reliable, requires no, or very little,
sample preparation and is suitable for solid, liquid and powdered samples It can be used for
wide range of elements and provide detection limits at the sub-ppm level; it can also measure
concentrations of up to 100% easily and simultaneously [71].

In principle, an inner shell electron is excited by an incident photon in the X-ray region. During the
de-excitation process, an electron is moving from a higher energy level to fill the vacancy. The energy
difference between the two shells appears as an X-ray, emitted by the atom. The X-ray spectrum
acquired during the above process reveals a number of characteristic peaks. The energy of the peaks
leads to the identification of the elements present in the sample (qualitative analysis), while the peak
intensity provides the relevant or absolute elemental concentration (semi-quantitative or quantitative
analysis) [72]. A typical XRF spectroscopy arrangement includes a source of primary radiation
(usually a radioisotope or an X-ray tube) and equipment for detecting the secondary X-rays. When
materials are exposed to short wavelength x-rays or to gamma rays, ionization of their component
atoms may take place. If an X-ray beam is used to excite atoms in a sample, electrons near the
nucleus emit secondary fluorescent x-rays on reversion to their original states [73].

In silver nanoparticle studies, XRF could be employed for elemental determination of the
composition of nanoparticles although this is not frequently used compared to EDX. The X-
ray fluorescence technique is of special interest for the analysis of silver nanoparticles because
the technique is not only fast, sensitive and capable of simultaneous multi-element analysis,
but also ensures that the sample can be quantitatively analyzed without damage. Therefore, it
is mostly used to identify determining the presence of silver and other element in the com-
pound. Specifically, silver nanoparticle is detected at 3.0 keV which is the characteristic peak
reported by different researchers [74].

3.5. X-ray diffraction (XRD)

X-ray diffraction (XRD) (among others, such as FT-IR, UV, TEM, SEM, EDX) is a widely used
technique for structural characterization which participate (a main part) in identifying the
structure of a (nano/bio)-material or particle. Hence, XRD is a widely held analytical technique,
which has been employed in the analysis of both molecular and crystal structures, qualitative
detection of elements and their compounds, quantitative resolution of chemical species, quan-
tifying the degree/measure of crystallinity, isomorphous substitutions, stacking faults, poly-
morphisms, particle sizes, in situ studies at process temperatures and in reactive atmospheres,
phase identification and quantification etc. [75, 76].
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XRD technique is a handy popular technique for characterizing silver nanoparticles and has
grown into a common characterization method for evaluating these nanoparticles. Some of the
main structural uniqueness are related with these i.e., measuring degree of crystallinity, phase
identification, super-lattice generation, impurities detection, material’s vacancy characteriza-
tion and also novel materials development [77]. The crystalline structure or nature of bio-
synthesized silver nanoparticles is determined by XRD analysis and patterns; this also use to
confirm the structural information. Many authors reported a similar diffraction profile for
most Ag-NPs with XRD peaks at 20 of 38.18°, 44.25°, 64.72°, and 77.40° which are indexed to
the 111, 200, 220, and 311 crystallographic planes of Bragg’s reflections of the face-centered
cubic structure of silver crystals, which suitably matched the standard diffraction data with
those reported for silver by joint committee on powder diffraction standards. The average
crystalline size of the silver nanoparticles was estimated using (Eq. 1), the Debye-Scherrer’s
equation [45, 78]:

D= 0‘9/\/[3 cos 0 @

where d is the particle size, A is the wavelength of X-ray radiation (1.5406 A),  is the full-width
at half-maximum (FWHM) of the height (in radians) and 20 is the Bragg angle. The precision,
significance, sensitivity and easy use of XRD increases its importance in AgNPs. However,
there are some limitations that one might face using this analysis. It can only analyze and
identify an unknown material that is homogeneous and single phase. There should be a
standard reference file for compounds especially inorganic ones (d-spacings, hkis), peaks
overlay mostly happened in XRD and worsen for high angle’ reflections, to determine unit cell
using XRD, indexing of patterns for non-isometric crystal systems is complicated.

3.6. Thermogravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS)

The advancement of nanotechnology is rapidly evolving and holds potential to completely
redefine applications of material science in the nearest future. In order to maximize the
prospects of nanotechnology for diverse applications, the characterization of nanomaterials
and/or nanoparticles have become imperative. Among the several techniques available for the
characterization of nanomaterials are thermogravimetric analysis (TGA) and X-ray photoelec-
tron spectroscopy (XPS).

3.6.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analytical technique for measuring changes in the
mass of a material that occur in response to programmed temperature changes [79]. TGA
represents a branch of thermal analysis examining the mass changes of a sample as a function
off temperature (in the scanning mode) or as a function of time (in the isothermal mode). In
TGA changes in physical and chemical properties of materials are measured as a function of
increasing temperature (with constant heating rate), or as a function of time (with constant
temperature and/or constant mass loss). The changes in the mass of a sample due to various
thermal events (desorption, absorption, sublimation, vaporization, oxidation, reduction and
decomposition) can be studied while the sample is subjected to a program of change in
temperature. TGA has found applications in the analysis of volatile products, gaseous
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products lost during the reaction in thermoplastics, thermosets, elastomers, composites, films,
fibers, coatings, paints among others. Further practical applications, are determining composi-
tion and thermal stability of materials, evaluating the kinetics of thermally stimulated pro-
cesses, predicting lifetimes, and studying reactions of materials with gases. There are different
types of TGA ranging from isothermal to dynamic TGA.

3.6.1.1. Thermal properties of silver nanoparticles

In a recent investigation, thermal behavior of silver nanoparticles was monitored by TGA
Khan et al. [80], authors reported dominant weight loss in silver nanoparticles occurred in
temperature region between 200 and 300°C. There was almost no weight loss below 200°C and
above 300°C. The weight loss was attributed to the evaporation of water and organic compo-
nents. Overall, TGA results show a loss of 14.58% up to 300°C. In the same study, the differen-
tial thermal analysis (DTA) plot displayed an intense exothermic peak between 200 and 300°C
which mainly could be attributed to crystallization of silver nanoparticles. DTA profiles sug-
gest that complete thermal decomposition and crystallization of the sample occur simulta-
neously. Taken together, the TGA/DTA study shows that the dominant weight loss occurs
between 200 and 300°C; and the reaction is of exothermic type [80].

In a separate study, the low-temperature sintering behavior of Ag nanoparticles was investi-
gated. The silver nanoparticles were shown to exhibit obvious sintering behavior at significantly
lower temperatures (~150°C) than the T,, (960°C) of silver while coalescence of the silver
nanoparticles was observed by sintering the particles at 150, 200, and 250°C. The thermal profile
of the nanoparticles was examined by a differential scanning calorimeter (DSC) and a thermogra-
vimetric analyzer (TGA). Shrinkage of the silver nanoparticle compacts during the sintering
process was observed by thermomechanical analysis (TMA). Sintering of the nanoparticle pellet
led to a significant increase in density and electrical conductivity. The size of the sintered particles
and the crystallite size of the particles increased with increasing sintering temperature [81].

3.6.2. X-ray photoelectron spectroscopy (XPS)

As the demand for high performance materials increases, so does the importance of surface
engineering. Typically, the surface of a material represents the platform of interaction with the
external environment and other materials. In the case of nanotechnology, surface chemistry of
nanomaterials and/or nanoparticles is key to exploring the prospects of these particles for
diverse applications. Surface modification can be used to alter or improve the properties of
nanomaterials and/or nanoparticles, and so surface analysis becomes a technique for probing
the surface chemistry of these particles. More so, nanotechnology approaches include surface
modification of nanomaterials in order to suit specific purposes. Therefore, it becomes expedi-
ent to understand the physical and chemical interactions occurring at the surface, or at the
interfaces of the nanomaterial’s layers.

X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for chemical
analysis (ESCA) is a widely accepted technique for surface analysis. This probably may be
because XPS can be applied to a broad range of materials and provides valuable quantitative
and chemical state information from the surface of the material being studied. The average
depth of analysis for an XPS measurement is approximately 5 nm. XPS measurement involves
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irradiating the surface of sample materials with monochromatic Al-K-a x-rays. This leads to
excitation thereby causing photoelectrons to be emitted from the sample surface. Then an
electron energy analyzer is used to measure the energy of the emitted photoelectrons. From
the binding energy and intensity of a photoelectron peak, the elemental identity, chemical
state, and quantity of a detected element can be determined.

3.6.2.1. X-ray photoelectron spectroscopy (XPS) of silver nanoparticles

Several investigations have reported the use XPS technique to characterize the surface chemis-
try of silver nanoparticles. Larrude et al. [82] characterized silver-multiwalled carbon
nanotubes (Ag-MWCNTs) nanocomposite using the XPS technique. Their report showed spec-
trum revealing the dominance of silver and carbon, with small amounts of sodium and sulfur
in the sample. According to the author of the investigation, presence of Na and S was attribut-
able to the use of sodium dodecyl sulfate (SDS) for the MWCNTs dispersion. Also, the study
demonstrated increased oxygen content compared to a pure MWCNTs sample. However,
there was no evident relationship between the oxygen and the silver contents because the O/
Carbon atomic rate did not change significantly between the different silver concentrations.
Furthermore, the spectrum of the Ag 3d core level of the Ag-decorated MWCNTs, confirmed
the presence of metallic silver because the 3d5/2 component occurred at a binding energy of
368.3 eV, which is characteristic of the metallic Ag (0) oxidation state [82].

In a separate study involving a surface chemical characterization of silver nanoparticles thin
film using XPS instrument equipped with monochromatic Al-K-ot X-ray source [83]; the XPS
spectrum and the high-resolution XPS window of the core level atoms comprising the silver
nanoparticles capped with carboxylate/1-dodecylamine revealed the presence of Ag, C, O, and
N atoms according to their binding energies. The most prominent signal in the XPS spectrum
was the Ag 3 s consisting of two spin-orbit components at 368.8 (Ag3ds,,) and 374.8 (Ag3ds).)
eV and separated by 6.0 eV. Moreover, the deconvolution of Ag (3d) doublet revealed asym-
metric peak shape. These two characteristics indicated the existence of the Ag in metallic form.

Furthermore, another investigation reported consistence of the XPS analysis of silver behenate
was with the theoretical C: O: Ag atomic composition. The report noted that brown discolor-
ation of silver behenate powder within a few seconds of exposure to monochromatic X-rays
and that this increased significantly with time. Further, noticeable changes to the XPS spectra
and the observed surface composition begin to occur after about 30 minutes of X-ray exposure,
while prolonged exposure to monochromatic X-rays resulted in significant changes in the C 1s,
O 1s, and Ag 3d peak shapes and positions. Changes in the XPS spectra indicated that
exposure to Al Ka X-rays resulted in the formation of silver metal particles and decomposition
of the carboxylic acid portion of the molecule to hydrocarbon species. Thermal reduction of
silver behenate powder produced similar changes in the XPS spectra [84].

4, Conclusion

This chapter has examined the operational parameters which are imperative to the synthesis of
silver nanoparticles. Effect of concentration, volume ratio, contact time, temperature and pH
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affect the synthesis of silver nanoparticles. Conditions attached to each of these have been
identified. Chief among these factors is the effect of pH which affect the chemistry of the silver
nanoparticle synthesis. However, irrespective of the synthetic route and conditions, character-
ization Techniques which are germane to the studies of silver nanoparticles have also been
critically examined. The UV-Vis spectroscopy helps in determining the surface plasmon reso-
nance absorption band and this is vital in nanoparticle studies. The functional groups are
determined by FTIR, morphology and sizes by SEM and TEM, atomic distributions and
relative abundances were revealed by EDX and XRF respectively. The crystallinity can be
determined by XRD, surface chemical characterization by X-ray photoelectron spectroscopy
(XPS) and silver content by thermogravimetric analysis (TGA). It can be concluded that
relevant research in nanoparticle studies rely on both the operational conditions and excellent
characterization.
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Abstract

Nanotoxicology, which is related with toxic potentials of nanoparticles (NPs) and their
adverse effects on living organisms and environment, is a sub-branch of toxicology disci-
pline. Nano-toxicity of NPs depends on their doses, unique chemical, and physical prop-
erties. Nowadays, silver (Ag) NPs are used in many consumer and scientific applications
such as antimicrobial and pharmaceutical applications, water purification systems, tex-
tile industry, and food packaging processes. However, the information that about their
nano-toxic potentials is still not complete, and it is considered that several parameters
of Ag NPs such as size, shape, surface, and stability affect the toxic potential in different
ways. Nano-toxic potentials of Ag NPs were mentioned as in vivo, in vitro, and in silico
the studies. In this chapter, it was evaluated the common unique properties of NPs are
related with nanotoxicology such as size, surface area and modifications, shape, agglom-
eration status, and dose.

Keywords: in vivo, in vitro, in silico, nanoparticles, nano-toxicity, silver

1. Introduction

Toxicology is a discipline that investigates the adverse effects of chemical substances and the
interaction mechanisms of these substances on the living organisms. Toxicology is derived
from a combination of Greek words which are “toxicos” and “logos” these mean “poisonous”
and “subject”. Nowadays, modern toxicology concerns with the sources of the poisons, physi-
cal, chemical, and biological properties of toxic materials, the alteration of these substances

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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within organism, and the mechanisms of the actions. At the same time, this concept involves
the isolation of the poisons, the analysis of toxic materials as quantitative and qualitative
besides that risk analyses, optimization processes, and treatments of poisons [1].

Nanotoxicology is a part of bio-nanoscience, which studies on toxicity of nanoparticles (NPs).
The changes in structural and physicochemical characteristics of a material in nano-size
compared to micro-size, would lead to number of changes in toxicological impacts [2]. The
toxicological potential of a material can be investigated in two subdivisions as health and
environmental hazard. The main goal of nanotoxicological studies is the determination of
which properties of NPs become a threat for the organisms and environment.

There are several ways of taking NPs from organism, such as dermal, inhalation, oral, intra-
venous and subcutaneous [3-7]. The skin, lung and digestive tract get contacted with the
environment. It is clear that lung and digestive tract are more vulnerable than skin since the
skin is forceful barrier against foreign substances in general. On the other hand, injections and
implants are the other possible routes for intake of NPs [8, 9]. Due to their ultra-small sizes,
NPs can reach tissues and organs through circulatory and lymphatic systems. Thus, they may
cause some adverse effects on organism that lead to various problems.

Gold (Au), silver (Ag) and iron oxides (Fe,O, or Fe,0O,) are extensive metals to be used as a
nano-sized form, since they have excellent physicochemical properties such as optical, mag-
netic activity, high thermal and electrical conductivity as well as their great surface area to
volume ratio [10-12]. Among these metals, Ag NPs are more prominent than the others due to
their antibacterial, antiviral and antifungal effects [13-15]. Therefore, Ag NPs have become a
popular topic among the scientific community. Figure 1 shows that the number of published
research articles in this field within last 8 years [16]. According to graphic, the studies which
were carried out with Ag NPs, have been increasing continuously.
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Figure 1. Trend in published research articles on the topic of Ag NPs.
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The nano-toxic effects of Ag NPs should be investigated properly because the numerous
usage areas of these NPs such as pharmaceutical applications [17], water purification systems
[18], textile industry [19] and food packaging processes [20] make them as an outstanding
material for humankind and for environment. A comprehensive investigation about toxicity
of Ag NPs will provide useful information in risk management for present and future issues.

In this chapter, nano-toxic potentials and common unique properties of Ag NPs related with
toxicology such as size, surface area and modifications, shape, agglomeration status and dose
were evaluated.

2. The properties affect the nanotoxicology

The physicochemical properties which are related with nanotoxicology can be classified as
size-dependent [21], surface-dependent [22], shape-dependent [23], aggregation or agglomer-
ation-dependent [24] and dose-dependent [25]. These properties may change the nano-toxic
potentials of NPs in different ways as indicated below.

2.1. Size-dependent toxicity

NPs are defined as materials which are at least one-dimensional and range in 1-100 nm.
According to studies, the size of NPs may alter toxicological effects on organism [26].

Toxicological properties of NPs may be induced when the particle surface interacts with cel-
lular components [27]. Therefore, surface area of NPs is depended on their diameters [28] and
is enlarged exponentially when the diameter drops off [29]. This situation means that NPs
may have several levels of toxicity based on their particle sizes and surface reactivates even
if they have same compounds and crystalline structure [30]. Moreover, sizes of NPs increase
significantly cellular uptake mechanisms and distribution in the body [31].

Some studies showed that NPs need to migrate across the epithelial barriers to cause toxicity
and inflammatory response in animal models [32, 33]. NPs can diffuse into the lung paren-
chyma when they are inhaled [34, 35]. Different sizes of NPs indicate the special dispersion
patterns in the respiratory tract. Stokes number and Reynolds number affect the dispersions
of NPs. At the beginning, dispersion of NPs is highly stable in the gas phase. However, their
dispersion stabilities may be changed in liquid phase of respiratory fluids depending on the
numbers that was mentioned above [36, 37]. Thus, dispersion patterns of NPs are a crucial
consideration to determine nano-toxicity [38]. It was reported that kidneys cannot excrete
the NPs which were bigger than 6 nm and accumulate some specific organs such as liver and
spleen till the clearance of this accumulation by mononuclear phagocyte system [39]. Many
NPs cause important adverse effects by accumulation in the liver and spleen [40].

At cellular level, uptake mechanisms and efficiency of NPs are important factors which affect
toxicity. NPs penetrate the cell through several ways such as phagocytosis and pinocytosis
depending on their particle size and surface properties [41, 42]. The range of 10-500 nm is suit-
able size for uptake by cells and 5 mm is upper limit for this. The bigger NPs are swallowed
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with the help of macro-pinocytosis. The size of vesicle of clathrin-mediated endocytosis
is about 100 nm, meanwhile the size of vesicle of caveolae-mediated endocytosis is about
60-80 nm [27].

The size of Ag NPs not only changes with the uptake mechanism but also with the cytotoxic-
ity potential of them [36]. In one study, researchers suggested that Ag NPs have an adverse
effect, dependent on size, on lactate dehydrogenase (LDH) activity, cell viability and reac-
tive oxygen species (ROS) generation in different cell lines [36]. In another study, Carlson
et al. investigated that 55 and 15 nm of hydrocarbon coated Ag NPs for generating ROS in
macrophage cell line. The results showed that the generation of ROS levels with 15 nm of Ag
NPs was higher than 55 nm Ag NPs [43]. Wang et al. reported that 20 nm of citrate-coated Ag
NPs had more toxicity potential than 110 nm of Ag NPs and 20 nm of citrate-coated Ag NPs
have more capacity for generating acute neutrophilic inflammation in the lungs of mice when
compare with 110 nm of Ag NPs [44]. However, Kaba et al. showed that smaller Ag NPs do
not have a crucial role in the viability of tumor cells [45].

