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PREFACE 
 

 

Nanotechnology is a ground breaking scientific innovation with significant 

activities that includes the production and application of nanostructures. It is an 

emerging technology that will contribute to economic prosperity by providing 

solutions to challenges that face modern day economies for the sustainability of 

mankind’s development. Its applications cut across many scientific boundaries, 

from electronics to medicine, to advance manufacturing, to cosmetics. Silver 

nanoparticles are the most widely produced and marketed nanoparticles. This is 

due to their outstanding plasmonic activity, anti-cancer activity, disinfectant, 

bacterial inhibitory and bactericidal effects compared with the other metal 

nanoparticles. This book provides new research on the advances and the many 

applications of silver nanoparticles. 

Chapter 1 - Research interest towards the synthesis of silver nanoparticles 

has grown tremendously in the recent years due to their application in the 

biomedical field, catalysis, optics, electronic to mention a few. These 

applications have triggered the synthesis of silver nanoparticles via several 

chemical and biological methods. The chemical methods can lead to absorption 

of hazardous chemicals on the surface of the nanoparticles thus, causing 

undesired toxicity issues and limit their biomedical applications. Owing to the 

important attributes silver nanoparticles has in the biomedical field such as 

disinfectant, antimicrobial, and as anti-cancer agents, their synthesis via a 

sustainable process is paramount for their usefulness in all these diverse 

applications. These sustainable processes take advantage of the green chemistry 

principles by employing green reagents to avoid the use of hazardous substances 

and in support of environmental sustainability. Nature has blessed the earth with 

an immense diversity of natural endowments such as plants of different species, 

DNA, RNA, proteins, and microbes which are readily available as biomaterials 
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towards a more sustainable green synthesis of nanomaterials. However, among 

all these naturally occurring material, extracts of diverse range of plant species 

have been preferentially used in synthesising silver nanoparticles. This is due to 

their vast availability in nature which can be easily incorporated into large-scale 

production of nanomaterials and their rich source of phytochemicals with added 

medicinal values. These phytochemicals have the natural tendency to reduce 

silver ions to silver nanoparticles. In addition, plant’s materials are 

biodegradable with little or no adverse effect on the environment and are 

important as medicines, flavours, fragrances, pigments, insecticides and other 

fine chemicals. Many research groups have reported the synthesis of silver 

nanoparticles using plant extract of different species and their applications 

mostly in the biomedical field. This chapter will look into silver nanoparticles 

synthesis, characterization, and application in the different biomedical field. 

Chapter 2 - Polyethylene terephthalate (PET) was selected in this work 

based on excellent properties, being widely used in many applications. Various 

strategies of surface modification have been developed over the time, because 

the response of the devices is largely controlled by surface chemistry and 

structure of the material. 

In this chapter, PET was studied regarding the interactions at the polymer 

surface after plasma functionalization and immobilization of proteins in order 

to improve the adhesion properties. Obtaining the semisynthetic materials has 

enabled the generation of devices for medical applications, finding the optimal 

compatibility between two materials: one synthetic (polyester) and one natural 

(collagen). Biomolecules derived from or part of the extracellular matrix (e.g., 

gelatin, collagen, fibronectin) such as anti-inflammatory agents, anti-

coagulantagents were immobilized. Collagens are by far the most abundant 

proteins that constitute up to 90% of the extracellular matrix of a tissue, thus 

imparting its structural integrity. Type I collagen is the major component of the 

extracellular matrix, and numerous reports have shown that collagen promotes 

higher cell adhesion and proliferation on the material. That can be subsequently 

used for the immobilization of biologically active molecules, furthermore, 

cellular growth (stem cells) on new supports. 

Synthesis of metal nanoparticles (NPs) is an expanding research area due to 

the wide range of their applications in various fields. The controlled manner of 

silver nanoparticles release from polymer/metal nanocomposites can be useful 

for biotechnological applications, antibacterial and coating for biomedical 

activities. Conjugated polymers could induce nano-Ag to form compact 

structure, fill up the vacancy between nano-Ag, and enhance not only electron-

transfer between nano-Ag and also adhesion on PET substrate. 
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In this chapter the interaction between PET/collagen and silver ions was 

investigated by FTIR spectroscopy, atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS), SAXS spectrometry. The new results 

obtained the PET/collagen complex silver ions open ofer new possibilities for 

applications in biotechnology and nanomedicine. 

Chapter 3 - Ordered mesoporous silica have often been used as supports for 

various metal nanoparticles due to their high specific surface areas, high pore 

volumes and narrow pore size distributions. However, it is hard to obtain 

homogeneous metal dispersion and distribution due to low support-precursor 

interactions when the traditional impregnation method is used. This chapter 

reviews a new developed method of preparing supported Ag nanoparticles and 

nanowires in supercritical CO2. Cheap inorganic salt AgNO3 is used as 

precursor, mesoporous SBA-15 and KIT-6 are used as substrates, supercritical 

CO2 is used as solvent and ethanol or the mixture of ethanol and ethylene glycol 

are used as co-solvents. Superior to traditional impregnation method, large 

aggregates of nanoparticles outside of the nanochannels could be usually 

avoided due to the near-zero surface tension of supercritical fluids. The 

operating parameters of interest including the deposition pressure, temperature, 

time and the amount of the precursor are summarized to demonstrate the 

optimum parameters influencing the deposition results. The thermodynamics 

and kinetics of AgNO3 adsorption on SBA-15 from scCO2 and co-solvent are 

investigated to further understand the experimental process and the mechanism. 

Finally, the underlying mechanism of supercritical fluid deposition method 

based on AgNO3 and a specific co-solvent is described.  

Chapter 4 - Porous silicon (PSi) have attracted remarkable concerns and 

found tremendous importance widespread in both fundamental research and 

industrial applications. At modern time PSi is considering as a key material in 

many industrial sectors such as electronics, sensors and photonics. Additionally, 

the interest to PSi nanostructures containing noble metal nanoparticles was 

recently found. Silver nanoparticles are the subject of specific increasing 

features due to their strongest plasmon resonance in the visible spectrum. Such 

materials could be widely used for variety applications as solar cells, absorbents, 

lightings, catalysts, and for biological sensors. At the present report a novel 

technological approach based on low-energy ion implantation is suggested and 

realized to create PSi layers with silver nanoparticles on the crystalline surface 

of Si wafers. It is demonstrated that using high-dose Ag-ion implantation of 

silicon with the energy of 30-60 keV the surface PSi structures with silver 

nanoparticles can be successfully fabricated. Also the fabricated plasmonic 
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material - Ag:PSi is tested for Surface Enhanced Raman Scattering - SERS 

sensor application. 

Chapter 5 - Nanostructures of noble metals are being investigated for their 

applications in areas of biology and biotechnology, biological labeling, 

photothermal, photonics, optoelectronics, catalysis, surface-enhanced Raman 

scattering (SERS) detection etc. Among the metal nanoparticles, silver 

nanoparticles are well known for their size dependent properties as well as 

antibacterial activities. Pulsed laser ablation in liquid (PLAL) is a physical 

synthesis technique to obtain ultra-pure nanoparticles of metals, semiconductors 

and ceramics which is a green synthesis compared to other chemical methods. 

In this chapter, we describe antifungal activities of silver nanoparticles produced 

by pulsed laser ablation of a high purity silver target in distilled water. The 

chapter includes details of the synthesis of silver nanocolloids using PLAL and 

their characterization using various techniques. Antifungal activities of these 

silver nanocolloids on fungi such as Aspergillus niger and Penicillium spp are 

explained. These filamentous fungi are responsible for the deterioration of 

storage life of fruits and vegetables worldwide. The effects of heterogeneous 

shaped silver nanoparticles produced by PLAL in these two fungal species 

probed in vitro are discussed. The nanoparticle concentrations from 31.8 to 74.2 

mg/L were able to delay mycelium growth and sporulation in both species at the 

conditions probed. These results open up more biological applications of 

nanoparticles synthesized by PLAL.  

Chapter 6 - The field of nanotechnology has gained momentum over the 

past two decades with a broad range of potential applications, such as increasing 

bioavailability of a drug, biological labeling, cancer treatmen, biosensing, 

antibacterial activity, antiviral activity, detection of genetic disorders and gene 

therapy. Advances in this field are mainly dependent on the ability to form 

nanoparticles of various materials, sizes, and shapes, and to efficiently assemble 

these particles into complex architectures. Nanoparticles are particles with a 

maximum size of 100 nm. These particles have unique properties, which are 

quite different than those of larger particles. The most prominent nanoparticles 

for medical uses are noble metal nanoparticles such asnanosilver which are well 

recognized for their remarkable physical, chemical, optical, electronic, 

magnetic, catalytic and anti-microbial propertiesof silver nanomaterial allows 

for their utilization in various scientific applications such as sensors, 

nanophotonics devices biology, drug delivery, cancer treatment, photothermal 

therapy, diabetic healing, solar cells, catalysis, cooling system, surface-

enhanced Raman spectroscopy, inkjet-printer, imaging sensing, biology and 

medicine, optoelectronics and magnetic devices. There are many methods for 
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the synthesis of silver nanoparticles such as chemical reduction, electrochemical 

reduction, photochemical reduction, microemulsion, chemical vapor deposition, 

microwave assisted, hydrothermal method, spray pyrolysis, laser ablation, 

radiolysis and sonochemical method, etc. 

From a practical point of view, the method of chemical reduction from 

aqueous silver nitrate solution is most preferable for obtaining silver 

nanoparticles which involve the reduction of relevant metal salts in the presence 

or absence of surfactants, which is necessary in controlling the growth of metal 

colloids through agglomeration.  

The synthesized nanoparticles were characterized using Atomic Force 

Microscopy (AFM), UV-visible spectrophotometer; X-ray diffraction (XRD) 

and Fourier transform infrared spectrometry (FTIR). 

Chapter 7 - The unique phisycochemical characteristics of metal 

nanoparticles (NPs) (i.e., catalytic activity, optical properties, electronic 

properties, antibacterial properties, magnetic properties) are gaining the interest 

of scientists for their wide applications (from microelectronics to human health). 

In particular, silver (that is the most studied and used), gold, titanium, zinc, etc. 

NPs are largely exploited for nanomedicine applications. The AgNPs 

antibacterial and antifungal properties allow them to be extensively used in 

medical devices and to be also present in several daily use commercialized 

products such as food and cosmetics. Indeed, silver and AgNPs are largely 

applied in the preparation of skin ointments and creams to prevent infection of 

burns and bloody wounds and silver-impregnated polymers are nowadays 

present in several implants. The most recent AgNPs applications for human 

health, are in the field of high sensitivity biomolecular detection, diagnostics, 

antimicrobials and therapeutics. During recent years, AgNPs have received 

significant attention in cancer management, being also suitable as theranostic 

agents. 

Regardless of the broad potentiality of the AgNPs use, there is still a lack 

of information concerning the increase exposure to AgNPs of humans, animals, 

plants and enviroments and their eventual short- and long-term toxicity. Indeed, 

in vitro studies indicate toxicity of AgNPs for skin, liver, lung, blood, and germ 

mammalian cells, by inducing cell cycle progression genes, Reactive Oxygen 

Species (ROS) production, DNA damage and cell deaths that suggest the 

application of AgNPs as anticancer agent. It is known that AgNPs have a better 

cytotoxic effects on liver cancer cell lines compared to normal ones. AgNPs in 

in vivo studies in adult rats and mice can reach several organs and cause toxicity 

while elicit developmental and structural malformations in non-mammalian 

embryos. Thus, to overcame toxicity (largely due to the release of Ag ions from 
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the NPs) and improve AgNPs performance a particular attention has been paid 

to the modality of synthesis. There is an increasing demand for green synthesis 

that ensures the absence of toxic byproducts. In fact, the approach used to 

synthesize AgNPs influences the response of cells by influencing the NPs 

surface characteristics. The NPs coating with molecules chosen among starch, 

glycans, PVP (poly(N-vinyl-2-pirrolidone), citrate, polymers, etc. is pivotal to 

block the release of Ag ions. 

In this work we will discuss the risks and the benefits of AgNPs to human 

health, in relation to nanomedicine by reviewing in vitro literature data and 

current applications in cancer theranostic. 
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GREEN SYNTHESIS OF SILVER 

NANOPARTICLES – NATURE CANNOT BE 

LEFT OUT 
 

 

Anyik John Leo1,2 and Oluwatobi S. Oluwafemi1,2, 
1Department of Applied Chemistry, University of Johannesburg, 

Doornfontein, Johannesburg, South Africa 
2Centre for Nanomaterials Science Research, University of Johannesburg, 

Johannesburg, South Africa 

 

 

BACKGROUND 
 

Research interest towards the synthesis of silver nanoparticles has 

grown tremendously in the recent years due to their application in the 

biomedical field, catalysis, optics, electronic to mention a few. These 

applications have triggered the synthesis of silver nanoparticles via several 

chemical and biological methods. The chemical methods can lead to 

absorption of hazardous chemicals on the surface of the nanoparticles thus, 

causing undesired toxicity issues and limit their biomedical applications. 

Owing to the important attributes silver nanoparticles has in the biomedical 

field such as disinfectant, antimicrobial, and as anti-cancer agents, their 

synthesis via a sustainable process is paramount for their usefulness in all 
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Africa. E-mail: Oluwafemi.oluwatobi@gmail.com. 
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these diverse applications. These sustainable processes take advantage of 

the green chemistry principles by employing green reagents to avoid the 

use of hazardous substances and in support of environmental sustainability. 

Nature has blessed the earth with an immense diversity of natural 

endowments such as plants of different species, DNA, RNA, proteins, and 

microbes which are readily available as biomaterials towards a more 

sustainable green synthesis of nanomaterials. However, among all these 

naturally occurring material, extracts of diverse range of plant species have 

been preferentially used in synthesising silver nanoparticles. This is due to 

their vast availability in nature which can be easily incorporated into large-

scale production of nanomaterials and their rich source of phytochemicals 

with added medicinal values. These phytochemicals have the natural 

tendency to reduce silver ions to silver nanoparticles. In addition, plant’s 

materials are biodegradable with little or no adverse effect on the 

environment and are important as medicines, flavours, fragrances, 

pigments, insecticides and other fine chemicals. Many research groups 

have reported the synthesis of silver nanoparticles using plant extract of 

different species and their applications mostly in the biomedical field. This 

chapter will look into silver nanoparticles synthesis, characterization, and 

application in the different biomedical field. 

 

 

1. INTRODUCTION 
 

Nanotechnology has revolutionised the scientific community ever since the 

concept was introduced by physics Nobel laureate Richard P Feynman in his 

famous lecture entitled ‘There’s plenty of room at the bottom’ at the December 

1959 meeting of the American Physical Society (Feynman, 1960). Nano-sized 

materials (1-100 nm) such as nano-rods, nanowires, nanotubes, and 

nanoparticles are being considered building blocks of nanotechnology for 

designing materials with unique and interesting optical, electronic and catalytic 

properties (Mohan et al., 2014) due to their small sizes and large surface area to 

volume ratio. These properties have made nano-sized materials unique and 

different from their corresponding bulk counterparts (Burda et al., 2005). 

Nanotechnology comes with its own challenges, as it generates waste products 

that undermined the safety of the environment with lack of appropriates policies 

to manage these new risks. The major concern includes potential reactivity and 

exposure to nanomaterials that have been dispersed into the environment (Justo-

Hanani and Dayan, 2015). The extensive applications of this new technology in 

cosmetics, personal care products, paints and coatings, household products like 

detergents, catalysts and lubricants, sports products and textiles, medical and 
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healthcare products, food and nutritional ingredients, food packaging and 

agrochemicals, veterinary medicines, construction materials and consumer 

electronics (Golovina and Kustov, 2013; Benelmekki Maria, 2015) have 

eventually opened a lot of possibilities for the subsequent released of these 

waste into the environment (Figure 1). This has become a big source of concern 

for the safety of the environment and human health. The studies on the toxicity 

of various engineered nanomaterials (Beer et al., 2012; Maurer-Jones et al., 

2013; Hadrup and Lam, 2014; Wang et al., 2014) suggest the need for caution 

though there is currently no sufficient information on their adverse effects on 

humans despite evidence of their presence in the environment (Kaegi et al., 

2010). The need to steer the development of nanomaterials towards more 

sustainable practices is a pressing issue for the future of nanotechnology (Cinelli 

et al., 2015). This has also put pressure on researchers to integrate green 

chemistry towards the synthesis of nanomaterials. Green chemistry (GC) is a set 

of principles or rather a chemical philosophy that encourages the design of 

products and processes that reduce or eliminate the use and generation of 

hazardous substances (Lu and Ozcan, 2015). The first-hand book of green 

chemistry was published by Prof. Paul Anastas and John Warner in 1998i n 

which they exposed the GC objectives, visions, and challenges and also 

illustrated the 12 principles of GC, a set of “design rules” to help chemists in 

developing GC (Epicoco et al., 2014). Green chemistry is aimed at thwarting 

waste, minimizing energy use, employing renewable materials, and applying 

methods that minimize risk (Rauwel et al., 2015). Utilization of non-toxic 

chemicals, environmentally benign solvents, and renewable materials are some 

of the key issues that merit important consideration in a green synthetic strategy 

due to their advantage in reducing environmental risks (Mohan et al., 2016a). 

The synthesis of nanomaterials from a natural organism has become a major 

research area in the field of nanotechnology and has led to a sub-branch called 

green nanotechnology. Greener approach in nanotechnology for synthesising 

nanoparticles has various advantages such as simplicity, cost effectiveness, 

compatibility for bio-medical and pharmaceutical applications as well as for 

large-scale commercial production. 
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Figure 1. Possible pathway for the disposal of metal nanoparticles to the environment. 

 

1.1. Significance of Nanotechnology 
 

Nanotechnology is a ground breaking scientific innovation (Mura et al., 

2013) with significant activities that includes the production and application of 

nanostructures. It is an emerging technology that will contribute to economic 

prosperity by providing solutions to challenges that face modern day economy 

for the sustainability of mankind’s development. Its applications cut across 

many scientific boundaries, from electronics to medicine, to advance 

manufacturing, to cosmetics. In fact, nanotechnology has the potential to 

dramatically change lifestyles, jobs, and whole economies (Virkutyte and 

Varma, 2011). According to Fleischer and Grunwald (2008), nanotechnology 

cannot provide “magic bullets” that will solve all sustainability problems but a 

critical enabling component for a sustainable development when they are used 

wisely and when the social context of their application is considered. Many 

research groups have reported the synthesis of silver nanoparticles using plant 

extract of different species and their application mostly in the biomedical field. 

This chapter will look into their synthesis, characterization, and applications. 
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1.2. Silver Nanoparticles 
 

The recent development of nanotechnology has triggered research interest 

towards the synthesis of noble metal nanoparticles such as gold, silver, and 

platinum due to their unique and attractive, optical and electronic properties. 

Among these noble nanomaterials, silver nanoparticles are the most widely 

produced (Piccinno et al., 2012) and marketed nanoparticles. This is due to their 

outstanding plasmonic activity, anti-cancer activity, disinfectant, bacterial 

inhibitory and bactericidal effects compared with the other metal nanoparticles 

(Mohan et al., 2014; Saha et al., 2014). Since historical times, utensils were 

fabricated with a silver lining, silver vessels were utilized for the preservation 

of perishable items, silver was used as an effective antimicrobial agent for the 

treatment of diseases as well as for disinfection and purification of water (Silver, 

2003; Pradeep, 2009). This was purposely due to the fact that, silver ions and 

their related compounds had low toxicity toward animal cells but present a high 

toxicity to microorganisms like bacteria and fungi (Rauwel et al., 2015). Silver-

containing materials can be applied in medicine for reduction of infections on 

the burn treatment, prevention of bacteria colonization on catheters and 

elimination of microorganisms on the textile fabrics as well as disinfectant in 

water treatment (Oluwafemi et al., 2013). However, silver in nano form possess 

a relatively much higher antimicrobial activity, anti-cancer and antioxidant 

properties compared to its macroscopic counterpart (Rajan et al., 2015) due to 

their small sizes and large surface area to volume ratio. Generally, silver 

nanoparticles (Ag-NPs) have been synthesised using the conventional route 

(physical and chemical method) which requires higher cost and higher energy 

with the aid of radiation and reducing agents. The physical method involves 

radiation techniques such as ultrasound irradiation, c-radiation, and microwave 

irradiation (Krishna et al., 2015) while the chemical methods make use of 

reducing agents such as sodium borohydrides, hydroxylamine hydrochloride, 

trisodium citrates, dimethyl formamide, hydrazine hydrate, thiols, etc. 

(Cheviron et al., 2014; Mohan et al., 2014). These conventional methods make 

use of highly toxic reagents which may lead to absorption of hazardous 

chemicals onto the surfaces of nanoparticles, making it difficult to use them for 

the biomedical application (Shankar et al., 2004). Furthermore, the by-products 

of these chemicals are potentially hazardous to the environment (Ahmed et al., 

2015). Since silver nanoparticles are widely used in biomedical applications, 

and in order to enhance their efficacy toward this field, their synthesis via a 

sustainable process that is clean, reliable, safe, and eco-friendly is very 

important. This has triggered the scientific community to dedicate extensive 
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efforts toward developing suitable synthetic techniques for producing green and 

sustainable silver nanoparticles. The recent development of green 

nanotechnology which is an intersection of nanotechnology and biotechnology 

has enabled the synthesis of Ag-NPs using natural resources of biological origin. 

Biosynthesis of nanoparticles is a kind of bottom-up approach where the main 

reaction is reduction/oxidation (Durán et al., 2011). The interception of green 

nanotechnology has helped to maximise the safety, efficiency and minimise the 

environmental and societal impact of the synthesized materials. This serves as 

viable alternative to the conventional approaches for the synthesis of 

nanoparticles. 

 

 

2. NATURALLY OCCURRING BIOMATERIALS  

FOR SYNTHESIS OF SILVER NANOPARTICLES 
 

Nature has blessed the earth with an immense diversity of natural 

endowments with numerous chemical substances that can serve as suitable 

reducing agents for the synthesis of nanoparticles (Lu and Ozcan, 2015). The 

bright side of utilising these natural resources (biomaterials) is their 

environmental friendliness, abundances in nature and financially inexpensive 

process compare to the higher costs and higher energy required for the synthesis 

of nanoparticles via the conventional routes. In addition, these biomaterials have 

the potential to lower the toxicity of the resulting nanomaterial and thereby 

improving their biocompatibility and making them suitable for biomedical 

application. 

 

 

2.1. Types of Materials 
 

Naturally, renewable resources such as microorganisms, plants and 

biopolymers (DNA, RNA, proteins, starch, dextrose and gelatine) have the 

potential to serve as raw materials for making sustainable nanomaterial. The use 

of micro-organisms such as bacteria, fungi, and yeast have emerged as a good 

source with considerable potential for synthesizing silver nanoparticles (Jeyaraj 

et al., 2013; Ahluwalia et al., 2014; Anthony et al., 2014). The major draw-back 

for microbe-mediated green synthesis is the slow synthesis rate hence, the 

synthesis is time-consuming. In addition, industrial production of silver 

nanoparticles (Ag-NPs) via this route is not very feasible because microbes need 
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to be maintained under high aseptic conditions (Balavigneswaran et al., 2014) 

which are relatively expensive. The other natural biopolymers only suffer from 

cost-related challenges in acquiring these raw materials and thus are ill-suited 

for the large-scale production. 

 

 

2.2. Plants Materials and Phytochemicals 
 

Among the biological system that nature has provided, plant’s materials are 

considerably preferred for biosynthesis of silver nanoparticles due to the 

following attributes. 

 

1. The rich diversity of plant kingdom that provides varieties of 

phytochemicals which has the natural tendency to function as a 

reducing and capping agents (Hebbalalu et al., 2013), 

2. The easy availability of plants in nature which is very cost effective and 

suitable for large-scale biosynthesis of nanoparticles that are free of 

contamination with well-defined size, and morphology (Mittal et al., 

2013). 

3. The presence of phytochemicals with high medicinal values in plants 

which when incorporated in to the nanoparticles enhance their 

functionality and marketability. 

4. Plant material is environmentally friendly and biodegradable 

5. Plants extracts from different species have been used for centuries for 

various purposes such as traditional medicine, food preservatives, 

flavors, fragrances, pigments, insecticides and other fine chemicals 

(Facchini et al. 2012) largely due to their antimicrobial properties 

(Busquet et al. 2006). 

 

These attributes have encouraged scientists to use plant extracts in the 

synthesis of silver nanoparticles in support of environmental sustainability. 

Extracts from a number of different plants species have been successfully used 

for the preparation of Ag-NPs (Kajani et al., 2014) and in most cases, plants 

with medicinal properties have been employed (Table 1). The use of plant 

extracts to synthesize noble metal nanoparticles began with the pioneering work 

of Gardea-Torresdey et al. (2002), Jose-yacamann et al. (2003) and Shankar et 

al. (2004). 
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Figure 2. Formation of stable and capped silver nanoparticles in the presence of plant extracts (phytochemicals) and silver salts. 

Complimentary Contributor Copy



 

Table 1. Different plant species with medicinal properties used for green synthesis of silver nanoparticles 

 

Plants species Plant parts Sizes (nm) shapes Biomolecules responsible 

for reduction and capping 

process 

application References 

Acacia leucophloea stem barks 17–29 spherical amines, aldehyde/ketone, 

aromatic, azo, and nitro 

compounds 

antibacterial 

activity 

Murugan et al., 2014 

Alternanthera 

dentate 

Leaves 50–100 Spherical Proteins Anti-bacterial Kumar et al., 2014 

Acalypha indica Leaves 20–30 Spherical Quercetin Antibacterial 

activity against 

water borne 

pathogens 

Krishnaraj et al., 

2010 

Aegle marmelos leaves ~60 Spherical alkaloids, 

phenylpropanoids, 

terpenoids and other 

polyphenols 

 Rao and Paria, 2013 

Psidium guajava L. Leaves ~60 spherical phenols, flavonoid, 

terpenoid 

Anti-microbial Gupta et al., 2014 

green tea leaves 20-90 Almost 

spherical 

extracts Anti-bacterial Sun et al., 2014 

Morinda citrifolia roots 32-52 Spherical and 

oval 

Flavanoids, terpenoids cytotoxicity Suman et al., 2013 

Ananas comosus leaves 12.4 spherical Sucrose, glucose Anti-bacterial Emeka et al., 2014 

Dalbergia spinosa leaves 14-22 spherical Reducing sugar and 

flavonoids 

Anti-bacterial and 

catalytic activity 

Muniyappan and 

Nagarajan, 2014 
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Table 1. (Continued) 

 

Plants species Plant parts Sizes 

(nm) 

shapes Biomolecules responsible 

for reduction and capping 

process 

application References 

Petroselinum 

crispum 

leaves 30-32 spherical Ascorbic acid, alcohols 

and aldehydes 

Anti-bacterial Roy et al., 2014 

Ziziphora tenuior leaves 8-40 spherical Alkaloids, phenolic, 

terpenoids 

 Sadeghi et al., 

2015 

Caesalpinia coriaria Leaves 40-50 

78-98 

Triangular 

hexagonal 

spherical 

Tannic acid Anti-bacterial activity Jeeva et al., 2014 

Olive plant leaves 20-25 spherical Plants phyotochemicals antibacterial activity Kahlil et al., 2014 

Citrus limon Peels 17.3-62.2 spherical Plants phytochemicals Anti-dermatophytic 

activity 

Nisha et al., 2014 

Agrimoniae herba  11 spherical flavonoids and phenols antineoplastic evaluation Qu et al., 2014 

Naringi crenulata leaves 72-98 Spherical and 

cubic shape. 

alkaloids, phenols, 

saponins and quinines 

Biomedical application Bhuvaneswari et 

al., 2014 

Brucea javanica (L.) Rind parts 8-50 spherical Organic compounds  Notriawan et al., 

2013 

Satsuma mandarin Peels 5–20 spherical Flavonoid glycosides,  Basavegowda and 

Lee, 2013 

Ammannia baccifera aerial part 10-30 spherical, 

triangle and 

hexagonal 

Proteins, phenolic 

compounds 

Larvicidal activity Suman et al., 

2013 
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Since then, several research groups have used plants extracts of different 

species for their synthesis. Phytochemicals in plants crude such as alkaloids, 

flavonoids, carbohydrate, saponins, phenolic acids, phenyl propanoids, 

terpenoids, polyphenols, glucosinolates, polyamines, polysaccharides, vitamins, 

amino acids, etc. with hydroxyl, carbonyl, carboxylic or amine functional 

groups have been proposed as the active ingredients which are solely 

responsible for the reduction of silver ions to silver nanoparticles (Chiguvare et 

al., 2016; Singh et al., 2016). Typically, phenolic derivatives with hydroxyl and 

carboxyl functional groups have the ability to bind to metals (Ahmad et al., 

2010) during synthesis to form bio-compatible and stable nanoparticles of 

desired shapes and sizes. Consequently, the antimicrobial, antioxidant and, 

anticancer properties of the as-synthesized silver nanoparticles are also 

enhanced significantly (Rajan et al., 2015). The plant extracts obtained from 

various parts of the plant such as leaves, stems, roots shoots, flowers, and barks, 

of different plant species, contains different types of phytochemicals which vary 

in concentration. In most cases, not all of these phytochemicals present in the 

plant extract participate in the reduction and capping process during the 

synthesis of silver nanoparticles. Figure 2 is a schematic diagram showing the 

formation of stable and capped silver nanoparticles in the presence of silver salts 

and plants biomolecules. According to Rajan et al. (2015), phytochemicals such 

as protein, flavonoids, polyphenols, alkaloids, phenols, essential oils and 

polyols present in the plant extracts play a major role in the bio-reduction and 

capping of the nanoparticles. 

