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Preface

There are alarming reports of new and emerging diseases caused by pathogenic

microbes from all over the world. The dreaded diseases like AIDS and cancer needs

new antimicrobial agents. The secondary infections caused by microbes in cancer

patients are fatal and sometimes difficult to cure. Chemotherapy is one of the most

effective strategies to treat malignant tumors. However, the resistance of cancer

cells to the drugs remains a significant impediment to successful chemotherapy.

Multidrug-resistant microbes are increasing with fast pace. The disease burden

from multidrug-resistant strains of tuberculosis, malaria, hepatitis, and HIV is

growing in both developed and developing countries. Therefore, there is a pressing

need to search for a new generation of antimicrobial agents, which are effective,

safe and can be used for the cure of multidrug-resistant microbial infections. Nano-

antimicrobials offer effective solutions for the cure of such new and multidrug-

resistant microbes.

The development of innovative nanosized materials capable of preventing

the growth of undesired or pathogenic biological species is an emerging nano-

technological field. Nanophases composed of coinage metals and their compounds

(e.g., Cu, Ag, Zn, etc.) are being frequently employed as a new bioactive element

that is well tolerated by human beings. Organic and hybrid nano-antimicrobials

are also being deeply studied. Several applications are envisaged for this class

of materials, including food packaging and improvement of feedstock shelf-life,

anti-fouling coatings and paints, antimicrobial textiles, biomedical devices and

disposables, prevention of bio-contamination and diffusion of pandemic diseases

in high-risk places (hospitals, airports, stations), etc. An exponentially growing

number of patents and papers is being issued on these multidisciplinary aspects.

The present book is aimed at discussing the new technology of nano-

antimicrobials. The book covers the synthesis of nanomaterials including

Chemical, Physical, Mechanical, Photo- and Electro-Chemical methods. Particular

emphasis is given to the microbial synthesis of bioactive nanomaterials, because the

process is eco-friendly and economically viable. The antimicrobial potential of

different nanoparticles is also covered, bioactivity mechanisms are elucidated,
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and several applications are reviewed in detail. Finally, the toxicology of nano-

antimicrobials is briefly assessed.

The book has been divided into four sections. Section I covers the synthesis and

characterization of novel nano-antimicrobials, and the opening chapters have

been prepared by two of the leading research groups working on silver nano-

antimicrobials. The contributions by the groups of Professors Sen and Wang

provide complementary points of view on either nanoparticle- or nanocomposite-

based silver antimicrobials. Then, the chapters by Dr. Longano, Prof. Fernandez-

Garcia, and Dr. Manna offer a comprehensive description of nano-antimicrobials,

respectively based on copper, photo-catalytic titanium oxide, and zinc oxide.

Finally, in the last chapter of the section, a short overview of the main methods

for the characterization of nano-antimicrobials is provided by Prof. Regan.

Section II deals with the bioactivity and mechanisms of action of nano-

antimicrobials. In this section, a contribution by the editors deals with the benefits

and bottlenecks of the use of silver nano-antimicrobials. Then, a contribution by

Prof. Mukherji assesses strain resistance or sensitivity towards nano-antimicrobials.

The chapter by Dr. Ivask gives an insight into the different impact of soluble species

and nanoparticles, in the bioactivity mechanisms of metal-containing antimicrobials.

Finally, Dr. Debiemme-Chouvy’s chapter describes an electrochemical approach to

nanostructuring surfaces which shows interesting bioactivity properties.

Section III comprises six chapters providing some of the most exciting applica-

tions of nano-antimicrobials. The first chapter, by the group of Prof. Sannino, deals

with the application of photo-reduction processes to the development of nano-

silver coatings for textile and bio-medical applications. Then, a contribution by

Prof. Duran deals with the industrial applications of bio-synthetized metal nano-

antimicrobials, providing details about their effects, mechanisms of action, and

toxicity. Prof. de Azeredo’s chapter gives an expert opinion on bioactivity and

applications of nano-antimicrobials used in the food-packaging industry. A chapter

by Prof. Allaker elucidates, with plenty of detail, the application of nano-antimi-

crobials to the control of oral infections. Finally, antibacterial paper is the subject of

Prof. Fan’s chapter, while a contribution from the group of Prof. Cui reviews the use

of nano-antimicrobials for water disinfection.

Last, but not least, Section IV offers two chapters on the toxicology of nano-

antimicrobials. Prof. Dwahan’s chapter deals with the use of micro-organisms as

models for the assessment of toxicity, while a chapter by the group of Prof. Rai

specifically assesses the toxicity of one of the most diffused classes of nano-

antimicrobials, e.g. silver nanoparticles.

The book is of an interdisciplinary nature and will be very useful for students,

teachers and scientists working in nanotechnology, materials science, biology,

chemistry, physics, botany, zoology, chemical technology, medicine, pharmacolo-

gy, mycology, microbiology, pathology, and biotechnology.

The contributions of eminent researchers in the field of nano-antimicrobials have

been included in the present book. The editors greatly appreciate the contributions

by leading scholars, and their patience during the publication of the book.
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André, SP, Brazil

Chunhai Fan Laboratory of Physical Biology, Shanghai Institute of Applied

Physics, Chinese Academy of Sciences, Shanghai, China

Marcos Fernández-Garcı́a Instituto de Catálisis y Petroleoquı́mica, Consejo

Superior de Investigaciones Cientı́ficas, Madrid, Spain

Marcos Fernandez-Garcia Instituto de Catlisis y Petroleoquı́mica, Consejo Su-

perior de Investigaciones Cientı́ficas, Madrid, Spain

Saji George University of California Center for Environmental Implications of

Nanotechnology, Los Angeles, CA, USA

Indarchand Gupta Department of Biotechnology, SGB Amravati University,

Amravati, Maharashtra, India

Wenbing Hu Laboratory of Physical Biology, Shanghai Institute of Applied

Physics, Chinese Academy of Sciences, Shanghai, China

Qing Huang Laboratory of Physical Biology, Shanghai Institute of Applied

Physics, Chinese Academy of Sciences, Shanghai, China

Angela Ivask National Institute of Chemical Physics and Biophysics, Laboratory

of Molecular Genetics, Tallinn, Estonia; University of California Center for

Environmental Implications of Nanotechnology, Los Angeles, CA, USA

Anne Kahru National Institute of Chemical Physics and Biophysics, Laboratory

of Molecular Genetics, Tallinn, Estonia

Anna Kubacka Instituto de Catlisis y Petroleoquı́mica, Consejo Superior de

Investigaciones Cientı́ficas, Madrid, Spain

Ashutosh Kumar Nanomaterial Toxicology Group, CSIR-Indian Institute of

Toxicology Research, Lucknow, UP, India

xiv List of Contributors



Xueyan Li School of Sciences, Hebei University of Science and Technology,

Shijiazhuang, Hebei, PR China

Antonio Licciulli Department of Engineering for Innovation, University of Sale-

nto, Lecce, Italy; Department of Engineering for Innovation, Silvertech Ltd,

Lecce, Italy

Chong Liu Material Science and Engineering, Stanford University, Stanford, CA,

USA

Daniela Longano Dipartimento di Chimica, Università degli Studi di Bari “Aldo
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Section I

Synthesis and Characterization of Novel
Nano-Antimicrobials



Chapter 1

Silver Nanoparticle Antimicrobials

and Related Materials

Hua Zhang, Meng Wu, and Ayusman Sen

1.1 Antimicrobial Mechanism of Silver and Silver Ion

Silver has a long history of usage in medicine in many cultures. The ancient Greeks,

Romans, Egyptians, and many others used silver vessels for water and other liquids

storage. It is recorded that Aristotle suggested that Alexander the Great (335 BC)

should transport water in silver containers on many campaigns [1]. Pioneers who

explored across the Wild West also used silver and copper coins to preserve

drinking water from spoilage by bacteria and algae. They also put silver dollars

into their milk to retain its freshness [2].