2.2. Surface-dependent toxicity

Surface area and charge of NPs have also important role in biological toxicity. Some stud-
ies were reported that a large surface area causes alterations in band gap, decreased melt-
ing points and higher reactivities which have critical adverse effects including inflammation,
toxicity and cytotoxicity [46—48]. The NPs that have bigger surface area can interact with the
other particles which are nearby, and may cause the higher reactivity. Thus, NPs with higher
reactivity induces harmful effects in cosmetic products and drug carrier components when
used as fillers [49]. From this point of view, it can be inferred that when size of NPs are
decreased, biological activity of them are increased, substantially [50].

Some researchers investigated that effect of different surface areas and specific reactivities of
NPs in lung for understanding connection between surface area of NPs and their potential
toxicities [51]. The result of a research shown that the nano-toxicity which depends on dif-
ferent sizes were not occurred significantly, however, it was suggested that total surface area
had an important role to consist of lung inflammation [52, 53]. Particle surface reactivity can
be easily determined by single particle aggregate [54-56].

The surface charge of NPs can affect the distribution stability in aqueous solutions and for
this reason; it may cause dramatic effects on biological systems and organisms. The surface
charge may represent the surface of native NPs and adsorption capacity of ions and biomol-
ecules at their interface [57]. In one study, researchers investigated the bacterial activity of Ag
NPs positively and negatively charged. In the result of this study, it showed that positively
charged Ag NPs have higher bactericidal activity than negatively charged ones. In either
case, bactericidal activity against both Gram-positive and Gram-negative bacteria can change
according to the surface charge [58]. Cytotoxic properties of NPs can also be affected by dif-
ferent functional groups on the particle surface and they are associated with protein charges.
These different functional groups have important role in forming the NP-protein corona [59].
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2.3. Shape-dependent toxicity

There are several chemical and physical synthesis methods of Ag NPs. These differences
about synthesis method cause different types of Ag NPs such as spherical, triangular, square,
cubic, rectangular, rod, oval and flower. It is still unclear that which critical factors of Ag NPs
are playing a role in the formation of particles for toxicity and how they are affecting the bio-
logical systems. This situation may occur based on multiple factor. In one study, researchers
investigated effect of different shapes of Ag NPs on alveolar epithelial cells (A549) and it was
reported that agglomeration of Ag*ions occurred in the cytoplasm in the result of the study
[60]. In another study, shape of NPs affects cellular uptakes. Gratton et al. showed that nano-
rods has the highest uptake potential and nano-spheres, -ylinders and -cubes are followed it,
respectively [39, 61]. In the other study, the researchers used NPs which were smaller than
100 nm. In the result of this research, nano-spheres had a significant advantage over rods. The
study also showed that total cell uptake of nano-rods decreased when the aspect ratio of them
increased [62, 63].

2.4. Aggregation or agglomeration-dependent toxicity

Aggregation or agglomeration potentials of NPs are very high in solution and air. The param-
eters such as diffusion, gravitation and convection forces can affect the interaction between
NPs and the cells [64, 65]. The agglomeration can increase or decrease association with pH,
electrolyte or salt content, and protein composition in the culture medium [66]. Some studies
reported that binding capacity of NPs with protein can be changed depending on both com-
position of NPs and protein [67-69].

It is also known that preparation methods influence the agglomeration status of Ag NPs in
medium. Lankoff et al. investigated that the aggregation ranges of Ag NPs using Ag NPs at 20
and 200 nm sizes in culture medium. The results showed that range of aggregation changed
based on the culture medium preparation. The hydrodynamic diameter of Ag NPs could also
change based on the culture medium preparation and it could be larger than nominal size of
NPs. In conclusion, more aggregated particles have lower nano-toxic effect on the cells [70].
Ag NPs may show a high agglomeration tendency in culture medium because Ag NPs have
high surface area. Occasionally, aggregation may play a vital role in the several types of intra-
cellular response. Therefore, in terms of toxicological interest, agglomeration or aggregation
states of NPs are very crucial for understanding different effects of biological responses [71].

2.5. Dose-dependent toxicity

The dose of NPs is one of the critical factors affecting toxicity. To determine the minimum
dose of NPs which is induces toxicity, dose is very important. In one study, 0.2 ppm of Ag NPs
decreased cell viability by 20%, meantime 1.6 ppm reduced Ag NPs viability by 40% [72].
Similarly, in human Chang liver cell, cell viability was reduced based on concentration and
dose. In another study, researchers investigated toxicity potential of dose range of between 1
and 25 ppm. Result of this study showed that 25 ppm of Ag NPs was the most toxic dose [73].
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There is still a problem about dose-dependent issues, which is crucial for understanding and
comparing toxicological data. In many studies, which are carried out in vitro, doses of NPs are
given as mass per volume (ug/ml) due to different experimental setup of studies [74]. Mass
per surface area or particle number per surface area is alternative units which were given in
some studies. Additionally, there are some differences between nominal dose and theoretical
mass which is applied, delivered dose and targeted dose, cellular dose and internalized mass.
For example, the deliver dose is related to the stability of NPs in the biological ambient and
the viscosity of the dispersion medium [75].

3. In vivo toxicological information and experiments about silver
NPs

In vivo toxicological studies are carried out with animals. Especially, mammalians such as
mice, rat and rabbit are preferred by the researchers because they have the similar biological
structure as humans. Over the last decade, the number of in vivo studies that examined the
toxic effects of NPs has increased. This is due to the presence of NPs in many consumer prod-
ucts. However, the limitations of in vivo nanotoxicological studies which are carried out with
these products still make it impossible to understand full toxicity profiles of Ag NPs.

Ag NPs naturally use three exposure ways into the body: (1) dermal, (2) inhalation and (3)
oral route [76, 77]. In this regard, Ag NPs can make transition to circulatory system and may
accumulate in various tissues and organs such as spleen, liver and brain. In recent years, use
of Ag NPs in topical antibacterial formulations has caused skin interaction as a primary expo-
sure route [78]. Skin, which constitutes 10% of the total body mass, exhibits a barrier property
against external threats and maintains the special feature with various physical, immunologi-
cal and metabolic activities. In this way, it can also resist particulate factors, especially various
microorganisms, and keep the factors out of the body. The role of Ag NPs in the healing of
skin wounds by dissociating into Ag* ions has made these materials as one of the most suc-
cessful topical application materials [79]. However, their nano-toxic potentials that exhibit
during topical application remains a question mark. From this point of view, in vivo animal
models are confronting and helping us to test the nano-toxic activities of Ag NPs on the skin.
For this purpose, porcine skin is an ideal in vivo model for acute nano-toxicity studies. This
model is preferred due to its similarity to human skin in terms of either thickness or absorp-
tion rate [80]. Rats are also used further as in vivo skin nanotoxicology models. However,
nanotoxicology studies which are carried out with both models have shown that Ag NPs
have not toxic effects on the skin, surprisingly [81]. This may indicate that Ag NPs are using
the skin as a transit route, not as a point where can exhibit their toxic abilities [3]. Extra small
dimensions of Ag NPs are the biggest factor in achieve this passing.

Oral route is the one of the most important ways for nano-toxic effects of Ag NPs in the physi-
ological systems. According to the Center for Food Safety (CFES), it has been reported that Ag
NPs are included in various food additives, baby products and kitchen utensils [82] and this
enhances the oral intake of Ag NPs. Since Ag NPs does not have any vital effect on human
physiology as an essential metal, the intake into the body is also an undesirable situation [83].
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Nonetheless, the studies have reported that the amount of Ag NPs from 0.4 to 27 ug per day
can be taken orally by the human body [84-86]. It is known that the microparticulate sizes of
silver cause argyria disease, which triggers pigment changing on the skin [87, 88]. However,
it is not known whether Ag NPs provoke such a disease. It was shown that 10 nm of citrate-
stabilized Ag NPs accumulation leads to oxidative stress in brain [89]. This suggests that Ag
NPs may pass through the blood-brain barrier (BBB). BBB is the one of the most important
physiological barriers that prevents the passage of various chemical agents and toxic sub-
stances into the brain. However, localization of Ag NPs in brain by passing the barrier and,
moreover, having the nano-toxic potential to cause loss of function are highly thought pro-
voking. Another in vivo study which was carried out by rats showed that it is also sufficient
to localize 50-100 nm of Ag NPs in the brain by subcutaneous administration [90]. Intake of
Ag NPs by oral administration may cause not only accumulation in brain but also in spleen,
liver, kidney, stomach, salivary gland, skin and heart [91-94]. Although the inhalation route
does not directly induce the nano-toxic effect, it causes Ag NP accumulation in various tissues
and organs via the circulatory system, and indirectly supports to emerge of nano-toxic effects
when compared to the other two main exposure routes.

Inhalation exposure is another key route for intake of Ag NPs. Since Ag NPs participate in the
construction of various hygiene sprays, it is not difficult for the body to intake by inhalation
route [95]. Therefore, it is useful to examine the nano-toxic potentials of Ag NPs on respira-
tory system. An acute inhalation nano-toxicity study, which was carried out with Ag NPs
indicates that the NPs have diameters of 18-20 nm, generated nano-toxic effects at higher
doses greater than 3.1 x 10° particles/cm® [96]. However, another study using Ag NPs have
12-15 nm indicates that nano-toxic effects did not occur even at higher doses than 1.32 x 10°
particles/cm® [97]. A fundamental question arises here because these studies were acute and
chronic inhalation toxicity studies, respectively. The differences between acute and chronic
toxicity studies may help to determine the nano-toxic potentials of Ag NPs. It was observed
that Ag NPs accumulated in two major organs such as lung and liver. Changing of lung func-
tion was occurred after 90 days in the sub-chronic inhalation nano-toxicity studies that were
carried out with in vivo rat models [98, 99]. The dose-dependent nano-toxicity is another fac-
tor that affects the accumulations of Ag NPs in various tissues and organs. Kim et al. (2011)
reported that there was not a significant weight gain of Ag NPs in the organs such as brain,
stomach, liver, lungs and kidneys of both male and female rats at the end of 90 days in the
lower doses, while the higher doses was effective to accumulating in these organs [100]. This
situation can be explained as inhalation exposure leads to a rapid Ag NPs transition to the
circulatory system and causes to accumulate of the NPs in various organs. The accumulations
can induce to uptake of Ag NPs due to their size, stability, shape and surface activity to the
cells which is building blocks of the higher organisms, and cause to loss of function of vital
biochemical structures such as DNA and RNA [36, 101-103].

An in vivo sub-acute immunotoxicity study which was carried out with rainbow trout showed
that approximately 12 nm of Ag NPs caused immunosuppression and inflammation-inducing
effects on the fish after 96 hours [104]. In another in vivo study using 20-100 nm of Ag NPs, it
was observed that Ag NPs almost completely suppressed natural killer (NK) cell activity and
decreased the production of interferon-v, interleukin (IL)-10 and IL-6 at the end of the 28 days
in rats [105].
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The adverse effects of Ag NPs on the cardiovascular system are still debated [106-108]. It is
also possible to use different exposure routes to investigate the nano-toxic potentials of Ag
NPs on the cardiovascular system [109]. Tang et al. (2009) reported that Ag NPs could transit
directly to the cardiovascular system and cause adverse effects by accumulating in various
organs [110]. Researchers also investigated the nano-toxic potentials of Ag NPs on heart in
in vivo study which carried out with rats and it showed that approximately 20 nm of Ag NPs
localized in the myocardium and caused to disorders in cardiac physiology by generating
oxidative stress [111, 112]. Another in vivo study which used rainbow trout suggested that
50-60 nm of Ag NPs could produce cardiotoxicity in the fish [113].

Nano-toxic effects of Ag NPs on development and reproduction in animal models are another
problem. An in vivo acute toxicity study that was carried out with male rabbits showed that
45 nm of Ag NPs were detected in acrosome and semen axonemal after intravenous injection
[114]. Another study which was conducted with male rats revealed that 60 nm of Ag NPs
occurred sperm abnormalities after 23-55 days [115]. The situation is the same for the female
individuals. The study which was carried out with female rats showed that intake of 15 nm
of Ag NPs orally induced decrease in body weight and increase in the number of atretic and
degenerated follicles [116]. Another study also reported that 20 nm of Ag NPs influenced
many gene sets including the genes which control the circadian clock regulation and photo-
reception in zebrafish [117].

4. In vitro toxicological information and experiments about
silver NPs

The physicochemical and structural features of Ag NPs have an important role in their asso-
ciations with cells. These different features can bring about different toxicity effects. For this
reason, the physicochemical properties of Ag NPs are fundamental parameters in risk assess-
ments and health studies. The assays which are used for predicting of nano-toxic potential
of Ag NPs, their toxicity mechanisms and in vitro effects of Ag NPs were mentioned below.

4.1. In vitro assays for determining of nano-cytotoxicity and -genotoxicity

Cell viability test is the most commonly used method which evaluates the toxicity of Ag NPs.
Typically, the percentage of dead cells is directly commeasurable to the toxicity of Ag NPs.
Generally, cell viability tests are comprised of chemicals and they are based on differential
inclusion, exclusion or transformation of dye or dye precursor which can only be enzymati-
cally converted to detectible dye in living cells. In addition, the toxicity of Ag NPs can be identi-
fied by taking into consideration of morphological alterations in cells, cell viability, metabolic
activity and oxidative stress. In the present case, nano-toxicity potential of Ag NPs can be
evaluated by some assays such as MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium
bromide), 96AQueous One (96AQ), alamarBlue, LDH, live/dead and neutral red. Due to ability
of Ag NPs to adsorb the chemicals onto their surface area, they may interact with dyes or assay
reagents, and this situation may lead to incorrect results. Thus, wrong results may occur [118].
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As a one of the most used method, the main goal of MTT assay is to measure cell viability in
96 well plates without the necessity of exhaustive cell counting. In brief, the principle of MTT
assay is based on mitochondrial activity of viable cells, since decrease or increase of living cell
number is directly related with mitochondrial activity. The mitochondrial activity of cells is
reflected by the transformation of the tetrazolium salt into formazan crystals which should
be dissolved for homogenous evaluation. In this way, any increase or decrease of viable cell
number can be determined by measuring formazan concentration reflected in optical density
utilizing a plate reader at 540 and 720 nm [119].

The neutral red assay is another cytotoxicity test which is used for measuring cell viability.
According to this assay, viable cells are capable of binding the supravital dye neutral red in
the lysosomes. This assay may be applied successfully for most of the primary cells and differ-
ent cell lines. This weakly cationic dye penetrates cell membranes by non-ionic passive diffu-
sion and concentrates in the lysosomes, where it binds by electrostatic hydrophobic bonds to
anionic and/or phosphate groups of the lysosomal matrix [120-122]. Then, the absorbance of
the solubilized dye which is extracted from the viable cells using an acidified ethanol solution,
is quantified using a spectrophotometer.

On the other hand, alamar blue assay is a fluorometric method to determine metabolic activ-
ity of cells. The method depends on reduction of resazurin to resorufin via mitochondrial
enzymes which carry diaphorase activity, like NADPH dehydrogenase [123]. Resazurin is
blue and optical, it has poor fluorescent property. Via cells, resazurin is incrementally con-
verted into the resorufin which is red and highly fluorescent. Fluorescence of resazurin and
resorufin can be observed at 530-560 nm stimulation wave length, in addition emission
wave length and oxidized form does not fluoresce much at 590 nm. Absorbance value can be
observed at 570 and 600 nm, respectively, for the oxidized and reduced forms [124].

In addition to these, genotoxicity tests are also important for evaluating of nano-toxic potential
of Ag NPs. These tests are implemented to determine potential genotoxic carcinogens and
germ cell mutagens. Ames test (Salmonella/Microsome test) is known as the most exact and fre-
quently used step to determine genotoxic carcinogens which cause base pair substitution muta-
tion and small frameshift mutation [125]. The Ames test can be utilized as an indicator of the
carcinogenic potential in mammals and it utilizes bacterial strains of Salmonella typhimurium.
Because of the existence of mutations in the histidine operon, these strains are auxotrophic for
histidine (his") (i.e., it cannot grow in a minimal culture medium without histidine). Base pair
substitutions, frameshift types and gene mutations can be detected via these strains [126].
Although Ames test is generally preferred as first method to determine genotoxicity, there are
a lot of studies suggesting that Ames assay is not a proper test method to evaluate the geno-
toxicity of NPs because Ames assay is mainly negative on NPs. Contrastingly, although many
NPs are negative in the Ames assay, they generate positive genotoxic response in comet assay
and micronucleus (MN) assay which are two of the in vitro mammalian cell test systems [125].

Comet assay is a quick and sensitive test which can determine the DNA damage at the level
of individual eukaryotic cell. To perform this test, the cells are fixed in agarose gel on micro-
scope slides and lysed under mild alkaline conditions to discard the cellular proteins. Then,
slides are exposed to alkaline conditions to induce the DNA to unwind and electrophoresis.
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During the electrophoresis, the migration of the undamaged super coiled DNA is slow, and it
is close to the nucleoid, however, the migration of broken DNA fragments and relaxed chro-
matin is faster and further away from the nucleoid toward the anode. Thus the appearance of
a “comet tail” is occurred. The DNA is marked with a fluorescent dye, so the DNA damage
can be determined under a fluorescence microscope by visual scoring or via computerized
image analysis [127]. In addition, this assay is the one of the most commonly used tests for
determining the genotoxicity of NPs and also this test gives the most positive outcomes [125].
Genotoxicity of Ag NPs was evaluated by alkaline comet assay in human peripheral blood
cells [128]. After exposure for 3 hours, the results demonstrated that Ag NPs (50 and 100 g/ml)
lead to DNA damage. Besides, a short exposure of 5 minutes also demonstrated DNA dam-
age too. To sum up, the study has demonstrated that the synthesized Ag NPs induced DNA
damage in human peripheral blood cells and it was detected by the alkaline comet assay.
Moreover, results showed that there was no inducing of any DNA damage in the presence of
hydrogen peroxide, when the cells were exposed to Ag NP’s.

In vitro micronucleus (MN) assay swiftly determines small membrane-bound DNA fragments
which are located in cytoplasm of interphase cells [125]. This assay detects the genotoxic dam-
age in interphase cells and it is also an alternative to chromosome aberration test. The evalua-
tion of micronuclei can be counted faster, thanks to the ability of the assay to investigate cells
during interphase. Micronuclei may be the result of aneugenic and clastogenic (chromosome
breakage or whole chromosome) damage [129]. Li et al. [130] used 5 nm of Ag NPs to determine
their genotoxicity via in vitro micronucleus assay. Frequency of micronucleus was increased
by the Ag NP exposure and increase of micronucleus is dependent on dose of Ag NPs. At the
concentration rate of 30 pg/ml (with 45.4% relative population doubling), Ag NPs induced a
significant 3.17-fold increase with a net increase of 1.60% in micronucleus frequency over the
vehicle control, a weak positive response by criteria of the study. These results showed that
5 nm of Ag NP are genotoxic on TK6 cells.