 

 

3. GREEN SYNTHESIS OF SILVER NANOPARTICLES  

AND THEIR CHARACTERISATION TECHNIQUES 
 

According to Raveendran et al. (2003), the three main steps in the 

preparation of nanoparticles that should be evaluated from a green chemistry 

perspective are the choice of the solvent medium used for the synthesis, the 

choice of an environmentally benign reducing agent, and the choice of a 

nontoxic material for the stabilization of the nanoparticles. For the green 

synthesis of silver nanoparticles using plant extract, water is preferable as the 

choice of environmentally benign solvent throughout the preparation while the 

reducing and stabilising agents are the active phytochemicals present in the plant 

biomass (Singh et al., 2016). The protocol for silver nanoparticle syntheses 

using plants extracts is simple and straightforward. It involves the collection of 
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the plants part of interest (leaves, roots or stem), and then obtain the crude 

extract containing the phytochemicals which are the active ingredients for the 

reduction and capping process. The next step is mixing the required volumes of 

metal salts with plants extracts and allows the mixture to reacts under room 

temperature or heating to produce the nanoparticles which usually takes few 

minutes or hours. For the synthesis of silver nanoparticles, the formation is 

indicated visually by a change in colour of the solution due to excitation of the 

surface plasmon resonance (SPR) in the silver nanoparticles. The resulting silver 

nanoparticles are then further characterised using spectroscopic and electron 

microscopy techniques (Figure 3). The main challenges frequently encountered 

in the biosynthesis of nanoparticles is the control of the shape and size as well 

as monodispersity in solution phase (Akhtar et al., 2013). To circumvent these 

challenges, certain synthetic parameters need to be optimised such as pH, 

temperature, concentration of extract, incubation time to mention a few. pH 

plays an important role in the reduction of metal ions to metal nanoparticles. 

According to Mochochoko et al. (2013), smaller particles sizes with high degree 

of monodispersity are more favoured in basic medium than acidic medium. The 

main influence of the reaction pH is its ability to change the electrical charges 

on the biomolecules which might affect their capping and stabilizing abilities 

and subsequently the growth of the nanoparticles (Kahlil et al., 2014). 

Therefore, shape and size of the nanoparticles synthesized using plants can be 

controlled and modulated by changing the pH. The increase in temperature 

(30C-90C), increases the rate of Ag-NPs synthesis and also promotes the 

synthesis of smaller size (Shrikar et al., 2016). Extract concentration plays an 

important role in the synthesis of silver nanoparticles. A concentration variation 

study of AgNO3 using S. lycopersicums fruit extract was carried out with 

various volumes of S. lycopersicums fruit extract (Umadevi et al., 2013). When 

a large volume of the fruit extract was used for the synthesis of silver 

nanoparticles, an increase in the intensity of the SPR band was observed at 

around 444 nm which can be correlated with an enhancement in the number of 

nanoparticles in the reaction medium. In another study reported by Sosa et al. 

(2003), a comparatively higher extract ratio is responsible for the synthesis of 

symmetrical nanoparticles. 

 

 

 

 

Complimentary Contributor Copy



Green Synthesis of Silver Nanoparticles  13 

 

Figure 3. Systematic approach for the synthesis of silver nanoparticles using plant 

extracts and the various techniques for the characterisation of the as-synthesised Ag-

NPs. 

Application of nanoparticles is based on the information obtained from their 

properties which can be elucidated through various characterisation techniques. 

This is often based on their shape, size, surface area and disparity (Jiang et al., 

2009). Below are the common techniques used: 

 

UV-Vis (Ultraviolet/visible Spectroscopy): This characterization technique 

uses electromagnetic radiation between 190 nm and 800 nm. It is divided into 

the ultraviolet (190-400 nm) and visible (400-800 nm) regions which are aimed 

at studying the changes in the energy levels within a molecule during the 

promotion of electrons from occupied lower energy levels to unoccupied high 

energy levels (either non-bonding or π orbital). This technique is based on the 

absorption of surface plasmon resonance (SPR) generated by free electrons on 

the surface of the nanoparticles which interact with the electromagnetic field 

and it is usually the first technique used in monitoring the synthesis of 

nanoparticles (Pal et al., 2007). Noble metals nanoparticles such as gold and 

silver has strong absorption in the visible region of the electromagnetic spectrum 
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and spectrophotometric absorption measurements in the range of 400-450 nm 

corresponds to silver nanoparticles (Huang and Yang, 2004) while 500-550 nm 

corresponds to gold nanoparticles (Shankar et al., 2004). These wavelength 

regions are used in characterizing silver and gold nanoparticles, respectively. 

Useful information such as the particle size can also be obtained from the 

UV/Vis techniques which are reflected on SPR band obtained for the 

nanoparticle synthesised. The increase in particle size causes the increase in 

maximum wavelength known as the red shift and the reduction in particle size 

leads to the decrease in maximum wavelength called blue shift (Noruzi, 2015). 

Mohan et al. (2016b), reported the green synthesis of silver nanoparticles using 

dextrose and starch as the reducing and capping agent respectively with reaction 

mixture at different time interval. The UV/Vis spectral (Figure 4) of the as-

synthesised Ag-NPs displayed absorption maxima peak at 421 nm which is 

characteristic of SPR band for silver. The absorption maximum peak was 

gradually blue-shifted from 421 nm to 412 nm with an increase in intensity as 

the reaction time increased indicating a decrease in particle size. The increase 

in the intensity of the SPR peak as the reaction time increased indicates a 

continued reduction of silver ions and an increase in the concentration of smaller 

sized Ag-NPs present in the solution. 

 

 
A 

Figure 4. (A) Absorption spectra of dextrose reduced starch-capped Ag-NPs at 

different reaction time. 
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Figure 5. FTIR spectra of leaf extract (LE) alone (A) and synthesized AgNPs using R. 

officinalis L. (B). 

FTIR (Fourier Transform Infrared Spectroscopy): This is a technique 

which gives information about the vibrations and rotations of molecules known 

as normal modes. These vibrational transitions are as a result of quantized 

energy levels influenced by the bonds that join the molecules (Skoog et al., 

2004). FTIR measurements are employed to identify the possible biomolecules 

or functional groups that are bound to the surface of nanoparticles. 

Das and Velusamy (2013), reported the green synthesis of silver 

nanoparticles using water extract from Rosmarinus officinals L leaves. FTIR 

measurement were carried out as shown in Figure 5 to identify the possible 

biomolecules present in the leaf extract of R. officinalis which was exploited as 

reducing agent for nanoparticle synthesis. Prominent IR bands were observed at 

1012, 1249, 1352, 1446, 1612, 1714, 2922, and 3340 cm-1 which are mostly 

characteristic of flavonoids and terpenoids present in the leaf extract and were 

responsible for the reduction and stabilization of the as-synthesised material. 

Electron microscopy techniques; This technique includes SEM (Scanning 

electron microscopy) and TEM (Transmission electron microscopy), and are 

used for the identification of surface morphology and size of the nanoparticles. 

TEM is widely used over SEM as it has greater magnification and resolution for 

identifying the morphology and average size of the nanoparticle. Another 

advantage of TEM over SEM is that TEM can be used to distinguish crystalline 
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structures from amorphous structures using the selected area electron diffraction 

(SAED) technique (Noruzi, 2015). Green synthesized silver nanoparticles using 

Abelmoschus esculentus (L.) pulp extract was studied and the TEM image 

revealed that the particles were spherical in shape and were uniformly 

distributed without significant agglomeration. The nanoparticles were 

crystalline in nature with particle size ranges from 3 to 11 nm (Mollick et al., 

2015). In a recent report by Mohan et al. (2016b), the TEM images (Figure 6) 

for silver nanoparticles synthesised at different reaction time indicates that the 

particles are well dispersed and spherical in shape with average particle diameter 

of 19.41 ± 3.44 nm (1 h), 8.13 ± 1.9 nm (24 h) and 6.27 ± 1.63 nm (48 h). The 

decrease in the size distribution as the reaction time increases was consistent 

with the increase in the intensity observed in the absorption spectra (Figure 4). 

 

 
A   B 

 
C 

Figure 6. TEM images at 1 h (A), 24 h (B) and 48 h (C) of dextrose reduced starch-

capped Ag-NPs. 
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A    B 

Figure 7. EDX spectra (A) illustrating the formation of Ag-NPs and XRD patterns (B) 

of Ag-NPs. 

Diffraction Techniques: These include EDX (energy-dispersive X-ray 

spectroscopy) and XRD (X-Ray Diffractometer). EDX technique is used for 

elemental analysis while XRD, on the other hand, is a non-destructive technique 

that has wide application in the field of nanostructure for the determination of 

the chemical composition, crystallography and size distribution of nanoparticles 

in the range of 1 to 200 nm. 

Basavegowda and Lee, (2013) reported the synthesis of silver nanoparticles 

using peel extract from Satsuma mandarin fruits. The presence of elemental 

silver was proven by EDX analysis (Figure 7 A) and the XRD results (Figure 

7B) shows that silver ions has been reduced to elemental silver due to the 

presence of four peak at 38.10, 44.24, 64.44, and 77.43 corresponding to the 

(111), (200), (220) and (311) planes of silver. The intense peak at 38.10 

indicated a high degree of crystallinity. 

DLS (Dynamic light scattering): This technique is used to study the 

hydrodynamic size of (Z-average diameter) the particles when they are 

dispersed in a liquid medium and to find out the surface charge and aggregation 

condition of the colloidal nanoparticles. Silver nanoparticles synthesised using 

Sambucus nigara L. fruit extract by Moldovan et al. 2016, showed a sharp peak 

at a negative value of −20.9 mV. The negatively charged surface of the 

nanoparticles indicates that anionic capping agents such as polyphenols from 

the S. nigara fruits extract are coordinated to the surface of silver nanoparticles 

metallic shells. The determined Zeta potential value is commonly associated to 

sufficient mutual repulsion to ensure the stability of the colloidal silver 

dispersion. 
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Figure 8. Schematic diagram showing applications of plant extract synthesized silver 

nanoparticles. 

 

4. BIOMEDICAL APPLICATIONS OF PLANT EXTRACTS 

SYNTHESISED SILVER NANOPARTICLES 
 

With the advancement of nanotechnology, application of biosynthesized 

metal nanoparticles has been extended tremendously in various sectors ranging 

from biomedical field, water treatment (Pradeep, 2009), agriculture (Dasgupta 

et al., 2015), energy sector (Ali, M and Ali, A., 2011), catalysis and to the 

environmental sector where it can be used as sensor. Ag-NPs have been 

extensively used as environmental sensors to detect heavy metal ions due to 

their tunable size and distance-dependent optical properties with high extinction 

coefficients at the visible region (Annadhasan et al., 2014). Nanotechnology is 

seen as the technology that will help in alleviating some of the challenges facing 

the modern day economy. For instances, in the environmental sector, the use of 

nanomaterials has offered some potential solutions for the removal and 

detection of severely toxic contaminants found in both aquatic environment and 

biological systems (Mohan et al., 2016b). In the biomedical field, they can be 

used for diagnosing and providing alternative therapy for diseases such as 
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cancer. Biosynthesised silver nanoparticles are mostly used in the biomedical 

field due to their antimicrobial functionality (Schröfel et al., 2014) as it has good 

antimicrobial efficacy against bacteria, viruses and other eukaryotic 

microorganisms (Logeswari et al., 2012). Their antimicrobial property is 

dependent on size, shape, surface oxidation or charge, and dispersion degree in 

medium (Huang et al., 2015). Most studies carried out with plant-mediated 

silver nanoparticles are geared towards evaluating their antimicrobial and anti-

cancer activities as discussed below. 

 

 

4.1. Anti-Microbial Activity 
 

Currently, microorganisms are becoming increasingly resistant to 

antibiotics which reduce their effectiveness. To overcome these challenges, 

colloidal silver nanoparticles have been seen as an important alternative to the 

use of antibiotics (Gaillet and Roaunet, 2014) because they show improved 

activity against multi-drug resistant bacteria (Lokina et al., 2014). The anti-

microbial action of Ag-NPs against bacteria and other pathogens is widely 

believed to be through the alteration of cell membrane permeability and the 

interaction with their macromolecules like proteins and DNA thereby affecting 

their replication machinery and cellular processes (Gupta et al., 2014). Due to 

the proven efficiency of colloidal silver nanoparticles, it has been extensively 

used for analysing antimicrobial activities against different microbes such as the 

Gram-negative, Gram-positive bacteria and other pathogens. Gupta et al. (2014) 

reported one-step green synthesis of silver nanoparticles using Psidiumguajava 

L. leaf extract and evaluate the antibacterial activity on Staphylococcus aureus, 

Escherichia coli and Candida albicans. The result revealed prominent ability to 

inhibit the biofilms formed by these micro-organisms. In another report by 

Emeka et al. (2014) Ag-NPs synthesised using pineapple leaf extract was used 

to evaluate the antibacterial activity of Staphylococcus aureus, Streptococcus 

pneumoniae, Proteus mirabilis and Escherichia coli by Agar-well diffusion 

method. The results showed evidence of inhibition towards bacteria growth 

while using Gentamycin as the control experiment. Silver nanoparticles 

obtained from Acacia leucophloea extract had been tested against common 

bacteria pathogens such as Staphylococcus aureus, Bacillus cereus, Listeria 

monocytogenes, and Shigella flexneri via in-vitro agar well diffusion method. 

The results showed effective inhibitory action against these common pathogens 

(Murugan et al., 2014). Gum extracted from neem (Azadirachta indica) was 

used to synthesis Ag-NPs and tested against clinical isolates of Salmonella 
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enteritidis and Bacillus cereus by Kirby–Bauer disk diffusion method 

(Velusamy et al., 2015). In a recent report, Nayak et al. (2016) obtained silver 

nanoparticles from the bark of two plant extracts (F. benghalensis and A. indica) 

and tested them against Gram negative (Escherichia coli, Pseudomonas 

aeruginosa and Vibrio cholerae) and Gram positive (Bacillus subtilis) bacteria. 

The antibacterial potential of the synthesized nanoparticles was investigated 

using the agar well diffusion assay and a promising anti-microbial activity was 

observed. The antibacterial activity of Ag-NPs on both Escherichia coli and 

Staphylococcus aureus was studied by Krishna et al. (2015) using Ag-NPs 

synthesised from salmalia malabarica gum extract. The results showed 

antibacterial effectiveness while using Ampicillin as a positive control. 

 

 

4.2. Anti-Cancer Activity 
 

Cancer is one of the most severe and deadly diseases which account for the 

death of 7.6 million people worldwide (Lokina et al., 2014) and according to 

WHO, approximately 13.1 million people may die in 2030 if immediate actions 

are not taken. Moreover, the traditional techniques used for the treatment of 

cancer such as surgery, chemotherapy and radiotherapy results in huge side 

effects on humans due to other important cells which are being damaged in the 

process. With the emergence of nanotechnology, it has raised the possibilities 

for using therapeutic nanoparticles to inhibit the growth of cancerous cells with 

mild or no side effects on human. Several studies have been carried out to 

demonstrate the efficacy of biosynthesized silver nanoparticles against various 

cancer cell lines. Jeyaraj et al. (2013) reported the biological synthesis of silver 

nanoparticles using Podophyllum hexandrum plant extract and evaluated the 

anti-cancer activity on human cervical carcinoma cells. The overall result 

showed that Ag-NPs can selectively inhibit the cellular mechanism of the cancer 

cell by causing DNA damage resulting in cell death. In another report by Prabhu 

et al. 2013, silver nanoparticles obtained from Vitex negundo extracts was used 

to evaluate the anti-cancer activity on human colon cancer cell line HCT15. The 

results suggested that Ag-NPs exerted its antiproliferative effects on the colon 

cancer cell line by suppressing its growth, reducing DNA synthesis and inducing 

apoptosis. As previously mentioned, Nayak et al. 2016, utilised plant extracts 

from the bark of F. benghalensis and A. indica to synthesise silver nanoparticles 

which were tested against Osteosarcoma. The synthesized Ag-NPs showed anti-

proliferative activity against osteosarcoma cell line in a dose-dependent manner. 

Silver nanoparticles synthesised using aqueous extract from Taxusbaccata plant 
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was tested against human breast cancer cell line via MTT assay (Kajani et al., 

2014). Significant differences in the viability of the cancer cells were observed 

in the presence of different concentrations of silver nanoparticles and different 

exposure times. The results showed an enhancement of cytotoxic activity with 

the increasing of silver nanoparticle concentration and exposure time. 

 

 

CONCLUSION 
 

The uncontrolled release of nanoparticles to the environment through waste 

disposal is critical to the future of nanotechnology and to circumvent this 

challenge, nature has provided a good back-up through the synthesis of 

nanoparticles using natural biomaterials that are less toxic and environmental 

friendly. The utilisation of plant material towards the synthesis of silver 

nanoparticles has enhanced its application in the biomedical field where it 

relevance is highly noticeable. Several plant species have been successfully used 

for the synthesis of silver nanoparticles and the advantages of using plant 

material are huge as elaborated in this chapter. The major draw-back with plant 

mediated synthesis is the identification of the particular chemical components 

in all these different plant species responsible for the capping and reduction 

process during the synthesis. Further studies are required to ensure that this 

aspect is satisfied which will also help to address seasonal challenges for large 

scale production of nanoparticles as plant phytochemicals may varies due to 

change in weather conditions. 
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TAILORING PET SUBSTRATES  

WITH COLLAGEN-SILVER NANOPARTICLES 
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of Macromolecular Chemistry, Iasi, Romania 

 

 

ABSTRACT 
 

Polyethylene terephthalate (PET) was selected in this work based on 

excellent properties, being widely used in many applications. Various 

strategies of surface modification have been developed over the time, 

because the response of the devices is largely controlled by surface 

chemistry and structure of the material. 

In this chapter, PET was studied regarding the interactions at the 

polymer surface after plasma functionalization and immobilization of 

proteins in order to improve the adhesion properties. Obtaining the 

semisynthetic materials has enabled the generation of devices for medical 

applications, finding the optimal compatibility between two materials: one 

synthetic (polyester) and one natural (collagen). Biomolecules derived 

from or part of the extracellular matrix (e.g., gelatin, collagen, fibronectin) 
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such as anti-inflammatory agents, anti-coagulantagents were immobilized. 

Collagens are by far the most abundant proteins that constitute up to 90% 

of the extracellular matrix of a tissue, thus imparting its structural integrity. 

Type I collagen is the major component of the extracellular matrix, and 

numerous reports have shown that collagen promotes higher cell adhesion 

and proliferation on the material. That can be subsequently used for the 

immobilization of biologically active molecules, furthermore, cellular 

growth (stem cells) on new supports. 

Synthesis of metal nanoparticles (NPs) is an expanding research area 

due to the wide range of their applications in various fields. The controlled 

manner of silver nanoparticles release from polymer/metal 

nanocomposites can be useful for biotechnological applications, 

antibacterial and coating for biomedical activities. Conjugated polymers 

could induce nano-Ag to form compact structure, fill up the vacancy 

between nano-Ag, and enhance not only electron-transfer between nano-

Ag and also adhesion on PET substrate. 

In this chapter the interaction between PET/collagen and silver ions 

was investigated by FTIR spectroscopy, atomic force microscopy (AFM), 

X-ray photoelectron spectroscopy (XPS), SAXS spectrometry. The new 

results obtained the PET/collagen complex silver ions open ofer new 

possibilities for applications in biotechnology and nanomedicine. 

 

Keywords: polyethylene terephthalate, collagen, helium plasma, silver 

nanoparticle 

 

 

1. INTRODUCTION 
 

The generation of surfaces for protein adsorption is an important issue for 

the production of medical devices (catheters, dialysers, vascular grafts) and for 

applications in pharmaceutical and food industries [1-8]. Many approaches have 

been used to prepare different surfaces for biomaterials applications. Plasma can 

be presented as an ionised gas and is produced by discharge either at high 

temperatures or strong magnetic/electromagnetic fields to a gas. The gases used 

(O2, He, N2) in producing plasma can be selected to give a wide assortment of 

new chemical groups [9-11] at the treated polymer surface. Plasma treatment is 

an extremely versatile technique for functionalizing polymer surfaces of 

different shapes [12-16]. These processes are happening determinate of the 

nature of the polymeric substrate and the plasma gases [17-23]. In plasma 

process, atoms are excluded from the surface of the polymer and new chemical 
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groups are formed thus can produce a strong wettable effect or crosslinked skin 

[24]. 

It has been reported that plasma treatment can improve polymer adhesion 

and the surface properties. Moreover, plasma activation produced 

transformation and changes in the hydrophobic/hydrophilic character of the 

polymeric support [25-26]. 

The surface properties of polymeric materials play an important role in 

determining the overall biocompatibility of the materials, because the surface of 

the polymers should first come into interaction with the biological environment 

[27-28]. The nature of the polymeric substrate plays an important role and 

determines the surface properties applications. Hence, these treatments could 

modify the surface or thin layer coating on the polymeric surface, the control of 

surface chemical compositions and physical topography of the polymers could 

be monitored. The activation energy used in these techniques is insignificant 

because the surface deterioration is not desired to happen. Our strategy has been 

firstly to create hydrophilic groups onto PET surface by plasma-treatment in a 

controllable way, by adjusting the plasma parameters (time, power). The surface 

modification introduces functional groups and the surface roughness can be 

controlled, the topography being the first important parameter that could be 

essential for a good biocompatibility and immobilization of the proteins [29-

30]. 

Based on these studies, the preset work is extending the investigations 

further on support interactions with collagen, one of the important proteins, for 

investigations of molecular damages induced by direct exposures with He 

plasma and exposures with UV photons from the He plasma on the basis of 

chemical bonding states analysis using XPS. 

In the present study collagen has been selected as a test material because 

collagen has the simplest molecular structure among all the proteins and 

therefore is considered as model material to study fundamental processes in 

plasma medicine. 

Recent studies have demonstrated that polyester-based polymers several 

naturally have been used in medical applications and in especially in dermal 

patches [31]. 
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2. IMPROVING POLY(ETHYLENE TEREPHTHALATE) FILM 

SURFACE PROPERTIES 
 

PET films of 5x15 mm size were treated by helium plasma in an Emitech 

K1050X device. The plasma device has 110 mm diameter x 155 mm deep quartz 

chamber horizontally mounted with a convenient slide-out specimen drawer and 

viewing window. Evacuation of the chamber is achieved by an optional 50 L/m 

rotary vacuum pump. The standard RF power available is 13.56 MHz. 

Automatic tuning of foreword and reflected power is standard. Foreword power 

and vacuum levels are shown by the digital display. During plasma process the 

‘autotune’ facility ensures that the RF power is automatically impedance-

matched to any variation in the system or loading. This means conditions in the 

chamber are always maintained at their optimum ensuring faster reaction times 

and greater reproducibility of results. The treatments were performed in helium 

discharges. Input power value was 30 and 50 W and the discharge times 3 min, 

5 min respectively. 

After plasma treatment the samples were introduced in a wet chemical 

solution, prepared once in the presence of collagen and in absence of silver (the 

samples noted with A) and second in presence of both collagen and silver (the 

samples noted with B), as described in the following sections. 

 

 

3. PHYSICO-CHEMICAL CHARACTERIZATION 
 

The aim of this work was to investigate the effect of power and time plasma 

treatment on the surface of PET film. In our work, FTIR spectroscopy, X-ray 

Photoemission spectroscopy (XPS), Contact Angle (CA) and Atomic Force 

Microscopy (AFM) test measurements, were used. 

Fourier transform infrared spectroscopy (FTIR) spectra were obtained on a 

spectrometer Bruker Vertex 70 equipped with a reflectance device (Attenuated 

Total Reflexion) ATR, with diamond crystal and single reflection, at incidence 

angle of 45, that operates at ambient temperature. 

The spectra of the polymeric samples were analyzed at 4 cm-1 resolution 

and 64 scans were performed between 4000-600 cm-1. 

The measurements were performed in air, at room temperature (22-24C) 

using a Solver PRO-M NT-MDT (Russia) setup, in tapping mode with 

cantilever oscillating frequency and 11.5 Nm−1 constant forces. The tapping 
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mode was chosen to minimize damage to the sample’s surface. The average 

values of the surface relief parameters were obtained from all images. 

Elemental compositions X-Ray photoelectron spectroscopy (XPS) 

measurements were taken on KRATOS Axis Nova (Kratos Analytical, 

Manchester, United Kingdom) equipped with a highresolution hemispherical 

electron energy analyzer. The exposed and analyzed area had a 0.7 × 0.3 mm 

area of the surface. 

The X-ray photoelectron spectroscopy (XPS) were analyzed collected in the 

range of -10 to 1200 eV, with a resolution of 1 eV, at pass energy of 160eV. The 

high resolution spectra for all the elements identified in the survey spectra were 

collected using pass energy of 40eV, and a step size of 0.2eV. The compositions 

in atomic percentage (at. %) were determined from the survey spectra. 

The small-angle X-ray scattering experiments (SAXS) were performed on 

a Nanostar U-Bruker system equipped with Vantec 3000 detector (diameter of 

200 mm) and an X-ray I microsource. The wavelength of the incident X-ray 

beam was 1.54 Å (Cu Kα) and the beam was collimated by three pinholes. The 

sample-to-detector distance was 107 cm allowing measurements with the values 

between 0.01Å-1 and 0.15Å-1. An area integration was employed to reduced the 

data to a one-dimensional q (4πsinθ/λ) versus ln(Intensity) trace. 

In order to quantify the surface treatment modifications, contact angle 

measurements were carried out with water (as liquid) on a goniometer (KSV 

Instruments, Helsinki, Finland). This measurement system is equipped with a 

CAM-101 with a liquid dispenser, video camera, and drop-shape analysis 

software, at room temperature. Double-distilled water was used as solvent for 

these studies. Wetting force between the sample and the liquid, and also the 

variation of the liquid weight that goes through the fabric length during a given 

time, were measured. During measurements, a rectangular- film sample was 

connected to the goniometer at the weighing position, and was then brought into 

contact with the liquid placed in a syringe, which moved vertically up-down. 

As soon as the sample surface was in contact with the bliquid surface, we 

obtain an estimate of the contact angle. The contact angle (WCA) which 

provides of wettability was determined. The untreated PET foil had a contact 

angle of which pointed out film hydrophobicity. After He-plasma treatment the 

WCA decreased for all samples down. The treatment reduced contact angle 

from 80 to 30 (Figure 1). 
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Figure 1. Static contact angle values of water after plasma He action samples. 

 
a     b 

 
c     d 

 
e 

Figure 2. AFM images of pristine PET (a) and PET treated under various conditions of 

He plasma treatment: 30 W/3 min (b), 30 W/5 min (c), 50W/3 min (d) and 50 W/5 min 

(e). 
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The reduction of contact angle in the case of all plasma treated samples was 

explained by the increase of the proportion of polar functional groups. 

Moreover, with plasma treatment besides creating hydrophilic polar groups, 

surface roughness was increasing, which in turn also increased PET surface 

wettability. These results had proved by AFM techniques for these samples. 

The most important thing was that all of the PET-functionalized samples 

remained hydrophilic. 

Results of the AFM are used to obtain detailed information about the 

topographical changes of PET film induced by plasma He treatment process. It 

clearly shows in Figure2 that the surface no remains unchanged field [32-34]. 

The change in surface morphology induced by the plasma processing might 

affect the surface properties by simple physical adsorption or/and by diffusion. 

The surface roughness of the film was increased substantially from 1.4 nm for 

blank sample to 3.5 nm and 3.9 nm using 3 min and 5 min at 30W parameters 

treatment while for 3 min and 5min at 50W parameters the roughness between 

4.7 and 7.9 nm. 

 

 
(a). Scissions of chains formed from the PET surface after the action plasma 

treatment on the surface of film. The bonds are broken when high-energy 

electrons and particles collide the polymer surface 

 

 
(b). Radicals react with activated oxygen species formed 

Figure 3. Schematic mechanism reaction after He plasma action onto 

polyethyleneterephthalate film (a) and (b). 
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Newly formed functional groups on PET films surface, as a consequence of 

plasma surface modification, were studied by XPS which provided further 

insight onto the surface. The plasma treatment of PET generated polymer chain-

scissions for some of the polymer bonds, which was proved by the decrease in 

C % content. 

The results confirm that the PET polymer surface plasma treatments 

generate polymer chain, after scissions of the superficial bonds of PET by the 

plasma treatment. When action with plasma gases, create of very reactive chain-

ends the reactions occurred at the surface of PET film. 

These reactions present in Figure 3 will create at the chain-ends some 

oxidized groups like carbonyl, carboxyl and hydroxyl groups presents on the 

surfaces after plasma action [35]. 

The plasma-treated films, consequently, had more carboxyl groups at the 

surface, which increased with the electrical power of the plasma treatment from 

30W to 50W. 

 

 

4. INTERACTIONS OF COLLAGEN-AG COMPLEX  

WITH ACTIVATED PET SURFACE 
 

4.1. Immobilization of Collagen Molecules After the Plasma 

Action on the Pet Film Surfaces 
 

After functionalisation on the film surfaces, these were introduced in a 

solution of 3 mg/ml type I collagen/buffered solution (PBS, pH 3.4) for 24 hours 

at 24°C. 

Due the treatment of plasma action new carbonyl groups are located on 

surface of polymer; these interact with amines from collagen structures and on 

the surface promote formation a protonated form positive charge. After 

incubation in collagen solutions the surface were rinsed sequentially in 

deionized water and ethanol to remove the unbound proteins. 

 

 

4.2. Mechanism of Interaction of Pet Surface with Collagen 
 

The collagen molecules present attached after films functionalized were 

evaluated by FTIR-ATR spectroscopy in Figure4. FTIR-ATR spectra present at 

1644 cm-1, reveal the presence of amide I band, which plays a main stretching 
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vibration ν (C = O). The vibration band of amide II is represented mainly a 

complex band by the vibration deformation of the link δ (N-H) and the 

elongation of the relationship ν(C-N) of the amide groups, occurring at about 

1563 and 1540 cm-1 assigned to groups NH3
+ existing in the collagen molecules 

[36-37]. 