The first documented usage of silver in medical applications can be dated back to

around AD 750. However, it was not until late 1800s that scientists proved that

silver is an effective germicide. In 1869, Ravelin reported that silver, even in ultra-

low concentration, shows antimicrobial activity [3]. Shortly after Ravelin’s discov-

ery, von Naegeli found silver ions (9.2 � 10�9 M) from metallic silver are able to

kill Spirogyra commonly found in water [4]. In 1881, Carl Crede pioneered the

treatment of eye infection of neonates by using 2% silver nitrate solution, a

technique which has been widely used ever since [2]. In the early 1900s, silver

foil was used as a dressing material for burn wound treatment. Silver in different

forms, mostly colloidal silver, was extensively used by physicians, and this type of

treatment was considered as “high-tech” at that time.

After World War II, novel and powerful antibiotics quickly replaced silver in

bacterial infection treatment and the interest in silver as an antimicrobial agent

declined sharply. Unfortunately, after decades of use, many bacteria have developed

resistance towards one or more antibiotics. This has led to a resurgence in the use of

silver in antibacterial applications. For example, in the 1970s, Margraf used a 0.5%

silver solution to kill invasive bacteria in burn wounds. Silver sulphadiazine cream
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was also developed to replace diluted silver salt solutions, and is now used exten-

sively in burn wards in America. This technique is considered as a gold standard of

topical burn treatment [5]. Other commercial silver antibacterial products can also

be found in the food industry, water supply systems, medical care products, clothing,

electronic appliances, etc. For example, Agion® is a surface modification technique

that turns regular surfaces into antibacterial surfaces by releasing silver ions. Similar

techniques have been adopted in various products made by Honeywell®, Dell®,

Motorola®, Logitech®, PPG®, the North Face®, Adidas®, etc. Microban® 3G silver

is another popular antibacterial solution for polymeric materials that combines

antibacterial property of silver with other antibacterial agents.

Although silver has been used as a biocide for hundreds of years, the antimicro-

bial mechanism of silver has not been fully elucidated. A variety of mechanisms

may be involved in the antimicrobial activity of silver against a broad spectrum of

organisms. Some of the commonly accepted mechanisms include silver–amino acid

interaction, silver–DNA interaction, generation of reactive oxidative species, and

direct cell membrane damage.

1.1.1 Interaction with Thiol Groups on Amino Acids

The cytotoxicity of heavy metal ions like Ag+, Hg2+, Cu2+ and Pb2+, in many cases,

is due to the interaction between metal ions and thiol groups in proteins or enzymes

in microorganisms which leads to the inhibition of their crucial biological functions

[6–11]. The thiol group in L-cysteine residues can undergo either reversible or

irreversible oxidation by chemical agents, including heavy metal ions, causing

death of microorganisms (Fig. 1.1) [1].

1.1.1.1 Inhibition of Respiratory Process of Bacteria Cells

Cellular respiration is the process by which cells convert biochemical energy

from nutrient into adenosine triphosphate (ATP) and release waste products.

Ag+

H+

H2O2/I2

Reduction

Halogen

Aldehyde

S S

O O

R R

S S

O

R R

RSH RSAgRSSR

Fig. 1.1 Biocides interaction

with thiol group (Reprinted

from [1]. With permission

from Elsevier)
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In eukaryotes, oxidative phosphorylation occurs in the mitochondrial cristae. It

involves the respiratory chain which establishes a proton gradient (chemiosmotic

potential) across the inner membrane by oxidizing the nicotinamide adenine dinu-

cleotide (NADH) produced from the Krebs cycle. ATP is synthesized by the ATP

synthase enzyme, and the chemiosmotic gradient is used to drive the phosphoryla-

tion of ADP to form ATP. To complete the respiration process, the electrons are

finally transferred to exogenous oxygen and, with the addition of two protons, water

is formed. Bard [12] used microelectrode and other techniques to explore the

inhibition of respiration of Escherichia coli treated by silver ions. The mechanism

has been proposed that silver is able to cause cell membranes to be permeable to

protons and therefore the proton gradient is lost. To compensate for the loss of the

proton gradient, the acceleration of the respiratory process is triggered, attempting

to expel more protons to restore the proton gradient. This uncontrolled process

generates superoxide or hydroxyl radicals which are extremely harmful to the cells.

1.1.1.2 Enhanced Phosphate Efflux

Rosenberg [13, 14] studied the ability of silver ions to inhibit the intake of

phosphate ions and enhanced efflux of phosphate of Escherichia coli. In the

experiment, Escherichia coli was first incubated with either 5 mM succinate or

1 mM glucose to deplete the phosphate ions in cells. Then, the phosphate-depleted

cells were washed to remove any extra sugar energy sources. Silver was added

2 min prior to radioactive 32P addition. The 32P uptakes by Escherichia coli cells
(with silver and without silver) were compared with control (no cells) by radioac-

tivity monitoring. The inhibition of uptake of phosphate by silver ions was

observed. Alleviation of such inhibition could be done by adding KBr to decrease

effective silver ion concentrations. In another experiment, where AgNO3 was also

added to suspension of cells which have already taken up 32P, the enhanced efflux

of 32P was observed. Again, addition of KBr can either slow down the efflux of

phosphate for the Escherichia coliAN710 strain or resume phosphate uptake for the

Escherichia coli AN1080 strain. Besides the enhanced efflux of phosphate ions, the
efflux of accumulated proline, glutamine, mannitol, and succinate was also discov-

ered when Escherichia coli suspension was treated with silver ions. The efflux can

be stopped and the uptake can be resumed by adding thiol compounds such as

dithiothreitol or mercaptoethanol, presumably due to the detoxification reactions

between silver ions and thiol compounds.

1.1.2 Interaction with DNA Molecules

DNA is responsible for the reproduction process. Any damage done to it will cause

either mutation or death of the organism. The preferential interaction of silver ions

with the bases found in DNA rather than the phosphate group is well documented

[15–19].
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Feng [20] probed the antibacterial mechanism of Ag+ by treating Escherichia
coli and B. aureus bacteria with AgNO3 solution. After silver treatment, bacteria

samples are subjected to TEM observation. It was found that silver-treated

Escherichia coli cells showed a large electron-light region (DNA molecules) in

the center whereas electron-light areas were evenly distributed in untreated cells

(Fig. 1.2a, b). Another phenomenon was also noticed: a large amount of electron-

dense granules appeared around the electron-light region but not in untreated

bacteria. The researcher proposed that these electron-dense granules were

generated by a cell self-defense mechanism as they tried to protect the DNA

(electron-light region). When this self-defense mechanism failed to function due

to the large amount of silver ions present, the cell was full of electron-dense

granules with no electron-light regions at all and the cell wall also completely

disappeared, both of which were captured by TEM images (Fig. 1.2c).

The assumption that silver ions may cause increased mutation frequency of

microorganism has also been supported in a recent publication [21]. Three different

silver materials were used in this research: silver nanopowder, silver-copper

nanopowder, and colloidal silver. Both polymerase chain reaction (PCR) and

in vivo Escherichia coli experiments were carried out and compared. A particular

rpsL mutation assay was used in in vitro PCR. The rpsL gene encodes a small

ribosomal protein S12, which caused resistance to the antibiotic streptomycin after

mutation. When the PCR process was finished, the silver-treated genes were used to

transform into host bacterial cells MF101. If mutation of rpsL gene occurs, the

transformed bacteria will be streptomycin resistant. Therefore, the mutation fre-

quency is calculated from the number of colonies surviving on both ampicillin and

streptomycin agar plates divided by the total colonies surviving on ampicillin agar.

A substantial increase of mutation frequency was observed: 1.63%, 1.54%, 2.15%,

and 0.68% for silver nanopowder, silver–copper nanopowder, colloidal silver, and

untreated samples, respectively. These results suggested that silver material treat-

ment can cause significant gene mutation and that this mutation may lead to death

of the bacterial cells. A similar observation was made with in vivo Escherichia coli

Fig. 1.2 Morphology comparison of untreated and treated Escherichia coli: (a) Untreated.

(b) self-defense mechanism tries to protect DNA. (c) final stage of a dying Escherichia coli cell
(Reprinted from [20]. With permission from Wiley)

6 H. Zhang et al.



although the mutation frequency was lowered by four orders of magnitude than

those in vitro perhaps due to the lower uptake of silver.