4.2. Nano-toxicity mechanism and in vitro toxic effects of Ag NPs

There are various types of nano-toxicity mechanisms which are suggested for Ag NPs.
However, toxicity of this material is fundamentally associated with reactions such as the sur-
face oxidation, Ag ion release and interaction between biological macromolecules and Ag
NPs [131]. AshaRani et al. (2008) suggested that deformation of the mitochondrial respiratory
chain via Ag NPs raised ROS generation, and interruption of ATP synthesis [101]. Thus, DNA
was damaged due to this situation. Ag NPs can interact with membrane proteins and activate
signaling pathways. Hence, they lead to inhibition of cell proliferation. It is also suggested
that Ag NPs can uptake the cell via diffusion or endocytosis, and they may cause some dis-
orders such as mitochondrial function disorder, generation of ROS, damaging of the proteins
and nucleic acids and inhibition of cell proliferation [101]. Hsin et al. (2008) were studied
about nano-toxicity mechanisms of Ag NPs in NIH3T3 fibroblast cells [132]. They have dis-
covered that exposing Ag NPs induced the releasing of cytochrome C into the cytosol and
increasing of translocation of Bax to the mitochondria. It is the fact that Ag NPs may induce
apoptosis via the mitochondrial pathway while acting through ROS and C-Jun N-terminal
kinase. In addition to this situation, interaction of Ag NPs with DNA can cause cell cycle
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arrest at the G2/M phase [132, 133]. The antibacterial property of Ag NPs makes them lethal
to bacteria, besides it makes nano-toxic effects on human cells. For instance, lethal concentra-
tion (LC) of Ag NPs for bacteria is also lethal for keratinocytes and fibroblasts [133]. AshaRani
et al. (2009) have investigated the antiproliferative activity of Ag NPs and they proposed a
mechanism of toxicity as shown in Figure 2 [134]. Ag NPs can cause cell proliferation inter-
acting with membrane proteins and activating signaling pathways [135]. Besides, the Ag NPs
can enter into the cell via different ways such as diffusion and endocytosis. After entering into
the cell, mitochondrial dysfunction and generation of ROS are occurred, proteins and nucleic
acids inside the cell are damaged and finally, it results inhibition of cell proliferation [131].

Traditionally, easily ionized nanoparticles such as silver nanoparticles induce toxicity by a
Trojan-horse type mechanism [72, 95]. Phagocytosis of Ag NPs stimulates inflammatory sig-
naling via the generation of ROS in macrophage cells, following that the activated macro-
phage cells induced secretion of TNF-a. The increasing level of TNF-a leads to damage of cell
membrane and apoptosis. All these results seemed to be caused by ionization of Ag NPs in
cells which is expressed by a Trojan-horse type mechanism.

As arule, the change of cell shape or morphology in a monolayer culture is the first and easily
perceptible effect after exposing of toxic materials with cells. According to the microscopic
observations, exposed cells with Ag NPs showed that significant morphological alterations
which are hints of unhealthy cells, whereas control appear normal. In comparison to control
group, the cells which were exposed with Ag NPs appeared to be clustered with a few cellular
extensions and cell spreading patterns were limited. Those can be examined by deformations
in cytoskeletal functions which are result of Ag NPs exposure [101].

Figure 2. Proposed antiproliferative activity and nano-toxicity mechanism of Ag NPs.
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Size effect of the Ag NPs is the one of the most important parameters which affects nano-
toxicity. In a study using Ag NPs with different sizes (10, 40 and 100 nm), it was reported
that all types of Ag NPs showed powerful cytotoxic activity at lower concentrations and
they lead to overproduction of ROS at concentrations, which are lower than cytotoxic ones.
Ag NPs, which are smaller than 10 nm, are the most toxic ones. According to this study,
the nano-cytotoxicity of Ag NPs is related to production of ROS [136]. Another study sug-
gested that the nano-toxicity potentials of Ag NPs which were coated similarly and had
different sizes including 10, 20, 40, 60 and 80 nm were investigated on bacteria, yeast,
algae, crustaceans and mammalian cells in vitro. According to the study, cells of Daphnia
magna were the most sensitive cells to Ag NPs. Pseudokirchneriella subcapitata, Escherichia
coli, Pseudomonas fluorescens, Saccharomyces cerevisine and lastly mammalian fibroblast
cells followed them, respectively. Also, researchers reported that as the size of particles
is decreased, their toxic effect is increased. In addition, the toxic effect difference between
10 and 80 nm of Ag NPs was the biggest for D. magna and the smallest for mammalian
fibroblast cells [137].

The shape of the Ag NPs is also another important parameter which affects nano-tox-
icity potentials of Ag NPs. In a study, differences between toxicity of Ag nano-spheres
(30 nm) and nano-wires (length: 1.5-25 pm; diameter 100-160 nm) were investigated by
using alveolar epithelial cells. In conclusion, the nano-wires had powerful impact on the
alveolar epithelial cells, while the nano-spheres had no specific effect [60]. In another
study, nano-toxic differences of Ag NPs which had nano-spheres (diameter 40-80 and
120-180 nm; two different samples), nano-platelets (20-60 nm), nano-cubes (140-180 nm)
and nano-rods (diameter 80-120 nm, length > 1000 nm) were investigated. As the result
of study, all NPs which exposed to human mesenchymal stem cells were cytotoxic at
concentrations greater than 12.5 mg/ml. However, particle shape had no distinct cyto-
toxic effect toward the cells. On the other hand, the nano-toxicity against Staphylococcus
aureus is increased by a higher dissolution rate and this situation was suggested that
dissolved Ag ions were one of the toxic species against the bacteria. The particles, which
had higher specific surface area, were more toxic against the bacteria in comparison to
particles, which had lower specific surface area. The differences in the solution rate may
be utilized to practice Ag NPs with a comparatively higher bacterial effect with a lower
cytotoxic effect toward tissue [138].

Coating is another factor which affects nano-toxicity to the cells. Samberg et al. (2010) deter-
mined the nano-toxicity of Ag NPs using human epidermal keratinocytes in vivo and in vitro
[81]. The cells were exposed to varied concentrations of uncoated and carbon coated NPs,
individually. Viability of the cells which were exposed to uncoated Ag NPs decreased due to
the doses. On the other hand, there was no toxic effect was observed in the cells treated with
carbon coated Ag NPs [139]. In an in vitro study on yeast cells and lung cells (A549) showed
that Ag NPs, which were coated with positively charged bPEI, were more toxic toward yeast
cells in comparison to Ag NPs, which were coated with negatively charged citrate. Besides,
the researchers determined that positively charged Ag nanoparticles (10 and 80 nm) adsorbed
onto the surface of the yeast cell. In the lung cells, 10 nm of Ag NPs, which were coated with
positively charged bPEI, were more toxic than Ag NPs, which were coated with negatively



Assessment of Nano-toxicity and Safety Profiles of Silver Nanoparticles
http://dx.doi.org/10.5772/intechopen.75645

charged citrate. In addition, positively and negatively charged Ag NPs were adsorbed onto
the cell surface of the lung epithelial cells [140].

5. In silico toxicological information and experiments about silver
NPs

Determination of the toxicity of chemicals used as active substance in medicine is very important
for the detection of harmful effects on people, animals, plants or environment. Although the ani-
mal models for toxicity determination have been used for a very long time but the long duration
of these experiments, ethical issues, financial burden and animal damage make these models
unfavorable. For this reason, computerized calculation methods have begun to gain attention for
toxicological studies. I silico toxicology is a type of toxicity assessment method used to estimate
the toxicity of chemicals, and through these computational method toxicities of chemicals are
modeled, analyzed and identified. The computational methods, which are also complementary to
in vivo and in vitro toxicity tests, aim to minimize the need for animal testing with the reliability of
toxicity determination and reduce the cost and time. Another advantage of computational meth-
ods is that they can predict the toxicity of chemicals before further synthesis takes place [141].

The relationship between structure and toxicity has led to the creation of a new model called
quantitative nanostructure-toxicity relationship (QNTR), which provides us with NPs and
their toxic properties. In this model, the mathematical objects, which are called descriptors, are
described. These descriptors must be computable sizes and they are related with some proper-
ties of NPs such as the chemical and structural properties, particle shape, size, surface area,
ionization potential, formation heat, zeta potential and physicochemical properties of mol-
ecules that was attached to NPs surfaces. Subsequently, a subset of the identifiers associated
with most biological properties (e.g. cell apoptosis, metabolism or signaling pathway modula-
tion) is selected and modeled using mathematical techniques. In statistical modeling, neural
networks are often used and a mathematical model that links the biologic activity and the
identifiers is created. Finally, the robustness and adequacy of models are assessed and inter-
preted using statistical cross-validation techniques without anticipating the properties of new
materials [142]. Although the determination of the in vivo effects of NPs via experiments is very
laborious and difficult, it is possible to create fingerprints of NPs on the organisms, while esti-
mating with obtained from the QNTR models. Use of molecular descriptors and in vitro assay
results of NPs is also an effective method for the prediction in vivo toxicities of these materials
[143]. Quantitative structure-activity relationship (QSAR) is a model that is used to estimate
the toxicity of chemicals. QSAR modeling tools include statistical methods such as multiple
linear regression, polynomial and kernel regression, as well as machine learning methods such
as artificial neural networks and clustering methods like random forest and decision trees
[144-146]. These methods have revealed that there is a mathematical relationship between the
physicochemical or molecular properties of NPs and their biological activities. These associa-
tions are often very complex. However, thanks to the QSAR and QNTR methods, toxicity can
be predicted for drugs, which is used on humans and animals, or chemicals, which is used in
industry [147]. The obstacles that make it difficult to implement QSAR methods; insufficiency
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of modeling the biological properties of NPs and experimental data on the bio-corona compo-
sition, and unpredictability of in vivo effects of NPs compared with in vitro studies.

Nano-QSAR is a QSAR method that is used as the descriptor of NPs such as size, surface area,
solubility, protein corona, zeta potential, bio-distribution and shape. There are not so many
researches about nano-QSAR method that was carried out with Ag NPs in the literature.
Therefore, it can be helpful to look up the study which was conducted by Silva et al. [148]. In
this research, nano-QSAR method was used for predicting the organo-coated Ag NPs such as
citrate-coated, polyvinylpyrrolidone-coated and branched polyethyleneimine-coated. These
NPs were applied to two model organisms, E. coli and D. magna, and nano-toxic potentials of
Ag NPs were predicted. However, it is the fact that there is more study about computational
predicting of nano-toxic effects of Ag NPs needed.

6. Conclusion

NPs are commonly used in many different areas such as technology, health, transpor-
tation, construction, information and communication. Ag NPs, which have antibacterial,
antiviral and antimicrobial properties are used in many area and highly preferred com-
pared to other NPs due to their physical properties, such as high biocompatibilities,
unique electronic and catalytic properties. However, Ag NPs may appear to be potential
risk to the environment. Size, shape, surface area and dose are the most important factors
which affect the toxic potential. Toxicity of Ag NPs can be determined via in vivo and in
vitro assays, and in silico models. In vitro toxicity assays are more sensitive and rapid than
in vivo assays. However, in vitro toxicity assays can be contaminated by external factors
such as microorganisms and different particulate matters. On the other hand, in vivo toxic-
ity assays show more realistic results, but they take a long time. Besides, different doses
unit such as ppm, mass per volume or mass per unit of NPs may be altered the result of
toxicity assays. Therefore, in silico methods can be replaced to other methods in the future
because of in silico methods are rapid and they predict the adverse effects of NPs, correctly
as well as in vivo and in vitro assays. One of the main goals of the nanotoxicological studies
is preventing animal sacrificing. Thus, in silico models can overcome this issue. However,
it is disadvantage that use of computational methods for predicting to determine the toxic
potentials of NPs is relatively new and their usage is quite restricted. Evaluation of com-
plete toxicological profile of Ag NPs depends on the development of combined and strong
nanotoxicological assays.
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Abstract

In this work, alumina/silver composites were produced through powder techniques,
which involve the combination of high energy mechanical milling combined with sin-
tering in the presence of a liquid phase and with the idea of having ceramics with good
toughness values. From mechanical characterizations, it was found that increases of the
silver content in the alumina origins decrease the elastic’s modulus and flexural strength
of the final composite. The fracture toughness of alumina increases from 4.2 MPam™?
for monolithic alumina to 10 MPam™ for alumina with 2 wt% silver additions. It was
determined that the reinforcement mechanism of these materials is due to the deflection
of cracks owing to metallic bridges formed by the silver used as toughener material.

Keywords: silver reinforcements, fracture toughness, alumina, silver nanoparticles,
ceramic composites

1. Introduction

Manufacturing, in its broadest sense, is the process of converting raw material into a fin-
ished product. It includes the design of the product, the selection of the raw material and the
sequence of processes and operations through which it will be manufactured [1]. This method
exists since approximately 5000—4000BC. The manufacture of products for various uses began
with the production of articles made of wood, ceramics, stone, and metal. The materials and
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processes that were first used to form products through smelting and forging have been devel-
oped gradually over the centuries, using in the actuality new materials and more complex
operations, at increasing production rates and higher levels of quality [1].

In the modern sense, manufacturing involves the manufacture of products from raw materi-
als through various processes, machinery, and operations, through a well-organized plan for
each required activity [1]. Each approach is suitable only for producing just a particular com-
ponent and material, and it cannot be used to do all types of products. In reality, the sequence
of the manufacturing process is designed according to the requirements of the component to
be manufactured.

The metallurgy of powders has been used since 300 BC when massively large iron objects were
manufactured [2]. In 1829, new developments were achieved in this area when an English
engineer applied cold pressure and sintered platinum powder to produce ductile platinum.
Later, in 1870, osmium filaments were made using the powder metallurgy method. In 1916 a
commercial tungsten cable manufactured employing this method was also produced. After
all these developments in the field of powder metallurgy, a wide variety of components are
currently manufactured, such as tungsten carbide cutting tools, refractory parts, and elec-
tronic components, among many others [2].

Until now the techniques of processing of powders involve working with very fine powders with
sizes of the order of microns, where materials with excellent physical and chemical properties
have been obtained. However, with the advance of science, researchers have observed that it is
possible to get materials with much better properties working with powders finer than microns.
These studies at nanometric levels are what have given way to the nanotechnology and the devel-
opment of the nanostructured materials. Nanotechnology is a current issue that involves several
branches of science, so it is difficult to define it. However, it could be said that it is the design,
manufacture, and application of nanostructures or nanomaterials, and the knowledge of the rela-
tionships between physical properties or phenomena and the dimensions of the material [3].

The search for new nanostructured functional materials has focused on nanometric scale
manipulation, which leads to the improvement of properties at the macro scale [4].

Nanomaterials are a new class of materials (whether they are ceramic, metals, semiconduc-
tors, polymers, or a combination of these) in which at least one of their dimensions is between
1 and 100 nm; represent a transition between molecules and atoms and a material with solid
volumetric dimensions [5, 6].

At the end of the previous century, there is a classification of these advanced materials called
functional materials with a gradient [7]. The functional materials with gradient represent
those advanced materials that comprise a particular gradient in structure composition, or
both, and adapted for a specific application or function [8]. Ceramic materials in recent years
have been developed as advanced materials, and above all, as functional materials with a gra-
dient, due to the favorable properties that they possess and the many ways in which they can
be processed [9-14]. They are compounds formed by metallic and non-metallic elements; with
general properties that characterize them, it can be pointed out that they are hard, fragile, and
resistant to compression; some are transparent, others translucent. Regarding the conductivity
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of heat and electricity, some are insulators, others have low conductivity, although this is sub-
ject to several factors; they are mostly resistant to corrosion at room temperature and others
also at high temperatures [15].

However, the ceramic materials in general present great fragility, in the particular case of the
materials made of alumina (Al,O,) are not the exception. Alumina is a very useful and widely
used industrial ceramic material. Its applications include cutting tools, dental implants, pros-
theses, electrical and thermal insulations, and wear resistant. Its utility is attributed to its high
hardness, high resistance to compression, and high properties of electrical and thermal insula-
tion. However, despite its desirable and potential characteristics, its use as a structural material
hasbeen considerably hindered due to its low resistance to fracture (asis typical of ceramics) [9].
Ceramic materials can be made more robust by incorporating fine metal particles into their
matrix. This development has been successfully used before in different systems [9, 16-19].

Researchers have used numerous methods aimed at improving fracture toughness and other
mechanical properties of alumina processing. In these studies, different systems have been
prepared with an alumina-based ceramic matrix reinforced with the incorporation of metallic
particles presenting the following results: Yao [20] has applied spark plasma sintering for the
preparation of AL,O,/Ninanocomposite and has reported a fracture toughness of 3.84 MPam .
Sekino [21] has prepared an Al,O,/Ni nanocomposite by hot pressing of an Al,O,/NiO mixture
at a pressure of 30 MPa and temperature of 1450°C, reporting a resistance of more than 1 GPa,
but the fracture toughness was only 3.5 MPam™* for 5% by volume of Ni content. So from
this investigation, it was concluded that the Ni increases only nominally the fracture tough-
ness, even though the nickel is appreciably ductile. The lack of coincidence of the coefficient of
thermal expansion between nickel and alumina could be responsible for the reduction of gain
in fracture toughness. Guichard [22] has reported the production of Al,O,/Cr composites with
fracture toughness values between 4 and 7.2 MPam™° by varying only the chromium content.
The densification of these composites was carried out by sintering without pressure, and hot
pressing at temperatures between 1400 and 1600°C. The samples of the hot pressing proposed
work were much denser and with higher hardness than those sintered without pressure. Ji
and Yeomans [23] have manufactured an ALO,/Cr nanocomposite containing 5% by volume
of chromium, registering a strength and fracture toughness of 736 MPa and 4.72MPam™>,
respectively. Therefore, they concluded from this study that a relatively high chromium con-
tent is necessary for the improvement of fracture toughness. In his research, Prielipp [24] has
used AL,O,/Al and the gas pressure infiltration for the porous alumina reinforcement. He has
obtained a resistance of 810 MPa and a fracture toughness of 10.5 MPam ™3, this result was reg-
istered in a composite with 35% aluminum volume. These values are remarkable in comparison
with the values corresponding to the non-reinforced monolithic alumina. Another notable fea-
ture of this compound is that both fracture strength and fracture toughness were significantly
improved without compensation. Although 35% by volume of aluminum was concluded in
this work, it is a significantly high amount for reinforcement, since the fact that aluminum
is of a density much lower than alumina making this percentage of values comfortable [25].
In different studies, authors comment that the reinforcement models indicate that the size of
the metal inclusion and the homogeneous distribution of it in the ceramic matrix are critical to
ensure obtaining a composite material with favorable tenacity properties [9].
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In general, to get the best microstructures and properties, a ceramic based compound must be
carefully prepared since the powder synthesis stage. Ceramic/metal composite materials have
typically been prepared by hot pressing powder mixtures prepared by chemical routes [26-30].
However, there have been problems in the reproduction of their very peculiar properties and their
routine use in practical applications of this type of compounds, due to the contamination of the
powders during the milling operation, the complexity of the chemical solutions and the costs of
producing large quantities of materials by hot pressing. From the review made so far, the ALO,
ceramics have not been reinforced with silver, despite the excellent ductility of silver, in such a
way that it would be very interesting to determine the effect of silver on fracture toughness of
Al O,-based ceramics. In this way the objective of this study is; to fabricate alumina-based ceramic
materials (ALO,) reinforced with Ag (silver) nanoparticles through mechanical grinding and
pressureless sintering and to determine the effect of silver on the fracture toughness of alumina.