FTIR-ATR studies it was found that the intensity of normalized peak for 

the vibrations of amide I and II increased significantly with the functionalization 

time. 

 

 

4.3. The AFM Measurements of the Untreated Sample and  

the Collagen-Immobilized Pet Films 
 

Following immobilization the collagen mollecules on films activated 

plasma, the AFM images shows the distribution of collagen molecules, 

evidencing irregular sphere aspect. Figure 5 shows AFM images of collagen 

molecules immobilized. 

AFM analysis method allowed the estimation of the average diameter of the 

formations (37 ± 5 nm) density formations (formations 310/3 x 3 mm2) as 

images showed for 30 W/3 min. The roughness values and the average height is 

6.8 nm. 

 

 

Figure 4. FTIR-ATR spectrum of untreated sample and collagen molecules 

immobilized on PET films after plasma functionalized. 
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Figure 5. AFM analysis of the collagen immobilized and cros-section profiles from 3D images after He plasma-treated PET at: 30 W/3 

min (A1), 30 W/5 min (A2), 50 W/3 min (A3) and 50 W/5 min (A4). 
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AFM measurements for film plasma treated with immobilized collagen at 

30 W/5 min indicative of surface structures with small spherical formations that 

have a tendency to associate [38-41]. 

They are shown in cross section profiles of small particles. 

Using the particle size, the average diameter of 25 ± 5 nm with a formation 

density of about 290/3 × 3 mm2 were obtained. 

However, the large number of small parties considered and their uniformity 

seem to have affected the texture parameters the interaction with the substrate, 

and decreasing the mobilityof molecules. The roughness values and the average 

height is 4.4. 

A general trend can be extracted from these results: thetendency of collagen 

to assemble is stronger on more hydrophobic substrates,it seems that the 

collagen–substrate interaction may influence the availability of collagen 

segments for assembly. 

Adsorbed collagen at 50 W/3 min, it formed a surface structure with small 

diameter and also a tendency to agglomeration [42-43]. 

In Figure5 are cross-sectional profiles of the structure the surface was then 

progressively covered with small filamentous structures. In this case the 

roughness values is 4.9 nm.Use size distribution showed an average diameter of 

45 ± 10 nm and a formation density of about 224/3 x 3 mm2. 

 

 

4.4. Interaction Pet Film with Colloidal Solution Collagen-

AgNPs After Plasma Action 
 

4.4.1. Treatment Films with Colloidal Solution Collagen-AgNPs 

The interaction of the functionalized PET films under the action of the 

plasma by immersing in collagen sol Ag-nanoparticles, was studied. 

Colloidal solution Collagen Ag-nanoparticles: 1 mg/ml collagen was 

prepared in distilled water; 1 ml of AgNPs solution formed was added to the 

collagen solution, the solution was homogenized in continue stirring for 1 hour 

(B1 and B2films for 30 W/3min and 5min; B3 respectivelly B4 films for 

50W/3min and 5min) - The films were treated in colloidal solution. 

 

4.4.2. FTIR-ATR Analysis on Pet Film Surface Treated with Colloidal 

Solution After Plasma He Action 

From FTIR spectra we developed the conjugated structures, monitoring the 

interaction of AgNPs nanoparticles and collagen molecules, through binding 

mechanism, on the surface functionalized polyester. 
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Figure6. FTIR–ATR spectra of the PET surfaces after treatment with colloidal solution 

collagen-AgNps. 

The surfaces interact with collagen-AgNps show a peak at 1612 cm-1 and 

1384 cm-1 (Figure 6). Moreover, the spectra of the treated films ascribed the 

vibrations of the anions carboxylate are located to 1526, and 1585 cm-1, that 

meansis due to the transfer of the proton from of carboxyl groups/Ag [44-46]. 

This process involves ionic interactions, which occur between the silver ions 

and the carboxylate form, new groups on surface after functionalization from 

suport. 

A remarkable change can be seen in position of bands of the carboxylate 

group νas (C = O) and νs (C = O). 

This indicates implies the carboxyl ends are involved in a conjugate 

structure with silver. Also, this mechanism favors adsorption and formation of 

certain interactions collagen-Ag +. . . COO-. 

The molecular ability by attachment involves a mechanism, shown in 

Figure 7, based on the molecular interaction with -COO silver particle. 

Therefore, a new band in spectrum at 1635 cm-1 (attributed to complex 

formation between carboxyl groups on the surface of PET andcomplex 

collagen-AgNps) confirmed interaction with functionalized support. Vibration 

ν(C = O) component from the amide I present to 1635 cm-1 indicates 

coordination between AgNPs-collagen and carboxyl groups of the substrate. 

This fact occurs due the electrons present in the NH bond groups, 

participating at the formation of the chelate with Ag+ to Ag, before the 

reduction, which was immediately stabilized by complexing [47]. 
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Figure 7. Schematic mechanism representing (1) collagen mollecules immobilization 

onto PET functionalized; (2) interaction PET film with colloidal solution collagen-

AgNps. 

Interaction collagen-Ag with surface functionalized of PET appear in 

spectrum at 1535 cm-1 (attributed to deformation vibrations δ bond (N-H) and 

stretching νibrations ν(C-N) of the amide groups). 

For a better understanding of the collagen molecules interaction mechanism 

in colloidal solution Ag-Collagen (the samples B1 and B2), FTIR spectroscopy 

and AFM microscopy methods were employed. 

The film formed after drying using a small amount of solution directly onto 

the crystal was recorded in the range 4000-600 cm-1, at constant temperature 

about 25°C. 

ATR-FTIR spectroscopy was used to relieve the changes in secondary 

structure of the collagen molecules interacting with AgNPs. Amide I band 

located to 1700-1600 cm-1 is the most sensitive for detecting changes in protein 

secondary structures. In Figure 8 the appearance of different types of secondary 

structures can be observed for samples with AgNPs. Thus, the spectrum of 

vibration bands of molecules of the collagen at 1454, 1404, 1334, 1282, 1240 

and 1205 cm-1, which could be attributed δ(CH2), δ(CH3), ν(CN) and δ(NH) 

can be observed. The intensity signal for the vibration characteristic amide I in 

the region 1700-1600 cm-1 is stronger for the treated samples. The Amide I 

vibration at 1649 cm-1 is attributed ν(C = O) the groups which belongs in peptide 

structure. The spectrum FTIR-ATR (Figure 8) shows important changes in both 

the intensity and position of the absorption peak due to the formation of the 

complex between collagen and silver nanoparticles [48-50]. These changes 
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suggest significant changes in secondary structures of collagen, when 

interacting with AgNPs. 

The deconvolution and second derivative of the region 1700-1600 cm-1 

were presented in order to study in detail the interactions. For processing was 

used Gaussian/Lorentz profile, each spectrum to be depicted into seven bands 

in amide I region (Figure 9). 

After identification of all vibrations in envelope band, the percentage of the 

secondary structures components was calculated by integrative areas of the 

amide I and amide II bands, summed and reported at the total area [51-52]. The 

resulting number gives as a proportion in the polypeptide chains in that 

conformation. 

The procedure for fitting to determine the curves the secondary structure of 

the collagen I is described in [48]: 1690 cm-1 (antiparallel β sheet), β-turns (1676 

cm-1) α-helix (1665 and 1653 cm-1) coil, disposed at random (1642 cm-1), side 

links (1615 cm-1); the band at 1615 cm-1 is a result of the intermolecular β-

strand. The band at 1629 cm-1 corresponds to the intramolecular β-strand 

structure. 

After the addition of Ag nanoparticles in the solution of collagen, a new 

absorption band scanned at 1585 cm-1 (Figure 9) was observed. The spectrum 

of the complex collagen-AgNPs shows a modification of the band at 1585 cm-1 

and also with a increasing intensity band at 1400 cm-1. That vibration located at 

1400 cm-1 could indicate interaction between AgNPs collagen (antiparallel – β 

sheet) [53]. 

 

 

Figure 8. FTIR-ATR spectra of: (a) collagen I and (b) collagen I conjugated with 

AgNPs. 
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Figure 9. FTIR-ATR spectrum of collagen molecules and collagen conjugated–AgNPs 

in 1800-1500 cm-1 region (a) deconvolved band of Amide I region of collagen 

molecules (b) deconvolved band of Amide I region of collagen conjugated –AgNPs. 

Thus, the α-helix content in collagen decreases from 32% to 23%, while the 

β structures and anti-parallel β sheet are increase. The peak position from 1615 

(β-extended intramolecular) moved to 1609 cm-1, due to the intermolecular β-

turns resulting from the unfolded protein structure. 

The structure stabilized of the COO- and NH2 groups from collagen with 

silver nanoparticles prevents precipitation and aggregation of nanoparticles. The 

FTIR spectra suggest that conjugations of AgNPs with collagen molecules 

favoured the formation of a compact structure. 

The results from FTIR spectra indicate a strong interaction between the 

carboxyl groups (COO-) and amine (NH2
+) from collagen molecules and of 

AgNPs nanoparticles. The presence of AgNPs determines a conformational 

change in the protein structure, dominant growth to be in β conformation. The 

reduction in α-helix structures in favour of β structure indicates an unfolded of 

the protein structure in the presence AgNPs leads to structured form [54-56]. 

The conformational changes occurred as a result of exposure to more 

hydrophobic cavities to hydrophilic environments, which cause an improvement 

in the microenvironment polarity. 
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Figure 10. AFM analysis 2D images of collagen moleculles (A) and collagen I conjugated with AgNP (B); 3D images of collagen 

moleculles (A1) and collagen I conjugated with AgNPs (B1); cross-section profiles from 3D height images (a1 and b1). 
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Figure 11. 3D AFM measurements for the untreated PET and treated samples. 

More information about the binding of AgNPS in interaction with collagen, 

were obtained from AFM tapping mode measurements (Figure 10). The 

topography and morphology describes the collagen molecules and collagen-

AgNPs adsorbed onto polymer surfaces in images. The root-mean-square 

roughness (RMS) was calculated as the average value for each set of AFM 

measurements. The RMS value of samples containing collagen and AgNPs is 

1.4 (for sample B1) and 38 nm (for sample B2), respectively. These values and 

the image topography confirmed the stable structure obtained from FTIR-ATR 

methods. That showed the formation of a complex conformation of a structure 

which becomes compact due the interaction collagen molecules with silver 

nanoparticles. 

 

 

4.5. AFM Measurements of Pet Films After Treatment  

with Colloidal Solution Collagen-AgNPs 
 

In general, the collagen molecules adsorbed on very hydrophobic substrates 

are composed of elongated structures, and are smoother on less hydrophobic 

substrates [57]. 

AFM images of samples B1-B4 are shown in Figure11. From those pictures, 

important changes can be noticed for samples treated with collagen –AgNps 

solution: images the diameter of the silver nanoparticles were between 60-80 

nm for B1; 70-90 nm for B2; 50-60 nm for B3 and 60-80nm for B4. For both 
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treatments, the collagen molecules conjugated with silver in complex form have 

diameters between 250-450 nm on the PET surfaces. 

Roughness values and average height has found 5.9 nm and 50 nm for B1; 

5.5 nm and 25 nm for B2; 22 nm and 50 nm for B3; 17 nm or 47 nm to B4. 

 

 

4.6. SAXS Measurements of Pet Films After Treatment  

with Colloidal Solution Collagen-AgNPs 
 

The SAXS pattern from Figure 12 present the changes after plasma 

followed by silver nitrate treatments. This figure shows morphological changes 

within the sample, indicating the embedded Ag nanostructures can rearrange 

themselves depending upon counterionic environment [58-60]. 

From the Gaussian spherical model (Bruker NanoFit software) the values 

of AgNP sizes were obtained: 65 nm for B1, 85 nm for B2, 55nm for B3 and 75 

nm for B4. 

The chemical changes induced onto surface treated were investigated using 

XPS measurements shows in Figure 13. 

Elemental composition and the ratio of elements are shown in Table 1. The 

untreated PET film and the entire treated samples ratio O/C are increased trend 

from 0.33 to 0.42, suggesting that the new oxygen-containing polar groups are 

formed on the PET film surface after plasma treatment [61-63]. 

 

 

Figure 12. SAXS measurements of all samples. 
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Figure 13. XPS measurements of the untreated and treated PET surfaces. 

Table 1. The elemental surface compositions of non-treated and treated 

PET samples as calculated from the XPS survey spectra 

 

 Elemental composition (%) Ratio 

PET/Element O C Ag N O/C N/C Ag/C 

PET 25.24 74.76 - - 0.33 - - 

B1 26.19 62.39 0.96 10.46 0.41 0.17 0.02 

B2 26.01 61.93 1.07 10.99 0.42 0.18 0.02 

B3 24.64 59.17 0.58 15.61 0.42 0.26 0.01 

B4 24.20 60.62 0.52 14.66 0.40 0.24 0.01 

 

XPS measurements confirm that quantity onto the surface treatment leads 

to an increase of the atomic ratio N/C of 0.17 to 0.26. There are, the functional 

groups containing the nitrogen are formed on the surfaces onto films after 

plasma activation and treatment with of collagen-Ag complex. 

The higher value of the nitrogen concentration was obtained for B2, the 

sample fonded to have a lot of collagen molecules in different shapes and 

dimensions in AFM images. For sample B3 on the surface the higher 

concentration in Ag was found. 
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CONCLUSION 
 

This chapter is concerning on the plasma surface treatments of PET film 

surfaces that contain reactive chemical groups useful for the subsequent 

immobilization, by solution chemical reactions, of molecules that can exert bio-

specific interfacial responses. PET films were treated by helium RF plasma and 

subsequently were introduced in a wet chemical solution, prepared once in the 

presence of collagen and in absence of silver and second in presence of both 

collagen and silver. Various surface characterization techniques (AFM, FTIR, 

XPS, SAXS) were employed in order to study the chemical and morfological 

modifications of the films surfaces. From AFM images and SAXS 

measurements, important changes can be noticed for samples treated with 

collagen–AgNps solution, the diameter of the silver nanoparticles were obtained 

between 60-90 nm. For both treatments, the collagen molecules conjugated with 

silver in complex form have diameters between 250-450 nm on the PET 

surfaces. The mechanism of collagen secondary structure modifications after 

interacting with AgNPs was presented in this chapter. 
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ABSTRACT 
 

Ordered mesoporous silica have often been used as supports for 

various metal nanoparticles due to their high specific surface areas, high 

pore volumes and narrow pore size distributions. However, it is hard to 

obtain homogeneous metal dispersion and distribution due to low support-

precursor interactions when the traditional impregnation method is used. 

This chapter reviews a new developed method of preparing supported Ag 

nanoparticles and nanowires in supercritical CO2. Cheap inorganic salt 

AgNO3 is used as precursor, mesoporous SBA-15 and KIT-6 are used as 

substrates, supercritical CO2 is used as solvent and ethanol or the mixture 

of ethanol and ethylene glycol are used as co-solvents. Superior to 

traditional impregnation method, large aggregates of nanoparticles outside 

of the nanochannels could be usually avoided due to the near-zero surface 

tension of supercritical fluids. The operating parameters of interest 

including the deposition pressure, temperature, time and the amount of the 

precursor are summarized to demonstrate the optimum parameters 
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influencing the deposition results. The thermodynamics and kinetics of 

AgNO3 adsorption on SBA-15 from scCO2 and co-solvent are investigated 

to further understand the experimental process and the mechanism. Finally, 

the underlying mechanism of supercritical fluid deposition method based 

on AgNO3 and a specific co-solvent is described.  

 

Keywords: supercritical carbon dioxide; mesoporous silica; silver; inorganic 

precursor 

 

INTRODUCTION 
 

Nanometer-scale silver has fascinating optical, electronic, magnetic and 

thermal properties and is widely used in the field of catalysis, electronics, 

medicine, sensing etc(Hong et al., 2001; Lei et al., 2010; Nowack, 2010; Pyayt 

et al., 2008; Sun and Xia, 2002). The specific properties mainly depend on the 

size and the morphology of the nanostructure(Zheng and Dickson, 2002). 

Mesoporous silica with well-defined pore geometries and large surface areas 

have often been used as hosts to prevent the aggregation of nanostructures or to 

make their size or size distribution controllable. There are many methods to 

prepare these supported Ag nanocomposites, such as impregnation(Huang et al., 

2000), sol-gel processing(Bekyarova and Kaneko, 2000), chemical vapor 

impregnation(Miller et al., 1997) and so on. Supercritical fluid deposition 

(SCFD) is an effective and environmentally benign technique to synthesize 

supported nanocomposites. This method involves the dissolution of metal 

precursor in supercritical fluids (SCFs), the diffusion and impregnation of SCF 

solution into the pores of the substrates and adsorption of metal precursor onto 

the walls of the channels, followed by thermal or chemical reduction in or after 

depressurization process. The low surface tension of SCFs will favor the 

impregnation of precursors into the nano-scale channels of the substrates. 

Furthermore, the ordered pores of the substrate won’t be collapsed because no 

organic solvents are left after depressurization, and the post-treatment process 

is quite simply compared to other preparing methods. 

Supercritical carbon dioxide (scCO2) is the most widely used SCF due to its 

abundance, low cost, non-flammability, non-toxicity and in particular the mild 

critical pressure and temperature (TC = 31.1°C, PC = 7.38 MPa). SCFD method 

was first proposed by Watkins based on chemical vapor deposition (CVD) 

technique in 1995(Watkins and McCarthy, 1995). After that, it has attracted 

growing attentions by many researchers. They used this method to deposit thin 

metal films (Cu, Au, Pt, Pd, Co, Ni etc.) onto a wide range of substrates such as 
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silicon wafer, metal, ceramic, polymer and so on(Blackburn et al., 2001; 

Cabanas et al., 2004; Haruki et al., 2016; Karanikas and Watkins, 2010; Miller 

et al., 1997; Morere et al., 2011)or incorporate metallic nanoparticles (Pt, Pd, 

Au etc.) on different inorganic substrates such as carbon aerogel, carbon black, 

Al2O3, silica aerogel(Erkey, 2009; Saquing et al., 2004; Sun et al., 2006; Zhang 

et al., 2005), mesoporous silica(Morere et al., 2011; Yin et al., 2010), carbon 

nanotubes(An et al., 2008; Chen et al., 2011; Do et al., 2011; Zhang et al., 2016), 

graphene(Meng et al., 2015; Zhao et al., 2014) etc.  

However, organometallic compounds were usually used as precursors 

because they have relatively large solubilities in scCO2. In order to overcome 

the limitation of using the expensive and toxic organometallic compounds, 

inorganic salt was used as precursor with the addition of appropriate co-solvent 

by some groups. Liu and coworkers used metal nitrates dissolved in 

scCO2/ethanol system to deposit metal and metal oxides on carbon 

nanotubes(Liu and Han, 2009; Sun et al., 2007; Sun et al., 2006). Hu et al. 

prepared 4A-zeolite supported silver nanoparticles with the assistance of scCO2 

and hydrogen reduction using AgNO3 as precursor(Hu et al., 2016). Yin and his 

co-workers have made much effort towards the cheap SCFD process based on 

inorganic precursors and appropriate co-solvents in recent years (Xu et al., 

2012a; Xu et al., 2012b; Xu et al., 2014a; Xu et al., 2014b; Yin et al., 2010). 

This review aims to systematically introduce the synthesis of Ag nanoparticles 

and nanowires in SBA-15 and KIT-6 using AgNO3 as precursor, scCO2 as 

solvent and different organic solvents as co-solvents. Firstly, the experimental 

process and the mechanism of SCFD method are discussed. And then the 

operating parameters of interest including the deposition pressure, temperature, 

time and the amount of the precursor are summarized to demonstrate the 

optimum parameters influencing the deposition results. After that, the 

adsorption isotherms and kinetics of AgNO3 (adsorbate) on SBA-15 (adsorbent) 

in scCO2 are discussed to further understand the experimental process and the 

mechanism. Finally, the underlying mechanism of SCFD methods based on 

AgNO3 and a specific co-solvent is described in detail. 

 

 

PROCESS OF SCFD WITH INORGANIC SALTS  

AS PRECURSORS 
 

In a typical SCFD method, the precursors are usually put at the botom of 

the reactor, keeping a distance from the substrates held on the upper of the 
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reactor(Saquing et al., 2004; Xu et al., 2014a). The substrates are held in a filter 

bag or in a steel stainless basket on a stage. When the inorganic salts are used 

as precursors, co-solvents are required for the solubility enhancement of the 

precursors for the reason that the inorganic salts are usually not soluble in 

scCO2. Some organic sovlents such as methanol, ethanol, acetone, ethylene 

glycol, dichloromethane and so on can be acted as co-solvents to enhance the 

ability of scCO2 to dissolve some polar compounds. Yin et al.(Xu et al., 

2012b)explained the schematic of Ag nanophase formation when AgNO3 was 

used as precursor in scCO2 and co-solvent system, as shown in Figure 1. 

The schematic of Ag nanostructures formation in mesoporous silica using 

supercritical CO2 and co-solvent is shown in Figure 1. Firstly, the precursor 

dissolves in scCO2 and co-solvent system so that the bulk phase becomes a 

single phase of precursor, CO2 and co-solvent. Then the scCO2 solution diffuses 

into the pores of mesoporous silica. Thirdly, the precursor and scCO2 solution 

are adsorbed onto the substrate. Fourthly, CO2 and co-solvent are desorbed and 

depart from the substrate by slow depressurization with the precursor left onto 

the walls of the pores within the substrate. The distribution of the precursors in 

the nanoscale channels varies according to different deposition conditions, and 

the morphologies of the nanostructures in the nanocomposites after thermal 

treatment are quite different. 

 

 

Figure 1. Schematic of Ag nanostructures formation in mesoporous silica using 

supercritical CO2 and co-solvent. 

The formation of the nanophase could be divided into five stages along with 

the deposition time. Firstly, a few precursors deposit onto the channels after a 

short deposition time and small nanoparticles are formed after the thermal 

treatment. Secondly, nanoparticles tend to aggregate and short nanorods are 

formed. Thirdly, a large amount of small nanoparticles aggregate and short 

nanorods connect with one another to form nanowires. Fourthly, the nanowires 
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break due to a high percentage of channel-filling after the thermal treatment, 

thus leading to the formation of big nanoparticles or nanorods with a larger 

diameter. Finally, only big nanoparticles are found instead when the deposition 

time is quite too long.  

However, when the co-solvent is changed, the mechanism will be changed 

too. Yin and his co-workers(Xu et al., 2012a; Xu et al., 2014a) found that when 

the mixture of ethanol and ethylene glycol are used as co-solvent to prepare 

Ag@SBA-15 nanocomposites, the metal loading could achieve the maximum 

within very short time of deposition and nanowires instead of small 

nanoparticles were formed in all the samples. As shown in Figure 2, for the 

synthesis of Ag@SBA-15 in scCO2 using ethylene glycol as the co-solvent, 

AgNO3 is first dissolved in scCO2 with the assistance of the co-solvent and then 

it diffuses into the nanochannels of SBA-15. In the nanopores a small amount 

of AgNO3 is reduced to Ag0 by ethylene glycol, then the reduced Ag0 serves as 

nuclei to attract a large amount of AgNO3, leading to a significant decrease of 

AgNO3 concentration inside the pores. Because of the large difference of the 

AgNO3 concentration inside and outside the pores, AgNO3 diffuses rapidly into 

the nano-scale channels and thus a rapid non-equilibrium sorption occurs. That 

is the reason why a high metal loading is obtained in a very short deposition 

time.  

 

 

Figure 2. The mechanism of Ag growth in SBA-15 by using ethylene glycol as co-

solvent. 

 

THE OPERATING PARAMETERS 
 

In a typical SCFD process, metal precursors first dissolve in scCO2 with the 

assistance of co-solvent, then the mixture of the precursors, co-solvent and CO2 

diffuse into the nanochannles and adsorb onto the substrates. After 
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depressurization, CO2 and co-solvent are removed and nanocomposites are 

obtained. Thus, there are several controllable steps in the whole preparation 

process and there is more than one operating parameter to be controlled for each 

step. Generally speaking, there are four important parameters including the 

deposition pressure, temperature, time and the mass ratio of substrate to 

precursor influencing the experimental results in the SCFD method(Xu et al., 

2012a). 

Yin et al.(Xu et al., 2012a) prepared Ag@SBA-15 (Figure 3a) using AgNO3 

as precursor, scCO2 as solvent and ethanol as co-solvent in the temperature 

range of 30-80 C, pressure range of 8-24 MPa, deposition time of 0.5-28 h. The 

mass ratio of substrate to precursor was tuned from 2:1 to 0.5:1. It was found 

that for the sample prepared at the deposition temperature of 30 C, there were 

very weak peaks assigned to (111) and (200) reflections of metallic Ag in the 

XRD pattern. In contrast, the XRD pattern of the sample prepared at 80 C 

presented four weak and broad peaks. Moreover, the XRD peaks became much 

stronger for the sample prepared at 50C. They suggested that 50 C should be 

the proper temperature since it was mild and beneficial to the adsorption. When 

the deposition pressure was 8 MPa, neither nanoparticles nor nanowires were 

found in the TEM image. When the pressure was increased to 17 MPa, several 

nanoparticles could be seen in the TEM image while a large amount of 

nanoparticles and short nanorods were obtained at the deposition pressure of 24 

MPa.  

The dependence of nanowire or nanoparticle growth on the deposition time 

was studied at 50 oC and 24 MPa. When the deposition time was only 1 h, no 

any Ag nanoparticle or nanowire was observed from TEM image. As the 

deposition time was prolonged while the other parameters were kept unchanged, 

different morphologies of nanostructures could be observed. Short nanorods, 

long nanowires and uniformly dispersed nanoparticles were formed respectively 

at the deposition time of 3 h, 6-12 h, and 19-28 h. They found that the deposition 

time affected the morphology of nanostructures in a similar way when using 

Cu(NO3)2 as the precursor to prepare Cu@SBA-15 nanocomposites via a SCFD 

process (Yin et al., 2010). Besides, the metal loading changed from 3.99 wt% 

to 19.6 wt% as the deposition time varied from 3 h to 12 h while it kept almost 

constant after 12 h (19.6 wt% for 12 h, 19.2 wt% for 19 h and 20.4 wt% for 28 

h). This indicated that the adsorption reached equilibrium after 12 h of 

deposition and the adsorbed amount wouldn’t increase with deposition time 

after this equilibrium.  

When Ag@KIT-6 (Figure 3b) was synthesized using SCFD method(Xu et 

al., 2014b), with the mixture of 1mL ethanol and 1 mL ethylene glycol as co-
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solvent, the Ag loading of the nanocomposites was increased as the deposition 

time increased from 1h to 6h (11.89 wt% for 1h, 12.84 wt% for 3h and 15.30 

wt% for 6h), but it was slightly decreased when the deposition time was 

increased to 12h (13.74 wt%). The influence of deposition time on the metal 

loading is similar to that when preparing Ag@SBA-15 using SCFD method. In 

addition, When the deposition time was 1h, some nanoparticles were 

impregnated in the nanochannels of KIT-6 while there were several big 

nanoparticles outside the channels. As the deposition time increased from 3h to 

6h, more nanoparticles and nano-network could be seen inside the nanochannels 

instead.  

 

  

Figure 3. Typical TEM images of (a) Ag@SBA-15 and (b) Ag@KIT-6 prepared using 

SCFD method. 

 

INFLUENCE OF CO-SOLVENT AND  

THE UNDERLYING MECHANISM 
 

Yin and his co-workers(Xu et al., 2012b) found that compared to the case 

of only ethanol as the co-solvent, the employment of dual co-solvent of ethylene 

glycol and ethanol led to the significant reduction of deposition pressure and 

time. In their subsequent work(Xu et al., 2014a), they found that well dispersed 

and continuous nanowires were anchored into the nanochannels of SBA-15 in 

only 5 minutes at 8.5 MPa with a metal loading of 5.8 wt%. Furthermore, the 

metal loading increased with the increase of deposition time while the 

morphology was not changed. They drew a conclusion that the formation of 

nanowire morphology was independent of deposition time, pressure and metal 

loading when the dual co-solvent of ethylene glycol and ethanol were used. 
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As stated above, the deposition process of Ag nanowires in the channels of 

mesoporous silica can be described as four steps: (i) dissolution of AgNO3 in 

scCO2; (ii) diffusion and impregnation of scCO2 solution into the pores of the 

substrates and adsorption of AgNO3 onto the walls of the channels; (iii) 

depressurization and phase separation; and (iv) thermal reduction. Therefore, 

Yin and his co-workers(Xu et al., 2014a) investigated the underlying reason for 

the ethylene glycol co-solvent in consideration of these four steps. 

Firstly, the solubility of AgNO3 in ethylene glycol is nine times larger than 

that in ethanol at room temperature and the standard atmospheric pressure. 

Therefore, the solubility of precursor in scCO2 would be enhanced, facilitating 

the deposition of AgNO3 with a higher loading and the more complete filling of 

the channels, thus leading to the formation of nanowires. Contrast experiments 

with water and pyridine as the co-solvent were performed then. AgNO3 has a 

very high solubility in the three co-solvents (34g in ethylene glycol, 455g in 

water and 29g in pyridine at 20, 50 and 30 oC respectively). It was unexpected 

that when the mixture of ethanol and deionized water was used as co-solvent, 

several nanoparticles were observed and the metal loading was only 0.15 wt%. 

When the mixture of ethanol and pyridine was used as the co-solvent, a lot of 

nanoparticles instead of nanowires formed on the substrate even though the 

metal loading was as high as 15.9 wt%. Therefore, Yin and his co-workers(Xu 

et al., 2014a) argued that the enhancement of solubility was not the primary 

reason for the formation of nanowire morphology when ethylene glycol was 

used as the co-solvent.  