1.1.3 Catalytic Generation of Reactive Oxygen Species (ROS)

ROS are normal byproducts of the respiration process. ROS at low level can be

controlled by the so-called antioxidant defense such as equilibrium between gluta-

thione and glutathione disulfide. However, excess ROS production may generate

free radicals which are extremely deleterious to cells because of the damage to

lipids or DNA [22]. It is believed that metals can catalytically promote the genera-

tion of ROS with dissolved oxygen in solution [23]. If true, the silver nanomaterials

can kill bacteria directly by the catalytic generation of ROS without the presence of

silver ions. Hwang [24] found that the antimicrobial activity of carbon-supported

silver was observable only in the presence of oxygen. In this case, it was apparent

that generation of ROS by silver nanoparticles instead of biocidal silver ions was

the predominate mechanism. Kim [25] verified free radicals generated from silver

nanoparticles by spin resonance methods. In the same experiments, the biocidal

action of both silver nanoparticles and silver ions was stopped with the presence of

reductants, which led to the conclusion that the biocidal mechanism against Staph-
ylococcus aureus and Escherichia coli is the generation of free radicals.

Besides silver nanomaterials, silver ions can also generate excess ROS. Park

[26] used superoxide-responsive protein containing bacteria to detect the ability of

silver ions to generate ROS. Usually, bacteria have their own ROS sensor systems.

For example, Escherichia coli has two proteins as ROS sensing systems: SoxR and

OxyR. When exposed to superoxide or nitric oxide radicals, the SoxR protein

induces a single gene soxS. By monitoring soxS induction in the reporter strains,

the ROS level in the solution can be determined. The increased soxS response found

after ionic silver treatment suggested that ROS was generated. Another experiment

conducted to validate this mechanism was comparing the antibacterial activity of

silver ions under both aerobic and anaerobic conditions, since the generation of

ROS requires the presence of dissolved oxygen. It was found that silver ions

exhibited higher biocidal activity under aerobic conditions (3.3 log bacterial

reductions under aerobic condition versus 1.9 log bacterial reductions under anaer-

obic condition). This result shows that generation of ROS is a plausible biocidal

pathway and also suggests that the antibacterial mechanisms of silver ions may be a

combination of ROS generation and silver–thiol interactions.

1.1.4 Direct Damage to Cell Membrane

Direct damage to cell membrane caused by silver nanomaterials has been reported

recently. Morones and colleagues [27] explored the biocidal mechanism of silver

nanoparticles against four kinds of bacteria: Vibrio cholerae, Pseudomonas
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aeruginosa, Scrub typhus, and Escherichia coli. The accumulation of silver

particles on the bacterial membrane surface was observed by using the High

Angle Annular Dark Field (HAADF) microscopy technique. The researchers

were also able to get electronic microscopy images of the bacterial cross-section.

EDS mapping of the silver element showed that silver nanoparticles are able to

penetrate the membranes and get enriched inside the cells. The ability of silver

particles to get inside the cells is explained by the observation of membrane defects

caused by silver nanoparticles. The researchers also compared silver nitrate-treated

bacteria with silver nanoparticles-treated bacteria. Silver nitrate-treated bacteria

showed both DNA agglomerated regions (electron-light regions) and electron-

dense regions, which match with a previous publication [20]. However, this was

not seen for silver nanoparticles-treated bacteria, which suggests that silver in

different forms may operate differently.

The detailed mechanism of cell membrane penetration and accumulation of

silver nanoparticles is not fully understood. One hypothesis is that the accumulation

is caused by electrostatic attraction between negatively charged bacterial surfaces

and positively charged silver nanoparticles [28]. However, this does not explain

why negatively charged silver nanoparticles are able to adhere to and enter the

bacteria cells. Another possibility is that the process is initiated by silver–thiol

group interaction on the cell surface, and is supported by a recent publication [29].

Another explanation for cell membrane damage is proposed for Gram-negative

bacteria such as Escherichia coli. Gram-negative bacteria possess an external

membrane outside the peptidoglycan layer, which is lacking in Gram-positive

bacteria. It was previously found that chelating agent EDTA can cause the depletion

of Ca2+ and Mg2+ ions, resulting in pits and holes in the outer membranes due to the

release of LPS (lipopolysaccharide) molecules [30]. Sondi [31] also observed a

similar phenomenon by treating Escherichia coli bacteria with silver nanoparticles.
The SEM images clearly showed that there were many holes in the cell membranes

of silver-treated Escherichia coli bacteria (Fig. 1.3). The researchers postulated that
silver may also generate pits and holes in the cell membrane by causing the release

of LPS from cell membranes.

Fig. 1.3 SEM images of (a) native Escherichia coli bacteria and (b) Escherichia coli treated with
50 um/mL silver nanoparticles (Reprinted from [31]. With permission from Elsevier)
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1.2 Evaluation Methods and Criteria for Silver

Antibacterial Materials

Standard evaluation methods and criteria for silver antimicrobial materials are

important because quantitative data are necessary for materials screening in terms

of antibacterial activities and inter-laboratory comparisons. Most evaluation

methods used in publications are adopted from long-standing in vitro microbiology

protocols for antibiotics.

1.2.1 Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) test is an in vitro test which

determines the lowest concentration of antibiotics needed to inhibit the growth of

(but not necessarily kill) bacteria. MIC test is extensively used to evaluate the

antibiotic susceptibility of targeted bacteria in microbiology and clinic practice. In

theory, it can also be used for antibacterial silver materials and it works practically

very well on these samples. Usually, both MIC and minimum biocidal concentra-

tion (MBC) are reported for small molecule antibiotics and MBC is usually much

higher in value than MIC. However, for silver antibacterial materials, only MIC

data are typically reported.

1.2.1.1 Test Protocols

Typically, there are two standard techniques to determine MIC values: agar dilution

and broth dilution. In agar dilution test, the antibiotic is mixed with agar powder

and made into nutrient agar plates with different concentration of the antibiotic.

Then, liquid broth with a predetermined concentration of bacteria is inoculated onto

the agar plates. After incubation, bacterial colonies are visually counted. An

absence of bacteria colonies means all bacteria are inhibited or killed at that

concentration of antibiotics.

The broth dilution protocol uses liquid media with known amounts of bacteria,

and different amounts of antibiotic are added to it. After incubation, the turbidity of

the media is observed as an indication of bacterial growth. Based on the final media

volume (bacterial solution + antibiotic solution), broth dilution can be categorized

as microdilution (total volume� 500 mL) and macrodilution (total volume� 2 mL)

[32]. The final results given by the MIC test can be in mg/mL, mg/L, or mg/mL

depending on the antibacterial efficiency and bacteria tested. For silver antimicro-

bial materials, it is difficult to obtain uniformly blended agar plates. Therefore,

broth dilution is the commonly used evaluation protocol.
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1.2.1.2 Critical Parameters

In order to get reproducible and reliable MIC values for both intra-laboratory and

inter-laboratory comparisons, additional parameters must be noted during the test:

(a) Bacteria: Bacteria tested in the experiments must be isolated in their pure form.

Their genus and species level must be identified. Most organisms can be obtained

from hospital laboratories, the American Type Culture Collection (ATCC) or other

national collections [32, 33]. (b) Inoculum: The typical bacterial concentration for

MIC is 5 � 105 cfu/mL for final solution (broth dilution) or 1 � 104 cfu per agar

plate (agar dilution). It has been documented [34] that more concentrated solutions

of drug-resistant strains give increased MIC values due to the generation of

enzymes capable of decomposing antibiotics. However, it is still not clear whether

increased inoculum will affect the MIC value of silver antibacterial materials.

(c) Determination of bacteria concentration: The concentration of bacterial

media is usually expressed in cfu/mL (colony forming unit/mL). The turbidity of

the bacterial solution is proportional to its optical absorption at 600 nm. A calibra-

tion curve is usually set up for a specific bioassay reader (or microplate reader) by

plotting cfu numbers versus absorption values. The detailed procedure can be found

in previous literature [32]. Once the calibration curve is set, the bacterial concen-

tration can be readily calculated from its absorption. If the absorption value is

greater than 1, it causes loss of linearity. Therefore, necessary dilution may be

needed before obtaining the absorption value.

1.2.1.3 Limitations

The MIC test does not indicate whether tested materials are biocidal or biostatic.

Even if the broth or agar plate shows no bacterial growth, there may be viable

bacteria present because the tested materials may only inhibit the growth of bacteria

(biostatic effect). Bacteria may continue to proliferate when the antibacterial

material is removed. To differentiate whether the sample is biostatic or biocidal,

aliquots of broth can be withdrawn and spread on a new agar plate with no

antibacterial material present. If colonies are observed after incubation, the material

is only biostatic at this concentration. Otherwise, the material is biocidal.