2. Experimental

This chapter describes the experimentation carried out detailing each of the working condi-
tions in each stage of the process, for obtaining the alumina-based composites with silver
nanoparticles and the characterizations made in the obtained materials to determine their
mechanical properties, mainly fracture toughness.

2.1. Powders

The starting materials were alumina (ALO,) powder (Sigma-Aldrich, 5 um size and 99.9%
purity), silver (Ag) powder (Mayer, 1 pm size and 99.9% purity).

2.2. Milling

The final contents of silver in the alumina-silver composites were: 0.0, 0.5, 1, 2, and 3% weight.
The grinding and mixing of the powders were carried out in a planetary type mill (Retsch,
PM100 German), in dry for 3 h with turning intervals every 3 min, at a rotation speed of
250 rpm. It was used a 250 ml stainless steel container with ZrO, zirconia grinding elements
(0.3 cm diameter), the ratio between the weight of the balls and the powder weight was 12:1.

2.3. Powder granulometry

After the grinding stage for each of the samples, a granulometric analysis of the powder was
carried out (Malvern Instruments, Masterziser 2000, England); this equipment uses the laser
diffraction technique to measure the size of the particles suspended in an aqueous solution.

2.4. Compaction

With the powders obtained from the milling, and with the help of a steel die tool grade they
were manufactured cylindrical samples. The dimensions were of 2 cm diameter by 0.3 cm
thickness with an approximate weight of 2 grams; the compaction of said samples was
carried out at room temperature, by uniaxial pressing using 350 MPa in a hydraulic press
(Montequipo, LAB-30-T, Mexico).
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2.5. Density of samples in green

The measurements of the densities of green samples (before sintering) were obtained through
direct measurements taking the diameter and the thickness in millimeters with a digital calibrator
(Mitutoyo, D6CS, Japan) to register their volume. The weight in grams was obtained through a
digital balance (A&D, HR-120, Japan). Once these measurements were made, the real green den-
sity was calculated using a ratio of mass to volume, taking the following formulas:

V.= nrh 1)
W,
e @

where V. is the sample’s volume (cm?), 7 is the sample’s radius (cm), h is sample’s height (cm),
p, is the sample’s real density (gcm™), and W_ is the sample’s weight (g). In the same way,
theoretical density of each composition was calculated by the rule of mixtures according to
the following formula:

p, = (p, AL O,)(X AL O,) +(p, Ag)(X Ag) 3)

where p, AL O, is the theoretical density of alumina (3.98 gcm™), p, Ag is the theoretical density of
silver (10.5 gem™), X AL O, is the molar fraction of alumina and X Ag is the molar fraction of silver.
Finally, we proceed to calculate the relative density of each sample with the following formula:

Py = 5 x100 @)
2.6. Sintering

The pressed samples were subjected to different sintering cycles, using temperatures of 1400, 1500,
and 1600°C, during sintering times of 1, 2, and 3 h. For this, an electric furnace was used (Carbolite,
RHF17/3E, England) with super Kanthal resistances, a heating rate of 5°Cmin™ was used in all
cycles, in each sintering cycle, an argon gas flow of 10 cm® min™ was injected into the furnace cham-
ber to inhibit the oxidation of silver. The cooling of the pellets was carried out inside the furnace by
turning off this once the sintering cycle was completed. The choice of sintering conditions is due
to the fact that at temperatures below 1400°C the alumina is not sintered. While, at temperatures
above 1600°C, besides there would be an excessive growth of grain, there is a risk that the silver
evaporates. Conducting studies at intermediate temperatures between 1400 and 1600°C would not
seem to give a different behavior. Something similar happens with the sintering times; at low times
there would not be an adequate sintering of the alumina, while longer times would cause grain
growth, deteriorating with these the mechanical properties of the final material.

2.7. Density of sintered samples

Once the samples were sintered, the density of each of them was measured using the
Archimedes method by placing water in a plastic container, which was placed on a balance
and the weight of samples was recorded. Immediately, the temperature of the water was mea-
sured with a thermocouple (National Instruments, NI USB-TC01, USA), the time the sample
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was submerged in the water was 10 min, this in order that the water was introduced into the
porosity and removed the air contained in the sample. Following this procedure and with the
water weight readings recorded, the real density of the sintered samples was calculated using
the following formula:

(W.H, O)(py,
b, = D 00 ©)
where W H,O is the sample’s weight in H,O (g), and p,,,, is the density of water at the experi-
mental temperature (gcm).

2.8. Contraction percentage

Before and after sintering the samples, their diameter was measured with the help of a digi-
tal calibrator (Mitutoyo, CD6CS, Japan). With this data, the contraction percentage of each
sample was calculated applying the following formula:

D,
Cs=1—§v><100 (6)

where C_ is the sample’s contraction (%), D, is the diameter of sample heat treated (cm), and
D, is the diameter of sample in green (cm).

2.9. Microstructure
2.9.1. Optical microscopy (OM)

Microstructure observations of each sample were made by optical microscopy, using an opti-
cal microscope (Nikon Eclipse, Ma200, Japan). The images were taken at different magni-
fications and using different light filters, in different parts to observe better details of the
microstructure, such as grain growth, the homogeneity of the distribution of silver, and the
shape and size of the grain.

2.9.2. Scanning electron microscopy (SEM)

Microstructure observations of each sample were also made by scanning electron microscopy,
which allows obtaining better details of the microstructure. Before being analyzed the samples
were coated with a layer of graphite to make them conductive, to carry out the observations,
15Kv of acceleration voltage was used in an electron microscope (JEOL, JSM 6300, Japan).

2.9.3. Analysis by energy dispersive of X-rays (EDX)

For this study, it was used a Hitachi equipment (SU9000 UHR FE-SEM, Japan) and the Image
plus S5-75 software. With which punctual analyzes were made in different areas of the sam-
ples, to verify the existing chemical elements in each phase present in the microstructure.
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2.10. X-ray diffraction (XRD)

This study was carried out with the help of a Siemens diffractometer (D-5000, German), here
it was corroborated the existence of the crystalline phases in the composites.

2.11. Mechanical properties
2.11.1. Elastic modulus

The sintered samples were cut to a rectangular shape and placed on a pair of polyester sup-
ports (to avoid absorption of vibration). Then they are hit with a metal hammer, this activity
emits a sound which travels through the sample at a certain speed, and this resonance is cap-
tured using an ultrasonic sensor (GrindoSonic, A-360, Japan). Subsequently, the equipment
has software to which data such as the size of the sample and its density are entered, which
calculates the elastic module according to the following expression:

E =p v (7)
where E is the sample’s elastic modulus (GPa), and v is the sound velocity in the sample (cms™).

2.11.2. Flexural strength

To measure the flexural strength, it was necessary to cut the samples in a rectangular shape
using a diamond disc cutter. For the test, the sample was placed on a pair of supports located
at a distance from each other and applying the load just in the center of the sample. During the
test, no preload was applied, after this, a head moved at a speed of 0.05 mmmin™ with a cell
with a load of 10 GPa to perform the test, the machine that was used to measure the resistance
to bending is from the Instron brand with a mobile head.

2.11.3. Microhardness

For the microhardness test, 20 measurements were made in different places of the sample; this
was done with a micro durometer (Wilson Instruments, S400, Japan). In each test a force of
9.8 N was applied during 10s, once the indentation was finished, it was preceded to determine
the measure of the diagonals d, and d, of the print (Figure 1) and depending on the results and
dimensions of this print it can be determined the hardness of the material.

2.11.4. Fracture toughness

To measure the fracture toughness, the same 12 tests of the measurement of microhardness
are used, with the measurements of the cracks generated in the vertices of the indentation
print and with the dimensions of diagonal of the print; the fracture toughness can be evalu-
ated in agreement with the next equation [31]:

016 . (Ha%) ®)

e (c/a)'s
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Figure 1. Image showing the cracks generated in the vertices of the indentation print.

where K| is the critical stress intensity factor in load mode I, H is the Vickers hardness (GPa),
c is the average length of the cracks obtained from the tips of the Vickers (um), and 7 is the
average length of the half of the diagonal of the Vickers (um).

3. Results

3.1. Morphology and powder size

Figure 2 shows micrographs of mixtures of alumina powders with different percentages of
silver. In this figure, there can be visualized very fine particles with nanometric sizes. There
can be observed few spherical particles. However, the particles are mostly irregular and den-
dritic, in the same way in the majority of the samples particle; they have formed agglomerates
with sizes greater than 2 microns. Having this homogeneity in the sizes and shapes of the
powders will undoubtedly benefit the compaction of the samples and the resulting densifica-
tion of the same. The observation of the silver particles is difficult due to their nanometric size;
however, in the pictures, they observe very small white dots at intergranular positions, and
these small dots correspond to silver.

In the graphs of Figure 3 are shown the results obtained from the granulometric analysis. Based
on them, it can be determined that approximately 45% of the powder has particle sizes between
0.1 and 1 microns (nanometer size), about 30% of the powder presents particles between 1 and
10 microns, and about 25% of the particles powders have sizes greater than 10 microns. In some
cases, particle sizes are close to 100 microns, and due to the presence in the mixtures of very fine
powders with nanometric sizes, surely these large particles are the result of the agglomeration
of small powders. In any case, a proper distribution of particle sizes is present in the powder
mixtures, with nanometric powders, which must mean large surface areas and therefore many
contact points that will favor atomic diffusion during the sintering stage.
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Figure 3. Graphs showing the granulometry of alumina powders reinforced with silver nanoparticles.

3.2. Density

In Figure 4 are presented the comparison of the results obtained from the densities in green
and the densities of the sintered samples for each studied composition. In this figure, it
is observed that the density of the sintered samples compared with the samples in green
increased considerably. This increase occurred because during the sintering stage the poros-
ity in the samples was reduced due to the homogeneity, shape, and size of the particles. Final
density reached by the samples are close to 100%, this means thoroughly densified bodies
were obtained after sintering.
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Figure 4. Comparison between green density and sintered density, as a function of silver content in the composite.

3.3. Contraction percentage

In the graph of Figure 5, it can be observed the contraction percentages obtained in the sam-
ples sintered at 1500°C for 2 h, where the results of previous discussions are reinforced, the
samples with inclusions of 0.5-1.0 wt% of Ag obtained a higher percentage of contraction.
This means that the more the sample is contracted, the volume decreases due to the elimina-
tion of porosity and its density increases. The sample with 0.0% of Ag presents a minimum
contraction percentage, well below the other samples, with respect to the samples with inclu-
sions of 2.0-3.0% of Ag; the tendency to decrease with the higher amount of Ag is presented
again in these results. Therefore, in agreement with the results, it has that silver present in
the composite favor contraction, and therefore, densification of composites. In other words,
composites with low porosity were manufactured, which means that there are fewer sites for
the initiation and propagation of cracks.
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Figure 5. Contraction percentage of the sintered samples at 1500°C, during 2 h.
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Figure 6. XRD pattern of composite with 3 wt% silver, sintered at 1500°C during 2 h.

3.4. X-ray diffraction of sintered samples

Figure 6 shows the results of the diffraction of x-rays made to the reinforced sample with
3.0 wt% silver. In this figure it can be observed the existence of two phases: The number 1
indicates the presence of alumina and the number 2 indicates the presence of silver, thus
obtaining samples without the presence of any possible silver oxide, and this thanks to the
argon gas used to protect the atmosphere of the furnace.

By means of the diffraction spectra of Figure 6, the particle size for the sample was calculated
using the Debye-Scherrer equation [32]:

_ 09A,, ©
B,, cos6

where D is the particle size, 0.9 is the shape factors for spherical particles, A is the radiation
wavelength (1.5406 A), B, is the full width at half maximum, and © is the angle at maxi-
mum intensity of the ALO, (110) and Ag (111). The value for the particle size of ALO, was
733.87 nm, while the Ag has a particle size of 24.9 nm.

3.5. Microstructure
3.5.1. Optical microscopy (OM)

In the micrographs of Figure 7 that were obtained with the help of an optical microscope, they are
observed the samples with silver inclusions in their different percentages 0.5, 1.0, 2.0, and 3.0% in
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Figure 7. Micrographs of the samples sintered at 1500°C, during 2 h.

weight; these samples were sintered at 1500°C during 2 h. In the 0.5-1.0 wt% samples, they have
visualized very fine microstructures with small grain size and evenly distributed. For the samples
with 2.0-3.0 wt% silver a minimum grain growth is observed with respect to the previously men-
tioned samples, the grain size is observed small and uniform in most of the sample. This unifor-
mity and control in grain growth are since the alumina was sintered in the presence of a liquid
phase (molten silver), which allowed a filtration throughout the sample and the energy generated
during the sintering was absorbed more evenly and due to this control in the grain growth.

3.5.2. Scanning electron microscopy (SEM)

Figure 8 shows the micrographs taken with the scanning electron microscope of the samples with
inclusions of 0.0, 0.5, 1.0, 2.0 and 3.0% weight silver sintered at 1500°C during 2 h. In this figure it
is possible to observe in all samples the presence of a very homogeneous microstructure with the
presence of the matrix with a very fine second phase, the latter is well distributed in the matrix.
No porosity is observed in any sample. This confirms previous density results, in where densities
close to 100% of the relative density were reached. So the presence of the silver helps significantly
consolidation of composites, and at the same time inhibits grain growth of the matrix. The micro-
structure with the characteristics obtained in these samples, combined with the grade of densi-
fication reached, suggests that composites with suitable mechanical properties will be obtained.
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Figure 9. EDX microanalysis of sample with 2 wt% Ag sintered at 1500°C during 2 h.

3.5.3. Analysis by energy dispersive of X-rays (EDX)

Figure 9 presents the results of the analysis made by energy dispersive of X-rays performed in
a punctual manner in the two phases (light and dark) that are observed in the microstructure
of the samples with the different inclusions of silver. In spectra, the chemical elements present
in each phase can be identified, the dark phase belongs to the matrix, and the elements found
in this phase were oxygen and aluminum, indicating that this phase corresponds to alumina.
The bright phase belongs to the inclusion present in the matrix, here the elements aluminum,
oxygen, and silver were found, which means that the 2nd phase present in the microstructure
is the silver added to the ceramic matrix as the reinforcement material.
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3.6. Mechanical properties
3.6.1. Elastic modulus

Figure 10 shows the result of the measurements of the elastic modulus of the samples with
different inclusions of silver. The value reported with its respective standard deviation is the
average of 20 measurements made for each sample. The graph shows a decrease in the modu-
lus of elasticity as the number of silver particles increases specifically for 1.0, 2.0, and 3.0 wt%
silver with respect to the average value of the monolithic alumina. These results present a ten-
dency similar to that shown in the density results of sintered samples; this means that samples
with higher densification have less porosity. Consequently, they present more rigid bodies,
the reason why a greater load is required to deform them. The elastic modulus is a measure of
the stiffness of materials, in such a way that more rigid and fragile bodies have a higher value
of elastic’s modulus, that is why the high value of elastic’s module in the sample of 0.5 wt%
silver, does not have enough material to be less rigid. On the other hand, a ductile material
such as metals in this case silver has lower elastic’'s modulus than alumina. Concerning the
sample without inclusions of silver 0.0 wt%, a result is observed slightly below the monolithic
alumina and slightly higher than the samples with 1.0, 2.0, and 3.0 wt% silver.

3.6.2. Flexural strength

In the same Figure 10, it can be observed the results obtained of flexural strength made to the
samples with inclusions of 0.0, 0.5, 1.0, 2.0, and 3.0 wt% silver. The reported result is the aver-
age of 10 measurements made to each of the samples; the three-point bending test was used
to obtain these results. The graph of Figure 10 shows a similar behavior to that obtained in the
density of the sintered samples as in the elastic’s modulus, because the sample with 0.5 wt%
silver reached the highest value, in this case, flexural strength, and above the average value
of monolithic alumina. It is also observed that when silver increases in the composite there is
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Figure 10. Elastic’s modulus and flexural strength of the samples sintered at 1500°C during 2 h.
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a downward trend. With respect to the sample with 0.0 wt% silver, a well below value was
obtained in comparison with the samples with silver inclusions, as well as the value of mono-
lithic alumina reported in the literature. With these results, it is determined that the inclusion
of silver does not affect the flexural strength due to the good distribution of the particles dur-
ing milling and to the sintering which helped to avoid the formation of defects in the sample.

3.6.3. Microhardness

Figure 11 reports the average and its standard deviation result of 20 measurements of the
microhardness made in the samples sintered at a temperature of 1500°C during 2 h with dif-
ferent inclusions of silver. In Figure 11 it is possible to observe that in the samples with higher
silver inclusions the hardness values tend to increase slightly as the amount of silver increases.
In these results, the positive effect of the silver particles is observed. With respect to the sample
with 0.0 wt% silver, it was obtained a much lower value of microhardness than that obtained
in the samples reinforced with silver, as well as that of the monolithic alumina reported in the
literature. This result is due to the uncontrolled growth of the grains during sintering.

3.6.4. Fracture toughness

In the same Figure 11 are shown the fracture toughness results obtained by the indentation
fracture method in the sintered samples at a temperature of 1500°C during 2 h. The fracture
toughness results reported are the average of 20 tests performed on each sample.

Orne of the most important observations in this figure is that in the samples with silver inclu-
sions, values obtained are well above the average of the monolithic alumina. This improvement
in fracture toughness is more significant in samples with 2.0-3.0 wt% silver. In the late sample,
the improvement of fracture toughness reaches 450% more than the value of monolithic alumina.
In agreement with the density results and the microstructure presented by the samples, these
enhances in fracture toughness is due to the having a sample with very small grain sizes and
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Figure 11. Microhardness and fracture toughness of the samples sintered at 1500°C for 2 h.
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with a homogeneous distribution of the reinforcements in the matrix. For this reason, when in the
ceramic matrix a cracking is generated, and it tries to propagate, there is a high possibility that the
crack will meet or collide with some of the silver particles which act as metal bridges. This effect
causes the crack to stop due to the ductility of the metal, or try to dodge it. Hence, the high values
of tenacity obtained. With respect to the sample without silver inclusions, a result is observed that
is much lower than that obtained in the samples reinforced with silver, as well as the average of the
monolithic alumina due mainly to the disordered growth of the grains during sintering, as well as
to the absence of a metallic agent or bridge that contributes to avoiding the propagation of cracks.