Secondly, the diffusion process of precursor into the nanochannels of the 

substrate probably will change after the addition of ethylene glycol. Yin and his 

co-workers(Xu et al., 2012a) studied the phase behavior of binary system of 

ethanol/scCO2 and ternary system of ethylene glycol/ethanol/scCO2. They 

found that for the binary system of ethanol/CO2, only liquid phase was found 

after calculations; the viscosity was 2.58 mPa·s and the surface tension was 0.11 

N·m-1. For the ternary system, the ratio of the vapor volume to the liquid volume 

was 69:1, so the vapor phase was the bulk phase in the deposition process(Xu 

et al., 2012a; Xu et al., 2014a). The viscosity of the vapor phase was 0.081 

mPa·s and the surface tension was 0 N·m-1 according to the calculations. 

Therefore, smaller viscosity and surface tension of the bulk phase were obtained 

when the mixture of ethylene glycol and ethanol was used as the co-solvent, 

which was beneficial for the penetration of precursor into the nanoscale 

channels.  

Thirdly, the interaction among the precursor, the solvent and the substrate 

will influence the adsorption of AgNO3 on SBA-15 from scCO2/co-solvent, thus 
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affect the metal loading and the morphology of the nanophase. The adsorption 

of inorganic precursor on the substrate mainly depends on the adsorption of co-

solvent on the substrate. It was reported that the relative effectiveness of 

hydrogen-bonding formation between the compounds and the silanol surface 

reflected the adsorption capacity(Ralph, 1979). If dimethoxytetraethylene 

glycol is used as standard compound, the relative molar effectiveness for 

ethanol, pyridine, and ethylene glycol is 5, 42, and 0. The bigger the relative 

molar effectiveness of hydrogen-bonding, the stronger the adsorption between 

the solvent and the substrate is. However, the zero relative molar effectiveness 

for ethylene glycol indicates weak adsorption between the co-solvent and silica, 

which conflicts with the fact that a large amount of AgNO3 was adsorbed onto 

the silica in a short deposition time of 5 minutes. 

Fourthly, a small amount of AgNO3 was proved to reduce to Ag0 during the 

deposition process by TEM and XAFS analysis. Then the reduced Ag0 served 

as nuclei to attract a large amount of AgNO3, leading to a significant decline of 

the precursor concentration inside the pores. Because of a large difference of the 

AgNO3 concentration inside and outside the pores, AgNO3 diffused rapidly 

from the bulk phase into the nano-scale channels and thus a rapid non-

equilibrium sorption occurred. Yin and his co-workers(Xu et al., 2014a) 

contributed the high metal loading to this reason. This deposition process with 

the addition of ethylene glycol is quite different from that using other co-

solvents. When using ethanol, water or pyridine as the co-solvent, the deposition 

process could be attributed to the adsorption of precursor on SBA-15 which was 

determined by the interaction between co-solvent and the silanol groups. 

 

 

THERMODYNAMICS AND KINETICS OF AGNO3 

ADSORPTION ON SBA-15 FROM SCCO2 AND CO-SOLVENT 
 

As mentioned above, there are four procedures including dissolution of 

metallic precursor in SCF, the diffusion and adsorption of precursor in the 

channels of substrates as well as depressurization in a SCFD process. Among 

the four procedures, the adsorption of the precursor from scCO2 solution on the 

substrate is the essential step which influences the metal loading and the 

distribution of the precursor directly. Erkey et al.(Zhang et al., 2008) and Yin 

et.al. (Xu et al., 2012a) used the classical Langmuir model to investigate the 

adsorption of the solute on adsorbent from scCO2.  
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It can be represented by Eq. (1) where q is the amount adsorbed of AgNO3 

on SBA-15(mmol/g),K is the Langmuir adsorption constant (L scCO2/mmol 

AgNO3), Q0 is the adsorption capacity (mmol AgNO3/g scCO2) and C is the 

concentration of AgNO3 in scCO2 (mmol AgNO3/L scCO2). KQ0 represents the 

relative affinity of the AgNO3 towards the surface of the adsorbent. The value 

of K and Q0 are obtained from another description of the equation (1) shown as 

equation (2).  

 

00

11

q

1

QKCQ


   (2) 

 

The fitting results are shown in Figure 4a. It can be seen that a good 

agreement is obtained between the model fitting and the experimental data. As 

the temperature increases, the adsorbed amount decreases at the same 

concentration of AgNO3. Figure 4b illustrates the difference of the adsorption 

when different co-solvents are used. When ethanol was used as the co-solvent, 

it takes about 20 h to achieve the equilibrium while it takes only about 2.8 h to 

approach the equilibrium when the mixture of ethanol and glycol was used as 

the co-solvent.  

Erkey and co-workers reported a mass transfer model based on diffusion 

inside the pore volume to describe the kinetics of adsorption of ruthenium and 

platinum precursors onto carbon aerogels and carbon blacks from scCO2 

solutions(Bozbag et al., 2011; Zhang et al., 2008). Yin et al(Xu et al., 2012a) 

applied this method to the system of inorganic salt and scCO2/co-solvent 

system. The equation of the adsorption kinetics model originating from Fick’s 

second law is given below: 
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Figure 4. (a) Adsorption isotherms for AgNO3 on SBA-15 using dual co-solvent 

(experimental data and Langmuir fitting) (b) AgNO3 adsorption on SBA-15 using 

different co-solvents at 50oC and 24 MPa. 

Where CA is the concentration of AgNO3 in scCO2 (mol/m3), q is the uptake 

amount of AgNO3 on the adsorbent (mol/kg) and t is the time (s). ∂CA/∂t 

represents the accumulation term, ∂q/∂t represents the adsorption term and 

∂CA/∂r represents the flux term. P  is the density of adsorbent particles (kg/m3), 

P  is the porosity of adsorbent particles, ,e pD
is the effective pore volume 

diffusivity and r is the diameter of the adsorbent particles. The two boundary 

conditions for Eq. (3) are  
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Where V is the volume of scCO2, m is the mass and S is the external surface 

area of SBA-15 particles. The initial conditions are that the adsorbent is solute 

free when the time is zero and the bulk fluid concentration is fixed, shown by 

equations (6) and (7):  

 

,0,00 RrtatCA 
  (6) 

 

,,00 RrtatCC AA 
  (7) 

 

To solve Eq. (3) numerically, the adsorption term ∂q/∂t in this equation is 

rewritten in terms of the uptake change with concentration ∂q/∂CA and the 

concentration change with time ∂CA/∂t using the chain rule as shown in equation 

(8)  
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In the polymath software, Eq. (8) is written using finite difference methods 

as: 
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the boundary conditions are 
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( )/ A ndq dC
is calculated by Langmuir equation as mentioned above. 

 

 

Figure 5. Demonstration of concentration decay curves of AgNO3 on SBA-15 from the 

outermost point (C1) to the center of the adsorbent (C25). 

Twenty five points in the radial direction from the outside of the spherical 

adsorbent particle to the center were used. As seen in Figure 5, the concentration 

of the precursor at the outermost point of the adsorbent particle decreased as the 

time increased (C1 curve), while that inside the adsorbent increased with time 

(C5、C10、C15、C20、C25 curves). The concentration at the location near 

the outside of the adsorbent particle increased faster than that far away from it. 

After 10000s (about 2.8 h) the concentration at the outermost point of the  

adsorbent particle was the same as that inside even at the center of the adsorbent, 

and the adsorption reached equilibrium. The equilibrium time was consistent 

with the experimental data (2.5 h). 
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CONCLUSION 
 

In summary, SCFD is an effective method to prepare Ag nanostructures in 

mesoporous silica using inorganic AgNO3 as precursor. Co-solvent has a 

significant influence on the metal loading and the morphology of the 

nanostructures. The addition of ethylene glycol as co-solvent leads to a large 

metal loading within very short deposition time. Moreover, only nanowires are 

found instead of small nanoparticles in all the samples when the mixture of 

ethanol and ethylene glycol is used as co-solvent. The underlying reason could 

be attributed to the reduction of a small amount of AgNO3 into Ag0, leading to 

a rapid non-equilibrium adsorption of AgNO3. In addition, deposition 

temperature, pressure and time are found to influence the metal loading and the 

morphology of the nanocomposites. Higher pressure and moderate temperature 

are suggested. As for the deposition time, the metal loading usually increases 

with the increase of the deposition time before the adsorption of the precursor 

reaches the equilibrium. But the morphology changes from small nanoparticles, 

nanowires to big nanoparticles along with the increase of the deposition time. 

Finally, it is also found that the adsorption isotherm data of AgNO3 from 

scCO2/co-solvent on SBA-15 are well fitted by Langmuir model. The kinetics 

study using a mass balance differential equation shows that the adsorption 

reaches equilibrium after 10000 s (about 2.8 h) which is comparable to the 

experimental result (2.5 h). 
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ABSTRACT 
 

Porous silicon (PSi) have attracted remarkable concerns and found 

tremendous importance widespread in both fundamental research and 

industrial applications. At modern time PSi is considering as a key material 

in many industrial sectors such as electronics, sensors and photonics. 

Additionally, the interest to PSi nanostructures containing noble metal 

nanoparticles was recently found. Silver nanoparticles are the subject of 

specific increasing features due to their strongest plasmon resonance in the 

visible spectrum. Such materials could be widely used for variety 

applications as solar cells, absorbents, lightings, catalysts, and for 

biological sensors. At the present report a novel technological approach 

based on low-energy ion implantation is suggested and realized to create 
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PSi layers with silver nanoparticles on the crystalline surface of Si wafers. 

It is demonstrated that using high-dose Ag-ion implantation of silicon with 

the energy of 30-60 keV the surface PSi structures with silver nanoparticles 

can be successfully fabricated. Also the fabricated plasmonic material - 

Ag:PSi is tested for Surface Enhanced Raman Scattering - SERS sensor 

application. 

 

Keywords: silver nanoparticles, porous silicon, ion implantation  

 

 

1. INTRODUCTION 
 

Porous silicon (PSi) is a promising material used in micro-, nano-, and 

optoelectronics, which is also important for technological applications in 

sensorics, biosensorics, and solar cells [1]. PSi was first discovered in 1956 at 

Bell Labs [2] as a by-product of chemical etching of apertures in crystalline Si 

wafers. The discovery of PSi photoluminescence in the visible range at room 

temperature [3], which is explained by the quantum size effect for charge 

carriers, drastically raised interest for PSi over the world. Prior to this discovery, 

PSi was almost exclusively considered as insulating layer devices in the 

microelectronics industry. Therefore, finding new ways of PSi formation, as 

well as improving presently available technologies for synthesis of such 

structures, offers a very interesting challenge of today. 

It is known a method which used to obtain PSi layers at the surface of 

monocrystalline silicon as a result of its implantation with ions of rare gases. 

The solubility of rare gases in solids is very low and does not exceed a level of 

1016 ion/cm2. The gettering of gas bubbles from the matrix gas ions in irradiated 

polymer material leads to the formation of nanopores (free volumes, nanovoids) 

[4]. In the case of silicon in order to stimulate the nucleation and growth of pores 

from implanted gas ions, the implanted silicon wafers are subjected to thermal 

annealing [5]. Such a technique for the formation of pores at the surface of 

silicon was demonstrated earlier for implantation with ions such as He+ [6], H+ 

[7], Ne+ [8], Ar+ [9] and Kr+ [8, 10].  

Additionally, the interest to silicon nanostructures containing noble metal 

nanoparticles was recently found. It was initiated because of metal nanoparticles 

with localized surface plasmon modes demonstrate a specific option to enhance 

the recombination rate of the light silicon emitter to increase the efficiency of 

photoluminescence and internal quantum effectively, etc. [11, 12-14]. Silver 

nanoparticles (AgNPs) are the subject of specific increasing interests due to their 
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strongest plasmon resonance in the visible spectrum [15, 16]. For example, PSi 

samples coated with a layer of AgNPs after their electrochemical etching 

showed that a photoluminescence intensity becomes remarkably increased [17], 

the reflection of incident light with wavelength below 1100 nm could be reduced 

to use them for antireflection devices [18] or surface-enhanced Raman 

scattering of adsorbed on AgNP-PSi structures some organic molecules [13]. 

Instead of using simple silicon as the substrate for the AgNPs deposition on 

the top of a sample, the ion implantation technique can be used to form AgNPs 

in a volume of silicon as in the case of ion-irradiated silica glass or polymers 

[16]. Early, in experiments of the works [19, 20] Ag-ion implantation into 

crystalline silicon wafers and silicon nanocrystal layers at the energy of 30-35 

keV and rather lower dose of 5.01015 ion/cm2 was performed. Then AgNPs in 

silicon matrix were synthesized after thermal annealing at 500°C of implanted 

samples. In another work [21] Ag+-ion implantation of silicon using a 

conventional metal vapor vacuum arc - MEVVA ion source, which produced a 

mixture of Agn+ ions, was applied at higher dose of 2.01017 ion/cm2 to create 

AgNPs. 

As it will be discussed here and as it was shown in the scientific literature 

[22], the metal-ion implantation technique was no used before 2013 in practice 

for fabrication of PSi [23]. In the articles [23-25], a first time it was 

demonstrated a successful experiment on synthesis of PSi with implanted Ag 

nanoparticles. A detailed description of technological approach and a new result 

data for AgNP-PSi are demonstrated and explained in this report. 

 

 

2. EXPERIMENTAL 
 

For an obtaining the structured composite Ag:PSi material, a wafer of 

single-crystal Si with p-type conductivity and crystallographic orientation (100) 

was used. Before implantation the substrates were cleaned in a wet chemical 

etching process. The Ag+-ion implantation was performed with the energy of 30 

keV, ion dose of 1.51017 ion/cm2, and ion current density of 8 A/cm2 with an 

ILU-3 ion accelerator (Figure 1) [25] at residual vacuum of 10-5 Torr and room 

temperature of the irradiated samples.  
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Figure 1. The ion accelerate ILU-3. 

Depth distribution profiles of Ag atoms and the damage level in implanted 

silicon were modeled using the simulation-program the Stopping and Range of 

Ions in Matter (SRIM-2013) [26]. The morphology of the implanted structured 

silicon surfaces were characterized in plan-view by scanning electron 

microscopy (SEM) using high-resolution microscope Merlin Carl Zeiss 

combined with ASB (Angle Selective Backscattering) and SE InLens 

(Secondary Electrons in lens direction) detectors, which was also equipped for 

energy-dispersive X-ray spectroscopy (EDX) analysis with AZTEC X-MAX 

energy-dispersion spectrometer from Oxford Instruments. The crystallinity of 

the implanted silicon structure was estimated by the spectra of Raman scattering 

(RS) registered on a DFS-52 spectrometer at room temperature and excited by 

a continuous argon laser LGN-502 at a wavelength of 448 nm and radiation 

power of 50 mW. Surface morphology observation and the measurements of the 

profile and depth of pores (cross section) in PSi were carried out also by an 

Innova Bruker atomic-force microscope (AFM). 

Raman spectra are measured using optical confocal DXR Raman 

Microscope (Thermo Scientific). Second harmonic of solid state Nd:YAG laser 

with the wavelength of 532 nm and the maximum power of 10 mW is used for 

an excitation. The 0.01 M solution in bidistilled water of Methyl Orange as 
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testing analyte (MO) is used to study Surface Enhanced Raman Scattering - 

SERS on the Ag:PSi substrate. 

 

 

3. RESULTS AND DISCUSSIONS 
 

Ion implantation is a widely applied technique used for the controlled 

matrix depth doping of various metals, dielectrics, and semiconductors by 

embedding into them energetically accelerated ions of various chemical 

elements [1]. According to the SRIM simulations, during ion bombardment an 

excess vacancy-rich region and accumulation of implanted ions can be formed 

close to the surface in irradiated matrix (Figure 2). A mean penetration range 

(RpAg) of 30 keV accelerated Ag+-ions into silicon substrate is about 26 nm with 

a longitudinal straggling (ΔRpAg) of 8 nm in the Gaussian depth distribution 

(Figure 2a). Thus, the predicted thickness of the modified silicon surface layer 

(Rp + 2ΔRp) is about 42 nm. 

It was assumed [27] that during ion implantation porous structures in 

various semiconductors could be resulted from nucleation of small voids in the 

irradiated materials by vacancy generations. Therefore, the vacancy depth 

distribution for silicon implanted with Ag+ ions was also simulated by the SRIM 

(Figure 2b), which showed similar profile to ion distribution for such low 

accelerating energies. Analyzing SRIM modeling, however it should be taking 

in account that obtained depth distribution of silver and vacancies are 

corresponded to implantation process of uniform silicon matrix before a 

nucleation and growth (for ion dose less than 1.01016 ion/cm2) of PSi. As it will 

be shown further, a prolonged irradiation, simultaneously with the formation of 

PSi and a segregation of silver near the surface. 

Figure 3a shows a plane-view SEM image of unimplanted silicon, which 

looks likes as very smooth without any surface structural inhomogeneity. The 

results of porosification of the silicon samples are observed by plan-view SEM 

images (Figure 4). This figure shows the SEM images of the silicon surface 

implanted with silver ions which demonstrated by different scales. In contrast 

to unimplanted silicon (Figure 3) the characteristic PSi surface structures show 

the black hole appearance in the implanted silicon region. The PSi layer formed 

by ion implantation seems to be homogeneous over a large area (tens of 

micrometers) of the sample (see Figure 4a), which is an importation 

characteristic (scalability) for a number of technological applications [1].  
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a 

b 

Figure 2. Depth ion distribution of Ag-ions implanted (a) and generated vacancy 

profiles (b) in silicon with energy of 30 keV calculated using the SRIM code. 
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   a 

 

  b 

Figure 3. SEM image (a) and EDX characteristic spectrum (b) of unimplanted silicon. 
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a 

b 

c 

Figure 4. SEM images (in different scales) of the PSi surface layer with silver 

nanoparticles, which is obtained by Ag+-ion implantation of single-crystal Si. 
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Figure 5. EDX characteristic spectrum of PSi fabricated at ion dose of 1.51017 

ion/cm2. Visible EDX peaks confirm the presence of Ag in the synthesized p-Si 

strictures. 

The magnified image of the surface fragment (Figure 4b) allows to estimate 

the average size of pores (black regions), which is 150-180 nm, and the 

thickness of pore walls (gray regions), which is 30-60 nm. The next magnified 

image (Figure 4c) shows the ion-synthesized nanoinclusions with the average 

size of 5-10 nm in the structure of PSi walls (light spots on the gray background 

of the PSi matrix). Since heavier (in terms of mass) chemical elements, which 

are recorded by a detector of backscattered electrons, appear in the SEM images 

in a lighter tone, thus it possible to conclude that, for the analyzing composite 

material (which consists only of silicon atoms and implanted silver), the light 

(bright white) regions on the dark background (signal from silicon) are due to 

the metallic silver in the form of AgNPs. Note that silver atoms and silicon 

together do not form any chemical compounds like, for example, metal silicides 

(with cobalt, iron, etc.). 

It is shown in Figure 3b and Figure 5 an EDX spectra recorded on the 

examined unimplanted silicon and PSi structures with AgNPs fabricated at 

highest ion dose, respectively. Such EDX spectra measurements for implanted 

samples were done in the area on surface outside black holes of the silicon pores. 

In contrast to EDX data for unimplanted silicon, in the middle part of the 

presented spectra of PSi it is clear seen four peaks located between 2.5 and 3.5 

keV. 
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Those maxima are directly related to the Ag characteristic lines. It is 

observed that the intensity of Ag EDX peaks increases with increasing of ion 

implantation dose that means a growing of Ag concentrations in the silicon 

samples. Appearance of Ag peaks is in consistence with white sports in SEM 

images of the PSi (Figure 4), which are corresponding to AgNPs synthesized in 

PSi during ion implantation. As shown in the present study, using selected 

conditions for low-energy Ag-ion irradiation of silicon AgNPs can be fabricated 

without post-implantation thermal annealing as it was applied in the works [19, 

20].  

Measuring the optical Raman spectra of the irradiated and nonirradiated 

silicon (Figure 6) shows that the peak, which is recorded on the frequency of 

520 cm-1 and is known to be related with the optical phonon scattering of the 

crystalline silicon matrix, completely disappears after ion implantation, thus 

characterizing the formed PSi layer as amorphous. 

The additional information confirming the formation of PSi in the process 

of Ag+-ion implantation of Si is obtained from AFM measurements. Figure 7 

shows the AFM images of the PSi surface fragment, which are obtained in the 

imaging and phase contrast modes; these images seem to be typical for PSi 

structures [1]. The cross-section profile of individual pores, which is measured 

in the direction marked in Figure 7a, is presented in Figure 7d. It allows to 

estimate the depth of pores to be ~40-50 nm. Thus, it could be concluded that, 

as a result of Ag+-ion implantation of Si, the typical pores are formed that are 

comparable with the relatively shallow pores in PSi formed by the 

electrochemical method in highly dilute solutions of hydrofluoric acid [1]. The 

AFM image taken at lateral illumination (see Figure 7b) clearly shows that the 

silver nanoparticles are formed by ion implantation in the PSi structure. It should 

be noted, however, that, due to the convolution effect, the sizes of the 

nanoparticles in the AFM images seem to be somewhat overstated as compared 

to their real sizes observed in SEM images (in Figure 4). 

Noble nanoparticles are known to enhance, in particular, Raman signal from 

organic molecules [28]. Figure 8 compares the Raman spectra of MO solution 

and MO drop on the Ag:PSi substrate. The bands plased at 1118, 1150, 1200, 

1316, 1366, 1392, 1421, 1446 and 1592 cm-1 correspond to the vibration 

frequencies of MO molecules [29]. The intensity of these bands is 

approximately two times higher for MO layer on the Ag:PSi surface. The band 

at 520 cm-1 corresponds to silicon wafer. It is demonstrate that the laser beam is 

focused directly at the interface of the SERS-substrate surface of Ag:PSi and 

drop of dye MO. Enhancement factor (EF) can be estimated as [30]: 
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, (1) 

 

where ISERS and ISRS are Raman intensities for SERS on the Ag:PSi substrate 

and for spontaneous Raman scattering in solution respectively; СSERS and СSRS 

are corresponding molar concentrations of MO. The frequency and 

enhancement factor are shown in Table 1. 

Thus, a main result of the work is experimental demonstration of a special 

SERS-substrate with silver nanoparticles, which created by a novel 

technological approach based on low-energy high-doses ion implantation. It was 

also observed that Intensity of SERS spectra for MO on Ag:PSi is higher in 2 

time than for MO in solution. These results are demonstrate a perspective for 

using a new SERS-substrate on Ag:PSi as chemical and biological sensors. 

 

Table 1. Frequencies and EFs of SERS bands of MO 

 

ν, cm-

1 1118 1150 1200 1316 1366 1392 1421 1446 1592 

EF 1.7 1.9 1.6 1.6 1.7 1.7 1.7 1.5 1.5 

 

 

Figure 6. Raman spectra of the unimplanted single-crystal Si and the PSi layer formed 

by Ag+-ion implantation of Si. 

SERS SRS

SRS SERS

I C
EF

I C
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  a

b 

c 

Figure 7. (Continued) 
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d 

Figure 7. AFM images of the PSi surface prepared by low-energy high-dose 

implantation of single-crystal Si with Ag+ ions, which are taken (a, b) in the imaging 

mode and (c) in the phase contrast mode, and (d) the cross-section profile of individual 

pores, which is measured in the direction marked in (a). 

 

Figure 8. Raman spectra of MO solution (dashed) and MO drop on the Ag:PSi 

substrate (solid). 
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CONCLUSION 
 

Thus, in this work a completely new technique used to obtain PSi layers 

with silver nanoparticles at the surface of monocrystalline silicon by a low-

energy high-dose implantation was demonstrated. Ion implantation is one of the 

basic techniques used in industrial semiconductor microelectronics for the 

formation of various types of silicon nano- and microdevices. Therefore, the 

proposed new physical technique for the formation of PSi, in contrast to the 

well-known chemical approaches, rather easily integrated into an industrial 

modern process for improving the technologies of the fabrication of 

microcircuits. 

As follows from the results presented in this work, in our experiments the 

PSi structures with silver nanoparticles were first obtained without a chemical 

technique in solution. Evidently, the further steps in improving such types of 

composite materials must contain an optimization of the processes of their 

fabrication and, in particular, searching for correlation features between 

structural parameters and the characteristics of optical, plasmon, 

photoluminescence, and sensor properties of new porous structures. 
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ABSTRACT 
 

Nanostructures of noble metals are being investigated for their 

applications in areas of biology and biotechnology, biological labeling, 

photothermal, photonics, optoelectronics, catalysis, surface-enhanced 

Raman scattering (SERS) detection etc. Among the metal nanoparticles, 

silver nanoparticles are well known for their size dependent properties as 

well as antibacterial activities. Pulsed laser ablation in liquid (PLAL) is a 
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physical synthesis technique to obtain ultra-pure nanoparticles of metals, 

semiconductors and ceramics which is a green synthesis compared to other 

chemical methods. In this chapter, we describe antifungal activities of 

silver nanoparticles produced by pulsed laser ablation of a high purity 

silver target in distilled water. The chapter includes details of the synthesis 

of silver nanocolloids using PLAL and their characterization using various 

techniques. Antifungal activities of these silver nanocolloids on fungi such 

as Aspergillus niger and Penicillium spp are explained. These filamentous 

fungi are responsible for the deterioration of storage life of fruits and 

vegetables worldwide. The effects of heterogeneous shaped silver 

nanoparticles produced by PLAL in these two fungal species probed in 

vitro are discussed. The nanoparticle concentrations from 31.8 to 74.2 

mg/L were able to delay mycelium growth and sporulation in both species 

at the conditions probed. These results open up more biological 

applications of nanoparticles synthesized by PLAL.  

 

Keywords: silver nanoparticles, pulsed laser ablation in liquid, structure and 

morphology, antifungal properties 

 

 

INTRODUCTION 
 

In Mexico’s economy, agriculture plays an important role because it is 

oriented to exportation, hence a very competitive activity in the country. 

According to the Secretariat of Agriculture, Livestock, Rural Development, 

Fisheries and Food (SAGARPA for its acronym in Spanish) 350 varieties of 

agricultural products are exported annually; among them main fruits are 

avocados, watermelon and lemon, while others are mainly corn and other fruits 

and vegetables. From its production value, avocados register an annual average 

value of $1,108,143,334.50 Mexican pesos, cataloging it as Mexico’s best seller 

fruits, whereas wheat registers an average of $225,085,609 Mexican pesos and 

tomato an annual value of $1,782,499,326 Mexican pesos. As we know, their 

post-harvest refers to the time between crop maturity and its consumption, 

presents the agricultural cycle, harvesting, shipping from one place to another 

(from state to state or different countries), storage, display, buy and 

consumption. 

In developing countries like Mexico, 40% of food loss is present after food 

process and harvesting (Gustavsson et al., 2011); for instance, the loss of roots 

and tubers in regions of Latin America happen in the post-harvest period, 

process and distribution, since these products are more likely to get damaged. 

In between the stage of process and post-harvest, about 50-55% of fruits and 
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vegetable are wasted due to wrong management and also the weather in these 

regions affects directly to the product’s physical, chemical and biological 

(Gustavsson et al., 2011) properties. 

Another official record reports 40 million tons of lessening is lost, 

calculated around 252 billion Mexican pesos. In the post-harvest period, 

between 5-8% of loss occur during harvest, 15-20% while pre-storage, 5-10% 

in the course of storage and 10-20% during shipping (Diario Oficial de la 

Federación). The main causes of loss during post-harvest are the wrong handling 

of product, senescence, quick maturing crop, chemical damage, inefficient 

cooling systems with temperature variations, bad selection of product before 

storage, inadequate packaging, decomposition due to microorganisms (Kiaya, 

2014; Kitinoja and Kader, 2002) etc.  

As mentioned, storage and shipping are stages from post-harvest with a high 

incident rate of waste, due to factors such as humidity, temperature and air, 

which play an important role for the product’s stability and affects directly the 

product’s life span. Damage caused from microorganisms to fruits and 

vegetables is of major interest since bacteria and fungi are opportunistic 

microorganisms and are present ubiquitously. Fungi are versatile 

microorganisms that are capable of growing in any kind of place and/or 

condition; for example, it is registered that fungi that affect fruits and vegetables 

during post-harvest have an optimum temperature rate from 20 to 25°C even 

when they can endure temperature rates up to 38°C, in other situations, can grow 

in temperatures like 15°C even though other type of fungi such as Penicillium 

expansum, Botrytis cinerea, Alternaria alternata and Cladosporium herbarum 

can grow and cause damage in temperatures as low as -1 and 1°C. Humidity is 

an important factor for fungal growth, which can be found in the post-harvest 

processes (Agrious, 2005; FHIA, 2007).  

Alternaria, Botrytis, Fusarium, Geotrichum, Sclerotina, Penicillium and 

Asperguillus are fungal genus associated to post-harvest diseases. It has been 

reported that Aspergillus affects mainly grains, legumes, wheat, hay and cotton, 

while the genus Penicillium is linked to 90% of fruits decomposition such as 

apples, tomatoes, pears, quince, grapes, onions, fig, sweet potato, among others, 

during shipping, storage and display (Agrious, 2005). Some of the alternatives 

that have been implemented to prevent fungi infections are: having a good 

management of the product during harvesting, chemical treatments, 

phytosanitary measures and appropriate constant temperature for a satisfactory 

product preservation. Although some of these measures have been carried out 

during the storage and shipping stage are still considered (M. K. Rai, Deshmukh, 

Ingle and Gade, 2012). With the increasing use of antifungal, disinfectants, etc. 
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microorganisms are becoming more resistant, reason why new alternatives for 

the solution of these problems have been sought out and are fundamental to 

decrease the economic loss due to contamination from micro-organisms during 

post-harvest. 