1.2.2 Zone of Inhibition (ZOI)

The ZOI test is another in vitro test, also widely known as the Kirby-Bauer disk

diffusion test [35]. When bacteria are inoculated onto nutritious agar plates, they

tend to form continuous spots called colonies. If there is an antibiotic present at a

specific area in the agar, colony formation will be inhibited around that area due to

10 H. Zhang et al.



the leaching of the antibiotic, and the zone of inhibition can be visually observed

and measured.

1.2.2.1 Test Protocol

The general procedure is as follows: bacteria are first incubated in a liquid broth for

a certain period of time (depending on the bacteria); several drops of bacterial broth

are streaked onto an agar plate. Then, sample disks are placed over the agar plate

and the whole agar plate is incubated. Finally, the net inhibition diameter can be

calculated by subtracting the diameter of the sample disk from the diameter of

the total zone of inhibition. Kirby and Bauer did a series of experiments comparing

their method with the previously mentioned MIC test, and they found that these two

tests are highly correlated [35]. Therefore, the net diameter of inhibition zone can

be a benchmark for the activity of the specific antibiotic as long as the same type of

agar is used during all the experiments (Fig. 1.4).

1.2.2.2 Modification

The ZOI test, though originally developed for water-soluble antibiotics, provides us

with a semi-quantitative option to evaluate water-insoluble antibacterial materials

when the MIC test cannot be carried out. The ZOI test is especially applicable to

antibacterial coatings and films because these types of materials usually perform

poorly in the MIC test due to limited availability of biocidal agents.

Due to the simplicity of this method, the FDA has recommended using this

technique to evaluate new antibiotics. One disadvantage of the Kirby-Bauer method

is the long incubation period, typically 12–16 h. In 1973, Ross [36] shortened this

period to 6.5 h without sacrificing the accuracy by spraying cell stains on the agar

plates. The live bacteria show a certain color depending on the dye, and the zone of

inhibition remains unstained.

Fig. 1.4 Antibacterial

material is placed on a

bacteria-inoculated agar

plate. A circle of poor

bacterial growth surround the

material shows the ZOI

(Picture credited to Center of

Disease Control and

Prevention)
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1.2.2.3 Limitation

ZOI tests do not necessarily indicate that the bacteria are killed by the antibacterial

material. The antibacterial material may just prevent the bacteria growth. Some-

times, clear boundaries are not observed which makes measuring the ZOI diameter

difficult. This method is also less quantitative than the MIC protocol.

1.3 Inorganic Silver Composites and Silver Nanomaterials

The increasing demands of better living conditions have prompted scientists to

develop and commercialize effective yet affordable antimicrobial materials. Silver

is introduced into inorganic substrates in the form of either pure silver nanoparticles

or as sparingly soluble silver salts. Silver may either be present on the surface of the

material or dispersed in the matrix. The preparations of inorganic silver composites

are usually straightforward with little wet chemistry involved. Commonly used

inorganic substrates or matrices are titania or silica particles, glasses, ceramics,

inorganic fibers, and medical alloys.

1.3.1 Glass

Glass is widely used in windows, sliding doors, and containers which are prone to

bacterial adhesion. Thus, antimicrobial modification on glasses is highly desirable.

Traditional glasses are made by using melt–quench process, which makes it impos-

sible to fabricate silicate glass/silver composites with a high silver loading. Instead,

a sol–gel method is used [37–39]. The first step of this method is polycondensation.

Silver salts are mixed with TEOS (tetraethyloxysilane) and triethyoxysilsane, such

as NH2(CH2)3Si(OEt)3, in absolute ethanol. After mixing, aqueous ammonia is

added under vigorous stirring to cause hydrolysis. The homogenous mixture is

then heated and the solvent is removed under reduced pressure to obtain xerogels.

The next step involves oxidation of the xerogels in heated quartz tubes under air flow

to adjust elemental composition. In the final step, the composites are reduced by

reheating under hydrogen flow to further decrease carbon and oxygen content.

Glasses made by this method usually show a brown color due to the presence of

silver colloids. An improved method has been developed for colorless antimicrobial

glasses [40]. First, AgNO3, Al(NO3)3, water, and ethanol are mixed to obtain a

solution A. Second, TEOS and equal amount of ethanol are mixed to form a solution

B. Solution A is slowly added to solution B under vigorous stirring. The mixture is

then poured into a polystyrene mold to dry and gelate for 7 days. Finally, the gel is

milled into a fine powder, put into a mold and baked at 900–1,000�C. Instead of

having silver particles, this product is infused with silver ions which are colorless.
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As a test, this composite was soaked in Streptococcus mutans broth and incubated

for 12 h. No surviving bacteria were found in the broth, indicating that the silver ions

released from the glass had killed 100% of the bacteria.

1.3.2 Coatings and Films

Surface antimicrobial modification of medical alloy implants is especially impor-

tant since the adherence and fouling by bacteria on implant surfaces may cause

serious complications and sometimes even the death of the patient [41]. Surface

modification of surgical materials with silver can greatly reduce this risk. The

surface deposition of silver can be achieved by anodic oxidation, electroless

plating, CVD (Chemical Vapor Deposition), and other physical or chemical coating

techniques. Recently, Duszczyk [42] utilized the PEO (Plasma Electrolytic Oxida-

tion) technique to plate Ag/TiO2 film onto a commonly used surgical Ti-6Al-7Nb

alloy. PEO is an anodic oxidation electrochemical process which uses a voltage

higher than the dielectric breakdown point of the metal oxide layer. This technique

significantly increases the surface roughness and interconnects the pores in the

metal oxide layer. Thus, the metal oxide layers more readily absorb other species.

The oxidation process is carried out in a calcium acetate and calcium

glycerophosphate solution to create a bioactive porous oxide coating containing

calcium and phosphate ions on titanium metal. During the oxidation process, silver

nanoparticles present in the electrolyte solution are uniformly incorporated into the

oxide coating (Fig. 1.5). Such Ti/Ag disks were incubated with broth medium

inoculated with methicillin-resistant Staphylococcus aureus at 2 � 105 cfu. After

24 h of incubation, 100% of the bacteria were killed.

Alt [43] developed a double layer coating by using both PVD (Physical Vapor

Deposition) and CVD (Chemical Vapor Deposition) techniques. Elemental silver

was firstly coated by PVD on a stainless steel implant. This silver coating was

covered by a layer of silicon carbide by CVD for better biocompatibility and

mechanical durability. The coated implant was able to retain antibacterial activity

for at least 28 days in animal experiments, and TEM images showed little silver

particle loss after implanted in animal for 28 days (Fig. 1.6).

Besides the aforementioned surface modification of metal, ceramics and glasses

are also popular substrates for antibacterial coatings and films. Wang [44] devel-

oped a convenient method to co-precipitate Ag/TiO2 film on the surface of ceramic

tiles. A dipping solution was firstly made by mixing an aqueous solution of

ammonium hexafluorotitanate with silver nitrate and boric acid. Then, ceramic

tiles were soaked in the dipping solution for several hours to form a surface coating.

Use of a scanning electron microscope (SEM) and energy dispersion spectrum

(EDS) confirmed the formation of the Ag/TiO2 coating covering the ceramic tile

surface. This film is able to leach out silver ions and kill over 99% of Staphylococ-
cus aureus and Escherichia coli after incubation for 24 h. A variation on this

technique has also been employed [45]. Titanium alkoxide was first stabilized by
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pentane-2,4-dione chelation and was then mixed with an AgNO3 aqueous solution

to obtain a dipping solution. Different substrates such as glass, aluminum, brass,

and stainless steel were soaked in this solution. The coated substrates were finally

annealed at 500�C for 1 h before use. Besides ceramics, silver can be coated on float

glasses (a type of glass made by floating molten glass on a bed of molten metal) by a

more sophisticated technique [46]. Initially, float glasses are pre-coated with silica

to prevent diffusion of impurity into the float glasses, followed by a secondary

Fig. 1.5 SEM images of titanium oxide (a, c) and titanium oxide composite coating (b, d, e)

produced at 20 A/dm2 and 5 min oxidation time. EDS analysis indicated presence of Ag particles

(Reprinted from [42]. With permission from Elsevier)
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coating of TiO2 by CVD. Silver film was finally grown in a combustion CVD

machine by nebulizing the AgNO3 solution onto the substrate. This method gives

the film a photolytic property from TiO2 to decompose organic contaminants and

antibacterial performance from silver. This material is able to kill over 99% of

Staphylococcus aureus, 69% of Escherichia coli and over 99% of Bacillus subtilis.
Coating modification of textiles and fibers is another attractive research topic.