3.6.5. Indentation prints and fracture mechanism

Some authors have determined that the improvements in the properties of ceramics rein-
forced with metallic particles are due to the mechanical properties of the metal [5]. Then it
can be said that ductility of silver is a factor that influences the improvement of the tenacity
in the alumina. The silver particles which are distributed in a homogeneous way as shown in
Figures 7 and 8, with their plastic deformation form bridges of fissures that absorb the energy
of a crack when it is generated. These bridges cause the crack to stop or seek to avoid the
metallic bridge, in such a way that it requires more energy to keep growing, slowing down
and even being able to stop the advance of the same. Figure 12 shows a crack in the sample
reinforced with 0.5 wt% silver, that when it encounters a particle of ductile silver, it stops or
diverts its trajectory, requiring more energy to continue advancing. In this way, it is proved
that the mechanism of reinforcement of alumina by silver is due to the deflection of cracks.
With this, we can comment that the overall silver objective which was at the beginning of this
work was reached: Obtaining alumina-based ceramic materials (Al,O,) reinforced with Ag
nanoparticles with high fracture toughness, through powder techniques.

A second study was performed only for samples with silver inclusions of 0.0 and 0.5 wt% under
the same grinding settings. However, there were considered other sintering conditions such
as time of 2 h varying the sintering temperature at 1400, 1500, and 1600°C. Besides, a sintering
temperature of 1500°C varying the sintering time to 1, 2, and 3 h, heating speed of 5°Cmin, as

crack
deflection

Figure 12. Crack deflection by a silver particle present in the sample with 2.0 wt% Ag.
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well as the argon gas flow of 10 cm?min™. It should be noted that these samples were selected
because they presented the highest fracture toughness values. For the characterization of the
samples, only the relative density tests of sintered samples, contraction of the samples, analysis
of the microstructure by MO, microhardness, and fracture toughness were considered.

3.7. Density

Figure 13 shows the results of the relative density of the samples of both pure alumina and alu-
mina reinforced with 0.5 wt% silver, which was sintered at a temperature of 1500°C during 1, 2 and
3 h. In the monolithic alumina samples, it is observed in the densification an increase with linear
tendency with increments of sintering time. While, in the samples of 0.5 wt% silver it is observed
a minimum increase in the densification when increasing the time from 1 to 2 h, but a consider-
able increase is reached at 3 h sintering time. Hence, an effect can be determined by improving
results in silver when the samples are densified during 3 h at 1500°C. In the same Figure 13 are
observed the results of the relative density of the samples with inclusions of 0.0-0.5 wt% silver sin-
tered during 2 h at 1400, 1500, and 1600°C. In pure alumina samples, an increase in densification
is observed when the sintering temperature is increased, obtaining a greater densification when
samples were sintered at 1600°C. Whereas, in the samples reinforced with 0.5 wt% silver, a con-
siderable increase in the densification is observed in the sintered samples at 1600°C compared
with the sintered samples at 1400-1500°C. Therefore, it can be determined that the temperature of
1600°C is the ideal for obtaining a greater densification in the composites.

3.8. Contraction

Figure 14 shows the results of the contraction of the samples with 0.0 and 0.5 wt% silver,
which were sintered at 1500°C during 1, 2, and 3 h. It can be seen that the contraction in the
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Figure 13. Relative density of the samples as a function of time and sintering temperature.
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Figure 14. Contraction of the samples as a function of time and sintering temperature.

samples with silver does not present a significant variation. While, in samples of alumina
without silver a different trend can be observed, and with an increasing tendency as the sin-
tering time increases. However, it is significant the greater contraction in the samples with
silver compared to the samples without silver. This behavior is due to the good thermal con-
ductivity of the silver that favors the sintering phenomena. In the same Figure 14 the results
of the contraction of the samples are observed, when they were sintered during 2 h at 1400,
1500, and 1600°C. It can be observed that in the samples without silver, the contraction is
more significant every time the sintering temperature tends to increase. In samples with silver
inclusions, it is observed an increase in less drastic shrinkage. From the interpretation of the
results it can be determined that the silver inclusions allow obtaining samples with a greater
contraction during the sintering stage, and therefore, obtain more densified samples.

3.9. Microstructure by optical microscopy (OM)

Figure 15a shows the micrographs obtained from the optical microscope of the samples rein-
forced with 0.5 wt% silver sintered during 2 h at 1400, 1500, and 1600°C. They display very
fine microstructures with small grain size and uniformly distributed. Minimal grain growth is
observed although the temperature has varied. This uniformity and control in grain growth are
because that most of the silver particles were sintered in the presence of a liquid phase, which
allowed a filtration throughout the sample and the energy generated during the sintering was
absorbed more uniformly, and due to this, there is the control on grain growth. In the Figure 15b
the micrographs of the samples with 0.0 wt% silver sintered for 2 h are observed varying the tem-
perature 1400, 1500, and 1600°C. In the images, it can see a microstructure very different from the
one obtained in the samples with 0.5 wt% silver, in these figures it is difficult to determine and
appreciate the distribution of the sizes of the grains. However, the importance of the addition of
metallic particles in the matrix can be mentioned and emphasized to control the growth, distribu-
tion of the grains and consequently improvement in the mechanical properties.
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Figure 15. (a) Samples with 0.5 wt% Ag varying the sintering temperature. (b) Samples with 0.0 wt% Ag varying the
sintering temperature.

3.10. Microhardness

Figure 16 shows the microhardness results of the samples with inclusions of 0.0 and 0.5 wt%
silver sintered at a temperature of 1500°C with time variation of 1, 2, and 3 h. For the sample
with 0.5 wt% Ag it can be seen in the graph that the sample sintered for 1 h obtained values
below the monolithic alumina.

For the sample sintered during 2 and 3 h, it can be observed that with the inclusion of
silver the value is very similar to that of the monolithic alumina. In this Figure 16 also are
observed the values of the samples of alumina with 0.0 wt% silver sintered with somewhat
similar conditions. For the samples sintered for 1 and 2 h, a very similar value was obtained
while, for a sample sintered for 3 h, the result was improved. However, it is well below the
average of monolithic alumina. In the same Figure 16 are observed the results of the sam-
ples with inclusions of 0.0 and 0.5 wt% silver sintered at different temperatures 1400, 1500,
and 1600°C. For the sample with 0.5 wt% Ag it is observed in this figure that the sample
sintered at 1400°C obtained a value well below the average of the monolithic alumina for
the samples sintered at 1500 and 1600°C the results increased significantly. In the case of the
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Figure 16. Microhardness of the samples as a function of time and sintering temperature.
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Figure 17. Fracture toughness results as a function of both sintering time and sintering temperature.

sintered sample at 1600°C it obtained a value very similar to that of the monolithic alumina,
and in the case of the sample sintered 1500°C the value reached in the previous results was
reduced a little. Regarding the samples without silver inclusions, a considerable increase
is observed as the sintering temperature is increased. The hardness values of the samples
sintered at 1400 and 1500°C were well below the average value of the monolithic alumina,
but the sample sintered at 1600°C obtained a value slightly above the average value.
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3.11. Fracture toughness

The results of the fracture toughness of the sintered samples varying the temperature and time
are presented in Figure 17, in which a very similar behavior of the results can be observed.
The samples with 0.5 wt% silver at 2 h at a temperature of 1500°C have values above the aver-
age of the monolithic alumina, showing a tendency opposite to previous results since as it
increases the temperature and the time the value tends to decrease. In both cases, results are
presented with an increasing tendency, and the importance of the sintering temperature in
obtaining less fragile ceramics is demonstrated.

4. Conclusions

* Through the processing methodology proposed, dense alumina-based composites tough-
ened with Ag nanoparticles were obtained.

¢ Grinding conditions used in this work were effective, as they managed to obtain particles
with nanometric sizes.

* The fracture toughness of the Al,O, was improved up to 450% with the reinforcement
of the same by means of Ag nanoparticles homogeneously distributed in the ceramic
matrix.

* Probably toughening mechanism of AL O, is owing to metallic bridges formed by the pres-
ence of ductile silver particles in the ceramic matrix.
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Abstract

This chapter focuses on the synthesis of silver nanoparticles (AgNPs), AgNP composites,
and its role in the structure and electrical properties modification. The research and its
various applications of nanoparticles are interesting among others. Silver nanoparticles
(AgNPs) are now becoming to take an essential role in the diverse field of application.
Establishing the simple and inexpensive of AgNPs is greatly required, since it will also
influence it used. Many different methods to obtain AgNPs have been reported. The
inducing AgNPs on a various number of other materials has been investigating. We report
a brief review of simple AgNP fabrication method at different MSA, PEG, and ultrasonic
irradiations regarding its structure and conductivity. We also report the influence of
AgNPs on the electrical conductivity of conducting polymers, i.e.,, PANI, flavonoids of
Jatropha multifida L. (JML) and Pterocarpus indicus W. (PIW). It is found that in general, the
increase of AgNP concentration gives rise to increase of its electrical conductivity. The
conductivity of the AgNPs doped of polymers does not directly reflect by its crystallinity
or crystal size. Some exciting aspect of crystal structure and its conductivity are discussed.

Keywords: silver nanoparticles, mercaptosuccinic acid, Pterocarpus indicus W., Jatropha
multifida L., polyaniline, conductivity

1. Introduction

The silver nanoparticle research continues to grow, drawing the attention of researchers. It is
known that silver has very high electrical conductivity [1, 2]. Silver has been widely used as a

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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conductor wire in circuits that require low dissipation, and high conductivity [3, 4]. Silver paste
has also been widely used as a paste conductor [5-7]. The use of silver paste has been exten-
sively utilized mainly in the bulk conductivity characterization of bulk semiconductor materi-
als or four-point probe method films. In the field of superconductors, silver has a dominant
role as a sheath [8-12]. Silver has also been used in various industries and health fields. Silver is
known to have antibacterial properties [13-16], as a catalyst [17-20], and it shows stable to the
environment [21] and has been utilized as a significant component of water treatment.

Various methods of synthesis have been developed to produce silver in the order of nano-
meters. Synthesis of silver nanoparticle is commonly known to control the shape and size.
Among these methods are ball milling method [22], precipitation [23], polyol method [24],
and several other methods to produce silver nanoparticle [3, 25-28].

Nanostructure engineering has been performed to produce the expected properties. Nanofluid
Ag-7Zn0 has been successfully synthesized to determine the behavior of thermal conductivity
at various fractions [29]. Silver nanoparticles dotted on the external walls of multi-walled car-
bon nanotubes (MWCNTs) were prepared by an aldehyde reduction process in supercritical
carbon dioxide (SCCQO,) fluid. The friction reduced about 30% [30]. Modification of nanostruc-
ture Ag into nanowire also improves physical performance such as electrical conductivity
and power transfer [31]. Further engineering in the form of silver nanocage has reported. The
nanocages exhibited unique and attractive characteristics for metal catalytic systems, thus
offering the scope for new development as heterogeneous catalysts [32]. The aqueous persis-
tence performance of Ag nanocolloids particles has been studied in depth in various environ-
ments [33]. Silver nanoparticles capped with Oleylamine (AgNPs/OLA) and its application in
conductive ink for the electroanalytical application has been reported in [34].

Some of those examples show that silver nanoscale research and application are of concern to
researchers. Due to the broad scope of the study of silver nanoparticles, we have limited this
article to the synthesis of nanoparticles by simple methods, particle nanoparticle effects on
structures, and electrical properties in polymers such as polyaniline, and some organic poly-
mers such as Pterocarpus indicus Willd (PIW) and Jatropha multifida Linn (JML).

2. Materials and method

2.1. Synthesis of silver nanoparticle with various MSA

Basic of experimental method used in the current work was a chemical reduction from the
silver nitrate salt of AgNO,. The silver nitrate (AgNO,) dissolves into a positive ion (Ag")
and negative ion (NO,"). From the process, we could obtain solid silver grain due to the ions
experience a reduction process by accepting electrons from a donor. After forming the sil-
ver nucleus, a crystal growth continues at the relatively short time. By this way, a crystal of
nanosize obtained. This nanoparticle fabrication and other similar synthesize are known as
bottom-up technic.

The raw materials used are silver nitrate AgNO,, sodium borohydride NaBH, as a reductor,
and mercaptosuccinic acid (MSA) as a stabilizer. Conventional solvents which normally used
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are aquades and methanol. A series of MSA, namely 0.03, 0.06, 0.12, and 0.15 M, was dissolved
in methanol of 400 mL, then stirred rigorously using magnetic stirrer in an ice bath. Into the
solution, add the second solution, i.e., silver nitrate about 340 mg to 6.792 mL aquades. While
the mixture of both solutions is being stirred, sodium borohydride of 756.6 mg in 100 mL
aquades drops small wisely. After adding the second solvent, the clear MSA solution changed
into an amber one. Further, by adding the third solution, the mixture solution transforms into
black-brownish. The final solution has then employed a stirring for 30 min at 500 rpm and
maintained at a temperature of 5-10°C. The obtained particles then rinse using methanol on
Whatman filter. The latter step was conducted several times to ensure the only silver particle
remains. The collected material was then exposed to 80°C yielding silver nanopowder.

2.2. Synthesis of PANI-AgNP film

Two series of silver-doped PANI-AgNPs/Ni and ultrasonic irradiation time films have been
prepared using spin-coating method. Each series was provided five samples. The basic con-
figuration of PANI-EB and PANI-ES were synthesized following the procedure of previous
report [7]. The solutions of PANI-Ag had been prepared with synthesizing PANI-EB from
aniline using the chemical oxidizing method. About 1.82 mL aniline (0.1 M) was dissolved
into 50 mL HCI (0.2 M) liquid for about 1 h. Along with this, a solution of 5.71 g (NH,),5,0,
(0.1 M) in 50 mL aquadest was also prepared at the same time. After 1 h, those two solutions
were mixed and stirred a while, then exposed at room temperature for about 24 h for polym-
erization. The precipitated material was filtered using Whatman filter paper, then washed
using deionized water and aquades until clear liquids are observed. The obtained precipi-
tated materials are then mixed and homogenized using magnetic stirrer in NH,OH (0.5 M)
for 4 h, and then let them rest for about 24 h and washed using aquades to obtain a blue
PANI-EB. The powder of PANI-EB can be obtained after annealing the material for 5 h at
80°C. PANI-EB then mixed with camphor sulfonic acid (CSA) and then mixed with AgNO,
solution in chloroform and employing ultrasonic irradiation for various irradiation times.
The obtained solution was filtered to obtain a PANI-Ag solution for deposition on nickel sub-
strate using spin-coating method. A different series of various AgNO, PANI doped of 0.1, 0.2,
0.3, 0.4, and 0.5 M was also prepared in the same manner. The films have been deposited onto
1 x 1 cm? Ni substrate using spin-coating method at 1000 rpm for 1 min. The obtained films
were then annealed at 100°C for 1 min.

2.3. Synthesis of flavonoids’ JML-AgNP and PIW-AgNP films

Samples were prepared in several stages. The initial step was the extraction of Pterocarpus
indicus Willd (PIW) by preparing 800 g of Pterocarpus indicus Willd leaf powder mixed with
3 L methanol p.a. in a large bottle, and then the mixture was shaken and awaited for 1 week.
After that, it was filtered using a Buckner funnel under pressure with Whatman's filter paper
01. The obtained slurry materials were evaporated using a rotary evaporator to get a rough
methanol extract. About 25 g of methanol extract was introduced into the separating funnel,
in which the mixture was manually shaken with 50 mL of n-hexane solvent for 30 min. Once
separated, the two steps of this process are repeated using 50 mL n-hexane. The hexane phase
in the treatment is separated, and the sum of the second procedure is combined and evapo-
rated to obtain a crude hexane extract. The general process is applied to obtain extracts of
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chloroform (100 mL), ethyl acetate (100 mL), and butanol (100 mL), respectively. In this way,
flavonoid type quercetin can be achieved.

A similar way was performed to obtain a flavonoid extract of Jatropha multifida L. (JML) with
a little more straightforward. The first step is extracting flavonoid using the wet method. Five
grams of the liquid latex of JML, which was taken from wounded stem, was first heated on
a glass plate to remove water. The water-free condensed latex was then solved into 10 mL of
80% methanol and homogenized for 30 min using magnetic stirrer while heating. In addition,
it was also implemented to ultrasonic irradiation for 60 min, and let them to precipitate for
24 h. The mixture was then separated using a Whatman filter paper and dried up to evaporate
the solvent to obtain flavonoid extract powder. The flavonoids of PIW can be prepared in a
similar way using the extracted latex of the wounded stem.

To fabricate a thin film of AgNP-doped flavonoid, the mixture should be transformed into the
liquid phase. In this case, two solutions were first prepared separately. The first solution was
obtained from 0.1 M AgNO,, which was dissolved in acetone. A relatively fine-ground camphor
sulfonic acid (CSA) was mixed with the flavonoid extract PIW. The two solutions were then
incorporated into a glass beaker and then stirred. The process proceeds until a homogenous
mixture was obtained. To promote smaller size of silver ion as well as flavonoid incorporation
in the homogenous mixture, we employed ultrasonic irradiation for 60 min. To achieve differ-
ent AgNP-doped flavonoids/Ni films, the process has been repeated with a different AgNO,
concentration of solutions. By following the preparation of JML-AgNP/Ni films, the flavo-
noid’s PIW-AgNP/Ni films were also prepared in five different molar ratios of silver nitrate.
The fabrication of those two nanosilver-doped films has been prepared using spin-coating
method on nickel substrates of 1 x 1 cm? with 1500 rpm speed for 60 s. Each of the resulted
film then follows annealing for repeating the process for concentrations of 0.2, 0.3, 0.4, and
0.5 M. The films finally annealed at 50°C for 5 min. Then those two series films were character-
ized using X-RD using Cu-Ka, FTIR, and four-probe electrical conductivity measurements.

3. Results and discussion

3.1. The influence of MSA on AgNP structures

Except for NaBH, for reducing agent, to synthesize nanometallic state, MSA is used as a
reducing agent that also acts as a stabilizer agent of Ag*. The synthetic silver nanoparticles
are more stable and not easily oxidized. In addition, MSA also affects the size of the resulting
silver nanocrystals. Figure 1 shows the TEM results of spherical silver on the nanometer scale.
The particle size of the TEM shows a yield of about 30 nm.

The TEM diffraction pattern of the sample was reported in our previous work [35]. It is shown
that the sample is polycrystalline, which is indicated by the clear spots together with accom-
panying weak rings also reported by Majeed [36].

The X-ray diffraction pattern of obtained samples is displayed in Figure 2. Several identified
peaks of intensity I-20 are 38.10, 44.29, 64.43, 77.37, and 81.52°, associated to Bragg’s planes
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Figure 2. XRD pattern of AgNPs at various MSA concentration.

of (111), (200), (220), (311), and (222), respectively. There is apparently no other peaks, except
the silver crystal peaks. All of the peaks shown in Figure 2 can readily fit in a model of FCC
structures, as also reported previously [37] for various PEG [23], for the different surfactant,
and [38] for urea, PVP, and dextrose. Further refined to the lattice parameter gives rise to
a=4.0876 A. This result insignificantly differs from the model of a = 4.0872 A [36]. Detailed
investigation to the same peak positions 26 of all the diffraction patterns, even the peaks
are not distinguished, it looks that the higher the fraction of MSA the broader the peaks.
Broadening of diffraction peaks (3, measured as FWHM, may show smaller crystal size (L)
according to Scherrer’s equation (Eq. (1)). Since crystal dimension L is just inversely propor-
tional to its broadness of the peaks f.