At this context, nanomaterials are of special interest because of their size, 

shape and surface chemistry as well as their size dependent properties like high 

reactivity, catalytic activities, optical properties etc. The smaller size and other 

unique properties of nanoparticles (NPs) lead to their use in biological systems 

and medicine. Enhanced surface activities of the nanoparticles provide 

conjugation and interaction of nanoparticles with different biomolecules. 

Applications of nanomaterials in biology and medicine are mainly in 

biomolecular recognition, sensing, drug delivery, biocatalyst, imaging, MRI, 

biomolecule purification and biocompatible surface coatings. Nanoparticles of 

silver and gold can function as useful antimicrobial agents. Other nanomaterials 

having antimicrobial activities reported are TiO2, ZnO, Pt, Copper and Copper 

oxide, carbon nanotubes (CNT), MgO, Iron Oxide, SiO2, CdSe, chitosan etc. 

Through nanotechnology’s progress and development of new synthesis 

techniques, nanoparticles boomed in different areas such as technology, science 

and market. It has been proved that metal nanoparticles have size dependent 

physicochemical characteristics such as catalytic, optical and electronic activity 

(Kordestani, Nayebhabib, Saadatjo and Kordestani, 2015). Throughout history 

it has been observed that silver is an antimicrobial agent widely used as well 

that it was discovered that silver nanoparticles have a powerful antifungal 

properties (Rivera and Ramos, 2014). 

The synthesis method of silver nanoparticles is the main factor that affects 

their shape and size. There exist different synthesis techniques that vary from 

physical, chemical and biological methods (Hasan, 2015). In 2009, Panácek and 

collaborators made an antifungal study in different species from the genus 

Candida. The nanoparticles were synthesized by the chemical method Tollen 

with an average diameter of 25 nm; the antifungal tests were made in 

microplates with a range of nanoparticle concentration of 0.05mg/L to 54mg/L. 

For the C. albicans II it was observed a minimum inhibitor concentration of 

21mg/L, for C. albicans l 0.42 mg/L, C. tropicalis of 0.84 mg/L and C. 

parapsilosis 1.69 mg/L; as a result, the C. parapsilopsis was the less sensitive, 

showing a loss of 100% of the species in a concentration of 27 mg/L silver 

nanoparticles (Panácek et al., 2009). In 2015 Lara and collaborators observed 

an inhibitor effect in the biofilm produced by the C. albicans with the use of 

silver nanoparticles (Lara et al., 2015). 
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For biological synthesis of silver nanoparticles, the synthesis catalyzed by 

Fusarium oxysporum, resulted particle size range of 5-60 nm (Selvi and 

Sivakumar 2012). Another fungus capable to produce silver nanoparticles is 

Asperguillus foetidus, obtaining heterogeneous shapes in a size range of 20-40 

nm. Nanoparticles produced by Asperguillus foetidus had shown an inhibitory 

effect in Aspergillus niger, Aspergillus flavus, Aspergillus foetidus, Aspergillus 

oryzae, Aspergillus parasiticus and Fusarium oxysporum (Roy et al., 2013). 

Gajbhiye and co-workers (Gajbhiye et al., 2009) found that Alternaria alternata 

have the capacity to produce silver nanoparticles using 1 mM de AgNO3 in the 

growth medium, obtaining spherical nanoparticles with heterogeneous size 

between 20 and 60 nm (an average of 32.5 nm). The antifungal activity of these 

nanoparticles was proved against Phoma glomerata, Phoma herbarum, 

Fusarium semitectum, Trichoderma sp., and Candida albicans, resulting in a 

significant decrease in the growth inhibition when fluconazol and silver 

nanoparticles were combined. 

Among the physical methods for synthesis, an interesting one is pulsed laser 

ablation in liquid, which consists of an explosive evaporation of solid materials 

(target) immersed in a liquid. The laser output is focused onto the target using a 

lens and as a result of ablation a plasma plume is produced. For a nanosecond 

pulsed laser, the main mechanism for production of nanoparticles is heating and 

evaporation of the target. The laser ablation plasma will be quenched by the 

surrounding liquid medium and as a result the release of nanoparticles are into 

the liquid resulting in a nanocolloid (Tsuji, 2012). The production efficiency of 

nanoparticles through this technique is related to the laser wavelength, the 

incident energy on the target, pulse duration (femto-, pico-, or nano), laser 

energy fluence, ablation time, liquid medium and the presence or absence of 

surfactants. The main advantage of this type of synthesis is the absence of toxic 

precursors or surfactants compared to chemical methods as well as it is faster 

than the biological methods (Iravani et al., 2014). This technique’s main 

disadvantage is that the limitations in controlling the shape and size of the silver 

nanoparticles that are non-homogenous and the size distribution vary from 10 

nm to 120 nm (Simakin et al., 2004; Dolgaev et al., 2002). 

Mafune and co-workers (Mafune et al., 2000) studied silver nanoparticle 

synthesis by the PLAL method where the liquid media was water with different 

concentrations of SDS (sodium dodecyl sulfate). They attributed the size of the 

nanoparticle with the concentration of SDS, the laser power and the number of 

laser shots. Simakin and his group (Simakin et al., 2004) under their synthesis 

conditions observed more optical density of silver nanoparticles using acetone 
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in comparison with water and ethanol. The average nanoparticles size reported 

was of 60 nm but the actual sizes of the nanoparticles varied from 20 a 120 nm. 

Taking into consideration the importance of improved storage and utile life 

time for the agricultural products (mainly fruits and vegetables) in Mexico, 

investigations on synthesis and use of nanomaterials, especially on antibacterial 

and antifungal properties of nanomaterials are extremely significant. In this 

chapter, we describe studies on the growth inhibitory effect of PLAL 

synthesized silver (Ag) nanoparticles against fungi from commercial interest as 

Penicillum and Aspergillus. Penicillum spp. and Asperguillus niger are 

members of the Ascomycota fungal group. Asperguillus niger has an asexual 

reproduction trough asexual spores called conidia just as Penicillium spp., but 

this last one has also a sexual reproductive phase. Their spore inactivation has 

been always a challenge due to their strong cell wall prepared to deal with 

extreme conditions as desecration or sudden temperature changes (Pinto et al. 

2013).  

 

 

METHODS AND RESULTS 
 

Silver nanoparticles were produced by PLAL technique in distilled water 

using 532 nm output wavelength. Pulsed laser ablation experiment was 

performed using a q-switched Nd: YAG pulsed laser (Solar Laser System 

LQ629-100) of 10 ns, 100 Hz and output energy of 90 mJ/pulse for 532 nm of 

wavelength. The target used for ablation was Ag metal plate (99.99% pure). The 

metal target was placed at the bottom of a glass beaker (50 ml of volume) 

containing 30 ml of distilled water. The 532 nm output was focused with a 

convex lens to the target at its focal distance (150 mm). After 10 minutes 

ablation, yellow colored solution of silver nanoparticles (Figure 1) was 

obtained. Immediately after the experiment, a TEM grid was prepared by 

placing a drop of the colloidal solution on a copper grid and dried it at ambient 

temperature. Morphology and size of the silver NPs were analyzed using 

Transmission Electron Microscopy (TEM, Model FEI Titan G2 80-300). UV-

Visible absorption measurements were carried out in a UV-Vis-NIR 

spectrophotometer (Shimadzu UV-1800). Silver nanoparticles used in our study 

has a non-uniform shapes, but the majority are spherical in shape and the size 

between 20 to 60 nm (TEM micrographs in Figure 1). The UV-Visible 

absorption spectrum resulted with an absorption peak at 400 nm which is the 

characteristic surface plasmon resonance absorption of Ag nanoparticles. 

Yellow color of the nanocolloid as well as characteristic plasmon resonance 
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absorption at 400 nm were the first confirmations for the presence of Ag NPs in 

solution after ablation experiment.  

 

 

 

 

Figure 1. (Continued) 
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Figure 1. Photo of the silver nanocolloids prepared by pulsed laser ablation of silver 

target in distilled water, UV-Visible absorption spectrum and Transmission electron 

micrographs of silver nanoparticles. Ag nanoparticles are not of uniform shape/size 

pattern and their size vary between 20 nm to 60 nm. 
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In our research, the poison plate technique was employed (Thenmozhi, 

Kannabiran, Kumar and Gopiesh Khanna, 2013), which was modified using 

different concentrations of silver nanoparticles (31.8 µg/ml, 42.4 µg/ml, 63.6 

µg/ml, 74.2 µg/ml) synthesized by PLAL method. Sterilized PDA (potato 

dextrose agar) was mixed homogeneously with different nanoparticle 

concentrations in petri dishes. The mix was inoculated with 100µl of Penicillum 

spp. (3250 spores) and Asperguillus niger (2250 spores) after their 

solidification.  

The values obtained were assigned by a qualitative scale, where the low 

values show less growth compared with positive control and higher values 

present more growth than that one presented in positive control (Table 1). A 

sporulation time had a delay in Penicillium spp. until 14th day in silver 

nanoparticles concentrations of 31.8 µg/ml and 63.6 µg/ml with no sporulation 

signals (Table 2). It is also observed that there is no 100% growth inhibition. 

 

Table 1. Growth inhibition values followed from 9 days of fungal growth 

in PDA medium amended with different nanoparticle concentrations 

 

 Sporulation inhibition 

(+) control 31.8 µg/ml 42.4 µg/ml 63.6 µg/ml 74.2 µg/ml (-) control 

Penicillum 

spp. 
23 13 27 13 22 0 

Asperguillus 

niger 
22 19 19 19 18 0 

 

A sporulation delay was observed for Asperguillus niger until day 5 at a 

nanoparticle concentration of 74.2 µg/ml, micelial growth was present at all 

concentrations. 

Some of the main factors associated with antimicrobial/antifungal 

properties of nanoparticles are their surface charge, metal composition, 

incubation time or exposure, dose and nanoparticles oxidation capacity 

(Thenmozhi et al., 2013). It was reported that antifungal activity on silver 

nanoparticles in phytopathogen fungi as B. sorokiniana and M. grisea affecting 

its colonial formation (Jo et al., in 2009). Both species showed differences in 

their sensibility to nanoparticle concentrations, that could be explained by their 

spore size of 60 µm for B. sorokiniana, bigger than the one presented by M. 

grisea (17 to 28 µm), M. grisea showed incremented susceptibility. It was also 

observed differences between species, for B. sorokiniana the inhibition effect 

presented between 500 ppm and 125 ppm and for M. grisea between 200 ppm 
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and 25 ppm. Differences among maximal concentrations is fungal specie 

related. In our study it is observed that for Penicillium spp. lower silver 

nanoparticle concentrations were needed (31.8 mg/L y 63.6 mg/L) and for 

Asperguillus niger, higher concentration (74.2 mg/L). Aspergillus spore size 

was reported of 1.8 a 3.5 µm diameter (Buttner and Stetzenbach 1993) while 

Penicillium spp. is of 3.5 to 5.0 µm (Petrikkou et al., 2001). Also there are some 

reports of very near spore diameters between both species; 2.5 a 5.0 μm 

(Asperguillus niger) and 2 to 4 μm (Penicillium spp.) (Kanaani et al., 2007). 

 

Table 2. Sporulation inhibitory effect of silver nanoparticles  

in Penicillium spp 

 

Penicillum spp. 

Growth time 

(days) 
(+) control 31.8 µg/ml 63.6 µg/ml (-) control 

10 

    

11 

    

14 

    

 

Thenmozhi et al. synthesized silver nanoparticles by interaction with the 

actinobacteria Streptomyces sp. VITSTK7, they presented a spherical shape 

with diameters from 20 to 60 nm with 35.2 nm average size. In this work 

nanoparticles were used after oxidation at 50 µg/ml in PDA solid media 

inoculated with A. niger (MTCC 281), A. fumigatus (MTCC 343) and A. flavus 

(MTCC 277) mycelia, and grew for 7 days. 62-75% was observed probing a 

fungstatic effect (Thenmozhi et al., 2013). In this study, using the antimicrobial 

assay reported by Thenmozhi et al, obtained a fungistatic effect. On A. niger, 

Complimentary Contributor Copy



Antifungal Activities of Silver Nanoparticles … 99 

with a delay on 5th day at a concentration of 74.2 mg/L, to Penicillium spp. we 

observed the presence of sporulation until the 14th day at a concentration of 31.8 

mg/L and 63.6 mg/L. 

In comparison with the results obtained by Kim and his research group 

(Kim et al., 2012) where they used different growth medium, PDA, MEA (malt 

extract agar) y CMA (corn meal agar) mixed with different types of silver 

nanoparticles (10, 25, 50 and 100 ppm). Then, the mix was incubated for 48 

hours at room temperature. Before this processes, the plates were inoculated at 

the same time and incubated at 28 °C for 14 days. As a result, they observed an 

inhibition effect depending the nanoparticle concentrations, type of nanoparticle 

and agar type. They did not notice any correlation between the concentration of 

silver nanoparticles and the growth inhibition. 

 

Table 3. Sporulation inhibitory effect of silver nanoparticles  

in Asperguillus niger 

 

Asperguillus niger 

Growth time 

(days) 
(+) control 74.2 µg/ml (-) control 

4 

 
 

 

5 

   

6 

   

8 
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Comparing with another antimicrobial technique, in which the silver 

nanoparticles and spores interact themselves in a liquid media and then were 

inoculated on a PDA petri dish, they observed a decrement in the colonies of B. 

sorokiniana and M. grisea in relation to the silver nanoparticles concentration 

increment (Jo et al., 2009). These studies remark the importance of a good 

diffusion media to have more superficial contact between the silver 

nanoparticles and the spores, showing that the liquid media have a major relation 

between the concentration of silver nanoparticles and the growth of the 

microorganism (Le Ouay and Stellacci, 2015). 

Other studies (Mahdizadeh, Safaie and Khelghatibana, 2015) discussed that 

some fungi could develop some kind of resistance after being treated with silver 

nanoparticles, because in M. phaseolina an initial growth inhibition was 

observed after the first 3 days of growth at nanoparticle concentrations between 

6 and 8 ppm. But after 5 days, fungal growth initiated again. For higher 

concentrations (up to 10 ppm) growth was inhibited until 10th day. This 

behavior changed depending on the specie; for example, in S. sclerotiorum 

growth was inhibited the first 10 days of exposure at NP concentrations from 8 

to 16 ppm except for 6ppm, T. harzianum couldn´t grow the first and second (in 

the case of 10ppm) day of incubation at 10, 12, 14 and 16 ppm. But after that 

the growth was restored. 

This behavior was observed in both fungi, on Asperguillus niger before the 

5th day in a concentration of 74.2 µg/ml started to show sporulation effect and 

Penicillium spp. until the 14th day did not show sporulation effect to the 31.8 

µg/ml and at the concentration of 63.6 µg/ml started to show a sporulation. That 

can be due to some type of adaptation to the presence of the silver nanoparticles 

in the growth media. This activity is directly related with size and shape of such 

nanoparticle. The size gives the nanoparticle the contact surface with the 

microorganism; if the nanoparticle size is small the contact surface is bigger 

(Kordestani et al., 2015). The nanoparticle’s shape plays an important role in 

the antifungal effect while in a truncated triangular shape it was only needed 1 

µg to observe the antimicrobial effect, for the bar shape it was needed between 

50-100 µg and the spherical shape a total of 12.5 µg proving that it does exist a 

significant relation between the shape and microbial effect of nanoparticles (Pal, 

Tak and Song, 2015; M. Rai, Yadav and Gade, 2009). 
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CONCLUSION 
 

The antimicrobial effect of silver nanoparticles is mainly by their size 

because when smaller the size of the nanoparticle, more contact area they have. 

Other important characteristic is the material from which the nanoparticle was 

made and silver is an important material because it is well recognized like a 

strong antimicrobial agent. However, there exist a lot of factors that impact the 

effects of nanoparticles like efficient antimicrobial agent that vary from 

synthesis technique, dose, exhibition time, type of microorganism, charge of the 

metal, inoculation method and incubation, size, shape of the nanoparticle among 

others. The synthesis method is one of the most important factors that affect the 

characteristics of the nanoparticles. The PLAL method got a number of variable 

parameters that give different types of nanoparticles in biocompatible solutions 

through a green process.  
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ABSTRACT 
 

The field of nanotechnology has gained momentum over the past two 

decades with a broad range of potential applications, such as increasing 

bioavailability of a drug, biological labeling, cancer treatmen, biosensing, 

antibacterial activity, antiviral activity, detection of genetic disorders and 

gene therapy. Advances in this field are mainly dependent on the ability to 

form nanoparticles of various materials, sizes, and shapes, and to 

efficiently assemble these particles into complex architectures. 

Nanoparticles are particles with a maximum size of 100 nm. These 

particles have unique properties, which are quite different than those of 

larger particles. The most prominent nanoparticles for medical uses are 

noble metal nanoparticles such asnanosilver which are well recognized for 

their remarkable physical, chemical, optical, electronic, magnetic, catalytic 

and anti-microbial propertiesof silver nanomaterial allows for their 

utilization in various scientific applications such as sensors, nanophotonics 

devices biology, drug delivery, cancer treatment, photothermal therapy, 

diabetic healing, solar cells, catalysis, cooling system, surface-enhanced 
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Raman spectroscopy, inkjet-printer, imaging sensing, biology and 

medicine, optoelectronics and magnetic devices. There are many methods 

for the synthesis of silver nanoparticles such as chemical reduction, 

electrochemical reduction, photochemical reduction, microemulsion, 

chemical vapor deposition, microwave assisted, hydrothermal method, 

spray pyrolysis, laser ablation, radiolysis and sonochemical method, etc. 

From a practical point of view, the method of chemical reduction from 

aqueous silver nitrate solution is most preferable for obtaining silver 

nanoparticles which involve the reduction of relevant metal salts in the 

presence or absence of surfactants, which is necessary in controlling the 

growth of metal colloids through agglomeration.  

The synthesized nanoparticles were characterized using Atomic Force 

Microscopy (AFM), UV-visible spectrophotometer; X-ray diffraction 

(XRD) and Fourier transform infrared spectrometry (FTIR). 

 

Keywords: silver nanoparticles (Ag-NPs), properties of Ag-NPs, nanosilver 

toxicity, applications of Ag-NPs, synthesis of Ag-NPs, atomic force 

microscopy (AFM), X-ray diffraction (XRD) 

 

 

1. INTRODUCTION 
 

This chapter gives an introduction of silver nanoparticles and some of their 

unique properties. Some possible applications of silver nanoparticles will be 

described, and finally focuses on the experimental procedure which provides a 

general concerns on synthesizing silver nanoparticles by wet chemistry and a 

discussion of the experimental results will be included. 

 

 

1.1. Why Silver Nanoparticles? 
 

One of the first and most natural questions to ask when starting to deal with 

silver nanoparticles is: “why are silver nanoparticles so interesting?.” The 

answer lies in the nature and unique properties possessed by nanosilver. Silver 

nanoparticles (Ag-NPs) have attracted increasing interest due to their unique 

physical, chemical and biological properties compared to their macro-scaled 

counterparts. Ag-NPs have distinctive physico-chemical properties, including a 

high electrical and thermal conductivity, surface-enhanced Raman scattering, 

chemical stability, catalytic activity and nonlinear optical behavior. When silver 

exists in its nanometer size scale (nanosilver), its antimicrobial properties are 
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amplified because of the much larger surface-to-volume ratio and small their 

size. The one of the most potent uses of nanosilver as antimicrobial agent that 

is toxic to bacteria, fungi, and viruses. Due to their large surface area and their 

size which typically results in greater biological activity, chemical reactivity and 

catalytic behavior compared to larger particles of the same chemical 

composition. The size of silver nanoparticles is compared to that of other 

“small”particles showed in Figure 1, where the bacterium is huge in comparison 

[1]. 

Nanosilver is not a new discovery; it has been known for over 100 years. 

Previously, nanosilver or suspensions of nanosilver were referred to as colloidal 

silver. Before the invention of penicillin in 1928, colloidal silver had been used 

to treat many infections and illnesses. By converting bulk silver into nanosized 

silver, its effectiveness for controlling bacteria and viruses was increased, 

primarily because of the nanomaterials have extremely large surface to volume 

ratio compared to bulk silver, thus resulting in increased the area of contact with 

bacteria and fungi. In 1951, Turkevich et al. reported a wet chemistry technique 

to synthesize nanosilver using silver nitrate as a silver ion source and sodium 

citrate as the reducing agent for the first time [2]. Recent advances in 

nonmaterials science in the last two decades have enabled scientists to control 

silver nonmaterials size and shape which in turn control the chemical, physical 

and optical properties of nanosilver. The unique properties of silver 

nanoparticles have been exploited in a wide range of potential applications in 

medicine, cosmetics, renewable energies, environmental remediation and 

biomedical devices. According to the novel properties of Ag-NPs over 250 

products containing nanosilver are now available for public use, this has made 

nanosilver the largest and fastest growing class of Ag-NPs in consumerproducts 

applications. 

 

 

1.2. Properties of Nanosilver 
 

Two primary factors cause nanomaterials to behave significantly differently 

than bulk materials: surface effects and quantum effects. These factors affect 

the chemical reactivity of materials as well as their physical, optical, 

mechanical, electric, and magnetic properties. 
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Figure 1. Size comparison of small particles. 

 

1.3. Optical Properties 
 

There is growing interest in utilizing the optical properties of silver 

nanoparticles as the functional component in various products and sensors. 

Silver nanoparticles are extraordinarily efficient at absorbing and scattering 

light and, unlike many dyes and pigments, have a color that depends upon the 

size and the shape of the particle see Figure 2. 

The interaction of light incident on the NP surface with the conduction 

electrons of the metal lead to surface plasmon resonance (SPR) band. If the 

particle size is much smaller than the incident light wavelength, the electron 

motion leads to the appearance of a dipole that oscillates with the frequency of 

the exciting electric field as showed in Figure 3. If the frequency of incident 

light oscillations coincides with the intrinsic frequency of conduction electrons 

near the particle surface, then the resonance light absorption and scattering are 

observed, which is referred to as SPR. 

This oscillation results in unusually strong scattering and absorption 

properties. The strong scattering cross section allows for sub 100 nm 

nanoparticles to be easily visualized with a conventional microscope. When 60 

nm silver nanoparticles are illuminated with white light they appear as bright 

blue point source scatterers under a dark field microscope (Figure 3, inset). The 

bright blue color is due to an SPR that is peaked at a 450 nm wavelength. A 

unique property of spherical silver nanoparticles is that this SPR peak 
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wavelength can be tuned from 400 nm (violet light) to 530 nm (green light) by 

changing the particle size and the local refractive index near the particle surface. 

Even larger shifts of the SPR peak wavelength out into the infrared region of 

the electromagnetic spectrum can be achieved by producing silver nanoparticles 

with rod or plate shapes [3]. Of all metals, silver has the greatest SPR band 

intensity; for gold and copper, the intensity it much weaker. Silver exhibits the 

highest extinction ratio in the SPR band peak among not only metals, but also 

the other known materials that absorb in the same spectral range (i.e., in this 

spectral range, silver NP transmit light to the lesser extent as compared with any 

other particles of the same size). 

 

 

Figure 2. Nanoparticles of various shape and size in solution – the plasmon resonance 

determines the color. 

 

 

Figure 3. Surface plasmon resonance where the free electrons in metal nanoparticles 

are driven into oscillation due to a strong coupling with specific wave length of the 

incident light, (inset) Dark field microscopy image for 60 nm silver nanoparticles. 
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Figure 4. Diagram showing mechanism of action of silver ions [5]. 

 

1.4. Antibacterial Properties 
 

Antibacterial properties of silver nanoparticles are attributed to their large 

surface to volume ratio which provides more efficient for enhanced antibacterial 

activity. Nanosilver is an effective killing agent against a broad spectrum of 

Gram-negative bacteria such as Acinetobacter, Escherichia, Pseudomonas, 

Salmonella, and Vibrio. Acinetobacter and Gram-positive bacteria like Bacillus, 

Clostridium, Enterococcus, Listeria, Staphylococcus, and Streptococcus [4]. 

There are however various theories are put forwarded on the possible 

mechanism for the antimicrobial action of nanosilver (see Figure 4) [5]. 

Nanosilver interacts with sulphur containing proteins on microbial cell 

membrane causing disruption [6]. The surface of microbes having phosphorus 

containing compound like DNA, nanosilver inhibit their functions [7].  

Nanosilver release Ag+ ion inside the microbial cell which may create free 

radicals and induce oxidative stress, thus further enhancing their bactericidal 

activity [8]. Based on studies that show that silver nanoparticles anchor to and 

penetrate the cell wall of Gram-negative bacteria, it is reasonable to suggest that 

the resultant structural change in the cell membrane could cause an increase in 

cell permeability, leading to an uncontrolled transport through the cytoplasmic 

membrane, and ultimately cell death. Bases on the presence of silver 

nanoparticles inside the cells it is likely that further damage could be caused by 

interactions with compounds such as DNA. This interaction may prevent cell 
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division and DNA replication from occurring, and also ultimately lead to cell 

death [9]. 

 

 

1.5. Antifungal Properties 
 

Silver nanomaterials have been shown to have antifungal properties against 

a broad spectrum of common fungi [10, 11] including genera such as 

Aspergillus, Saccharomyces, and the most important findings were related to 

toxic effects toward Candida albicans species [12, 13]. It was shown that 

colloidal silver nanoparticles in very low concentrations may have substantial 

antifungal impact in vitro. The exact mechanisms of action of silver 

nanoparticles against fungi are still not clear, but mechanisms similar to that of 

the antibacterial actions have been proposed for fungi. 

 

 

1.6. Antiviral Properties 
 

Silver nanoparticles (diameter 5-20 nm, average diameter ~10 nm) inhibit 

HIV-1 virus replication [14]. Gold nanoparticles (average diameter ~10 nm) 

showed relatively low anti HIV-1 activity (6-20%) when compared to silver 

nanoparticles (98%). Size-dependent antiviral activity of silver nanoparticles 

has been shown with HIV-1 virus [15]. Interaction of silver nanoparticles with 

HIV-1 was exclusively within the range of 1-10 nm. 

 

 

1.7. Anti-Inflammatory Properties 
 

Nanosilver dressings as well as nanosilver-derived solutions proved to have 

anti-inflammatory activity [16]. In animal models, nanosilver alters the 

expression of matrix metallo-proteinases (proteolytic enzymes that are 

important in various inflammatory and repair processes), suppresses the 

expression of tumor necrosis factor (TNF)-interleukin (IL)-12, and IL-1, and 

induces apoptosis of inflammatory cells. Silver nanoparticles (diameter 14 ± 9.8 

nm) modulate cytokines involved in wound healing. The results indicate the 

possibility of achieving scar-less wound healing even though further studies 

using other animal models are required to confirm this. It is evident that 

nanosilver due to its biological and physiochemical properties is potent as 
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antimicrobials and therapeutic agents. They can be used for many challenges in 

the field of nanomedicine. 

 

 

2. APPLICATIONS 
 

The remarkable physical, chemical and optical properties of silver 

nanomaterials allows for their utilization in various applications. These 

properties significantly depend on the size, shape and surface chemistry of the 

nanomaterials. 

 

 

2.1. Medical Applications 
 

Nanosilver has many medical applications including diagnosis, treatment, 

drug delivery. Nanosilver is used for coating medical tools and materials used 

in the areas of surgery, anesthesiology, cardiology and urology. It is also 

incorporated in wound dressings [17, 18] diabetic socks, scaffolds, sterilization 

materials in hospitals, medical textiles and medical catheters. Nanosilver is used 

in dentistry for making artificial teeth and in eye care for coating contact lenses. 

Silver has possible applications in the treatment of cancer. HIV-1 virus was 

reported to be inhibited from binding to the host cells through the use of silver 

nanoparticles [14]. 

 

 

2.2. Used for Surface Enhanced Raman Scattering 
 

Raman scattering by molecules could be enhanced if the analyte molecules 

are adsorbed on rough metal surfaces, silver thin films and NPs. The 

enhancement factor increases in Raman scattering (105 - 1010) by aggregates of 

silver NP prepared by different methods, which allows for enough sensitivity to 

detect single molecules. SERS using nanosilver can be used for biological 

imaging, trace analysis of pesticides, anthrax, prostate-specific antigen glucose, 

and nuclear waste, identification of bacteria, genetic diagnostics and detection 

of nitro-explosives [19, 20]. 
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2.3. Used for Metal Enhanced Fluorescence Applications 
 

The intrinsic spectral properties of fluorophores can be altered by metallic 

nanostructures. The proximity of metallic nanosilver results in an increase in the 

intensity of low quantum yield fluorophores. The effects include fluorophore 

quenching at short distances, spatial variation of the incident light field, and 

change in the radioactive decay rate. These characteristics enable nanosilver to 

be used in applications such as immunoassays and DNA/RNA detection [21, 

22]. 

 

 

2.4. Catalysis 
 

The high surface area to volume ratio of silver nanomaterials provides high 

surface energy, which promotes surface reactivity such as adsorption and 

catalysis. This has resulted in the use of silver nanomaterials and silver 

nanocomposites to catalyze many reactions in industrial processes such as CO 

oxidation, benzene oxidation to phenol and the reduction of the p-nitrophenol 

to p-aminophenol. 

 

 

2.5. Electronics 
 

The high electrical and thermal conductivity of nanosilver along with the 

enhanced optical properties result in various applications in electronics. 

Nanosilver is used in electronic equipment, Silver nanowires [23] are used as 

Nano connectors and Nano electrodes for designing and fabricating Nano-

electronic devices Other applications include data storage devices, nonlinear 

optics, making micro-interconnects in integrated circuits (IC) and integral 

capacitors inks for printed circuit board and optoelectronics [24].  