Fisher [47] developed a silicon-based sol–gel coating solution with both

antibacterial and waterproof properties. Triethoxytridecafluorooctyl silane and

AgNO3 were mixed to form a sol–gel solution followed by dipping textiles in this

solution. Hydrolysis of silane was then initiated. Finally, the textile was dried and

tested. It was found that water uptake of the treated textile was considerably

reduced due to the highly hydrophobic nature of fluorinated silane. Nearly 100%

bacterial inhibition of Escherichia coli, Candida cariosilignicola, and Candida
glabrata were observed even after ten washes.

1.3.3 Pigment Materials

Titania and silica are the two most frequently used pigment materials. Antimicro-

bial modification of these materials is highly desirable as it may provide a more

hygienic environment, especially in hospitals. Another application of such a pig-

ment is in the fabric industry. Conventionally, silver nanoparticles are grafted onto

fiber surfaces. However, it is almost impossible to maintain their antibacterial

activity after extensive wash cycles. One possible solution is to use a metal

oxide, titanium oxide for instance, as a carrier of silver particles so that the silver

is less likely to be washed away by detergent. Yuan [48] designed Ag/TiO2-C

composites with a TiO2 core that gives regular pigment an antimicrobial property.

To prepare the Ag/TiO2-C composite, activated carbon was formed on the surface

of TiO2 by dehydration of sucrose in an autoclave and by soaking TiO2-C powder in

an AgNO3 solution whereupon Ag is precipitated onto the TiO2-C surface. This

composite was tested against Escherichia coli and Staphylococcus aureus at

Fig. 1.6 Scheme for double layer coating (left) and TEM images of intersection: before implant

(a) and after 28 days implant (b). TEM images show little silver particles loss before and after

implant (Reprinted from [43]. With permission from Wiley)
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105 cfu/mL for 24 h. Pure TiO2 shows moderate antimicrobial activity whereas the

Ag/TiO2-C composite killed 100% of the microorganisms.

Porous silica particles can also be made into antibacterial pigments in a similar

fashion. Kwon [49] developed a white pigment based on silica nanoparticles. The

porous silica particles were initially synthesized from the hydrolysis reaction of

TEOS in the presence of the triblock copolymer Pluronic® as the structure directing

agent. The silica particles obtained were a few 100 nm in diameter and morpholog-

ically porous to AgNO3 solutions. Then, the silica particles were treated with HCl

vapor to generate AgCl. This antibacterial pigment is stable enough to undergo a

melt-extruding process in a polypropylene (PP) matrix. In the antibacterial test, the

doped PP composite was able to kill 99% Escherichia coli after 24 h incubation.

1.3.4 Absorbents/Filter Agents

Zeolites are aluminosilicate minerals with porous surfaces, commonly used as

commercial absorbents, water cleaning agents, and filter agents. Adding antibacterial

property to zeolites is quite natural and the process is very simple. Sasatsu [50] used

commercially available sodium-type zeolites as the host compound. Silver ions were

loaded by an ion exchange method that involved soaking Na-zeolite powder in

AgNO3 solution for 24 h, then washing with distilled water and drying in air. This

zeolite/Ag composite was able to kill Escherichia coli in just 5 min. The fast biocidal

action is due to the generation of ROS (reactive oxygen species) described earlier.

Another type of porous material is activated carbon. Hu [51] used charcoal

obtained from pyrolysis of bamboo as a substrate for silver deposition. To prepare

this material, bamboo charcoal was immersed in an [Ag(NH3)2]NO3 solution for 1 h

and then the silver ion was reduced by slowly adding diluted hydrazine solution

under an inert atmosphere. Finally, a filter paper was impregnated with the obtained

powder. The powder itself showed low MIC (0.3 mg/mL) towards tested bacteria

such as Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Bacillus subtilis. The filter papers showed clear ZOI for bacteria-inoculated agar

plates (Fig. 1.7).

Activated carbon in the form of fiber is also widely used as air filter to remove air

pollutants, odor, and airborne microorganisms. An activated carbon fiber filter is

also susceptible to bacteria adherence. Bacteria can grow on carbon fibers and

thereby become the source of bioaerosols. Incorporation of silver in activated

carbon fiber was reported by Hwang [24, 52]. Initially, Pd was introduced as a

catalyst onto the activated carbon fiber. Then, an electroless plating technique was

employed by immersing the Pd-loaded carbon fiber into a silver salt solution to

deposit silver on the carbon fiber (Fig. 1.8). The silver-containing carbon fibers

have ZOI of around 11 mm (Escherichia coli) and 12–15 mm (Bacillus subtilis)
compared with none for the control fiber.
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1.3.5 Silver Nanomaterials

Contrary to bulk metallic forms or ionic forms, the antimicrobial action of silver in

the nano-scale is due to the catalytic generation of reactive oxidative species (ROS)

from dissolved oxygen in solution, which can directly attack cell membranes or

DNA. The most common synthetic methods for silver nanomaterials are reduction

of silver ions by either electrochemical processes or chemical reductants such as

hydrazine [53, 54], NaBH4 [55], hyperbranched poly (amidoamine) [56], and

formamide [53]. The size of the silver nanomaterial depends on the reductant

employed. Strong reductants like NaBH4 usually lead to small silver nanoparticles

whereas weak reductants like citrate yield larger nanoparticles with high size

dispersion. Factors such as pH and the complexing agent (e.g., ammonia) also

contribute to the different morphologies of the obtained silver nanoparticles.

Fig. 1.7 Pictures of filter paper test samples on bacteria inoculated agar plates. Pure bamboo

charcoal (a) shows no ZOI whereas all bamboo charcoal/Ag samples (b–f) show obvious ZOI

(Reprinted from [51]. With permission from Elsevier)
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To avoid using toxic reductants, Zbořil [57] used saccharides as reductants.

Ag(NH3)2
+ complex with glucose, galactose, maltose, or lactose were mixed in

solution, and NaOH solution added to initiate the reduction. TEM images of silver

colloid nanoparticles synthesized via this method are shown in Fig. 1.9. Besides

silver nanoparticles, other silver nanostructures such as silver nanoflakes [58],

silver nanofibers [59, 60], silver-coated fibers [61], titania/silver nanocomposites

[62], and cross-linked micelles with silver nanoparticle cores [63] have been

reported to have antibacterial properties.

Silver nanoparticles synthesized by biological approaches are becoming more

and more popular. For more information, please refer to Sect. 2.1.1.3 in Chap. 2.

1.4 Polymeric Silver Composites

Besides inorganic materials, polymers are also encountered daily. Most polymeric

materials, such as polyethylene, polypropylene, polystyrene, are not inherently

antibacterial. Therefore, the antibacterial modifications of polymeric materials are

also important and necessary.

Fig. 1.8 SEM images of (a) pure carbon fiber, (b) carbon fiber with silver treatment for 10 mins,

(c) carbon fiber with silver treatment for 20 mins and (d) carbon fiber with silver treatment for

30 mins (Reprinted from [52]. With permission from American Chemistry Society)
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1.4.1 Coatings and Films

Antibacterial polymeric coatings and films are very useful as surface modifiers that

impart antibacterial properties to inherently non-antimicrobial surfaces such as

glasses, metals, polymers, wood, and paper. The binding force can be either

physical attachment or chemical bonding. Blending antibacterial agents into a

polymer coating is one straightforward method. In a recent publication, Khor [64]

used Ag/hydroxyapatite (HA) powder and polyetheretherketone (PEEK) to give

glass surfaces antimicrobial properties. Ag/HA powder was synthesized by adding

H3PO4 and AgNO3 solution into a Ca(OH)2 solution, then ammonia solution was

used to adjust the pH to 8. Stirred overnight, the Ag/HA powder was separated,

washed, dried and mixed with PEEK powder. Later, the powder mixture was

sprayed by compressed air at 150�C onto a glass substrate, which exhibited clear

ZOI on Escherichia coli-inoculated agar plates after coating.