_ _Ka
B cosO

)
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It is also possible that one found different values of L from the same pattern. The origin of
the discrepancies is mostly due to the K_splitting, selecting the peaks, and fitting method of
calculating f.

Based on the result of XRD as shown in Figure 2, the crystal size was calculated using Eq. (1).
It shows that the size is in the range of 20-30 nm, which decreases with increasing concentra-
tion of MSA, as shown in Figure 3.

Of the two characterization analyses between TEM and XRD showed the size of the crystal
is somewhat different results. The problems of crystal size calculation obtained from TEM,
XRD, and/or probably SEM characterization is discussed in our work [35]. The crystal size
obtained from XRD pattern calculation may be smaller than that derived from TEM. The
discrepancy mostly not only originated from the di erent method of both types of equip-
ment, but also due to the choosing peaks, implementing units of § and 6, as well as using
the range of K in Eq. (1). The smaller diffraction angle we choose, the bigger the size we
obtain. When the higher shape constant of K in the Scherrer formula, we may also get the
bigger size. Sometime f is taken using degrees instead of radians. The crystal size calcu-
lation using a more compact software such as GSAS [39] or Fullprof [40]. In such soft-
ware, they use the more rigid equation in Rietveld analyses with different compared to
Eq. (1). The crystal size under GSAS or Fullprof is more comprehensive since they involve
the strains, various profile functions as well as the anisotropy, or the crystal. The result of
the crystal size obtained from the method is also slightly different from the manual using
Scherrer equation. An example of manual crystal size calculation using a more complex
equation is reported by Khan et al. [36]. It looks that there is a discrepancy of AgNP crystal
size obtained by Scherrer and obtained from HRTEM. The average crystal size obtained by
HRTEM shows a much bigger than that of using Scherrer equation. This result is similar to
the work of Diantoro et al. [35].
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Figure 3. The influence of MSA concentration on AgNP crystal size.



Modification of Electrical Properties of Silver Nanoparticle
http://dx.doi.org/10.5772/intechopen.75682

Another capping agent such as polyethylene glycol (PEG) will be discussed briefly. We have
obtained several AgNP samples which were prepared under the influence of PEG. The results
are displayed in Figure 4.

Figure 4 shows the result of AgNP crystal size with increasing of PEG concentration. The silver
crystal size lies around 12-24 nm. Based on Figure 4, it is seen that excluding of 0.075 M, increas-
ing PEG concentration slightly decrease the crystals size. It could be indicated that PEG plays a
role in controlling the crystal size. The researcher also uses PEG as a template for synthesizing
nanoparticles [37]. One purpose of the use of PEG as a template or as a capping agent is not only
to control the size, but also the distribution [41]. The effect of PVP repeating unit to the obtained
crystal size of AgNPs was reported [18]. Many other solvents have been used for the synthesis
of various size and shape of AgNPs, such as PEG [42], citrate [33, 43], and MSA [35].

3.2. The influence of AgNPs on crystal size and conductivity of PANI

It is shown that the size and shape of particles are affected by its physical properties [31, 32]. At
the nanometer scale, the properties or characteristics of silver will change its electrical proper-
ties. Therefore, in the exploration of organic materials for electronics, silver nanoparticles can
be incorporated with various conductive polymers such as PANI, JML, and PIW. The three
polymers are conductive polymers with electric charge mechanisms of single- and double-
conjugated bond hopping in the polymer. Although they said to be a conductive polymer, the
pristine one is in the semiconductor range. So researcher expects that by controlling the metal-
lic or oxidic nanoparticles may influence the electrical properties. In this report, we focus on
the modification of the electrical conductivity. The following shows the effect of AgNP con-
centration on the electrical conductivity of PANI film as indicated in Figure 5.

The PANI composite with AgNPs indicates an increase in electrical conductivity by increasing
the concentration of AgNPs used, as shown in Figure 5. The increased electrical conductivity
of PANI is due to the increased electrical mobility derived from AgNPs in the compound. This
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Figure 4. The influence of PEG template (a) XRD and (b) crystal size.
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Figure 5. The influence of AgNPs on electrical conductivity of PANL

result is comparable with the works reported by Wankhede et al. [44]. Unfortunately, they
reported only for one composition of PANI-AgNPs, at various temperatures. Our results are
far higher than that of PANI/PS/AgNPs nanocomposite samples [45].

The stability of electrical conductivity to PANI and AgNP composites were measured under
the influence of ultrasonic irradiation. The various irradiation time was employed to the mix-
ture of PANI-EB-AgNP solution prior to the deposition process. The electrical conductivity
measurements of dwelling time are depicted in Figure 6.

It shows that the electrical conductivity of PANI-AgNP film has the stability of electrical con-
ductivity values in the range 0.5-0.7 S.cm™. Out of that range, the duration of irradiation time

o)

0.2

20 40 60 80 100 120 140
Dwelling time (mins.)

Figure 6. The stability electrical conductivity of PANI-AgNPs under ultrasonic irradiation.
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is followed. It suggests that the intrinsic structure may also be changed by the ultrasonic
irradiation dwelling time.

3.3. The influence of AgNPs on crystal size and conductivity of JML and PIW

Flavonoids of JML [46, 47] or PIW [48] are potential for the conductive organic polymer.
Initially, the conductive polymer is in/below the semiconductor range after oxidizing or
reducing process [49]. Also, the general polymer has an amorphous phase. When flavonoids
extracted from JML are composited with AgNPs, we may expect that its electrical conductiv-
ity will increase. Here, we report the results of electrical conductivity measurement of AgNPs
doped of JML and PIW flavonoids extracts. The crystallinity of the sample may be affected by
the electrical conductivity, Figure 7. It indicates that the crystallinity of the sample increases
with the increase of AgNP concentration in the composite.

As indicated in Figure 7, it is seen that the feature of AgNPs vs. crystallinity is not a linear,
simple relationship. It shows a significant change in the range of 0.2-0.4 M of AgNPs, while
substantial difference above or below that range. To look further, we plot the relation between
AgNP concentration to its electrical conductivity, as shown in Figure 8.

The electrical conductivity of extracted JML flavonoid-AgNPs exponentially increases as the
AgNPs increase. By comparing Figure 8 with Figure 7, it is found that the rise in electri-
cal conductivity does not merely support its crystallinity. It means that there is no direct or
simple relationship.

AgNP-doped PIW flavonoid may show a similar feature. Roughly speaking, the role of
AgNPs induced in the flavonoids’ PIW-AgNP film also increases its crystallinity, as shown
in Figure 9.
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Figure 7. The influence of AgNPs on crystallinity JML.
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Figure 9. The influence of AgNPs on crystallinity flavonoid’s PIW-AgNP film.

It is similar to its increase of crystallinity, the electrical conductivity of flavonoid’s PIW-AgNP
film is also increased as the increase of AgNPs, as illustrated in Figure 10.

By comparing Figures 9 and 10, it can be inferred that its crystallinity may characterize the
increase of electrical conductivity of flavonoid’s PIW-AgNP film. In another words, the role
of AgNPs on the electrical conductivity of flavonoid’s PIW-AgNP film is reflected by its



Modification of Electrical Properties of Silver Nanoparticle
http://dx.doi.org/10.5772/intechopen.75682

=

B
L
L
1

Conductivity (S.cm™)
o
b
1

=
=]
1
L
1

. g
0.0 0.1 0.2 0.3 0.4 0.5
Ag (M)

Figure 10. The influence of AgNPs on electrical conductivity of flavonoid’s PIW-AgNP film.

crystallinity. As the electrical conductivity of flavonoids of PIW and JML shows different
features, the type of flavonoid of both plants is possibly different. It is also possible that tech-
nically the distribution, or where the AgNPs interreact with, is also different.

Study of the role of AgNPs and polymers has been widely reported for many routes of syn-
thesis and their applications [45, 50, 51]. Recently, AgNPs containing nanostructure nanocom-
posite have also been investigated for supercapacitors [52], polymer solar cells [53], or thin
film silver-TiO, thermoelectric [54].

4, Conclusion

Some factors are influencing the size and the conductivity of AgNPs, i.e., the MSA concentra-
tion, ultrasonic irradiation time, as well as the concentration of PEG. In general, the increase
of AgNP concentration gives rise to an increase in its electrical conductivity. Although the
conductivity of polymers depends on AgNP concentration, the conductivity of the AgNPs
doped of polymers does not directly reflect its crystallinity or crystal size.

AgNPs have excellent potential applications in medical, environment, electronics, dielectrics,
and optical solar cell application. It is urgently required to perform an extensive research of
various AgNPs and its derivatives for multiple applications.
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Abstract

Two bionanocomposites based on suture threads, silk-silver nanoparticles (Ag NPs)
and catgut-Ag NPs, were prepared through a green chemistry methodology using
Chenopodium ambrosioides (Mexican Epazote) as reducing agent. UV-Vis spectropho-
tometry (UV-Vis), Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM), were used for their characterization. UV-Vis confirmed the syn-
thesis of silver nanoparticles. Micrographs showed polydisperse, mostly spherical, Ag
NPs attached to both suture threads. The bionanocomposites antimicrobial properties
were evaluated through cultures and inhibition zones tests. The Chenopodium ambrosi-
oides-assisted synthesized bionanocomposites have proved antibacterial effect against
S. aureus and E. coli in both sutures (silk and catgut) and could be potentially useful for
oral or periodontal surgery. There was no significant difference statistically in inhibition
of Staphylococcus aureus versus Escherichia coli.

Keywords: nanotechnology, silver nanoparticles, antimicrobial suture, oral
microorganisms, Staphylococcus aureus, Escherichia coli

1. Introduction

In recent years, nanotechnology has become an issue of major importance because of its wide
range of applications in different disciplines [1]. Rapid advances in medicine and biomateri-
als have become evident [2]. Nanomedicine supports the diagnosis, monitoring, prevention,
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and treatment of diseases [3, 4]. Silver nanoparticles have been widely used because they have
proven to have significant antimicrobial activity [5-7]; therefore, they play a significant role in
the field of biological systems, and in modern medicine [8-11].

It is known that properties of silver nanoparticles depend on their size and shape, conse-
quently, their controllable synthesis represents a key challenge to achieve their more desirable
characteristics [12]. The conventional approaches of nanoparticle synthesis use highly toxic
chemicals which result in toxic side effects upon administration [13]. Hence, an alternative
method is required to overcome these toxic effects. According to green chemistry, there is
an increasing necessity for industries to become more sustainable through developing more
environmentally friendly products [14, 15]. Green chemistry offers biological approaches
incorporating the use of plant extracts for the synthesis of silver nanoparticles [16, 17].
Chenopodium ambrosiodes (Mexican Epazote) is native to the Mesoamerican region, belongs
to the Chenopodiaceae family. It has been utilized in traditional cuisine and folk medicine [18].
Epazote is an aromatic herb, which has diverse pharmacological applications in the treat-
ment of influenza, cold and respiratory ailments, [19], it has been widely used as vomiting
and antihelmintic [20], also in gastrointestinal problems and worms [21], and healing of skin
ulceration, and anti-inflammatory and antitumor properties. Therefore, accordingly to our
previous experience, the biomolecules present in epazote may act as reducing reagents of
silver ions and as passivation agents of the biogenic silver nanoparticles.

Sutures used in oral surgery should avoid or limit bacterial colonization to those parts
exposed to oral fluids [22]; nevertheless, they offer adhesion in their surface to bacteria,
increasing the susceptibility to postoperative infections [23, 24]. Suture knots are believed
to be the principal site of bacterial colonization [25]. Silk and catgut have been used for
the closure of wounds with acceptable results. However, a suture-based on natural fibers
may increase the risk for the development of infectious processes [26]. Once suture material
becomes colonized, local mechanisms to avoid infection become ineffective [27], in addition,
some of the oral pathogens are antibiotic resistant [28-30]. Thus, efforts have been made to
add some antiseptics to sutures, such as triclosan and chlorhexidine [31], a few cases have
confirmed allergies to chemical substances, though [32-35]. Current trends suggest that the
direct drug delivery from the suture to the surgical site can improve recovery and patient
comfort [36].

The aim of this study was to evaluate the antimicrobial effect of two natural suture threads
coated with biogenic silver nanoparticles, against two main representative microorganisms of
the Gram-positive and Gram-negative groups: Staphylococcus aureus and Escherichia coli.

2. Experimental

2.1. Synthesis of Ag NPs

Chenopodium ambrosioides was acquired from the surrounding fields and washed and dried in
the shade at room temperature for 24 hours. The leaves were mashed to a powder and mixed
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to obtain a homogeneous sample. Chenopodium ambrosioides powder was used as a green-
reducing agent. About 1gram of each powder was immersed in 100 mL of distilled water,
and underwent a boiling process. Afterwards, the solution was filtered through a filter paper.
A 10 mM silver nitrate solution (AgNO,, Sigma-Aldrich) was prepared. Both solutions were
mixed in a 1: 2.5 ratio to generate Ag NPs.

2.2. Formation of bionanocomposites

To follow the nanoparticles formation, UV-Vis analysis was carried out every hour, during
6 hours after preparing each solution (vide supra). After this time, suture threads (Silk and
Catgut USP 3-0, Atramat®) were totally immersed in the solution for 1 hour, then taken out
and dried at room temperature.

2.3. Characterization of Ag NPs and bionanocomposites
2.3.1. UV-Vis spectroscopy

UV-Vis spectra measurements were recorded on a Cary 5000 UV-Vis-NIR Scanning
Spectrophotometer using a quartz cell and the wavelength range from 300 to 600 nm.

2.3.2. SEM analysis

Assessment of Ag NPs impregnated suture threads was performed through scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis in a JSM-6510-LV
microscope (JEOL) at 20 kV of acceleration and using secondary electrons.

The samples were coated with a thin film of gold (c.a. 20 nm) using a Denton Vacuum DESK
IV sputtering equipment.

2.3.3. TEM analysis

Shape and size of silver nanoparticles solution were evaluated with a Transmission Electron
Microscope (TEM, JEOL JEM-2100-Tokyo, Japan). The specimens were sonicated during
4 hours to detach the nanoparticles from the fibers. Samples for the TEM observation were
prepared by placing a drop of the sample solution on a copper grid (300 mesh) coated with
carbon film and let it dry at room temperature. A 200 keV-accelerating voltage, was used in
Brightfield mode, and high resolution.

2.4. Determination of the antibacterial activity of bionanocomposites

Streptococcus aureus and Escherichia coli strains were obtained from the Biochemistry Laboratory
of the School of Dentistry, at the National Autonomous University of Mexico (UNAM). They
were characterized by appropriate biochemical tests, and cultured by the agar well diffusion
method, first, on a selective agar; mannitol salt agar or eosin methylene blue agar (EMB)
respectively, and then in Muller Hinton agar plates.
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To determine the antibacterial effect, paper discs were put on Petri plates. In each plate, three
different paper disks were placed, embedded in the silver nanoparticles solution, a paper disc
containing the infusion of Chenopodium ambrosioides was used as a control, and a bared paper
disc was used as a blank control. Each plate was prepared in triplicate.

Silk and Catgut suture threads were cut into pieces of approximately 10 mm in length and put on
the petri plates, prepared as previously described. Each plate contained: one suture thread (silk
and catgut separately) embedded in the silver nanoparticles solution, and a silk suture thread
(silk and catgut separately), without Ag NPs, used as blank control. Each plate was prepared
in triplicate. The plates were incubated at 37°C in a Felisa® incubator for 24-48 hours. After
incubation lapse, the diameter of the bacterial zone of inhibition was measured in millimeters.

3. Results

A characteristic and well-defined plasmon-band for silver nanoparticles was obtained at
around 455 nm, as shown in Figure 1. Ag NPs synthesized by Chenopodium ambrosioides pro-
duced polydisperse and stable nanoparticles.

Transmission electron microscopy (TEM) study demonstrated the size and the spherical or
quasi-spherical shape of biogenic Ag NPs (Figure 2). The average particle size was deter-
mined to be around 8 nm, as shown in Figure 2.

Scanning electron microscopy (SEM) micrographs revealed that Ag NPs were formed on the
surface of both suture threads, silk and catgut (Figure 3). It is possible to assume that the
cavities in the suture threads can act as nanoreactors to attach, firstly, the silver ions to subse-
quently form the nanostructures when the reducing agent acts.
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Figure 1. (a) UV-Vis Spectra showing that the surface plasmon resonance wavelength lies around 455 nm in Ag NPs
synthesized by Chenopodium ambrosioides. (b) The flasks show the color change upon formation of silver nanoparticles;
the solution changed from a light yellow to a light brown.
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Figure 2. TEM images show that Ag NPs have a spherical shape, and the particle size distribution histogram shows that
Ag NPs synthesized by Chenopodium ambrosiodes have a mean diameter of approximately 8 nm.

The antimicrobial activity of the biogenic Ag NPs, generated using Chenoposium ambrosioides
infusion as reducing and capping agent, against Staphylococcus aureus, can be seen in Figure 4.
The antibacterial effect of these biogenic Ag NPs can be observed clearly by the inhibition halo
formed around the disk impregnated with the nanoparticles solution.

In Figure 5, the antimicrobial activity of both bionanocomposites against S. aureus and E. coli
is observed. The suture threads (silk and catgut) were cut into small pieces and put on the
Petri dishes, as mentioned in the experimental section. Some suture threads samples were
used as a blank.

The inhibition growth of bacteria by the biogenic Ag NPs and the two bionanocomposites are
shown in Table 1, revealing a strong antimicrobial effect of silver nanoparticles embedded in
the corresponding suture threads against Gram-positive and Gram-negative bacteria.

As can be seen in Table 1, the growth inhibition of Staphylococcus aureus by disks impregnated
with biogenic Ag NPs was on average 2.75 mm, compared to its control (Chenopodium ambro-
siodes infusion with the same concentration). Also, the growth inhibition of Escherichia coli was
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Figure 4. Ag NPs against Staphylococcus aureus: (a) blanc disc, (b) disc containing Ag NPs synthesized by Chenopodium
ambrosioides, (c) disc with Chenopodium ambrosioides infusion as a control.
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Figure 5. (A) Antibacterial effect of bionanocomposites against Staphylococcus aureus. (a) Silk suture thread-Ag NPs; (b)
catgut suture thread-Ag NPs; (c) silk suture thread; (d) catgut suture thread. (B) Antibacterial effect of bionanocomposites
against Escherichia coli. (a) Silk suture thread-Ag NPs; (b) catgut suture thread-Ag NPs.