 

 

2.6. Applications in Consumer Products 
 

Besides, Ag-NPs exhibit broad spectrum bactericidal and fungicidal 

activity [8] that has made them extremely popular in a diverse range of 

consumer products, including sprays, socks, pillows, slippers, face masks, wet 

wipes, detergent, soap, shampoo, toothpaste, plastic [25], air filters, coatings of 

refrigerators, vacuum cleaners, washing machines [26], food storage containers, 
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cellular phones…etc, increasing their market value. To date, nanosilver 

technologies have appeared in a variety of manufacturing processes and end 

products. Nanosilver can be used in a liquid form, such as a colloid (coating and 

spray) or contained within a shampoo (liquid) and can also appear embedded in 

a solid such as a polymer master batchor be suspended in a bar of soap (solid). 

Nanosilver can also be utilized either in the textile industry by incorporating it 

into the fiber (spun) or employed in filtration membranes of water purification 

systems. In many of these applications, the technological idea is to store silver 

ions and incorporate a time-release mechanism. This usually involves some 

form of moisture layer that the silver ions are transported through to create a 

long-term protective barrier against bacterial/fungal pathogens [27, 28]. 

 

 

3. NANOSILVER TOXICITY 
 

The rapid expansion of nanotechnology and its commercial products is 

threatening to outpace the research on the potential of adverse ecological and 

health effects should these materials or their degradation products be released 

into the environment. Increasingly widespread use of nanosilver in consumer 

products will lead to an amplified risk of exposure to both nanosilver and ionic 

silver (Ag+) in the aquatic environments receiving wastewater effluent. There is 

evidence that fabrics with embedded nanosilver such as socks have a potential 

to release silver ions and silver nanoparticles into wastewater when they are 

washed [29, 30]. The biological mechanism of the nanosilver toxicity is not 

completely clear. It is still an ongoing discussion whether toxicity is caused by 

particles as such, or by silver ion release from silver nanoparticles, or both [31]. 

It has been suggested that nanosilver particles, as well as the released silver ions 

from their surface destroy sulfur and phosphorus containing compounds such as 

DNA and proteins. This has vast ramifications on the membrane stability of the 

cell as well as on the functions of proteins leading to cell death. The Ag+ ion 

release of the nanosilver particle surface plays a major role on their toxicity.  

Therefore, the mechanism of toxicity of nanosilver is not agreed upon in the 

literature, but three possibilities are commonly discussed or implied. (i) Toxicity 

may be caused directly by Ag+ associated with the particles. Ag+ may be left 

over from the synthesis of the particles, released from the particles, or displayed 

on the surface of the particles. (ii) Nanosilver possesses a unique mechanism of 

toxicity related to properties that emerge at the nano-scale. (iii) Nanosilver acts 

to increase the exposure to Ag+ above that indicated by the dissolved 

concentration of Ag+ in the bulk solution. This could be due to interactions 
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between nanosilver and biomolecules or membranes that result in an exposure 

to a higher concentration of Ag+ than that in the surrounding media. While this 

represents a pathway of silver toxicity that may be unique to nanosilver, it is not 

a novel mechanism of action. 

Actually, there is a debate in the literature on identifying the toxicity 

induced by nanosilver or the released Ag+ ions from its surface. Some of them 

claim that the effect of the nanosilver particles themselves is negligible, and thus 

the toxicity stems mostly from the released Ag+ ions. Others find that the ions 

do not really participate in the toxic effect, while some claim that both particles 

and ions induce toxicity. More specifically, Navarro et al. attributed the toxicity 

of nanosilver to the free Ag+ ions and not the particles [32]. In contrast, Fabrega 

et al. showed that the released Ag+ ions did not participate in the toxicity that 

was observed against aquatic bacteria and attributed that the particles 

themselves played the major role [33]. A number of publications showed that 

the both Ag+ ions and particles contribute to this toxic effect [34, 35]. These 

different results make it difficult to establish a good understanding of the 

toxicity mechanism of nanosilver particles and their released Ag+ ions. 

Recently, by systematically varying the nanosilver size, it has been shown that 

Ag+ ions dominate the toxicity of nanosilver less than about 10nm in diameter 

[36] (Figure 5). 

Some authors have argued convincingly that there is not enough evidence 

tosuggest separate mechanisms of toxicity for nanosilver and Ag+, and that the 

toxic action of nanoparticles is more likely to be due to their delivery of Ag+. 

Lok et al. found that the toxicity of nanosilver increased with the addition of 

Ag+ to its surface, a condition created by bubbling the nanosilver with oxygen 

[37]. These authors found that bacteria strains with a resistance to Ag+ were 

equally resistant to nanosilver, led to the conclusion that the mechanism of 

toxicity of nanosilver is identical to that of Ag+. Navarro et al. also found that 

both ionic and particulate silver influence toxicity in algae [32].  

A consensus does exist that nanosilver is less acutely toxic than ionic Ag+. 

However, there appears to be valid evidence in favor of two conflicting 

proposals, that nanoparticles possess a unique mechanism of toxicity, or that all 

toxicity can be accounted for by the presence or delivery of ionic Ag+. The third 

option, that nanosilver simply provides a unique pathway for ionic Ag+ toxicity 

and may account for the findings of other authors who claim that the toxicity of 

nanosilver is above that explainable by the dissolved Ag+ portion of the 

exposure.  
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Figure 5. The toxicity of nanosilver as a function of particle size. For small (<10 nm) 

nanosilver, a large fraction of Ag+ ions is released from their oxidized and highly 

convex surface (Kelvin effect) dominating the Ag toxicity. Silver oxide is readily 

dissolved in liquids in contrast to metallic Ag. For larger (>10 nm) particles, a small 

fraction of Ag+ ions is released so the Ag toxicity is affected by both ions and direct 

contact with the nanosilver particle surface [36]. 

All above results indicate that the toxicity of nanosilver particles is a very 

complex system and cannot be explained by simple models and by the same 

mechanisms of toxicity. Therefore, the Ag+ ion release mechanism in aqueous 

solutions needs to be investigated in detail, as well as the parameters that 

influence it, in order to connect the observed toxicity with specific physico-

chemical properties. In fact, it has been observed that the oxidation state of 

nanosilver strongly influences its Ag+ ion release and therefore, its toxicity, 

since oxidized nanosilver exhibited much stronger antibacterial activity. This is 

associated with the Ag+ ion release from oxidized nanosilver, since silver oxide 

has higher solubility in water than metallic silver [38]. Alternatively, if the 

mechanism of toxicity is the same in nanosilver and Ag+, some properties of 

nanosilver, especially its size, shape, and surface chemistry, are likely to be 

related to its toxicity because they may influence the effective concentration of 

the Ag+ exposure. In addition, water chemistry parameters such as pH, ionic 

strength, and dissolved organic carbon are known to affect the surface chemistry 

and aggregation state of nanosilver and to influence its bioavailability. The size  
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of nanoparticles is on the same scale as proteins, antibodies, and other biological 

macromolecules, so under certain conditions they may interact with and 

penetrate the cell membrane more easily than larger particles of the same 

material [39, 40, 9]. Conversely, Hussain et al. reported a slight decrease in vitro 

toxicity of nanosilver with decreasing particle size [41]. 

It is likely that surface area and surface atoms are correlated with biological 

reactivity, and that therefore, the toxicity of nanoparticles is dependent on 

particle size, shape, and surface chemistry. The surface chemistry of a 

nanoparticle -its charge and chemical composition-influences its ability to 

interact with biomolecules, chelating agents, and other nanoparticles, which in 

turn may affect its bioavailability. The surface area of an aggregate will be 

smaller than that of the combined surface area of the individual particles. 

Unaggregated particles may be more likely to be transported into cells, and may 

display a larger bio-reactive surface area than aggregated particles. Specifically, 

nanosilver has been found to have decreasing toxicity corresponding to the 

increased aggregation due to the presence of dissolved organic carbon or 

increasing ionic strength [36]. Conversely, there is also some laboratory 

evidence that dissolved organic carbon in natural waters has the effect of coating 

silver nanoparticles and decreasing their aggregation, leading to increased 

toxicity [42]. Many methods of nanosilver synthesis include a step that adds a 

surface coating, capping agent, or stabilizer in order to reduce their tendency to 

form aggregates. The presence and type of capping agent influences the 

aggregation behavior of nanosilver in response to the environmental conditions 

such as pH and ionic strength, and will therefore affect its toxicity. The surface 

coating on a silver nanoparticle may either increase its toxicity by maintaining 

a suspension of individual particles with higher surface area, or decrease toxicity 

by reducing the bioavailability of the nanoparticles. 

 

 

4. SYNTHESIS METHODS OF SILVER NANOPARTICLES 
 

There are an extensive number of synthesis methods of silver nanoparticles 

that are readily available in the literature. There are generally two main 

approaches to fabricate nanostructure materials, i.e., “top-down” and “bottom-

up” (Figure 6). Top-down techniques rely on the generation of isolated atoms 

and molecules from the bulk materials using various distribution techniques, 

this route is usually not very well suited to the preparation of uniformly shaped 

particles; in addition, very small sizes are especially difficult to realize. On the  
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contrary, bottom-up procedures start with atoms that aggregate in solution or 

even in the gas phase to form particles of definite size, if appropriate 

experimental conditions (e.g., solvents, stabilizers, and temperature) are 

applied. Bottom-up methods are more preferable for generating uniform 

nanoparticles, of distinct size, shape, and structure. However this method always 

face the stability issue more than the top-down method because, in most of the 

cases, the particles are dispersed in aqueous suspension, the as-synthesized 

particles possess high mobility, and thus have better chance to collide with each 

other and form clusters or aggregations, With the bottom-up strategies, the use 

of capping agents is crucial to control the particle size and shape, and to provide 

stability for the synthesized nanomaterials. 

There are basically two broad areas of synthetic techniques for 

nanostructure materials, namely, physical methods and chemical methods (see 

Figure 7). A brief introduction and comparison on two major types are discussed 

below [43, 44]: 

 

 Physical methods: 

 

The physical method is the top-down approach, and it is also called a high-

energy method. It is a process in which microsized particles are broken down to 

nanosized particles, either by mechanical force or evaporation/condensation 

[45]. The synthesis of Ag -NPs by physical approach is accomplished by 

techniques such as evaporation–condensation [46], laser ablation [47, 48], 

mechano-chemical synthesis [49, 50], pulsed wire discharge [51], spray 

pyrolysis [52], lithography [53], sputtering, thermal decomposition [54, 55], etc. 

These techniques fall under the top-down approach. Even though NPs obtained 

through the physical approach have some advantages, such as uniform particle 

growth, restriction of solvent contaminants, and the preparation of highly pure 

NPs with negligible agglomeration, the physical approach is prone to 

disadvantages such as use of expensive equipment, increased time to synthesize 

NPs, high energy consumption, etc. Out of the methods listed above, 

evaporation– condensation and laser ablation are the most widely used [56]. 
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Figure 6. The Top- down approach versus bottom- up approach. 

 

 

Figure 7. Some of the physical and chemical techniques for synthesize nanostructure 

materials. 

 chemical methods: 

 

This method is the bottom-up approach, where the nanoparticles are formed 

by precursors. The precursor supplies the ions and molecules, which are built 

up into nanoparticles by the influence of a suitable reducing agent. For instance, 

chemical reduction method is the most common synthetic pathway to produce  
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nanostructure materials due to their straight forward nature and their potential 

to produce large quantities of the final product [57]. The particle sizes of the 

nanoparticles can be controlled by systematically adjusting the reaction 

parameters, such as time, temperature, and the concentration of reagents and 

stabilizing agents. There are a variety of chemical preparation methods available 

for the fabrication of silver nanoparticles including radiation [58, 59], chemical 

precipitation [60], photochemical method [61] and electrochemical [62]. The 

silver nanoparticles synthesized by chemical method hold good stability and 

have numerous applications [63]. 

Chemical and physical methods are often extremely expensive and non-

environmental friendly due to the use of toxic, combustible, and hazardous 

chemicals, which may pose potential environmental and biological risk and high 

energy requirement. Biological method of nanoparticles provides advancement 

over chemical and physical methods [64]. Several matrixes for the biogenic 

synthesis of such nanoparticles are reported so far, and they include 

microorganisms such as bacteria [65], fungi [66], enzymes, and useful medicinal 

plant extracts [67, 68]. Among these natural sources, plant materials are the most 

readily available template-directing matrix offering cost effectiveness, eco-

friendliness, and easy handling much suitable for scaling up processes [69]. 

 

 

5. SYNTHESIS OF COLLOIDAL SILVERNANOPARTICLES  

BY USING WET CHEMISTRY 
 

In this study silver nitrate AgNO3 was used as Precursor to prepare Ag-NPs 

provided by Hubei Xinying Noble Metal Co. Ltd, Dextrose as reducing agent 

and polyvinyl pyrrolidone (PVP) of four different molecular weights (MW = 

10000, 29000, 40000, 55000) as stabilizing agent were obtained from Sigma 

Aldrich. The sodium hydroxide was used to promote the reduction reaction at 

room temperature and purchased from Tianjin Chemical Reagent Corp. 

 

 

5.1. Preparation of Colloidal Nanosilver 
 

We prepared three separate solutions, (A), (B) and (C). Solution A 

contained 0.156 M AgNO3 with variable quantities of urea (the molar ratio of 

[Urea]/ [Ag+] was between 0 and 12. Solution (B) contained fixed quantity of  
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polyvinyl pyrrolidone (PVP) with mass ratio 1gPVP/1g AgNO3 and variable 

quantities of NaOH change from 0.2 to 1M. Solution C contained 0.334 M 

dextrose (C6H12O6). 

Different molecular weights (MW) of PVP (10,000, 29,000, 40,000 and 

55,000) were tested in this work for their capability to stabilize the silver 

colloidal suspensions. The Particular experimental conditions are listed in Table 

1. With stirring and at room ambient temperature, solution (A) was rabidly 

poured into solution B, light yellow solution formed instantly. After 10 min, 

solution (C) was poured into the mixed solution. After 5 minutes of interaction 

we transferred the mixture to water bath at 70oCto accelerate the reduction 

reaction. The color changed from yellow to black. After half an hour, the silver 

colloidal was separated from solution by centrifugation at 10,000 rpm for 60 

min to remove any excess protecting agent and then re-dispersed in DI water. 

The operation was repeated many times to remove as much of PVP as possible. 

For further analysis, the precipitate was also separated by centrifugation at 

10000 rpm for another 30 min and dewatered by heating at 100oC for several 

hours. 

 

Table 1. Experimental parameters for synthesis silver NPs at 70oC 

 

NO. AgNO3(mol/l) PVP/AgNO3 

(g/g) 

Mw PVP Urea/AgNO3 

(mol/mol) 

Dextrose 

(mol/l) 

NaOH (mol/l) 

1G 0.156 1 10000 0 0.334 0.0125 

2G 0.156 1 29000 0 0.334 0.0125 

3G 0.156 1 40000 0 0.334 0.0125 

G4 0.156 1 55000 0 0.334 0.0125 

5G 0.156 1 10000 4 0.334 0.025 

6G 0.156 1 29000 4 0.334 0.025 

7G 0.156 1 40000 4 0.334 0.025 

8G 0.156 1 55000 4 0.334 0.025 

9G 0.156 1 10000 12 0.334 0.05 

10G 0.156 1 29000 12 0.334 0.05 

11G 0.156 1 40000 12 0.334 0.05 

12G 0.156 1 55000 12 0.334 0.05 

 

 

5.2. Result and Discussion 
 

For analysis, the colloidal silver nanoparticles were performed as thin films 

on glass substrates of the dimension of 25.4 mm ×76.2 mm ×1 mm using spin-
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coating technique. Typically, a few drops of solution are placed on to the surface 

of the substrate; the initial amount of silver sol has little effect on the final film 

properties. The substrate is then rotated at several thousand rpm in order to 

obtain a homogeneous film. The deposited films were characterized by Atomic 

Force Microscopy and X-ray diffraction. Infrared (IR) spectrum was measured 

on an EQUINAX55Fourier transform infrared (FTIR) spectrometer, where the 

particles were grind with MgBr2 particles together, and pressed to a circle flake. 

 

5.2.1. UV-IV Spectroscopy Study 

Figure 8 assumed optical absorption spectrum for synthesized silver 

nanoparticles at different preparation conditions. The UV–Vis spectra revealed 

the appearance of single and strong absorption peaks ranged from 397- 408 nm 

for different samples. This beak is known as the surface plasmon resonance 

(SPR) and indicates the formation of silver nanoparticles.  

 

 

Figure 8. (Continued) 
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Figure 8. (Continued) 
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Figure 8. UV-Vis spectra of silver colloids synthesized at different preparation 

conditions. 

5.2.2. X-Ray Diffraction Study 

The structural properties of NSPs were investigated by X-ray diffraction 

(Philips, PW1710, Netherlands) that was operated at a voltage of 40 kV and a 

current of 30mA with an excitation source of CuKα radiation (λ = 1.54060Ao), 

in the range of scanning angle 30 to 85o at a scan rate of 1o/min with the step 

width 0.02o. The XRD measurements were performed in order to investigate the 

structural properties of the NSPs. Figure 9 shows x-ray diffraction patterns of 

pure silver sample and prepared silver thin films. 

XRD patterns was showed five distinct peaks at 2θ = 38º, 44º, 64º, 77º, and 

81º. The discernible peaks can be indexed to (111), (200), (220), (311) and (222) 

planes of a cubic unit cell, which corresponds to face centered cubic structure 

of silver (JCPDS card. No. 89-3722). The value of the Ag lattice constant has 

been estimated to be a = 4.078 Ao, a value which is consistent with a = 4.0862 

Ao reported by the (JCPDS cards 4-0783). Crystallite size calculations were 

done at (111) plane for all samples using Scherrer equation: 
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𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
  

 

K is a constant (K = 0.9), λ=1.54060 A0 is a wavelength for the radiation 

source CuKα used and θ is the Bragg angle,𝛽 = √𝛽𝑚
2 − 𝛽𝑎

2,where βm is full 

width at half maximum (FWHM) in degree (get it from fitting peaks according 

to Gaussian), βa indicates an instrument broadening, it has been calculated using 

Rietveld method through the assistance program X’Pert High Score Plus 

(Version 3), this program allows to stimulate measured X-Ray spectrum and 

compare it with a database to infer the potential structure for studied materials. 

We measured an XRD pattern of a bulk sample of Si furnished with our PW3710 

XRD-PHILLIPS system, then we refined its profile to determine the Caglioti-

Paoletti-Ricci coefficients (U, V, W): 

 

𝛽𝛼 = √𝑈𝑡𝑎𝑛2𝜃 + 𝑉𝑡𝑎𝑛𝜃 + 𝑊  

 

We obtained U = 0.02591, V = -0.02159 and W = 0.01398 (units: rad2). 

Figure 10 shows stimulation of instrument broadens by Caglioti functions. 

Particles size, diffraction angle and FWHM of synthesized silver 

nanoparticles were showed in Table 2. 

 

Table 2. Particle size, diffraction angle and FWHM for synthesized silver 

nanoparticles using X-Ray diffraction pattern 

 

Sample 2θ βm(FWHM) Crystal size (nm) 

G1 38.134 0.322 27 

G2 38.386 0.235 16 

G3 38.254 0.245 39 

G4 38.224 0.446 20 

G5 37.775 0.372 28 

G6 38.229 0.341 32 

G7 38.3122 0.332 35 

G8 37.837 0.476 21 

G9 37.581 0.356 33 

G10 38.205 0.236 47 

G11 38.135 0.253 42 

G12 38.109 0.239 34 
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Figure 9. XRD patterns for colloidal silver NPs and reference sample (pure silver). 
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-  

Figure 10. stimulation of instrument broaden by Caglioti functions. 

Theoretically, urea in solution can decompose to ammonium and cyanate 

ions: 

 

𝑁𝐻2𝐶𝑂𝑁𝐻2 ↔ 𝑁𝐻4
+ + 𝑂𝐶𝑁−

  

 

In an alkaline solution, cyanate ions react with hydroxide ions to form 

carbonate ions and ammonium according to: 

 

𝑂𝐶𝑁− + 𝑂𝐻− + 𝐻2𝑂 →  𝐶𝑂3
−2 + 𝑁𝐻3  

 

The alkaline solution accelerated the urea decomposition greatly and 

immediately produced many cyanate ions and carbonate ions. In addition, the 

Ksp values of AgOCN and Ag2CO3 were both smaller than that of Ag2O. As a 

result, the intermediates of AgOCN and Ag2CO3 were observed, instead of 

Ag2O. In the presence of a reducing agent (i.e., after adding solution C), this 

intermediate proved unstable, and it gradually converted into silver. Here, in the 

case of a chemical reduction to synthesize silver colloids, when only Ag+, NaOH 

and dextrose were used, the initial precipitate was obtained very quickly upon 
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the mixing of these reagents, often within seconds. This period of time was too 

short for the PVP molecules to uniformly adsorb onto the silver surfaces. 

Therefore, more PVP had to be added to circumvent this situation. However, the 

extra PVP molecules subsequently became a burden in the later stages of the 

process. Yet, when urea was added to the system, the reaction path was 

significantly changed, first by forming AgOCN and Ag2CO3 composite 

intermediates whose quantity was mainly deter- mined by the quantity of NaOH. 

The intermediates were then reduced by dextrose to silver at a relatively slow 

rate. During this period of time, there was also sufficient time for the PVP 

molecules to adsorb onto the silver surfaces. As a result, we did not need to add 

many PVPs to obtain a uniform dispersion of silver colloids as final products. 

The quantity of PVP used here. 

The role of NaOH in this chemical reduction process was to accelerate the 

reduction rate as discussed earlier. In theory, the particle size and distribution 

from a chemical synthesis process depend upon the relative rates of nucleation 

and growth processes, as well as the agglomeration. However, these rates are 

also influenced by the chemical reaction rates and the rate of protective agents 

adsorbing onto the colloidal surfaces to provide effective barrier against 

agglomeration, which are influenced, in turn, by the many parameters of the 

chemical process adopted.  

Here in the case of the reaction rate is very fast (without using urea), and 

when the molecular weight of PVP was 10000, so the smaller PVP molecules 

would not have sufficient time to coat these newly formed silver colloids, thus 

unable to prevent the agglomerating into large particles as shown in Table 2. On 

the other hand, larger PVP molecules (55000) might provide some physical 

barrier to slow down the agglomeration process, thus enabling the coating and 

stabilization process to those silver colloids. That is appearing for sample G4 

with smaller diameter (20 nm) than G1 (27 nm). For same reason the diameter 

of sample G5 (28 nm) is smaller than G8 (21 nm) for the molar ratio 

[urea]/[AgNO3] = 4. In the case of [urea]/[AgNO3] = 12 mol/mol, the rate of 

reaction was very slow so two type of PVP have same affect (We get the same 

diameters 33 and 34 nm for G9 and G12 respectively). 

 

5.2.3. AFM Study 

The atomic force microscopy (AFM) allows us to get microscopic 

information on the surface structure and to plot topographies representing the 

surface relief. AFM imaging is performed on the Nanosurf system (easyScan2) 

operating in a dynamic mode in air at room temperature. 
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Figure 11. (Continued) 
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Figure 11. 2umx2um AFM images for colloidal silver deposited on glass substrates 

using spin coating method. 
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Table 3. Measured diameters and heights of silver nanoparticles using 

AFM and X-Ray diffraction method 

 

NO. Mean diameter using 

AFM (nm) 

Mean height using 

AFM (nm) 

Diameter using 

X-Ray (nm) 

G1 86 9 27 

G2 79 10 16 

G3 114 26 39 

G4 81 10 20 

G5 93 13 28 

G6 95 12 32 

G7 102 14 35 

G8 90 10 21 

G9 95 13 33 

G10 103 14 47 

G11 116 12 42 

G12 98 11 34 

 

 

Figure 12. Comparison between diameters of silver nanoparticles using AFM and X-

Ray diffraction method. 
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Figure 11 showed surface morphology of colloidal silver deposited on glass 

substrates using spin-coating method. The surface is covered with uniform, 

spherical silver nanoparticles and has relatively low size and narrow size 

distribution. 

The calculated diameters using AFM are ranging from 81 nm to 116 nm 

and the mean heights are between 9nm and 26nm. Table 3 shows mean 

diameters and heights of silver nanoparticles using Atomic force microscope 

and compare it with diameter measured using X-Ray diffraction method. 

 

It is assumed that the diameter calculated using AFM is bigger than one 

calculated using X-Ray as shown in Figure 12, which is due to many reasons: 

 

 In some cases the aggregated particles could appear as one particle i.e., 

Figure 13(a) showed two particles so close together, but when we use 

the attachment software to find diameters, two particles seem as one as 

shown in Figure 13(b). 

 

 

Figure 13. Calculation of diameter for two particles. 
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Figure 14. A schematic demonstration of disadvantage of AFM. 

 Sometime the surface of thin films was not completely cleaned from 

PVP even after washing with DI water, and that deludes the size of 

particle. 

 The shape of AFM tip may cause misleading cross sectional views of 

the sample as demonstrated (Figure 14). 

 

5.2.4. FTIR Analysis 

FTIR spectrum of different molecular weights of PVP is presented in Figure 

15. The strong band NO. 5 at 1658 cm-1 corresponds to C-O stretching bond of 

amide, band NO. 9 at 1288 cm-1 correspond to complex N-OH bend and the 

bands NO. 12 and NO. 13 at 1074 cm-1 and 1013 cm-1 respectively correspond 

to C-N stretching bond. 

 

 

Figure 15. FTIR spectrum of different molecular weights of PVP: 10000, 29000, 

40000, 55000). 
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Figure 16 shows FTIR spectrum of synthesized Ag nanoparticles and 

compare it with FTIR spectrum of used PVP with different molecular weights 

(10000, 29000, 40000, 55000). 
 

 
 

 

Figure 16. (Continued) 
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Figure 16. FTIR spectrum of synthesized Ag nanoparticles and compare it with FTIR 

spectrum of used PVP with different molecular weights (10000, 29000, 40000, 55000). 

We noticed the displacement (shift) of absorption peak at 1658 cm-1 to the 

lower wave-numbers, that indicates the weakness of C=O bond which is a result 
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of formation a molecular bond with Ag nanoparticles. While the displacement 

of peaks at 1074 cm-1 and 1013 cm-1 to the high wave-numbers is due to 

chemical coordination between nitrogen atom and silver nanoparticles surface.  

In conclusion, the Ag nanoparticles have been prepared by the wet chemical 

technique under optimized conditions of preparation. Deposition of silver sols 

was carried out from aqueous solutions using silver nitrate, dextrose, PVP and 

sodium hydroxide. XRD as well as Atomic AFM image studies confirmed the 

nanometer size Ag particles. XRD analysis showed the nanoparticles were 

crystalline and metallic with minimum size 16 nm. AFM analysis showed that 

most of the particles were spherical in shape with and their size appears larger 

than the calculated value from XRD. However, the nano-size particles 

calculated by XRD correspond reasonably well with the real values of the size 

Ag-NPs. In summary, we have shown a drastic effect of the molar ratio of 

[Urea]/[Ag+] and the molecular weight of PVP on the size of silver 

nanoparticles. FTIR spectra where analyzed to study the mechanism of 

adsorption of PVP on the silver nanoparticles. 
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ABSTRACT 
 

The unique phisycochemical characteristics of metal nanoparticles 

(NPs) (i.e., catalytic activity, optical properties, electronic properties, 

antibacterial properties, magnetic properties) are gaining the interest of 

scientists for their wide applications (from microelectronics to human 

health). In particular, silver (that is the most studied and used), gold, 

titanium, zinc, etc. NPs are largely exploited for nanomedicine 

applications. The AgNPs antibacterial and antifungal properties allow 

them to be extensively used in medical devices and to be also present in 

several daily use commercialized products such as food and cosmetics. 

Indeed, silver and AgNPs are largely applied in the preparation of skin 

ointments and creams to prevent infection of burns and bloody wounds and 

silver-impregnated polymers are nowadays present in several implants. 

The most recent AgNPs applications for human health, are in the field of 

high sensitivity biomolecular detection, diagnostics, antimicrobials and 
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therapeutics. During recent years, AgNPs have received significant 

attention in cancer management, being also suitable as theranostic agents. 

Regardless of the broad potentiality of the AgNPs use, there is still a 

lack of information concerning the increase exposure to AgNPs of humans, 

animals, plants and enviroments and their eventual short- and long-term 

toxicity. Indeed, in vitro studies indicate toxicity of AgNPs for skin, liver, 

lung, blood, and germ mammalian cells, by inducing cell cycle progression 

genes, Reactive Oxygen Species (ROS) production, DNA damage and cell 

deaths that suggest the application of AgNPs as anticancer agent. It is 

known that AgNPs have a better cytotoxic effects on liver cancer cell lines 

compared to normal ones. AgNPs in in vivo studies in adult rats and mice 

can reach several organs and cause toxicity while elicit developmental and 

structural malformations in non-mammalian embryos. Thus, to overcame 

toxicity (largely due to the release of Ag ions from the NPs) and improve 

AgNPs performance a particular attention has been paid to the modality of 

synthesis. There is an increasing demand for green synthesis that ensures 

the absence of toxic byproducts. In fact, the approach used to synthesize 

AgNPs influences the response of cells by influencing the NPs surface 

characteristics. The NPs coating with molecules chosen among starch, 

glycans, PVP (poly(N-vinyl-2-pirrolidone), citrate, polymers, etc. is 

pivotal to block the release of Ag ions. 

In this work we will discuss the risks and the benefits of AgNPs to 

human health, in relation to nanomedicine by reviewing in vitro literature 

data and current applications in cancer theranostic. 