Layer-by-Layer (LbL) self-assembly is another versatile method to prepare

functional coatings and films [65, 66]. Basically, electrostatic forces are involved

Fig. 1.9 TEM images of silver colloid nanoparticles synthesized via reduction of Ag(NH3)2
+ by

glucose (a), galactose (b), lactose (c), and maltose (d) (Reprinted from [57]. With permission from

American Chemistry Society)
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in the fabrication of LbL films. The glass substrate (negatively charged) is first

dipped into a cationic polyelectrolyte solution and dried to form the first layer, then

dipped into an anionic polyelectrolyte solution and dried to form the second layer.

The two steps are repeated alternately to obtain a multi-layer structure to achieve

the desired thickness. Usually, these LbL films are used as drug delivery systems, as

water-soluble drugs can be loaded in their positive/negative bilayers and be

released when an external stimulus is applied. The commercialization and large-

scale preparation are easy due to the simplicity of this technique. For specific

antibacterial applications, LbL films can be fabricated into films with multiple

antimicrobial actions. First, silver ions or antibiotics (cetrimonium bromide, for

example) can be loaded into the LbL films. Second, the positive charged layer can

be an antibacterial cationic polymer (see Sect. 1.5.3.2) to offer extra antimicrobial

activity. Grunlan [67] made LbL films of polyethylenimine (PEI) and polyacrylic

acid (PAA), and loaded silver ions in the PEI polymer layer on polyethylene

terephthalate (PET) substrate (Fig. 1.10). After coating, the sample remained

transparent. The antibacterial activity of the PET-coated disks was evaluated by

the ZOI test for Staphylococcus aureus or Escherichia coli (Fig. 1.11). The LbL-

treated PET disks with different numbers of layers showed different ZOI radii

compared to no ZOI for untreated PET.

Theoretically, the LbL technique can be used on any surface. However, in

practice, problems often arise when the target substrate is a highly hydrophobic

polymer such as polytetrafluoroethylene (PTFE), polyethylene (PE), and polypro-

pylene (PP). Traditionally, a harsh and complicated “priming” such as plasma or

oxidation is required prior to applying LbL. The priming process introduces

reactive, hydrophilic hydroxyl groups on these polymeric surfaces. A recent

paper proposed a novel strategy to address this issue. Messersmith [68] used PEI

and hyaluronic acid (HA) (Fig. 1.12) molecules modified with dopamine moieties

to mimic the protein structure of natural mussel adhesive. After the modification,

the researcher was able to coat LbL film onto a PTFE substrate, which is considered

to be the most challenging surface due to its extremely anti-adhesive nature. After

three cycles of coating, fluorine composition on the PTFE surface sharply decreased

from 69% to 1.6% and the contact angle of water dropped remarkably from 106� to
19.7�, both of which proved that LbL assembly was successful on the PTFE

substrate. To grant this LbL coating of PTFE with antibacterial properties, silver

nanoparticles were formed in situ inside the LbL coating from reduction of AgNO3.

Although only moderate biocidal efficiency was observed (approx. 18% of the total

bacteria was killed after 4 h of incubation) from an antibacterial test on Escherichia
coli, this work proposed a useful solution for antibacterial coating on surfaces like

PTFE.

By combining the bacterial killing power of silver nanoparticles and the quater-

nary ammonium functionality, a dual-functional antibacterial coating was reported

by Rubner [69]. The polystyrene substrate was first coated with ten bilayers of poly

(allylamine hydrochloride) (PAH) and PAA. An additional ten bilayers of PAH and

SiO2 nanoparticles (~20 nm in diameter) were then deposited onto it. Later,

ammonium groups were covalently bonded to the silica nanoparticles by reaction
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with Si-OH groups. Finally, the coated substrate was dipped in silver acetate

solution and the silver ions were subsequently reduced. The coating now had

quaternary ammonium groups on the top surface to kill any bacteria on contact

and silver nanoparticles beneath the protective silica particles layer to leach out

biocidal silver ions (Fig. 1.13).
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Fig. 1.10 Scheme of LbL self-assembly coating (Reprinted from [67]. With permission from

American Chemistry Society)
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Another coating option is electrochemical anodization, which is especially

suitable for metal surfaces. This method works similarly to electroplating. Pyrrole

monomer is often used in this technique because it easily forms anodized films on

metal and it is biocompatible with mammal cells [70]. Jérŏme [71] used this

technique and successfully coated stainless steel and carbon fiber specimens with

Fig. 1.11 ZOI test: PET with

no coating (PET), PET with

different numbers of bilayers

(a–c) (Reprinted from [67].

With permission from

American Chemistry Society)
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PAMPS [poly(2-acrylamido-2-methyl-1-propanesulfonic acid)] and PHMA [poly

(2-hydroxy-4-N-methacrylamidobenzoic acid)]-doped polypyrrole film. The films

themselves are not antibacterial but silver ions can be anchored onto either PAMPS

or PHMA by chelating to the polymer chains, giving these films antibacterial

activity. Both Escherichia coli and Staphylococcus aureus were used to evaluate

antibacterial activity of coated stainless steel and carbon fibers. Viable bacteria

were significantly reduced when incubated with these samples. The advantages of

this technique are: (1) simplicity in controlling the film thickness by altering the

current, voltage and time, and (2) generation of robust film with high resistance to

peeling force [71].

One interesting type of a polymer coating bearing silver nanoparticles was

reported by John [72]. The monomer described in this publication was derived

from unsaturated natural fatty acids. The unsaturated fatty acids readily undergo

self-cross-linking reaction of the double bonds caused by external oxidants like

oxygen (drying oil effect). The author utilized silver ions to oxidize the double

bonds to form a cross-linked polymer film. This type of polymer film can kill

bacteria on contact.

The design of an antibacterial coating with a stronger binding force is always

desirable and can be achieved by chemical bonding between the coatingmaterial and

the substrate. The Sen group has done extensive research on antibacterial materials.

One of their papers proposed an antibacterial modification of various substrates by

well-established silane chemistry [73]. This technique involved the irreversible

reaction methoxysilane groups with free hydroxyl groups or alkoxysilane groups

Fig. 1.13 Scheme showing the design of a two-level dual-functional antibacterial coating with

both quaternary ammonium salts and silver. The coating process begins with LbL deposition of a

reservoir made of bilayers of PAH and PAA. (a) A cap region made of bilayers of PAH and SiO2

nanoparticles added to the top. (b) The SiO2 nanoparticle cap modified with a quaternary

ammonium silane, OQAS. (c) Ag+ loaded inside the coating using the available unreacted

carboxylic acid groups in the LbL multilayers (Reprinted from [69]. With permission from

American Chemistry Society)
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to form strong Si-O-Si bonds. The polymer used in this method was poly

(4-vinylpyridine). Most of the nitrogen atoms were quarternized by alkyl bromide

to render the polymer antimicrobial, while some of the tertiary nitrogen atoms were

quarternized by 1-bromopropylytrimethoxy silane to provide reactive anchor groups

(Fig. 1.14). The polymer was then spin-coated onto solid surfaces or dip-coated onto

fabrics. The antibacterial activity was further enhanced by adding AgNO3 in poly-

mer solution to form precipitated AgBr nanoparticles that were incorporated into

polymer films. This method provides a practical and facile surface modification

option for virtually all substrates due to the universal presence of OH groups on

glass, metals, ceramics, etc.

1.4.2 Hydrogels

Polymeric hydrogels are cross-linked three-dimensional polymer networks

synthesized from hydrophilic monomers [74]. Generally, monomers used in hydro-

gel synthesis are: acrylic acid, acrylamide, N-isopropyl acrylamide, 2-hydroxyethyl

methacrylate (HEMA), methacrylic acid, dimethylethylamino acrylate, etc.

Hydrogels are ideal wound-dressing materials for multiple reasons. First, the

water in the hydrogel keeps the wound hydrated and prevents the formation of a

scar that is undesirable for cosmetic reasons. Second, the low abrasion property of

hydrogels keeps the patient comfortable. Finally, the nutrients in the hydrogel can

promote the healing process. Commercial products such as HDR® and AQUA-

GEL® have been available on the market for years. Due to the high susceptibility of
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wounds to infection, antibacterial modification of hydrogels is not only academi-

cally important but also practically urgent. The general strategies involved are

releasing antimicrobial agents such as antibiotics or silver ions, using an inherently

antibacterial polymer network, or a combination of the two.