Table 1. Inhibition of bacterial growth

Staphylocotous aureus Escherichia coli
Discs
Miniman  Maximum Minimun  Maotimum
d
s Mean 04 Value Value - -t = value value
sutures
:“:"" 275 {osi% 2 3 4 25 05T 2 3
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control
Silk
AghP 2533 0516 2 3 15 2467 0516 2 3
Ca.
Catgut
AgNP 2867 0488 2 3 15 2487 0516 2 3

Ca.

Table 1. Inhibition of bacterial growth.

on average 2.5 mm, compared to its control (Chenopodium ambrosiodes infusion with the same
concentration). With the use of silk impregnated with biogenic Ag NPs the growth inhibition
of Staphylococcus aureus was on average 2.53 mm, compared to the control solution. When silk
impregnated with biogenic Ag NPs was used, the growth inhibition of Escherichia coli was on
average 2.46 mm, compared to its control solution. For catgut impregnated with biogenic Ag
NPs, the growth inhibition of Staphylococcus aureus was on average 2.6 mm; and the growth
inhibition of Escherichia coli was on average 2.46 mm. There was no growth inhibition with
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blank or control discs, neither with silk and catgut blank sutures, as can be seen in Figures 4
and 5. All the measurements were replicated three times for each treatment. Minimum and
maximum value for each Petri sample is shown. The effect on both types of bacteria was simi-
lar. No statistically significant differences were found in both sutures with Ag NPs embedded.

4, Discussion

Periodontal and oral surgical procedures, in combination with the presence of foreign materi-
als, may develop infectious processes when bacteria lodge on the suture material invading
the suture track [22]. In the oral cavity, sutures are placed within high vascularity tissues,
in a moist bacteria-rich environment. When performing surgical procedures using natural
sutures, such as catgut or multifilament threads, as silk, the risk of infection may increase
because bacteria are housed in the interstices [23]. Therefore, the choice of the kind of mate-
rial for the closure of surgical wounds is paramount. Catgut, a monofilament suture made
from the submucosa layer from the intestines of animals has been banned in Europe and
Japan, due to health concerns [24, 25]. Silk is a natural protein fiber created by the Bombyx
mori silk worm. It is well known for its water absorbency, which may favor bacterial growth
[26]. Although both types of sutures have suitable properties for use, such as biocompatibility,
flexibility and endurance, and sutures are designed to meet different needs, nowadays, more
surgeons are opting for the use of synthetic suture materials [27]. We believe that the use of
a suture thread bionanocomposite could prevent the colonization of pathogenic microorgan-
isms. In this context, Ag NPs were selected in this study for decorating conventional sutures.
It has been proved that the use of chemical elements such as silver is an alternative to multiple
microorganisms. Silver is a nontoxic, safe inorganic antibacterial agent that can kill about 650
types of disease-causing microorganisms; silver nanoparticles can inhibit bacterial growth
[5, 28]; therefore, they are currently being used in a variety of potential applications in phar-
maceutics, medicine [6, 29] and we have recognized its use in dentistry [30, 31].

Although the precise antibacterial action of silver nanoparticles is not completely under-
stood, it is believed that electrostatic attraction between negatively charged bacterial cells and
positively charged nanoparticles is important for their antibacterial activity [32]. Ag NPs can
interact with disulfide bonds of the glycoprotein/protein contents of microorganisms such as
viruses, and bacteria, exerting an antimicrobial effect on Gram-positive and Gram-negative
producing lysis in the peptides of the membrane of microorganisms. Certain studies have pro-
posed that Ag NPs prompt neutralization of the surface electric charge of the bacterial mem-
brane and change its penetrability, leading to bacterial death [33, 34]. On the other hand, the
size of bacteria is measured in microns, three orders of magnitude greater than the nanopar-
ticles obtained by green synthetic methods; therefore, the probability that the nanoparticles
meet bacteria is higher when the size of Ag NPs is smaller. As it is known, the properties of Ag
NPs depend on their size and shape, consequently, their controllable synthesis represents a
key challenge to achieve their more desirable characteristics [13]. The development of reliable,
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eco-friendly processes for the synthesis of nanomaterials is an important aspect of nanotech-
nology [35]. The synthesis of Ag NPs by eco-friendly agents represents an environmental and
economically sustainable biological method that minimizes the costs and provides the benefits
and properties of native plants and herbs such as Chenopodium ambrosioides. We have stud-
ied that there is huge potential of Mexican medicinal plants [36], among them, Chenopodium
ambrosioides (Mexican Epazote) has been utilized in traditional cuisine and folk medicine since
ancient times [18], it has demonstrated diverse pharmacological applications, it is also useful
for healing of skin ulceration, and shows anti-inflammatory and antitumor properties [19, 37].
It is difficult to assign a single component of being responsible for the bioreduction; however,
it is considered that the main chemical constituents involved in this process are mainly mono-
terpenoids, sesquiterpenoids, and flavonoids, among others [38].

To understand the way by which the nanoparticles adhere to the suture threads, it is neces-
sary to describe the composition of the threads. Catgut was the first bioabsorbable suture
made from animal intestines braided together to constitute a single strand, consisting mainly
of collagen [39]. The collagen helix is a type of secondary structure protein consisting of
amino groups. It is well known that silk is formed by two main proteins (sericin and fibroin).
Fibroin consists mainly of recurrent amino acids sequence, containing carboxylic functional
groups besides amino groups. Both show affinity to metallic atoms and cations, also, possess
reducing properties. For this reason, carboxylic and amino groups could be responsible for
the stabilization and capping of the silver nanoparticles [40].

It is important to consider that by electrostatic attraction the silver nanoparticles remain
adhered to the threads, ensuring that there are not released into the oral environment. Besides,
high surface area to volume ratio, allows Ag NPs to be effective in very small amounts [41],
thus, we consider that the use of these type of bionanocomposites is an alternative approach
to combat the bacterial resistance toward conventional antibiotics [42, 43], reducing as much
as possible, the exaggerated prescription antibiotic schemes, affecting the systemic health of
the patient; nonetheless, in vivo studies are required.

5. Conclusions

One of the pillars of oral surgery is based on a surgical procedure in an aseptic field, so it is
essential to implement all means to achieve it, the bionanocomposites here presented can be
effective for the treatment of periodontal surgery, being a useful tool against resistant bacte-
ria. In this study, Chenopodium ambrosiodes turns out to be an appropriate reducing agent for
coating natural suture threads with Ag NPs. The formed bionanocomposites possess impor-
tant antibacterial activity against S. aureus and E. coli. This is an option that may help to reduce
the harmful effect of the major pathogens while representing an attractive option as part of
the eco-friendly materials, which would result not only in less expensive drugs but also in
substances with a minor risk to human health and the environment.
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Abstract

The Ag nanoparticles and nanoclusters (AgNP, AgNC) have been widely used due
to their multiple applications, for example, in catalysts for CO, to CO electrochemical
reduction, O, reduction in fuel cells, interface design for plasmonic resonance experi-
ments and H,O, or glucose sensors. The chemical methods most used to obtain AgNP,
reported in the literature are: borohydride reduction, the Tollens method or the sonica-
tion at high concentrations of AgNO,. One important disadvantage of these methods is
the multiple steps required for electrode design, especially in carbon materials, and one
of them is MWCNTs, used in some applications mentioned above. Electrodeposition has
been reported in the preparation of metallic particles. In this chapter, we described the
electropolishing method in the preparation of AgNP and AgNC supported on MWCNT
film. An advantage of this proposed method is that it allows obtaining AgNP and AgNC
in situ, supported on carbon matrices, ready to use as electrodes in different applications.

Keywords: silver nanoparticles, silver nanoclusters, electropolishing method,
multiwall carbon nanotubes, carbon film electrode

1. Introduction

Ag nanoparticles (AgNP) have been widely used in multiple applications related to energy
and storage, in the electrocatalytic conversion of CO, to CO [1]; in the spectroscopic analy-
sis by enhancing the plasmonic resonance effect [2]; in the environmental remediation by

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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degrading highly toxic compounds [3]; for biosensor design with H,O, detection systems [4],
and in many molecular interaction technologies with DNA, RNA and proteins [5].

Different methods for the synthesis and preparation AgNP have been reported; one of the
most implemented technologies is the physical methods based on evaporation-condensation
and laser ablation; these methods offer high reproducibility and no chemical contamination.
The AgNP size achieved by the physical methods is around 10-100 nm layers [6, 7].

The chemical methods normally used convey a reduction step; one of the most widely used
is the borohydride reduction in which the injection method is preferred to provide AgNP of
17 £ 2 nm by using a polymeric template [8, 9]. In the borohydride method, the silver cation
is reduced by the free electron pairs on borohydride molecule [10, 11]. In the same way, the
Tollens reagent for [Ag(NH,),]" reduction with saccharides is a chemical reduction method;
this method allows 50 nm as the smallest size by controlling the ammonia and saccharide
concentration [12-14].

Other methods, as the assisted methods, implement techniques of radiation like the pho-
toinduced method in which AgNP are synthesized with Ag* by exposure to UV light and
nucleate around a polymer matrix as polyvinyl alcohol. Other polymers as carboxymethyl-
ated chitosan or Triton molecules allows AgNP synthesis by changing the light intensity [15].
Similar to this UV light, the microwave-assisted synthesis is possible using the same reduc-
ing agents and the same silver ion source [16]. Finally, the greener methods are based on the
reduction principle by the implementation of polymers and polysaccharides. These methods
are similar to the chemical reduction technologies; nevertheless, the reduction is performed
in a biodegradable polymer source like starch and the reaction is performed in mild condi-
tions [17, 18].

The biological organism like bacteria, fungi, algae and plants allows the synthesis of silver
nanoparticles in mild conditions. Nevertheless, these organisms need to be tolerant to the
presence of silver on water. Moreover, these syntheses are in the real sense working as the
previously discussed chemical and polymer-assisted methods. Biological-assisted synthesis
is complex but in general terms the living organism provides several reducing agents or tem-
plates for silver cations as example proteins and peptides provide several amino acids with
free electron pairs as Tyr residues and carboxyl groups in Asp/Glu residues [19], enzymes like
Cyt C, NADH-dependent reductase, nitroreductase are able to transfer electrons and reduce
free silver cations [20-22]. Different cells which produce polysaccharides in the cell’s wall
are perfect nucleation sites for silver proliferation. Also, chitosan and other biopolymers are
suitable as templates for particle arrangement. In the case of plants and algae, the plethora of
organic xenobiotics is cumbersome, and many molecules as flavonoids, catechols and poly-
phenols are able to reduce silver [23, 24].

In the previous paragraphs, different methods have been described for the synthesis of
AgNPs. However, in the practical use of nanomaterials, some difficulties must be overcome;
one of them is to avoid the formation of aggregates when they are handled directly. The pres-
ence of aggregates often overrides their unique functionalities. Therefore, it is very important
to implement immobilization techniques for metallic NPs on easily handled supports.
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The immobilization of AgNP into several matrices of synthetic and natural polymers has been
reported with some success. One of the methods of incorporation and direct immobilization is
the electrodeposition of AgNP on different matrices. Silver electrocrystallization studies have
been reported in the last decades, and the understanding of silver electrodeposition process is
reached on plane electrodes. The role of electrode nature and the effects of ionic metal concen-
tration determine the kinetic, morphology, nucleation and growth during the electrodeposition
process [25-27]. In the same way, carbon nanomaterials such as graphene and MWCNT pro-
vide a nanostructure which may facilitate the AgNP immobilization and the established pro-
cedures can be transferred to design AgNP. Techniques as potentiostatic double pulse (PDP)
and chronoamperometry [28] have been implemented to obtain silver nanoclusters in different
modified carbon materials like graphene intercalated with poly(sodium 4-styrenesulfonate)
[29, 30]. The electrodeposits obtained by these techniques on substrates like MWCNT are com-
monly in the range of 100 nm to 1 mm [28]. Likewise, the obtainment of AgNP of controlled
sizes by applying potential sweeps has been achieved in the presence of the chloride ion, which
acts as an “abrasive” that modulates the nanoparticle to the required size from massive silver
electrodes to obtain AgNP of 10-100 nm [31, 32].

It is clear that the direct immobilization and the specific size of the AgNP become a challenge
for the different applications, in addition to the growing interest of conjugating the activity of
these nanoparticles with nanostructured carbon materials.

This chapter describes the obtainment of silver nanoparticles and silver nanoclusters (AgNC)
by the electropolishing of micrometer silver obtained with electrodeposition on MWCNT film
electrodes. The procedure involves anodic stripping voltammetry in the presence of chloride
ions as a polishing agent. The effect of the MWCNT functionalization in the formation of
AgNP and AgNC is shown. This method is a straightforward proposal which enables the
redesign of micrometric Ag deposits to nanometric size and is adaptable to already existing
electrodeposition procedures. An advantage of this method is the obtainment electrodes with
AgNP or AgNC supported on MWCNT films ready for direct use in different applications.

2. General techniques

2.1. Silver electrodeposition

An electrochemical three-electrode cell was used, with a Pt mesh as a counter electrode, ref-
erence electrode sulfate saturated electrode (SSE, 0.644 V vs. NHE). As working electrodes,
different carbon film electrodes (CFEs) were used, prepared from an ink containing MWCNT
and Nafion (see below) and supported on glassy carbon (GC) as a current collector. The sil-
ver electrodeposition is carried out in 10 mM AgNO,/1 M KNO,, pH = 7 system. Different
potential values were selected (between —0.05 and —-0.100 V range) and applied a potential
pulse during 30 s to obtained silver deposits on the different CFEs. The AgNP and AgNC
were obtained through the remodeling and sculpturing of Ag deposits using anodic stripping
voltammetry in a system free of silver ions:100 mM KCl/100 mM K HPO,/KH,PO,, pH =7
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at 20 mV/s; the scan was initiated from open circuit potential (OCP) to positive direction.
All the electrochemical measurements were taken with a Basic Autolab W/PGSTAT30 & FRA
equipment using Nova 3.1 software; all the electrolytes were prepared with analytical-grade
reagents and deionized water (18 MQcm) using a Milli-QTM system.

2.2. Electrode preparation

The carbon film electrodes (CFEs) were prepared from an ink containing 3 mg MWCNT,
1 ml Nafion (0.05%) and isopropylic alcohol, mixed by sonication for 1 h. After, 3 pl of this
ink was applied by dropping cast on GC and dried at room temperature. Before the drop-
ping cast step, the GC surface was polished with fine 600 grit silicon carbide sandpaper, once
rinsed GC was polished with cloth and alumina of 0.3 and 0.05 um. MWCNTs were com-
mercial with the following characteristics: 95% purity, 5-15 um long, 2-7 nm ID and 10 nm
OD (Nanostructured & Amorphous Materials Inc.). The MWCNTs were functionalized using
reflux in 65% HNO3 at different times: 2, 10 and 24 h. After the reflux step, the MWCNTs were
washed with MiliQ water until pH 7 was reached, filtrated with 50 nm nitrocellulose filters.
CFEs elaborated with functionalized MWCNT were identified in the manuscript as CFE2,
CFE10 and CFE24, and the number corresponds to the reflux time.

2.3. CFE morphology and Ag particle size

Scanning electronic microscopy (SEM) is used to describe the morphology of the MWCNT as
CFE after chemical treatment for every single reflux time, besides silver deposits were ana-
lyzed before and after electropolishing procedure. A scanning electron microscope (FE SEM
Hitachi 5-5500) was used to determine particle size, and distribution was obtained using the
Image] 1.50i software.

2.4. X-ray photoelectron spectroscopy

Finally, an X-ray photoelectron spectroscopy (XPS) was used to perform the quantification
of Csl and Osl, the spectra obtained from the average of three zones with a 400-um? ran-
domly selected area on the surface of each MWCNT material. The oxidize groups (hydroxyl,
carbonyl and carboxyl) were quantified by deconvolution performed with GNUPLOT Free
Software License 4.6 by multiple Gaussians fit.

3. Results and discussion

3.1. MWCNT morphology characterization

Figure 1 shows the SEM images corresponding to MWCNT with different reflux times (all
images show the same magnification). The morphology and structure change as reflux time
increases are presented. MWCNT in CFE2 shows few imperfections preserving structure pos-
sibly due to the treatment time reduction (Figure 1A). In the case of CFE10, the structures
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Figure 1. SEM images showing the morphology on: (A) CFE2, (B) CFE10 and (C) CFE24.

of MWNCT are preserved, but with lower diameter against CFE2, also many defects are
observed on the MWNCT surface (Figure 1B). Finally, CFE24 presents a drastic loss of struc-
ture with aggregate formation tendency (Figure 1C). It is well known that long functionaliza-
tion times affect MWCNT structure as has been already reported [33, 34].

3.2. X-ray photoelectron spectroscopy analysis

The MWCNT chemical surface composition was carried out through an XPS study. Figure 2
shows the XPS spectra in the Cs1 and Osl regions corresponding to MWCNT treated with
acid reflux at different times. The intensity of Csl decreases as the reflux time increases, in
contrast to the increase of Os1 peak in direct relation to the reflux time increase (Figure 2A, B).
The deconvolution of Osl for the MWCNT at 24 h is provided in Figure 2C. Four differ-
ent peaks are presented in every Ols signal, and the functional group positions used for the
deconvolution are C=0 (531.2 eV), O-C=0* (531.6 eV), C-OH (532.8 eV) and O=C-O (534.5 eV)
according to previous reports [33, 34]. Table 1 shows the ratio of oxygenated group intensities
on MWCNT with treatment against pristine MWCNT. At the treatment times of 2, 10 and 24
h in which case, the OH- and COO- groups are favored as time increases.

The XPS results show that reflux treatment provokes an increase in oxygen content with the
concomitant carbon decrease; the only difference is the oxygenated functional groups content
on every MWCNT. The generation of defects observed on SEM images is in direct correlation
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Figure 2. XPS spectra corresponding to MWCNT treated with acid reflux at different time. (A) Cs1, (B) Osl and (C)
deconvolution of Os1 for CFE24.
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MWCNT functionalization time (h) MWCNT/MWCNT,

C-OH =0 COO-
2 1.88 0.27 0.46
10 2.90 0.99 1.94
24 5.15 221 3.57

Table 1. Relative appearance of functionalized groups against pristine MWCNT obtained by deconvolution of Ols
shown in Figure 2B.

with the surface functionalization produced by this treatment. The relationship of these oxi-
dized MWCNT surfaces on the silver electrodeposition process and remodeling will be dis-
cussed in further sections.