 

 

INTRODUCTION 
 

The field of nanotechnology, dealing with design, synthesis, and 

manipulation of particles structures ranging from approximately 1-100 nm in at 

least one dimension, is one of the upcoming areas of research in the modern 

field of material science. Novel applications of nanoparticles (NPs) and 

nanoproducts, by possessing novel and size-related physico-chemical properties 

compared their macro-scaled counterparts (Ju-Nam and Lead, 2008), are 

emerging rapidly in various fields, such as medicine, cosmetics, renewable 

energies, environmental remediation, biomedical devices and aerospace 

engineering (Gerber and Lang, 2006; Singh et al., 2009). Because of their 

widespread application, the nanotechnology market value is growing on a rapid 

and consistent basis with a predicted increase to $3 trillion by 2020 (Sargent, 

2012). Among the engineered NPs, silver-based ones (AgNPs) are the hit of the 

highest point as they are used in biosensing and imaging (Habouti et al., 2010), 

photonics (Hu and Chan, 2004), electronics (Alshehri et al., 2012), antimicrobial 
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(Chen et al., 2014), medical and consumer (Ahamed et al., 2010) products. The 

widespread exploitation of AgNPs is based on their distinctive physico-

chemical properties (high electrical and thermal conductivity, surface-enhanced 

Raman scattering, chemical stability, catalytic activity and non linear optical 

behavior) (Krutyakov et al., 2008) and broad spectrum bactericidal and 

fungicidal activity (Ahamed et al., 2010). Recently, AgNPs have gained 

increased attention also in cancer applications including drug delivery, 

treatment, diagnosis, monitoring and control of disease and positive outcomes 

have been achieved rendering them very attractive also as theranostic agents 

(Sharma et al., 2015). 

The counterpart of the positive effects of AgNPs use is their release into the 

environment, estimated at 14% of AgNPs used in consumer products, and their 

interactions with animals, including humans (Ahamed et al., 2010). 

Thus, an understanding of the interactions between NPs and biological 

systems is of significant interest. In fact, the scientific community and industry 

has paid special attention to the research topic of AgNPs: from the database 

PubMed by using the keyword “silver nanoparticle”, it was found that there are 

a total of 10658 records up to 05 August 2016; in particular, the number of 

published papers has grown by nearly 93% from 2001 to 2011. 

The in vitro toxicity of AgNPs has been evaluated in a wide range of studies 

but there is still a lack of consistent and reliable data; conversely, few data are 

still present about the effect in vivo mammalian models. Data in vitro, recently 

reviewed by Kim and Ryu (2013), corroborate that increased oxidative stress, 

apoptosis and genotoxicity are the main outcomes upon exposure to AgNPs. 

However, experimental design, i.e., manufacturing of NPs, purity of NPs 

solution, size distributions and coatings, cell lines tested, cell culture conditions, 

is different in each study. Moreover, there is in general a lack of thorough 

characterization of the AgNPs in cell medium. Ultimately, the synthesis method 

and the presence of residual contaminants could also account for the observed 

toxicity. In addition, three possible hypotheses about the toxicity created by 

AgNPs are still discussing: i) the toxicity depends on Ag ions released in 

aqueous environment, ii) the toxicity is independent on metal ions presence, iii) 

NPs release Ag ions inside cells as they dissolve, iv) AgNPs are toxic per se 

(Beer et al., 2012). Chemistry and material science are now the largest 

disciplines in the research areas of AgNPs; in fact, more and more studies in 

literature concord that particularly important in determining the biological 

interaction and impacts of AgNPs are their physico-chemical properties, 

including size, surface area, coating, charge, shape, agglomeration and 

dissolution rate that, in turn, are strictly dependent on synthesis methods 
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(Johnston et al., 2010). Currently, many methods have been reported for the 

synthesis of AgNPs, which can be categorized as chemical, physical, 

photochemical and biological (Tran et al., 2013). In recent years, the 

development of green processes, ensuring a synthesis free from the use of toxic 

chemicals as byproducts, is evolving into an important branch of 

nanotechnology. 

In this chapter, we focus on reviewing the most important findings, both 

positive and negative, related to AgNPs use in medicine field, with particular 

attention to cancer management. 

 

 

1. SYNTHESIS METHODS AND PROPERTIES OF AGNPS 
 

Methods of synthesis of AgNPs. Many approaches have been introduced for 

the synthesis of silver nanostructures, including chemical, physical, 

photochemical and biological methods. Each of ones has advantages and 

disadvantages with common problems being cost, scalability, particle sizes and 

size distribution. 

Chemical approach, including chemical reduction reactions, 

electrochemical techniques, and pyrolysis, represents the mostly used method 

and provides an easy way for synthetizing AgNPs in solution. The chemical 

synthesis of silver nanostructures in solution usually employs three main 

components: i) metal precursor, generally silver nitrate-AgNO3, ii) reducing 

agents, widely used borohydride, sodium citrate, ascorbic acid, alcohol, and 

hydrazine compounds, iii) stabilizing/capping agents, e.g., glycans, PVP 

(poly(N-vinyl-2-pirrolidone), citrate and polymers. The formation of colloidal 

silver from metal precursor requires two stages of nucleation and subsequent 

growth, that strictly dictate the size and the shape of AgNPs. In particular 

nucleation stage is pivotal to obtain monodispersed and uniform in size AgNPs 

and it can be controlled by acting on the temperature of reaction, pH, precursors, 

reducing and stabilizing agents (Chen et al., 2012; Dang et al., 2012). 

By contrast, physical approach is the most useful method to produce AgNPs 

powder with nearly narrow size distribution by utilizing the physical energies, 

such as vapor condensation, Arc-discharge, energy ball milling method, and 

direct current (DC) magnetron sputtering as reducing agent (Asanithi et al., 

2012). These methods permit to obtain large quantities of AgNPs in a single 

process without involvement of toxic chemicals. The major drawbacks are their 

high energy consumption for raising the environmental temperature around the 
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source material, a lot of time to achieve thermal stability and the costs for 

equipments. 

Another method to synthetize AgNPs is represented by photochemical 

reactions, a clean process with high spatial resolution, that permit to control in 

situ generation of reducing agents and enable to fabricate the NPs in different 

mediums, such as emulsions, surfactant micelles, polymer films, etc. (Christy et 

al., 2012). The photochemical synthesis includes two distinct approaches: 

photophysical (top down) that prepares the NPs through subdivision of bulk 

metals and photochemical (bottom up) that generates the NPs from ionic 

precursors. Thus, the NPs can be formed in two ways: by direct photoreduction 

of a metal source or by reduction of metal ions using photo-chemically 

generated excited molecules and radicals (Christy et al., 2012). 

Conversely to the methods above reported, biological synthesis method 

represents a very new a promising approach in green nanotechnology because it 

replaces the toxic reducing agents and stabilizer with nontoxic molecules 

(proteins, glycans, antioxidants, etc.) produced by living organisms, i.e., 

bacteria (e.g., Shewanella oneidensis, Bacillus species), fungi (e.g., 

Trichoderma viride, Aspergillus terreus), yeasts (e.g., Lactobacillus species) 

and plants (lemongrass, Aloe vera, tea, neem, lotus, Cassia angustifolia, Daucus 

carota) (Sintubin et al., 2012). Biological synthesis can be considered as and 

environmentally friendly approach and a low cost technique. Also, it is much 

faster respect chemical and physical techniques and it occurs at ambient 

temperature and pressure conditions. Irrespectively of organism used as source 

of molecules, cell wall is pivotal in biological synthesis; in fact, the negatively 

charged cell wall by reacting with positively charged Ag+ bioreduces the metal 

ions to NPs (Sintubin et al., 2012). This process results from a defense 

mechanism of organisms against the metal toxicity. The major drawback of this 

approach is the low quantity of AgNPs produced. 

Properties of AgNPs. As above reported, the widespread use of AgNPs in 

different products depends on the peculiar physico-chemical properties 

(Krutyakov et al., 2008) of nanostructured silver and on its broad spectrum 

bactericidal and fungicidal activity. Silver nanoparticles have unique optical, 

electrical, and thermal properties deriving of their small size and are being 

incorporated into products that range from photovoltaics to biological and 

chemical sensors. Examples include conductive inks, pastes and fillers which 

utilize silver nanoparticles for their high electrical conductivity, stability, and 

low sintering temperatures. Additional applications include molecular 

diagnostics and photonic devices, which take advantage of the novel optical 

properties of these nanomaterials. An increasingly common application is the 
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use of silver nanoparticles for antimicrobial coatings, and many textiles, 

keyboards, wound dressings, and biomedical devices now contain silver 

nanoparticles that continuously release a low level of silver ions to provide 

protection against bacteria. There is growing interest in utilizing the optical 

properties of AgNPs as the functional component in various products and 

sensors. They are extraordinarily efficient at absorbing and scattering light and, 

unlike many dyes and pigments, have a color that depends upon the size and the 

shape of the particle. The strong interaction of the silver nanoparticles with light 

occurs because the conduction electrons on the metal surface undergo a 

collective oscillation when excited by light at specific wavelengths. Known as 

a localized surface plasmon resonance (LSPR), this oscillation results in 

unusually strong scattering and absorption properties. Oscillation of the free 

electrons results in radiative or nonradiative decay, which cause a strong visible 

light scattering or the conversion of photon energy into thermal energy 

respectively. The first decay mechanism is utilized in biodiagnostic and 

imaging, the latter one is exploited in therapeutic applications (Austin et al., 

2014). 

A unique property of spherical silver nanoparticles is that this LSPR peak 

wavelength can be tuned from 400 nm (violet light) to 530 nm (green light) by 

changing the particle size and shape, the local refractive index near the particle 

surface, the dielectric environment (Huang et al., 2010). Therefore, LSPR 

enables the development of photothermal and thermolytic laser therapies (Shi et 

al., 2014) as well as radiation therapy (Zhao et al., 2012) based on AgNPs 

exploitation. Also, LSPR property has been indicated as very attractive in 

photodynamic therapy (PDT), a process that encompasses the combined use of 

light, a light sensitive drug/compound (photosensitizer) and singlet oxygen, and 

is widely used in the treatment of several diseases (Agostinis et al., 2001). For 

example, Zhang et al, (2007) indicated that silver surface plasmons facilitates 

enhanced singlet oxygen generation by photosensitizer. 

The most important property of AgNPs in biological context is their 

antimicrobials effects, including bacteria and fungi as well documented in 

literature (Ahamed et al., 2010) and viruses. Briefly, the AgNPs are effective 

biocide against a broad-spectrum bacteria including both Gram-negative and 

Gram-positive (Gram-negative > Gram-positive) in a dose dependent manner 

and the effect is independent of acquisition of resistance to antiobiotics. Data 

about the antibacterial mechanism has not been fully understood, but concord 

that the AgNPs anchor to and penetrate the bacterial cell wall and modulate 

growth and death via three processes: 1) free silver ions inside the bacteria 

disrupt ATP production and DNA replication; 2) both silver ions and AgNPs 
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trigger generation of ROS; 3) AgNPs per se damage cell membrane (Jones et 

al., 2010). The antifungal activity of AgNPs is well-known, the mechanism has 

not yet been studied adequately and data include still few fungal species, 

including Candida albicans, Candida glabrata, Trychophyton rubrum and 

Trycophyton mentagrophytes, that are the major involved in nosocomial fungal 

infections in critically ill patients. AgNPs disrupt the integrity of cell membrane 

and, consequently, inhibit the normal budding process (Kim et al., 2009). In 

recent years, it has been reported a possible antiviral activity of AgNPs 

suggesting them as potential antiviral agents in the future (Galdiero et al., 2011). 

Most publication have suggested that AgNPs in vitro inhibit HIV-1, Tascaribe 

virus (TCRV), hepatitis B virus (HBV), recombinant respiratory syncytial virus 

(RSV), monkey pox virus, murine norovirus (MNV)-1, influenza A/H1N1 and 

H3N2 virus, Vaccinia virus and Herpes simplex virus (HSV)-1(Wei et al., 

2015). The researchers concord that AgNPs could bind to outer proteins of viral 

particles, resulting in inhibition of binding and the replication of viral particles 

in cultured cells. For example, Elechiguerra et al. (2005) demonstrated that 

AgNPs interact with the HIV-1 by binding to the gp120 surface virus 

glycoprotein, resulting in the inhibition of the binding of virus to host cells and 

the consequent viral entry and replication. In this manner, AgNPs inhibit post-

entry stages of the HIV-1 life cycle. 

Apart from being an excellent anti-bacterial, fungal and viral agent, handful 

of studies claiming that AgNPs have immunomodulatory effects as well. They 

may change the production and release of some cytokines, and impact molecular 

signaling of immune cells although the intracellular pathways involved still 

remains largely not elucidated. Particularly interesting are the potential 

interactions between AgNPs and peripheral blood mononuclear cells (PBMCs), 

mainly consisting of lymphocytes (e.g., T-cells) and monocytes, that represent 

a well-defined subpopulation of host defense cells. They are able to release 

various inflammatory mediators, mainly pro-inflammatory cytokines, after 

interaction with metallic nanoparticles (Ercal et al., 2001). PBMCs respond 

differentially towards 24h of exposure to 70 nm-sized AgNPs with non-toxic 

concentrations dependent on the subtype (monocytes or lymphocytes). 

Primarily, monocytes accumulate AgNPs more than lymphocytes and release 

IL-6, IL-8 and TNFα, typical pro-inflammatory cytokines. In parallel, a 

significant decrement in the release of anti-inflammatory cytokine IL-1ra is 

detected. Conversely, AgNPs do not influence the release of T-cell-specific 

cytokines IL-2 and IL-4 (Greulich et al., 2011). Monocytes are perturbed by 

AgNPs exposure by increasing the release of interleukin 1β, a cytokine that 

modulate lymphocytes proliferation and maturation (Yang et al., 2012). 
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Moreover, also in macrophages it has been demonstrated that AgNPs may 

modulate the pro-inflammatory IL-6 secretion, whose regulation is very 

important during infection and wound healing, by acting on Toll-like receptor 

(TLR) signaling (Castillo et al., 2008). 

Very important, Nadworny et al., (2010) demonstrated that AgNPs have 

direct anti-inflammatory effects and improve the healing process in a porcine 

model of contact dermatitis. In fact, the presence of AgNPs reduce the 

production of pro-inflammatory cytokines interleukin-6 (IL-6), Tumor necrosis 

factor (TNFα) and interferon-gamma (IFNγ). Also in a human model it has been 

demonstrated the positive action of AgNPs on wound healing process. In fact, 

by using blood and skin biopsy samples from healthy male non-smoking 

volunteers undergoing plastic surgery it has been demonstrated that AgNPs 

sized 2 nm accelerate proliferation of keratinocytes, fibroblasts and 

lymphocytes (Joksic et al., 2016). 

Moreover, AgNPs of 15 nm are able to reduce the release of IL-1β, an 

important mediators of inflammatory response, when exposed to the human 

THP-1 monocytes (Simard et al., 2015). 

Tian and coworkers (Tian et al., 2007) investigate the wound-healing 

properties of AgNPs in an animal model and found that rapid healing and 

improved cosmetic appearance occur in a dose-dependent manner. They 

demonstrate that AgNPs exert positive effects through their antimicrobial 

properties, reduction in wound inflammation, and modulation of fibrogenic 

cytokines. Moreover, it has been reported the ability of AgNPs to control 

collagen deposition and direct collagen alignment and spatial arrangement, that 

improv in the tensile properties of the repaired skin (Kwan et al. 2011). 

Nonetheless, the beneficial effects of AgNPs on wound healing remain 

unknown but data in literature provide a novel therapeutic direction for wound 

treatment in clinical practice. 

 

 

2. APPLICATION OF AGNPS IN MEDICINE: BENEFITS 
 

The wide availability of AgNPs has ensured their rapid application on 

medical practice, that can be grouped in diagnostic and therapeutic uses. 

Recently, an exploitation in theranostics is emerging. 

Diagnostic application. Early diagnosis to any disease condition is vital to 

ensure an early treatment start that could result in a better chance of cure. This 

is particularly true for cancer, whose cases around the world is expected to 

increase to 21 million by 2030. In recent years, spectroscopic techniques has 
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been explored to distinguish benign and malignant lesions at the molecular level 

by reducing the number of biopsies patient trauma and medical cost. Moreover, 

the coupling to nanoproducts seems to be very promising. At the moment, 

AgNPs are exploited in two spectroscopic techniques: Surface-enhanced 

(anelastic) Raman Spectroscopy (SERS) and enhanced Rayleigh (elastic) 

scattering. 

Surface-enhanced Raman Spectroscopy (SERS) is one of the highly 

sensitive analytical techniques for biomolecules (proteins, DNA and RNA) 

widely applied in a multitude of interdisciplinary scientific investigations such 

as chemistry, biology, medicine, environmental sciences and archeological 

applications (Tu et al., 2012). SERS consists in an anelastic scattering process 

in which a molecule simultaneously adsorbs a photon incident and emits a 

photon Raman with an energy level transition, leading to a frequency shift 

(wavelength, cm-1) of the emitted photon. Because the energy levels are specific 

for each molecule, the peaks in the Raman spectra are representative of the 

underlying molecular structures and serve as molecular “fingerprints” for the 

analyte under investigation (Raman and Krishnan, 1928). Two approaches for 

SERS-based biomolecule detection exist: label-free, that directly acquires SERS 

spectra of biomolecules in the absence of Raman dyes, and extrinsic SERS 

labeling, that indirectly detect biomolecules by employing Raman labels (Han 

et al., 2012). Blood is an ideal analyte for the diagnosis of cancer since it is able 

to provide information on-going processes in various internal organs. The 

characteristics of cancer cells are expressed in specific changes in the quantity 

and/or conformation of nucleic acids, proteins, glycans and lipids. These 

changes are visualized in Raman spectra as changes in the intensities of the 

bands/peaks. There are several studies about the use of Raman spectroscopy on 

blood sample to detect breast cancer (Pichardo-Molina et al., 2006), cervical 

(Gonzalez-Solis et al., 2009), gastric (Shangyuan et al., 2011), leukemia 

(Gonzalez-Solis et al., 2010) as well as results obtained on biopsies to detect 

breast cancer (Gonzalez-Solis et al., 2011). One of the main problems of label-

free SERS is its low sensitivity in detecting biological molecules at low 

concentrations because of the rather small cross-sections  

(10-30 cm2) per molecule. Moreover, biological samples generate strong auto-

fluorescence background that affects Raman signals, making them difficult or 

impossible to identify. In recent years, the SERS technique has been coupled to 

nanoengineered products, in particular AuNPs and AgNPs for their chemical 

inactivity, to enhance scattered intensity of signals. In fact, it has been 

demonstrated that the use of sensors of NPs of noble metals, such as Ag, Au, 

and Cu, improves the sensitivity of conventional SERS of 6-10 orders of 
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magnitude (Chan et al., 2003). AgNPs, AuNPs and CuNPs show an intense 

absorption band in the UV-vis when the frequency of incident photons is in 

resonance with the collective oscillation of conduction electrons. This implies a 

strong enhancement of the electromagnetic field on the surface of NPs that, in 

turn, enhances the Raman signals (Haes et al., 2004). 

Several groups have applied AuNPs (Huang et al., 2010) or AgNPs (Feng 

et al., 2010; Feng et al., 2011; Lin et al., 2011; Li et al., 2014; Gonzales-Solis et 

al., 2013; Feng et al., 2015) to SERS technique for the diagnosis of several 

cancer types. 

SERS coupled to AgNPs was reported for the first time in 2010 by Feng 

(Feng et al., 2010) to develop a simple blood test for non-invasive detection of 

nasopharyngeal cancer. AgNPs were directly mixed with blood plasma of 

patients with pathologically confirmed nasopharyngeal carcinomas (WHO type 

I, II, and III) and from healthy volunteers. The results from this study 

demonstrated the great potential of SERS blood plasma analysis as a tool for 

non-invasive detection of nasopharyngeal cancers. In fact, the Raman bands in 

the SERS spectra suggest cancer specific biomolecular differences in the blood 

plasma of nasopharyngeal cancer patients as compared to that of healthy 

subjects: an increase in the relative amounts of nucleic acid, collagen, 

phospholipids and phenylalanine and a decrease in the percentage of amino 

acids and saccharide contents. The sensitivity and the specificity of the test are 

90.7% and 100% respectively (Feng et al., 2010). The same results have been 

obtained from Feng and coworkers by applying SERS technique and AgNPs on 

blood plasma samples from gastric cancer patients (Feng et al., 2011) and 

colorectal cancer and adenomatosus polyps patients (Feng et al., 2015). Lin’s 

group evaluated the usability of combining membrane electrophoresis with 

AgNPs-based SERS for detection and screening of gastric cancer. In this 

method, total serum proteins are isolated from blood plasma by membrane 

electrophoresis and mixed with AgNPs to perform SERS spectral analysis. The 

gastric cancer samples are unambiguously distinguished from healthy 

volunteers samples with both diagnostic sensitivity and specificity of 100% (Lin 

et al., 2011). A high diagnostic accuracy (around 90%) of SERS based on 

AgNPs technology in detection and screening has been demonstrated also for 

esophageal cancer. In particular, SERS bands indicated specific biomolecular 

changes (i.e., increase in the amounts of nucleic acids and phenylalanine, and 

decrease of saccharides and proteins contents) associated with cancer 

transformation (Li et al., 2014). Moreover, AgNPs-based SERS allows to early 

detect hepatocellular carcinoma (HCC), very difficult to diagnose due to the 

absence of recognizable physical symptoms, with less time-consumed and cost 
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then other traditional methods. The diagnostic sensitivity and specificity both 

were 84.6%. Finally, Gonzalez-Solis suggested that SERS could be a new 

technique to identify breast cancer cells. The study involved the tumor biopsies 

obtained from 5 patients who were clinically diagnosed with breast cancer. The 

isolated ill cells were added with AgNPs of 40 nm by sonication and subjected 

to Raman spectroscopy; chemical constituents of the cells, as phenylalanine, 

tyrosine, tryptophan and protein, and changes in the structure of DNA (adenine 

and guanine) in cancer patients are specifically detected (Gonzalez-Solis et al., 

2013). 

The major drawback in using AgNPs in SERS spectroscopy is the tendency 

of nanoparticles to form clusters and/or aggregates. Thus, recently it has been 

suggested the efficacy of nanostructured silver surfaces in the detecting both 

albumin and globulin in blood serum. The advantage of nanostructured surfaces 

consists in size and morphology simply tuning and this could be very promising 

in detecting cancer pathologies (Kralova et al., 2013). 

Noble metal (Au and Ag)-based nanostructures exhibit enhanced Rayleigh 

(elastic) scattering originating from their LSPR, whose resulting scattered light 

is heavily dependent on the nanostructure shape and size (Jain et al. 2008). The 

enhanced scattered light provides several advantages when used as a biological 

imaging or sensing agent to visualize cancer cells. In fact, it is much brighter 

(4–5 orders of magnitude) than the most efficient fluorophores, resistant to 

photobleaching, and does not require expensive strong excitation sources. For 

example, Austin et al. (2011) utilized AgNPs enhanced Rayleigh light scattering 

process to image human oral squamous carcinoma (HSC-3) cells at dark field 

microscopy by using nuclear-targeted AgNPs, which are also capable to induce 

apoptosis. 

Therapeutic application. Recently, studies about therapeutic applications of 

AgNPs in cancer management as antiproliferative agents in conventional, 

chemotherapic or radiotherapic, and non conventional, photodynamic and 

photothermal, therapies have gained increased attention. In fact, toxicity itself, 

that created a negative perception of the AgNPs use, is very interesting in cancer 

therapies since it can counteract cancer progression through two processes: 

directly, by directly killing ill cells, or indirectly, by inhibiting angiogenesis. 

Positive outcomes have been achieved when incorporating AgNPs into cancer 

medicine (Austin et al., 2014). 

Silver nanoparticles (AgNPs) provide a unique approach to induce 

antiproliferative effect on several cancer cell lines, including leukemia, breast, 

hepatocellular, lung, skin and oral. AgNPs size, shape, surface coatings, cell 

type, time of treatment and dose. Table 1 summarizes the potential therapeutic 

Complimentary Contributor Copy



Elisa Panzarini and Luciana Dini 156 

applications of AgNPs as antiproliferative treatment reported in recent 

publications. 

In summary data reported in the studies in Table 2 indicate that exposure to 

AgNPs causes cytotoxicity by elevating ROS levels and increasing lipid 

peroxidation, and genotoxicity by inducing DNA and chromosomal damage 

(Figure 1). 

 

 

Figure 1. Mechanism of toxicity of AgNPs. AgNPs enter into the cells via three different 

routes: diffusion, endocytosis and membrane proteins. Into the cytoplasm, AgNPs can 

pass into lysosomes, nucleus or mitochondria. In cytoplasm or into lysosomes, AgNPs 

can also dissolve in Ag+ that amplify the cell damage. Into mitochondria, AgNPs cause 

imbalance of respiratory chain and formation of ROS, leading to apoptosis. ROS can 

also negatively interfere with endoplasmic reticulum, oxidize proteins, such as 

cytoskeleton and plasma membrane proteins, and peroxide the plasma membrane 

proteins, leading to necrosis. Finally, into the nucleus, AgNPs and Ag+ damage the DNA 

causing cell cycle arrest and apoptosis.  

Complimentary Contributor Copy



 

Table 1. Anticancer effect of AgNPs in vitro 

 

Cancer type Cell line 
Size 

(nm) 
Surface coating Dose 

Exposure 

time (h) 
Effects Refs. 

Leukemia 

AML 
3, 11, 

30 
PVP Up to10 µg/mL 24 

Size and dose dependent 
reduced cell viability 

Oxidative stress 

Mitochondrial damage 

Guo et al., 2013 

HL-60 4.7, 42  
Up to 500 

µg/mL 
24 

Size and dose dependent 

reduced cell viability 
(4,7 > 42) 

Oxidative stress 

Avalos et al., 
2014 

Jurkat T <100  Up to 1 mg/L 24 
Cell cycle arrest 
DNA damage 

Apoptosis 

Eom et al., 2010 

Breast 

MCF7 N.D. Grenetine 3.5 µg/mL 5 
Dose dependent 

Reduced cell viability 

Franco-Molina 

et al., 2010 

MCF7 14.74  500 µg/mL 4 
Reduced cell viability 

Apoptosis 
Jang et al., 2016 

MCF7 12 
PEG-

methotrexate 

Up to 500 

µg/mL 
24 

Dose dependent reduced cell 
viability 

Apoptosis 

Muhammad 

et al., 2016 

MDAMB-231 5  6 µg/mL 24 
Reduced cell viability 

Plasma membrane leakage 

Gurunathan et 

al., 2013a 

MDAMB-231 2-10  8,7 µg/mL 24 
Dose dependent 

cell growth inhibition 
Gurunathan et 

al., 2013b 

Hepatoma 
HepG2 30 

β-D-

Glucose/Sucrose 

1,35 µg/mL 

6,75 µg/mL 
Up to 24 

Dose and time dependent 

reduced cell viability 

Dose and time dependent 

oxidative stress 

Vergallo et al., 

2016 

HepG2 20  1-20 µg/mL 24 Oxidative stress Sahu et al., 2014 
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Table 1. (Continued) 
 

Cancer type Cell line 
Size 

(nm) 
Surface coating Dose 

Exposure 

time (h) 
Effects Refs. 

 

HepG2 20  1-20 µg/mL 24 Oxidative stress Sahu et al., 2014 

HepG2 
5.9, 
23.8, 

47.5 

 Up to 50 µg/mL 24 
Oxidative stress 
Cell cycle arrest 

Apoptosis 

Liu et al., 2010 

HepG2 20-40  2,764 µg/mL 24 Cell growth inhibition 
Faedmaleki et 

al., 2014 

HepG2 50 
Citrate 

PVA 
50 mg/L 24 

Dose and coating dependent 

reduced cell viability 

(cit-AgNPs > PVA-AgNPs) 
oxidative stress 

Vrcek et al., 

2016 

HepG2 4.7, 42  0,84-500 µg/mL 24 

Size dependent reduced cell 

viability 
(4,7 > 42) 

Oxidative stress 

Avalos et al., 
2014 

HepG2 10, 75 
Citrate 
PVP 

0,001-30 µg/mL 24 

Size and coating dependent 

reduced cell viability (10 > 

75; cit-AgNPs > PVP-
AgNPs) 

Oxidative stress 

Inflammatory response 

Prasad et al., 
2013 

HepG2 20, 50  
12.5, 25, 50, 

100, 200 µg/mL 
48 

Dose dependent reduced cell 

viability Oxidative stress 

Mitochondrial damage 

Xin et al., 2015 

Lung 

A549 30-50 PVP 0-20 µg/mL 24 

Dose dependent 

mitochondrial function 
reduction 

Foldbjerg et al., 

2011 

A549 100  
Up to 200 

µg/mL 
24, 48 

Reduced cell viability 
Oxidative stress 

Chairuangkitti 
et al., 2013 
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Cancer type Cell line 
Size 

(nm) 
Surface coating Dose 

Exposure 

time (h) 
Effects Refs. 

 

     

mitochondrial function 
reduction 

subG1 population increase 

cell cycle arrest in S phase 

 

A549 20, 50  
12.5, 25, 50, 

100, 200 µg/mL 
48 

Dose dependent reduced cell 

viability 
Oxidative stress 

Mitochondrial damage 

Xin et al., 2015 

A549 21,74 PVP 10 µg/mL Up to 72 
DNA methylation 

Time and dose dependent 

reduced cell viability 

Blanco et al., 

2016 

A549 N.D.  Up to 50 µg/mL 48 

Cell migration inhibition 

Apoptosis 

Oxidative stress 

Aceituno et al., 

2016 

H157 10-20 Sugar 3,6 µM 48 Cell growth inhibition Nazir et al., 2011 

Oral HT144 10-20 Sugar 0,36 µM 48 Cell growth inhibition Nazir et al., 2011 

Skin 

HSC-3 35 Peptide 0,1 nM 24 
DNA break 

subG1 population increase 

Austin et al., 

2011 

HaCat 35 Peptide 0,1 nM 24 
DNA fragmentation 

subG1 population increase 

Austin et al., 

2011 

Lymphoma 

Dalton’s 
lymphoma 

ascites cell 
lines 

50  500 nM 6 
DNA fragmentation 

Apoptosis 

Sriram et al., 

2010 

U937 13.2  Up to 8 μg/mL 4, 24 
Dose and time dependent 

reduced cell viability 
Kaba et al., 2015 

Colon HT29 172.6 Chitosan Up to 48 µg/mL Up to 24 

Oxidative stress 

Apoptosis 
Mitochondrial damage 

Sanpui et al., 

2011 
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Table 1. (Continued) 

 

Cancer type Cell line 
Size 

(nm) 
Surface coating Dose 

Exposure 

time (h) 
Effects Refs. 