Raju [75] used a semi-IPN hydrogel to obtain an antibacterial material. Acrylamide

monomer, a cross-linker, ammonia persulfate (free radical polymerization initiator)

and polyvinyl acetate (PVA) were mixed in water and the polymerization was carried

out at 35�C for 8 h. Ionic silver solutionwas absorbed by dry gels, and silver ions were

further reduced by NaBH4 yielding hydrogel–silver nanoparticle composites. The

resulting solution of the composite was dropped onto bacteria-inoculated agar plates.

Pure hydrogel showed no antibacterial activity whereas hydrogel–silver composites

showed significant ZOI. Interestingly, the hydrogel–silver nanoparticle composite has

a higher antibacterial activity against Escherichia coli than the hydrogel–silver ion

composite which is obtained without reduction.

Another hydrogel–silver composite for wound-dressing application was reported

by Aggor [76]. The acrylamide-based hydrogel used N,N0-methylenebisacrylamide

as cross-linker. Silver ions were directly incorporated into the hydrogel by mixing

with AgNO3 reaction mixture and then reduced to silver particles after the hydrogel

was formed. Although no antibacterial test was done in this paper, antibacterial

properties can be expected from this material.

1.4.3 Fabrics and Textiles

The development of antibacterial fabrics and textiles is receiving more and more

attention for obvious reasons. First, antibacterial clothing minimizes cross-

contaminations and risks for doctors, nurses, and patients. Second, antibacterial

combat garments can increase soldiers’ survivability in biological warfare. Other

types of clothing, such as athletic garments, can be made to possess antibacterial

activity. The most straightforward way to impart antibacterial activity to fabrics is

by physical deposition of biocidal silver [77–80]. Baglioni [81] reported a simple

way to modify some common fabrics like cotton, wool, and polyester. Silver

nanosol was synthesized by reduction of Ag+/PAA solution by either NaBH4 or

UV irradiation. Wool, cotton, and polyester textiles were soaked in the solution,

then squeezed, rinsed, and dried at elevated temperatures. ZOI test was used to

evaluate the antibacterial activity (Fig. 1.15). Obvious ZOI were found for treated

cotton sheets on different bacteria-inoculated agar plates.

Previously, the LbL method was used to obtain antibacterial coatings (see

Sect. 1.4.1). It turns out to be useful in fabric and textile modifications as well

[82]. To start with, silver nanoparticles are reduced by UV treatment with

polymethacrylic acid (PMA) as a capping agent. Then, poly(diallyldimethy-

lammonium chloride) (PDADMAC) and Ag/PMA are used as positively and

negatively charged polymers for LbL self-assembly. By alternately dipping nylon

or silk fibers into the two polymer solutions, antibacterial fibers with 10 or 20 layers
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of polymer were obtained. Antibacterial efficiencies of both fibers were compared

by using Staphylococcus aureus. Generally, with the same number of polymer

layers, silk showed a better antibacterial activity than nylon, attributed to a higher

surface charge of the silk fibers, which facilitates the LbL process.

One challenge in antibacterial fabric and textile fabrication is to maintain

antibacterial activity after multiple washing cycles. Silver ions are water soluble

and may get depleted after laundry; mechanical abrasion and the usage of

detergents during cleaning are also detrimental to the integrity of these materials.

Previous reports utilized capillary forces to incorporate silver ions, which are weak

in nature and may suffer significant loss of silver species after washing. To cope

with this issue, stronger binding of silver onto fabrics was proposed and tested [83].

TiO2, silver nanoparticles and water-based polyurethane were mixed together and

then allowed to soak into polyester fibers. When 90% uptake was achieved, the

treated fiber was dried, baked and cleaned with soap. During a water-borne bacteria

test, an interesting synergetic effect of TiO2 and silver nanoparticles was discov-

ered. Samples pretreated with UV irradiation before antibacterial test showed

enhanced antibacterial activity because of the activation of TiO2 particles by UV

light. Samples without UV pretreatment showed only 70% biocidal efficiency

comparing with the 84–100% for UV-pretreated samples. The researchers ran

antibacterial tests after multiple wash cycles. The results looked promising as

polyester samples were able to maintain up to approx. 86% biocidal efficiency

against Escherichia coli and Staphylococcus aureus after 3,000 wash cycles.

A similar strategy was also proposed in another publication [84]. First, SiO2/Ag

nanoparticles were made by absorbing silver ions from solution onto SiO2

nanoparticles. The SiO2/Ag particles, PET, and coupling agents were mixed,

heated, and extruded to get PET bulk material. Finally, bulk PET was subject to

melt-spinning to form its corresponding fiber. The resultant PET fiber showed high

antibacterial activity against Escherichia coli and Staphylococcus aureus. Also, the

Fig. 1.15 Untreated cotton samples show intense bacterial growth (left) and treated cotton

samples show ZOI against multiple bacteria (right) (Reprinted from [81]. With permission from

American Chemistry Society)
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PET sample with 5% antibacterial agent load can retain 80% efficiency after 30

wash cycles.

1.4.4 Bulk Materials

Bulk polymeric materials blended with silver can be considered as the counterpart

of inorganic silver composite in glasses. For example, Nia [85] blended Ag/TiO2

composite powder with polypropylene (PP) powder and melt-molded it into an

antibacterial plastic. Plastic sheets were tested against Staphylococcus and over

99% kill was observed compared with pure PP sheets. Another recent example is

using the sol–gel technique to synthesize PBAT polymer with SiO2/Ag [86]. In

addition, silver-doped polyurethane catheters are used as improved medical devices

to inhibit bacterial infection [87].

One important application of bulk polymeric silver composites is in dental care

materials. It was found that more bacteria or plaques tend to accumulate on

conventional restorative resin [88]. Efforts have been made to address this problem

by loading chlorhexidine into resin material [89]. However, the antibacterial activ-

ity is lost once the drug is depleted and loading of the drug compromises material

integrity. Silver-containing dental materials with non-leaching properties were

developed to overcome this problem. Preparation of antibacterial resin with silver

nanoparticles was described in a recent paper [90]. Silver nanoparticles were

synthesized as described in Sect. 1.3.5. Then, these nanoparticles were doped into

liquid acrylate monomer and the mixture was cured into the desired shape resin.

The material killed 100% Escherichia coli bacteria in solution. Similar work was

reported by Asuta [91] using commercial silver-incorporated Novaron® and

Amenitop®. Acrylate derivatives were used in this system and SiO2 was added to

form a paste, which was later cured under UV light to give a resin disk. In the MIC

test, the silver-loaded resin showed no biocidal effect. However, in the ZOI test, the

same sample killed Streptococcus mutans on contact. The reason for these

conflicting results is that there are no silver ions leached into the liquid media,

but the resin can kill bacteria on contact by catalytic generation of ROS with silver.

The author also tested the silver ion concentration in water after 6 months exposure

to water and no silver ions were detected.

1.5 Challenges and Future Prospects

1.5.1 Bacterial Resistance to Silver

Since silver-based antimicrobial materials are now widely used, it is almost inevi-

table that bacteria will develop a certain resistance to silver. The first report

addressing this issue dates back to 1975 [92]. Research showed that the resistance
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can be intrinsic. Intrinsic silver resistance of bacteria is defined as the phenotype

demonstrated by micro-organisms before the use of an antimicrobial agent. Intrin-

sic silver-resistant bacteria are usually found in the areas where there is frequent

silver exposure such as burn care wards in hospitals, hospital water distribution

systems, and soils near silver mines. This resistance can also be acquired by genetic

mutation or caused by the acquisition of silver-resistant plasmid or transposon [93].