3.3. Electrodeposition of micro silver particles on MWCNT

With the aim of establishing the conditions for the silver electrodeposition process, a cyclic
voltammetry study (CV) in 10 mM AgNO,/1 M KNO, system was carried out to describe
the potential range of silver electrodeposition at 20 mV/s. The scan initiates at open circuit
potential (OCP) in the negative direction up to the potential limit of 0.6 V where the sweep
direction is reversed to the uppermost potential at 0.6 V vs. SSE. Figure 3 shows the responses
corresponding to the different CFE (indicated in the figure); in all cases, two reduction steps
are depicted by Redl and Red2. In the reverse direction, the Ox1 peak is observed which
corresponds to the redissolution process of the previously deposited silver. Noteworthy, den-
sity currents descend with MWCNT functionalization time; it is important to note that the
deposition potentials are dependent on the electrode type. In Table 2, potential values for
Red1 and Red2 are shown. This proves that silver deposition involved two processes. The

4.0E-03 o Oxl1

J0E03 1

Red2  Redl Red2  Redl

E (V vs 55E)

Figure 3. Cyclic voltammetry responses obtained in 10 mM AgNO,/1 M KNO, system correspond to silver deposition
on: (i) CFE2, (ii) CFE10 and (iii) CFE24. The scan started from OCP to negative direction at 20 mV/s, in the potential range
-0.6t0 0.6 V vs. SSE.
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Electrode Red1(V vs. SSE.) Red2 (V vs. SSE.)
CFE2 -0.133 -0.256
CFE10 -0.144 -0.200
CFE24 -0.186 -0.350

Table 2. Voltammetry parameters obtained of cyclic voltammetry studies for silver deposit.

lower reduction potentials observed at Redl are possibly related to an energetically favor
step due to more accessible physical sites. The higher electrodeposition potentials observed at
Red2 indicate sites with difficult access for Ag* cation into the MWCNT matrix. The presented
results show that there is a clear influence of the MWCNT surface chemistry on the silver
electrodeposition process.

Considering the CV results discussed above, different potentials values were selected for Ag
electrodeposition applying a 30 s pulse on every matrix. The electrodes obtained from this
procedure are defined as Ag® . /CFE2, Ag® . /CFE10 and Ag°® . /CFE24 for the applied
potential of —0.083, —0.09 and —0.130 V vs. SSE, respectively. SEM images allow a description
of the micrometric deposits; in all the cases, it is clear that MWCNTs are gradually covered
by Ag® (Figure 4A-C). Silver intercalation is observed in MWCNT's matrix. In other areas, the
presence of agglomerates is such that MWCNTs are no longer visible, and they are covered
up in the silver deposits.

No matter the functionalization and the imperfections on the MWCNT surface, the micro-
metric silver electrodeposition was successful in three electrodes. The results presented here
indicate that the silver micrometric electrodeposition process is independent of the MWCNT
chemical surface moieties. Similar results have been previously reported, showing the micro-
metric silver on MWCNT after electrodeposition process which indicates that other steps may
be needed to achieve AgNP by these techniques [29, 30]. An electropolishing procedure is
proposed to take advantage of the different MWNCT chemical surface, and it is evinced that
this procedure will act as a modulator for AgNP obtainment; the results are discussed in the
next section as the following step after the electrodeposition process.

Figure 4. SEM images corresponding to (A) Ag®

/CFE2, (B)Ag® . /CFE10 and (C)Ag®, . /CFE24.
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3.4. Electropolishing of micrometric silver particles toward achieving AgNP and
AgNC

To obtained AgNP and AgNC, a program of anodic stripping cycles in 100 mM KC1/100 mM
K,HPO,/KH, PO, pH =7, at 20 mV/s was applied. Figure 5 shows SEM images correspond-
ing to AgNP obtained after the remodeling process. For AgNP/CFE2, dispersed particles of
approximately 10 nm size (Figure 5A) are observed. On the other hand, for AgNP/CFE10
particles are around 20 nm, and a low population of them is observed (Figure 5B). Finally,
the particles presented in AgNP/CFE24 are preferentially in the 10-20 nm range, and they are
covering most of the MWCNT matrix (Figure 5C).

The formation of Ag nanocluster (AgNC) on MWNCT surface by electrochemical methods
is scarcely reported [29, 30]. In our case, AgNC can be obtained from the electrodeposition
process on CFE24 in the system 1 mM AgNO,/1 M KNO, pH =7 applying a - 0.070 V vs. SSE
during 30 s. After anodic stripping voltammetry in similar experimental conditions described
previously, AgNC/CFE24 was obtained (Figure 6A). The AgNC are well dispersed with a size
between 1.2 and 1.8 nm (Figure 6B). Considering the atomic radii of Ag (0.144 nm), AgNC con-
tains approximately 8-12 silver atoms. These AgNC are even smaller than the ones obtained
by with poly(sodium4-styrenesulfonate) and oligonucleotides as intercalated agents, respec-
tively [29, 30].

The advantage of the electrochemical method for the obtainment AgNP/CFE and AgNC/CFE
is that these electrodes are ready for immediate use in different processes, such as electroca-
talysis, specifically in the electrochemical reduction of CO, and O,.

3.5. Steps involved in the formation of silver nanoclusters

What is the mechanism involved in the obtainment of AgNP and AgNC? When anodic strip-
ping voltammetry was applied to the MWCNT with silver microdeposits, the Ag* is liberated
to the bulk solution; in the presence of chloride anions, a AgCl(s) layer is formed (reaction 1).

Figure 5. SEM images of AgNP supported on different CFE: (A) AgNP/CFE2, (B) AgNP/CFE10 and (C) AgNP/CFE24
after electropolishing by anodic stripping voltammetry procedure.
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Figure 6. (A) SEM images of AgNC/CFE24 with deposit at 1 mM AgNO, after anodic stripping voltammetry procedure.
(B) Particle distribution histogram.
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Figure 7. Squematic representation of the electropolishing process for the obtainment of AgNP from Ag° _in 100 mM

KC1/100 mM K,HPO,/KH,PO, pH =7 at 20 mV/s.

micro

The direction of the scan is reverse to promote the reduction of AgCl(s) to obtain AgNP or
AgNC (reaction 2), and a representation of the process is presented in Figure 7. Then, the
10 consecutive stripping cycles allow the size modulation and the particle distribution of
MWCNT matrix. The catalytic activity of these AgNP and AgNC has been recently reported
for the electrochemical formate synthesis from CO, [35].

Agl -e — Ag'+Cl” —» Ag(Cl, 1)

micro

AgCl +e — Ag).+Cl (2)
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4. Conclusions

This chapter describes an outstanding methodology for the obtainment of in situ generating
AgNP and AgNC on MWCNT film electrodes. This methodology allows the size modulation
and the immobilization of the immediate application in catalytic processes such as the elec-
trochemical reduction of O2 and CO2. The silver electrodeposition process is facilitated by
the proper MWCNT functionalization; an original electropolishing process is applied for the
AgNP and AgNC obtainment. This method markedly outstrips the existing procedures which
are characterized by being more expensive and with multiple synthesis steps.

Acknowledgements

The authors acknowledge the financial support of PAPIIT-DGAPA-UNAM-IN201815 and
Engineer Rogelio Elvira Moran for technical support in obtaining SEM images. Andrés
A. Arrocha Arcos thanks the PhD scholarship granted by CONACYT.

Author details

Andrés Alberto Arrocha Arcos and Margarita Miranda-Hernandez*
*Address all correspondence to: mmh@ier.unam.mx

Institute of Renewable Energies, National Autonomous University of Mexico, Temixco,
Morelos, México

References

[1] Kim C et al. Achieving selective and efficient electrocatalytic activity for CO, reduc-
tion using immobilized silver nanoparticles. Journal of the American Chemical Society.
2015;137:13844-13850. DOI: 10.1021/jacs.5b06568

[2] SunR, LiS], YaoJL, GuRA. Surface enhanced Raman spectroscopy and theoretical stud-
ies on the electrochemical transformation processes of 4-aminothiophenol on au elec-
trode. Acta Chimica Sinica. 2007;65:1741-1745

[3] Cesarino I et al. Electrochemical degradation of benzene in natural water using silver
nanoparticle-decorated carbon nanotubes. Materials Chemistry and Physics. 2013;141:
304-309. DOI: 10.1016/j.matchemphys.2013.05.015

[4] Wan Q et al. In situ synthesized gold nanoparticles for direct electrochemistry of horserad-
ish peroxidase. Colloids and Surfaces. B, Biointerfaces. 2013;104:181-185. DOI: 10.1016/j.
colsurfb.2012.12.009



(8]

(10]

(11]

(12]

(13]

[14]

[15]

[16]

[17]

Electrochemical Formation of Silver Nanoparticles and Nanoclusters on Multiwall Carbon...
http://dx.doi.org/10.5772/intechopen.74056

Jin J et al. Nucleic acid-modulated silver nanoparticles: a new electrochemical platform
for sensing chloride ion. The Analyst. 2011;136:3629-3634. DOI: 10.1039/c1an15283a

YuA etal. Silvernanoparticle-carbonnanotube hybrid films: Preparation and electrochem-
ical sensing. Electrochimica Acta. 2012;74:111-116. DOI: 10.1016/j.electacta.2012.04.024

Tsierkezos NG et al. Nitrogen-doped multi-walled carbon nanotubes modified with
platinum, palladium, rhodium and silver nanoparticles in electrochemical sensing.
Journal of Nanoparticle Research. 2014;16:1-13. DOI: 10.1007/s11051-014-2660-3

Zamiri R et al. Laser based fabrication of chitosan mediated silver nanoparticles. Applied
Physics A: Materials Science & Processing. 2011;105:255-259. DOI: 10.1007/s00339-011-
6525-7

Chen RH, Phuoc TX, Martello D. Effects of nanoparticles on nanofluid droplet evapora-
tion. International Journal of Heat and Mass Transfer. 2010;53:3677-3682. DOI: 10.1016/j.
ijheatmasstransfer.2010.04.006

Noordeen S, Karthikeyan K, Parveen MN. Synthesis of silver nanoparticles by using
sodium borohydride as a reducing agent. International Journal of Engineering Research
Technology. 2013;2:388-397. DOI: 10.13140/2.1.3116.8648

Van Hyning DL, Klemperer WG, Zukoski CF. Silver nanoparticle formation: Predictions
and verification of the aggregative growth model. Langmuir. 2001;17:3128-3135. DOI:
10.1021/1a000856h

Soukupova ], Kvitek L, Panacek A, Nevécna T, Zbofil R. Comprehensive study on surfac-
tant role on silver nanoparticles (NPs) prepared via modified Tollens process. Materials
Chemistry and Physics. 2008;111:77-81. DOI: 10.1016/j.matchemphys.2008.03.018

Pal S et al. Site-specific synthesis and in situ immobilization of fluorescent silver nano-
clusters on DNA nanoscaffolds by use of the tollens reaction. Angewandte Chemie -
International Edition. 2011;50:4176-4179. DOI: 10.1002/anie.201007529

Dondi R, Su W, Griffith GA, Clark G, Burley GA. Highly size- and shape-controlled
synthesis of silver nanoparticles via a templated tollens reaction. Small. 2012;8:770-776.
DOI: 10.1002/sml1.201101474

Huang L et al. UV-induced synthesis, characterization and formation mechanism of sil-
ver nanoparticles in alkalic carboxymethylated chitosan solution. Journal of Nanoparticle
Research. 2008;10:1193-1202. DOI: 10.1007/511051-007-9353-0

Perelaer ], Klokkenburg M, Hendriks CE, Schubert US. Microwave flash sintering of
inkjet-printed silver tracks on polymer substrates. Advanced Materials. 2009,21:4830-4834.
DOI: 10.1002/adma.200901081

Raghavendra GM, Jung J, Kim D, Seo J. Step-reduced synthesis of starch-silver nanoparti-
cles. International Journal of Biological Macromolecules. 2016;86:126-128. DOI: 10.1016/;.
ijpiomac.2016.01.057

273



274 Silver Nanoparticles - Fabrication, Characterization and Applications

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

Kim B et al. Novel synthesis of porous silver nanostructures using a starch template and
their applications toward plasmonic sensors. Chemphyschem. 2013;14:2663-2666. DOL:
10.1002/cphc.201300278

Zaheer Z, Rafiuddin. Nucleation and growth kinetics of silver nanoparticles prepared
by glutamic acid in micellar media. International Journal of Chemical Kinetics. 2012;44:
680-691. DOI: 10.1002/kin.20711

Wallace JM et al. Silver-colloid-nucleated cytochrome c superstructures encapsulated in
silica nanoarchitectures. Langmuir. 2014;20:9276-9281. DOI: 10.1021/1a048478u

Talekar S et al. Preparation of stable cross-linked enzyme aggregates (CLEAs) of NADH-
dependent nitrate reductase and its use for silver nanoparticle synthesis from silver
nitrate. Catalysis Communications. 2014;53:62-66. DOI: 10.1016/j.catcom.2014.05.003

Syed B et al. Synthesis of silver nanoparticles by endosymbiont pseudomonas fluores-
cens CA 417 and their bactericidal activity. Enzyme and Microbial Technology. 2016;95:
128-136. DOI: 10.1016/j.enzmictec.2016.10.004

Banerjee P, Satapathy M, Mukhopahayay A, Das P. Leaf extract mediated green synthe-
sis of silver nanoparticles from widely available Indian plants: synthesis, characteriza-
tion, antimicrobial property and toxicity analysis. Bioresource Bioprocess. 2014;1:3. DOI:
10.1186/s40643-014-0003-y

Prasad R. Synthesis of silver nanoparticles in photosynthetic plants. Journal of Nano-
particles. 2014:1-8. DOI: 10.1155/2014/963961

Miranda-Hernandez M, Gonzalez I. Effect of potential on the early stages of nucleation
and growth during silver electrocrystallization in ammonium medium on vitreous car-
bon. Journal of the Electrochemical Society. 2004;151:C220. DOI: 10.1149/1.1646154

Miranda-Hernandez M, Palomar-Pardavé M, Batina N, Gonzalez I. Identification of
different silver nucleation processes on vitreous carbon surfaces from an ammonia
electrolytic bath. Journal of Electroanalytical Chemistry. 1998;443:81-93. DOI: 10.1016/
50022-0728(97)00487-7

Miranda-Hernandez M, Gonzalez I, Batina N. Silver electrocrystallization onto car-
bon electrodes with different surface morphology: Active sites vs surface features. The
Journal of Physical Chemistry. B. 2001;105:4214-4223. DOI: 10.1021/jp002057d

Ding YF, Jin GP, Yin JG. Electrodeposition of silver nanoparticles on MWCNT film elec-
trodes for hydrogen peroxide sensing. Chinese Journal of Chemistry. 2007;25:1094-1098.
DOI: 10.1002/cjoc.200790204

Jin S et al. Stable silver nanoclusters electrochemically deposited on nitrogen-doped
graphene as efficient electrocatalyst for oxygen reduction reaction. Journal of Power
Sources. 2015;274:1173-1179. DOI: 10.1016/j.jpowsour.2014.10.098

Lopes JH, Ye S, Gostick JT, Barralet JE, Merle G. Electrocatalytic oxygen reduction
performance of silver nanoparticle decorated electrochemically exfoliated graphene.
Langmuir. 2015;31:9718-9727. DOI: 10.1021/acs.Jangmuir.5b00559



[31]

(32]

[33]

[34]

[35]

Electrochemical Formation of Silver Nanoparticles and Nanoclusters on Multiwall Carbon...
http://dx.doi.org/10.5772/intechopen.74056

Hsieh YC, Senanayake SD, Zhang Y, Xu W, Polyansky DE. Effect of chloride anions on
the synthesis and enhanced catalytic activity of silver nanocoral electrodes for CO, elec-
troreduction. ACS Catalysis. 2015;5:5349-5356. DOI: 10.1021/acscatal.5b01235

Zhang L, Wang Z, Mehio N, Jin X, Dai S. Thickness- and particle-size-dependent
electrochemical reduction of carbon dioxide on thin-layer porous silver electrodes.
ChemSusChem. 2016;9:428-432. DOI: 10.1002/cssc.201501637

Wepasnick KA et al. Surface and structural characterization of multi-walled carbon
nanotubes following different oxidative treatments. Carbon N. Y. 2001;49:24-36. DOI:
10.1016/j.carbon.2010.08.034

Lehman JH, Terrones M, Mansfield E, Hurst KE, Meunier V. Evaluating the character-
istics of multiwall carbon nanotubes. Carbon N. Y. 2011;49:2581-2602. DOI: 10.1016/;.
carbon.2011.03.028

Arrocha-Arcos AA, Cervantes-Alcala R, Huerta-Miranda GA, Miranda-Hernandez M.
Electrochemical reduction of bicarbonate to formate with silver nanoparticles and sil-
ver nanoclusters supported on multiwalled carbon nanotubes. Electrochimica Acta.
2017,246:1082-1087. DOI: 10.1016/j.electacta.2017.06.147 /j.electacta.2017.06.147

275



il

Edited by Khan Maaz

Silver nanoparticles are the subject of immense interest because of their distinct
chemical and physical properties that are different from their bulk counterpart. This
makes these nanoparticles very important in many fields including antimicrobial
applications, biosensor materials, composite fibers, cryogenic superconducting
materials, cosmetic products, and electronic components. This book aims to provide
in-depth study and analysis of various fabrication, characterization, and application
techniques of silver nanoparticles that lead these nanoparticles very important in the
recent technology. This book presents deep understanding of the new techniques from
basic to the advanced level. This book addresses scientists, engineers, doctoral and
postdoctoral fellows, and technical professionals working in specialized fields.

78-1-83881-546-

ISBN 9 6-2
9“78 15462H

1838"8

Published in London, UK
© 2018 IntechOpen

© polesnoy / iStock InteChOpen



	Silver Nanoparticles - Fabrication, Characterization and Applications
	Contents
	Preface
	Section 1
Synthesis and Properties
	Chapter 1
Synthesis of Silver Nanoparticles
	Chapter 2
Silver Nanoparticles: Synthesis, Characterization and Applications
	Chapter 3
Synthesis and Optical Properties of Highly Stabilized Peptide- Coated Silver Nanoparticles
	Chapter 4
Synthesis, Characterization and Antimicrobial Properties of Silver Nanocomposites

	Section 2
Applications
	Chapter 5
Application of Silver Nanoparticles for Water Treatment
	Chapter 6
Antibacterial Effect of Silver Nanoparticles Versus Chlorhexidine Against Streptococcus mutans and Lactobacillus casei
	Chapter 7
Biological Activity of Silver Nanoparticles and Their Applications in Anticancer Therapy
	Chapter 8
Silver Nanoparticles and PDMS Hybrid Nanostructure for Medical Applications
	Chapter 9
Exploring the Effect of Operational Factors and Characterization Imperative to the Synthesis of Silver Nanoparticles
	Chapter 10
Assessment of Nano-toxicity and Safety Profiles of Silver Nanoparticles
	Chapter 11
Use of Silver Nanoparticles as Tougheners of Alumina Ceramics
	Chapter 12
Modification of Electrical Properties of Silver Nanoparticle
	Chapter 13
Antimicrobial Effect of Silk and Catgut Suture Threads Coated with Biogenic Silver Nanoparticles
	Chapter 14
Electrochemical Formation of Silver Nanoparticles and Nanoclusters on Multiwall Carbon Nanotube Electrode Films