 HCT-116 24-150  100 24 
Apoptosis 

subG1 population increase 

Kuppusamy 

et al., 2016 

Cervix 

HeLa 30 β-D-Glucose 1.35, 13.5 μg/ml Up to 48 

Oxidative stress 

Cell cycle arrest (G2/m and S 

phases) 
subG1 population increase 

Dose and time dependent 

reduced cell viability 
Morphological changes 

Panzarini 

submitted 

HeLa 30 
β-D-Glucose/ 

sucrose 
1.35, 13.5 μg/ml Up to 48 

Apoptosis 

Autophagy 

Necrosis 

Oxidative stress 

Dose and time dependent 
reduced cell viability 

Morphological changes 

Panzarini et al., 
2t015 

HeLa 30 
β-D-Glucose, β-

D-Glucose/ 

sucrose 

Up to 13.5 

μg/ml 
Up to 72 

Dose, time and coating (β-D-

Glucose>β-D-Glucose 

/sucrose) dependent reduced 
cell viability 

Dini et al., 2011 

HeLa N.D.  
Up to 0,16 

mg/mL 
48, 72 

Morphological changes 
Oxidative stress 

Mitochondrial damage 

Pandurangan 

et al., 2016 

HeLa 13.2  Up to 8 μg/mL 4, 24 
Dose and time dependent 

reduced cell viability 
Kaba et al., 2015 

HeLa 40  
Up to 250 

μg/mL 
24 

Morphological changes 
Oxidative stress 

Dose and time dependent 

Vasanth et al., 

2015 
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Cancer type Cell line 
Size 

(nm) 
Surface coating Dose 

Exposure 

time (h) 
Effects Refs. 

      
reduced cell viability 

Apoptosis 
 

Ovarian A2780 16-20 Salinomycin 4 µg/mL 24 

Oxidative stress 

Apoptosis 

Mitochondrial damage 
Autophagy 

Zhang et al., 

2016 

Cancer type Cell line 
Size 

(nm) 
Surface coating Dose 

Exposure 

time (h) 
Effects Refs. 

Prostate 

PC3 35-98 

tannins, phenols, 

flavonoids, 
triterpenoids 

Up to 98 µg/mL 48 

Dose dependent reduced cell 

viability 
Apoptosis 

Prasannaraj et 

al., 2016 

PC3 9-32  2–30 μg/mL 72 

Dose dependent reduced cell 

viability 
Apoptosis 

He et al., 2016 

Osteosarcoma U2Os, Saos-2 10-70 Citrate 15–20 μM 24, 48 
Mitochondrial damage 

Apoptosis 
Kovacs et al., 

2016 

PVP: polyvinylpirrolidone; PVA: polyvinylalcohol; PEG: polyethylene glycol 
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The interaction between nanomaterials and cells, the cellular uptake, and 

subsequent toxic effects are crucial issues in AgNPs-induced toxicity. To induce 

biological effects NPs must be attached to or enter into and distribute within 

cells. Literature data report that NPs can be internalized by the cells and different 

mechanisms of entrance, both endocytosis (like macropinocytosis, clathrin-

mediated, caveolae-mediated and caveolae-independent pathways), passive 

diffusion, and pore-mediated transfer, have been found, mainly depending on 

the specific NPs investigated (chemical nature, method of synthesis, size, shape, 

surface coating, etc.) (Sahay et al., 2010). The major target organelles are 

endosomes and lysosomes (Zhang et al., 2014). Upon interaction with acidic 

environment of lysosomes, AgNPs induce ROS, including superoxide anions 

(O2-), hydroxyl radicals (•OH), and hydrogen peroxide (H2O2), production 

(Singh et al., 2012). Thus, ROS diffuse into the cytoplasm and result in oxidative 

damage to proteins and other organelles, such as mitochondria. In particular, 

H2O2 leads to dissolution of AgNPs and to accumulation of Ag+ in lysosomes. 

AgNPs and Ag+ can escape from lysosomes, amplifying the increase of ROS in 

cytoplasm, that, in turn, allow to further dissolution of AgNPs and production 

of Ag+. Both silver nanoform and ionic one interact with thiol groups of 

molecules present in cytoplasm, plasma membrane and mitochondrial 

membranes causing the release of lipid peroxide which amplifies the 

permeability of membranes (Zhang et al., 2014). In addition, ROS mediate the 

release of Ca2+ from endoplasmic reticulum (ER) leading to imbalance of 

calcium homeostasis (Asharani et al., 2009). In this manner four death pathways 

can be elicited: i) necrosis, via rupture of plasma membrane; ii) mitochondrion-

dependent apoptosis, via alteration of electron transfer; iii) lysosome-mediated 

apoptosis via rupture of lysosomal membrane; iv) ER-mediated apoptosis. 

Moreover, AgNPs present in cytoplasm can diffuse into the nucleus through 

nuclear pore complexes leading directly to DNA and chromosomal damage 

(Asharani et al., 2009). In the nucleus, AgNPs can dissolute and form Ag+, able 

itself to damage DNA (Guo et al., 2013). 

Proliferation, as well as metastatic spread, of cancer cells strictly depend on 

the construction around the tumor mass of a blood vessels network, a process 

called angiogenesis that plays a crucial role in several pathological conditions, 

including tumor growth and metastasis. Tumor cells demand higher oxygen and 

their glucose requirement is also higher than normal cells, and during the growth 

of solid tumor new blood vessels also arise rapidly to fulfil the raised 

requirement of nutrients. Hence targeting the formation of new blood vessel 

formation leading to deprived nutrition and oxygen supply leads to inhibit 

growth of tumor. Currently, several antiangiogenic drugs are used but still there 
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is a modest positive outcome with the use of these drugs on some clinical trials 

and no long-term survival benefits have been documented as yet. Moreover, 

when used in combination with chemotherapy or radiation therapy, these drugs 

tend to increase survival since the destruction of blood vessels also impairs that 

chemotherapeutics reach tumor mass (Nishida et al., 2006). New therapeutic 

strategies are urgently required. In the last decade, some studies reported the 

anti-angiogenic property of noble metal nanoparticles, including silver, that can 

be explored as a potential therapeutic against pathological angiogenesis and 

solid tumors by targeting the vasculature. Gurunathan et al. (Gurunathan et al. 

2009) reported the anti-angiogenesis activity of 50 nm AgNPs in bovine retinal 

epithelial cells (BREC) as well as in a matrigel mouse model. AgNPs inhibited 

cellular proliferation and migration in VEGF-induced angiogenesis, in BRECs, 

due to PI3K/Akt pathway inhibition. The effect is similar to this induced by a 

natural antiangiogenic molecule PDGF. 16 nm biogenic AgNPs synthesized 

using Saliva officinalis extract as reducing agent display anti-angiogenesis 

properties on chick chorioalantoic membrane (CAM). In fact, the number and 

length of the blood vessels, as well as the weight of the embryos and hemoglobin 

content reduced significantly compared to the control, dose dependently 

(Baharara et al., 2014). The same results have been observed on chick CAM by 

using AgNPs manufactured by green synthesis using Azadirachta indica (neem) 

leaves extract (Khandia et al., 2015). A poly(lactic-co-glycolic acid) (PLGA)-

based uniform (50–100 nm) hybrid nanoparticle (QAgNP), prepared by single 

emulsion solvent evaporation method with bioactive small molecule quinacrine 

(QC) in organic phase and silver (Ag) in aqueous phase, possess anti tumor 

activity and reduce angiogenesis in H-357 oral cancer cells and OSCC-cancer 

stem cells (Satapathy et al., 2015). 

Newly emerging applications of AgNPs are as photosensitizers (PSs) in 

photodynamic therapy (PDT) or in photothermal therapy (PTT) and/or 

radiosensitizers in radiation therapy. In fact, silver, like gold, is a high-Z element 

that has potential to react with both nonionizing and ionizing radiation on the 

basis of the LSPR. 

PDT is an approach that has gained a significant clinical applications in 

cancer treatment in the last quarter of a century because of its selectivity and 

thanks to the high PSs affinity to tumor tissue, and the local illumination of the 

tumor area and finally to the normal tissue regeneration at the end of the 

treatment after applying PDT (Agostinis et al., 2011). PDT killing of cancer 

cells is based on the formation of highly reactive toxic singlet oxygen (1O2) upon 

photoirradiation of PSs. Yet PDT appears to have its own limitations that vary 

from the penetration limit of the light itself, skin sensitivity and the sub 
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therapeutic dose accumulated in the cancerous tissue. Nanotechnology-based 

PS delivery represents an emerging approach to improve the outcome of cancer 

PDT as development of the nanotechnology-based drug delivery systems can 

facilitate precise and therapeutically effective PS intracellular delivery 

(Panzarini and Dini., 2015). In 2007, Zhang (Zhang et al., 2007) report for the 

first time silver enhanced 1O2 generation by Rose Bengal, an efficient PS for 

PDT (Panzarini et al., 2011a and 2011b; 2013; 2014). The study demonstrated 

that Rose Bengal in close proximity to Silver Island Films can generate more 
1O2 (three-fold increase than control sample without silver) due to coupling to 

silver surface plasmons (Zhang et al., 2007). In the recent years it has been 

demonstrated the potentiality of AgNPs in improving PDT outcomes but the 

studies are yet very few. AgNPs used in conjunction with protoporphyrin IX 

(PpIX), a photosensitizer, enhance photodynamic treatment effciency by two 

orders of magnitude compared to free PpIX. PDT enhancement depends on the 

spectral overlap between the LSPR of the AgNPs and PpIX, which increased 

the quantum yield of 1O2 produced by PpIX in HSC-3 human squamous 

carcinoma cells (Hayden et al. 2013). El-Hussein demonstrate that also AgNPs 

activated at 635 nm alone are photodynamically efficient in killing breast (MCF-

7) and lung (A549) cancer cells (Mfouo-Tynga et al., 2014; El-Hussein et al., 

2015; 2016). The PDT-induced cytotoxicity of Ag NPs has shown to be size and 

shape dependent (Vankayala et al., 2013). 

It has been revealed that AgNPs show potential for photothermal therapy 

(PTT) upon laser illumination. PTT is a minimally-invasive therapy in which 

photon energy is converted into heat to kill cancer. AgNPs have a high ability 

to absorb NIR irradiation and perform PTT of the A549 cells without destroying 

the healthy cells and the surrounding normal tissues (Wu et al., 2013). 

Moreover, also grapheneoxide@AgNPs coated with PEG2000 and loaded with 

doxorubicin show very high chemophotothermal therapeutic efficacy against an 

in vivo murine tumor model without toxic effects to normal organs (Shi et al., 

2014). 

Given the physicochemical LSPR property AgNPs have attracted much 

interest also in radiotherapy. Xu et al. (2009) tested the radiosensitization effects 

of AgNPs with different sizes (20, 50, and 100 nm) in glioma cells (rat C6 and 

human SHG-44 glioma cells, human glioblastoma U251 cells) and 

demonstrated that AgNPs could function to enhance radiation-induced necrosis 

of cells. Thenceforth, several similar studies proved that AgNPs had radiation 

sensitization effect on MGC803 cancer gastric cells (Huang et al., 2011), U231 

breast cancer cells (Lu et al., 2012), C6 cells (Liu et al., 2012) and A549 lung 

cancer cells (Ma et al., 2013) and MCF7 breast cancer cells (Elshaw et al., 
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2016). The effects of AgNPs in combination with ionizing radiation (IR) leads 

to death via DNA damage in triple-negative breast cancer (TNBC), an 

aggressive, heterogeneous subclass of breast cancer typically of basal origin 

(Swanner et al., 2015). Finally, AgNPs loaded with C225 epidermal growth 

factor receptor combined with X-ray treatment increase the sensitivity of human 

nasopharyngeal carcinoma cells (CNE) to irradiation (Zhao et al., 2012). 

Theranostic application. The term “theranostics” is the combination of the 

words, therapeutics and diagnostics, and represents a fairly new but 

revolutionary in the field of cancer therapy. Theranostics is the last frontier in 

nanomedicine: the nanosystems used in theranostics have multiple functions, 

such as diagnosis, delivery of targeted therapy and monitoring of the therapeutic 

response in a single setting by using combinational strategies. In this manner, 

the clinicians can identify responders and nonresponders by imaging tumors 

during the course of therapy allowing personalized medicine and take diagnosis 

from the laboratory to the “point of care” (Caldorera-Moore et al., 2011). A 

comprehensive review of the preclinical most relevant application of theranostic 

nanomedicines are reported in (Lammers et al., 2011). In general, classical drug 

delivery systems, such as liposomes, micelles, and NPs, can be double co-loaded 

with drugs and contrast agents. In general, in designing multifunctional 

nanosystems for cancer therapy drugs, DNA and different imaging agents, 

including fluorescent dyes, near-infrared (NIR) dyes, and radioisotopes can be 

attached at the surface of particles by using chemical functional groups present 

on the surface of particle or on the coated polymeric matrix. To improve the 

specificity of functionalized particles, antibodies against specific receptors 

present on the surface of cancer cells can be attached. When particles interact 

with cancer cells, they are internalized; by applying an external stimulus, such 

as magnetic field or light, tumor imaging can be obtained whereas attached 

drugs trigger cancer cell death. 

In recent years, metal NPs, including iron, gold, silver, and titanium, have 

gained significant attention as theranostics because of their unique physical and 

chemical properties (Sharma et al., 2015). For example, the photoluminescence 

or superparamagnetic properties of metal NPs are useful for imaging, whereas 

the ability to kill cancer cells via ROS production or hyperthermia generation 

can be exploited as therapeutics. 

As above reported, AgNPs are plasmonic structures capable to absorb and 

scatter the incident light: the portion of absorbed light can be explored to 

phototermally kill the cancer cells, whereas the scattered one can be used to 

image cancer cells. Moreover, Ag is a free electrons system that oscillate 

coherently at a plasma frequency, upon irradiation by an electromagnetic field. 
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The oscillations (plasmon) by interacting with visible light exhibit SPR that can 

be tuned to any wavelength in the visible spectrum (Evanoff et al., 2005). 

In the therapeutic field (reported above), the main properties of AgNPs 

exploitable as theranostics is represented by the ability of NPs to deplete 

proteins involved in antioxidant defense mechanism, like glutathione and 

thioredoxin. In this manner, ROS accumulate into the cells and initiate responses 

leading to cell death via destruction of mitochondria (Mohammadzadeh, 2012). 

Although AgNPs are indicated as very promising in theranostics because of 

their properties, there are very few studies about cancer theranostics that make 

them suitable for cancer diagnosis and therapy. For example, it has been 

demonstrated that biocompatible chitosan-coated AgNPs labeled with para-

aminothiophenol (pATP) Raman reporter molecule and conjugated with folic 

acid were efficiently targeted inside NIH: OVCAR-3 human ovary cancer cells, 

where the SERS identity of the particles is highly conserved. An efficient 

specific therapeutic response has achieved by irradiating the nanoparticle-

treated cells with a continuous wave-nearinfrared (cw-NIR) laser in resonance 

with their plasmonic band allowing a hyperthermia treatment (Boca-Farcau et 

al., 2014). Mukherjee and coworkers (Mukherjee et al., 2014) have designed a 

simple and efficient bio-synthetized silver AgNPs (4-in1-system) obtained by 

the reduction of AgNO3 solution by using Olax scandens leaf extract in a green 

chemistry approach. The synthetized AgNPs exhibit multifunctional biological 

activities (4-in-1 system): anti-bacterial, anti-cancer, drug delivery vehicle, and 

imaging facilitator. In fact, these AgNPs: (i) show enhanced antibacterial 

activity compared to chemically synthesized ones; (ii) show anti-cancer 

activities against different cancer cells, i.e., A549 human lung cancer cells, B16 

mouse melanoma cells, and MCF7 human breast cancer cells; (iii) are 

biocompatible to H9C2 rat cardiomyoblast normal cells, HUVEC human 

umbilical vein endothelial cells and CHO Chinese hamster ovary cells which 

indicates a promising application as drug delivery vehicle; (iv) conserve bright 

red fluorescence once internalized by the cells that could be utilized to detect 

the localization of drug molecules inside the cancer cells (diagnostic approach). 

The role of the Olax scandens leaf extract in synthetizing AgNPs used in this 

study is pivotal to reach the advantageous properties above reported. The 

phytochemicals, as aleanolic acid, oleanolic acid, β-sitosterol, octacosanol, 

glucosides of β-sitosterol, etc. stabilize the AgNPs ensuring their good 

biocompatibility (Balakrishma et al., 1983) and exhibit antiproliferative activity 

against cancer cell lines (Ju et al., 2004; Awad et al., 2000; Thipperswamy et 

al., 2008). The Olax scandens leaf extract is an important herbal plant useful in 

traditional medicine as anti-cancer (Ju et al., 2004; Awad et al., 2000; 
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Thipperswamy et al., 2008), anti-bacterial (Duraipandiyan et al., 2006) and to 

treat headache (Jeyaprakash et al., 2011) and psoriasis (Venkata Subbaiah et al., 

2012). Finally, Olax scandens leaf extract contain molecules red fluorescent that 

allow to localize AgNPs inside the cells. Locatelli and coworkers have reported 

the synthesis of novel theranostic agent based on a multifunctional 

nanocomposite formed by polymeric nanoparticles (PNPs) containing two 

cytotoxic agents, the drug alisertib (Ali@) and AgNPs, conjugated with a 

chlorotoxin (Cltx), an active targeting 36-amino acid-long peptide that 

specifically binds to MMP‑2, a receptor overexpressed by brain cancer cells, 

and 99mTc-radiolabeling that allow to see the in vivo biodistribution. The 

effects of this formulation has been evaluated on U87MG human glioblastoma 

astrocytoma epithelial like cells (in vitro) and on U87MG tumor bearing mice 

(in vivo). This AgNPs-based device promotes a specific targeting by Cltx, a 

synergistic toxic effect of Ali@ and AgNPs after 48 and 72h of the treatment 

eliciting the death of ill cells and the reduction of cancer mass, and image of 

cancer cells (Locatelli et al., 2014). Recently, a formulation of paracetamol 

dimer, generally considered as nontoxic, encapsulated with fluorescent silver 

nanocluster (AgNCs) embedded composite nanoparticles where it acts as a 

prodrug has been demonstrated to be very promising as theranostic nanocarriers. 

In fact, ROS produced inside HeLa and A549 lung cancer cells by silver 

nanocluster convert prodrug into a toxic metabolites that kill the cells via 

apoptotic cell death (therapeutic approach). Moreover, it is possible to conjugate 

folic acid with these composite NPs allowing to distinguish between two 

different cancer cell lines such as HeLa, which overexpresses folic acid 

receptors, and A549, which down-regulates its expression, on the basis of the 

fluorescence intensity of AgNCs (diagnostic approach) (Kumar et al., 2016). 

 

 

3. APPLICATION OF AGNPS IN MEDICINE: RISKS 
 

Although AgNPs have been found to be promising for diagnostic, 

therapeutic and theranostic purposes in cancer field, their toxicity remains an 

issue. Physico-chemical and biological activities of AgNPs dictate their 

widespread use in different fields, from environmental treatments (e.g., air 

disinfection, water disinfection, groundwater and biological wastewater 

disinfection) to surface disinfection (e.g., silver-nanoparticle-embedded 

antimicrobial paints, antimicrobial surface functionalization of plastic catheters, 

antimicrobial gel formulation for topical use, antimicrobial packing paper for 
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food preservation, silver-impregnated fabrics for clinical clothing) (Tran et al., 

2013). 

The use of AgNPs for the purposes above reported and the same 

characteristics rendering AgNPs so attractive ignite to concerns that the fate of 

NPs could create a new risk for humans and/or the environment. For example, 

the high surface to volume ratio of NPs by enhancing the surface properties 

increases the interaction with serum, saliva, mucus, or lung fluid components 

making them potentially more reactive than larger particles (Maynard et al., 

2011). Also, the main doubt relies on the release of silver metal ions (Ag+), since 

the high surface area increases the probability that silver ions are released from 

the NPs as both solubility and dissolution kinetics may vary as a function of size 

(Mudunkotuwa and Grassian, 2011). It is well known that silver is very toxic 

for biological organisms and yet it is not clear to which degree the toxicity 

depends on silver ions or AgNPs. To overcome this, AgNPs can be synthesized 

by design a capping/functionalization around the nanoparticle that, by 

interfering with dissolution process, limit or inhibit the release of Ag+. Recently, 

among surface coatings, such as starch, glycans, PVP (poly(N-vinyl-2-

pirrolidone), citrate, polymers, etc. there is an increasing interest in using 

carbohydrates as biomimetic molecules on the surface of NPs because of their 

double function: glycans functionalization results in NPs without traces of toxic 

chemicals, glycans on the NPs surface serves as targeting molecules and 

mediates cellular responses (Kennedy et al., 2014; Marradi et al., 2013; Chiodo 

et al., 2014). In addition, also media chemical composition could interfere with 

dissolution degree of AgNPs. A number of papers collected in Table 2 report 

studies on the dissolution behavior in different media, from water to complex 

culture media (Sotiriou et al., 2011; Xiu et al., 2012; Liu et al., 2010; Liu et al., 

2010; Li et al., 2010; Kittler et al., 2010; Ho et al., 2010; Sotiriou et al., 2010; 

Levard et al., 2011; Ho et al., 2011; Zook et al., 2011; Zhang et al., 2011; Xiu 

et al., 2011). 

In general, the dissolution degree strictly depends on AgNPs size, capping 

molecules, chemical composition of medium, and molecular oxygen (O2) and 

hydrogen peroxide (H2O2) content. In fact, dissolved O2 oxidizes metallic silver 

at low extent, conversely a complete oxidation occurs in the presence of H2O2; 

reducing agents as thiol- or selenide-containing molecules, such as cysteine, 

prevent the dissolution by blocking the surface of AgNPs whereas glucose only 
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Table 2. Results of dissolution experiments in different media reported in literature (Adapted from Loza et al., 2014) 

 

AgNPs 

Coating 

Diameter 

(nm) 
Immersion medium 

Temperature 

(°C) 

Immersion 

time (h) 

Dissolution 

degree (%) 
Refs. 

Citrate 4,8 

Air-saturated distilled water 

[O2] = 9,1 mg/L; pH = 5,68 
4 120 36 Liu et al., 2010a 

Air-saturated distilled water 

[O2] = 9,1 mg/L; pH = 5,68 
25 120 100 Liu et al., 2010a 

Air-saturated distilled water 

[O2] = 9,1 mg/L; pH = 5,68 
37 120 96 Liu et al., 2010a 

Air-saturated distilled water 

[O2] = 9,1 mg/L; pH = 5,68 
25 240 100 Liu et al., 2010a 

Air-saturated distilled water 

[O2] = 9,1 mg/L; pH = 5,68 
25 3000 100 Liu et al., 2010a 

Acetate buffer, pH = 5,6 25 24 15 Liu et al., 2010b 

Acetate buffer 

0,4 mM citrate, pH = 5,6 
25 24 9 Liu et al., 2010b 

Acetate buffer 

10 mM citrate, pH = 5,6 
25 24 7 Liu et al., 2010b 

Acetate buffer 

0,4 mM Na2S, pH = 5,6 
25 24 <1 Liu et al., 2010b 

Acetate buffer 

4 mM 11-mercaptoundecanoic acid 

pH = 5,6 

25 24 0 Liu et al., 2010b 

Boric acid and bicarbonate low ionic 

strength seawater buffer, pH = 7,90 
25 192 54 Liu et al., 2010a 

Natural seawater, pH = 7,90 25 192 38 Liu et al., 2010a 

       

Complimentary Contributor Copy



 

Table 2. (Continued) 

 

AgNPs 

Coating 

Diameter 

(nm) 
Immersion medium 

Temperature 

(°C) 

Immersion 

time (h) 

Dissolution 

degree (%) 
Refs. 

 

20 
Modified Hoagland medium 

[O2] = 7,8 mg/L; pH = 5,6 
25 336 40 Zhang et al., 2011 

23 DMEM 25 22 7 Zook et al., 2011 

40 
Modified Hoagland medium 

[O2] = 7,8 mg/L; pH = 5,6 
25 336 21 Zhang et al., 2011 

80 
Modified Hoagland medium 

[O2] = 7,8 mg/L; pH = 5,6 
25 336 8 Zhang et al., 2011 

85 

Water 25 336 15 Kittler et al., 2010 

Water 25 410 12 Kittler et al., 2010 

Water 37 307 56 Kittler et al., 2010 

Water 37 444 53 Kittler et al., 2010 

PVP 

4-5 
Synthetic gastric acid pH = 1,12 37 24 98 Liu et al., 2012 

Pseudoextracellular fluid pH = 7,52 37 24 80 Liu et al., 2012 

23 DMEM 25 22 76 Zook et al., 2011 

39 0,01 M NaNO3 pH = 7 25 720 1,9 Levard et al., 2011 

50 

Water 5 411 9 Kittler et al., 2010 

Water 5 149 8 Kittler et al., 2010 

Water 25 134 48 Kittler et al., 2010 

Water 25 81 52 Kittler et al., 2010 

Water 25 42 43 Kittler et al., 2010 

Water 37 27 89 Kittler et al., 2010 

Water 37 11 68 Kittler et al., 2010 
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AgNPs 

Coating 

Diameter 

(nm) 
Immersion medium 

Temperature 

(°C) 

Immersion 

time (h) 

Dissolution 

degree (%) 
Refs. 

 70 

Oxygen-free water 25 1660 2 Loza et al., 2014 

0,9% NaCl 25 3670 8 Loza et al., 2014 

PBS 25 3670 4 Loza et al., 2014 

10 mM H2O2 25 1821 90 Loza et al., 2014 

Cysteine 1g/L 25 4366 0 Loza et al., 2014 

Glucose 1g/L 25 4366 61 Loza et al., 2014 

PVP 

sulphidated 
39 0,01 M NaNO3 pH = 7 25 730 0-0,27 Levard 

5 kDa PEG 23 DMEM 25 22 11 Zook et al., 2011 

20 kDa 

PEG 
23 DMEM 25 22 9 Zook et al., 2011 

Dextran 23 DMEM 25 22 67 Zook et al., 2011 

PVP: poly(N-vinyl-2-pirrolidone; PEG: polyethilene glicole 
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slows down the dissolution; finally, the presence in the medium of chloride or 

phosphate salts complex silver ions and precipitate them as silver salts (Loza et 

al., 2014). The most important question is the real impact of AgNPs to human 

and his environment. Several studies report the toxic effect of AgNPs on model 

animals considered as bioindicators, such as crustaceans (Daphnia magna), fish 

(Danio rerio), protozoa (Eisenia fetida) (Ahamed et al., 2010) and sea urchins 

(Paracentrotus lividus) (Manno et al., 2013; Panzarini et al., 2013). In these 

animals, AgNPs cause reproductive failure, developmental malformations and 

morphological deformities. Due to the nanometric sizes, AgNPs possess a great 

mobility and enter humans through different routes, such as inhalation, 

ingestion, skin, etc. Since AgNPs easily pass the biologic membranes, they can 

translocate from the route of exposure to other vital organs and penetrate into 

cells. Independently on entry routes, the liver is the preferential organ target, 

followed by spleen, lungs and kidney. AgNPs have no significant biological 

function in humans and therefore can cause damage to several organs. Data in 

literature report that AgNPs are toxic for digestive, respiratory, urinary, 

reproductive, cardiovascular and nervous systems, and sensory organs. AgNPs-

induced toxicity includes oxidative stress, DNA damage and apoptosis. For 

example, the ingestion of AgNPs in mice leads to destruction of microvilli and 

loss of small intestine mucosa functionality, that affect absorption by intestinal 

epithelium causing weight loss (Shahare et al., 2013). Similarly, another study 

states that AgNPs induce changes in histological sections of liver and apoptosis 

(Al Gurabi et al., 2015). Also, AgNPs exposure causes a dose dependent 

mitochondrial dysfunction leading to permanent or temporary hearing loss; or 

destruction of retinal structure (Sodertjerna et al., 2014). Lung cells (Gliga et 

al., 2014) as well as germ cells (Zhang et al., 2016) are sensitive to AgNPs 

presence depending on size (smaller AgNPs more toxic than larger ones). 

Conversely, AgNPs show cytotoxic effects on kidney cells only in higher doses 

(Milic et al., 2015). In the cardiovascular system of male Hartley-albino guinea 

pigs, AgNPs cause increase in inflammation, cardiomyocyte deformities, 

congestion, pericardial edema, circulatory defects, cardiac arhythmia and 

hemorrhage (Gonzalez et al., 2016). 

 

 

CONCLUSION 
 

As highlighted in this chapter, there has been significant interest and 

researchs conducted on AgNPs for biodiagnostic, imaging and therapeutic 

applications. Their biologically relevant size, ability to be easily functionalized 
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with biomolecules and chemo-therapeutic agents, as well as their enhanced 

optical properties improve therapeutic delivery and noninvasive disease 

diagnostics. Though AgNPs have prospective biomedical applications, the 

toxicity studies elucidate that AgNPs are toxic to humans and his environment. 

The size, dose and route of exposure of AgNPs are major criteria to be taken 

into consideration for its biomedical appliance. Although the risk of toxicity 

does not ablate their potential applications in cancer therapy, risk:benefits ratios 

should be assessed and possibilities must be explored relating to the use AgNPs 

in cancer without such toxicity. 
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