1.5.1.1 Mechanism of Silver Resistance

Bacterial resistance to silver and other heavy metal ions is generally from genes

encoded in either plasmids [94, 95] or chromosomes [96, 97]. Thus far, the silver

resistance determinant studied in most detail is plasmid pMG101, which confers

bacteria resistances to Ag+ and Hg2+, as well as to several antibiotics [92]. When

this plasmid was transferred by conjugation with Escherichia coli, the mutant

Escherichia coli was able to survive in 0.6 mM silver ions in broth media, a

600% greater tolerance compared to silver-susceptible Escherichia coli. Sequenc-
ing pMG101 revealed that it contains nine genes, and the functions of eight named

genes and their protein products are considered responsible for silver resistance due

to the fact that they are the homologues of proteins known for other metal resis-

tance. The first protein product of pMG101 gene is SilCBA, one member of the

potential-driven cation/proton efflux pump. It contains three polypeptides. SilA,

SilB, and SilC [98]. SilA is a large inner membrane cation pump, SilC is the outer

membrane protein, and SilB is the protein which connects SilA and SilC (Fig. 1.16).

SilA and SilB together work as an antiporter that carries silver ions out of the cell

Fig. 1.16 Plasmid silver resistance mechanism (Reprinted from [100]. With permission from

Springer)
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while SilC is an ATPase that transports silver ions from the cytoplasm to the

periplasm. Besides the SilCBA cation/proton pump, another set of pumps also

exists: SilP and SilF, both of which are also the protein products of pMG101

gene. SilP is a P-type ATPase, which is a member of large family of cation

pumps [96, 97]. SilF is a chaperone protein which picks up silver ions released

from SilP and drops off to SilCBA. SilP, SilF, and SilCBA, when working together,

complete a full cycle of silver ion efflux and protect bacteria from the deleterious

effect of silver. In addition, SilE, another protein product, can also help to increase

silver resistance by binding to five silver ions and preventing the silver ions

entrance to cytoplasm (Fig. 1.16) [99, 100].

1.5.2 Material Fouling and Biofilm Formation

Fouling is defined as accumulation of undesired materials on a solid surface, mostly

in aquatic environments. The most common fouling situation is the adhesion of

marine species to ship hulls, which enhances drag, and lowers fuel economy.

Similar to fouling on ship hulls, biomaterial surface is subject to protein absorption,

which is considered to be the initial step of biofouling. In addition, many proteins

such as fibronectin [101–105], fibrinogen [101, 106–108], vitronectin [109, 110],

thrombospondin [111], and Von Willebrand factor [112] can enable the specific

binding of Staphylococcus aureus to biomaterial surfaces. It has been reported that

this type of fouling can result in many serious consequences such as heart valve

failure [113].

To avoid biofilm formation is another challenge for antimicrobial materials.

Defined as microorganism built-up adhering to either biological or non-biological

surfaces [114], biofilm is an intrinsic defense mechanism of bacteria against

antibiotics and human immune systems. NIH estimates that 75% of bacterial

infection is biofilm based [115]. Bacteria within biofilms are 1,000 times or more

resistant to antibiotics and inherently inert to host immune response [115]. In

addition, exchanges of genes responsible for drug resistance across biofilms have

resulted in many bacteria possessing multidrug resistance [116, 117].

1.5.3 Possible Solutions

To cope with ever increasing bacteria resistance to antibiotics, new antimicrobial

strategies and new types of antibiotics that do not induce bacterial resistance must

be developed. New synthetic materials that can avoid fouling or prevent biofilm

formation will also significantly increase the antimicrobial effectiveness of silver

and other antibiotics.
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1.5.3.1 Cationic Antibacterial Peptides

Naturally occurring antimicrobial peptides focus on the fundamental structural

difference between microorganisms and normal cells: the cell membrane. Bacterial

membranes are usually constructed in such a way that the outermost layer is

extensively occupied by negatively charged lipid head groups. In contrast, the

outer layers of cell membranes of plants or animals are usually neutral with most

negatively charged lipids pointed into the cytoplasm [118]. Despite the diversity of

antimicrobial peptides present in nature, most function in a similar fashion.

Peptides can adopt configurations in which the hydrophobic chains and cationic

amino acids spatially organize into separate domains [119]. The Shai–Matsu-

zaki–Huang (SMH) model explains how antimicrobial peptides interact with

microorganisms using their hydrophobic chains and cationic amino acids

[118, 120, 121]. This model (Fig. 1.17) suggests that these peptides kill the

microorganisms through the following steps. First, peptides are absorbed onto

bacteria surfaces due to electrostatic forces. Second, lipid membranes are disrupted

and membrane structures are altered. Sometimes, this process involves the entrance

of peptides into the bacterial interior. Finally, bacteria are killed due to the leakage

of internal contents. This model is indirectly supported by the following experi-

mental observations: (1) cholesterol can lower peptide antibacterial activity by

Outside
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onto intracellular targets
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Fig. 1.17 The SMHmodel. (a) Peptides absorption on cell membranes. (b) “Thinning” process of

cell membranes. (c) Disassociation of cell membrane creating “worm-hole.” (d) Transportation to

inner lipid layer. (e) Diffusion into cytoplasm. (f) Fragmentation of cell membranes (Reprinted

from [119]. With permission from Nature)
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providing extra stabilization of membranes, and (2) increased ionic strength in

solution weakens the antibacterial activity of peptides by shielding the electrostatic

forces between cationic peptides and negatively charged membranes.

The detailed mechanism on how peptides kill these microorganisms is not clear.

Suggested mechanisms include: disintegration of cell membranes which causes

leakage of internal contents [120], disturbance of cell membranes by altering the

distribution of lipids between leaflets of bilayers [118], damage to vital intracellular

targets after insertion of peptides [122], and degradation of the cell wall by

introduction of hydrolases [123].

The major motivation for the study of antimicrobial peptides is that their biocidal

activity can even be extended to fungi and viruses. In addition, although these peptides

are not as efficient as traditional antibiotics toward susceptible microbes, the peptides

are able to kill drug-resistant pathogens at similar concentrations with much faster

rates. Unlike antibiotics, acquisition of resistance by bacterial strains is also less likely

to happen due to their unique antibacterial mechanism. Since the target site of

antibacterial peptides is the cell membrane, to develop resistance towards peptides

requires changes of membrane structure and alteration of composition and/or reorga-

nization of lipids, which is very difficult for most microorganisms [119].

1.5.3.2 Synthetic Polymer Mimics of Natural Antimicrobial Peptides

Despite the attractive antibacterial properties of naturally occurring peptides, their

extensive use is precluded by the high cost ($50–400/g) compared to conventional

antibiotics (approx. $1/g) [124]. In addition, their susceptibility towards enzymatic

degradation is a concern. Therefore, the design of synthetic polymer mimics is of

great interest.

Polymers with quaternary ammonium and phosphonium groups are structurally

designed to mimic the antibacterial peptides with positively charged blocks and

hydrophobic alkyl chains, and have the advantage of low cost, ease of synthesis,

and resistance to enzymatic degradation (Fig. 1.18). Generally, cationic quaternary

polymers share the same antimicrobial mechanism with their peptide counterparts.

First, electrostatic attraction between the cationic groups and negatively charged

bacterial membrane brings them together. Second, the long hydrophobic alkyl chains

are able to penetrate into the bacterial membrane through hydrophobic interactions.

Finally, the polymer induces membrane disruption and leakage of cell contents.

In a recent publication [125], biodegradable quaternary ammonium polymers

were synthesized as possible next generation drug to replace conventional

antibiotics. An in vitro test showed that these polymers are able to kill

N

R R

R

X- X-

n

P

R R

R

n
Fig. 1.18 General chemical

structures of quaternary

ammonium and phosphonium

polymers

1 Silver Nanoparticle Antimicrobials and Related Materials 31



methicillin-resistant Staphylococcus aureus. Short-term in vivo toxicity studies on

animal kidney and liver showed no functional abnormality of these vital organs.

Another desirable aspect of quaternary ammonium or phosphonium polymers is

that silver halide particles can be introduced inside the polymer matrix if halide

counter ions are used during the polymer synthesis. By combining the antimicrobial

properties of both the quaternary-functionalized polymers and silver halides, the

synthesized “dual action” antibacterial materials further increase the antibacterial

performance. In a recent publication [126], Sen partially quarternized poly

(4-vinylpyridine) with n-hexyl bromide. Then, soluble silver salts were added

into the polymer solution to prepare a polymer–silver bromide composite. Finally,

this polymer–silver bromide composite was coated onto glass slides by film casting.

This film was subjected to multiple antimicrobial tests. ZOI tests showed bacteria-

free areas around the coated slide. The size of ZOI was found to be dependent on the

size of silver bromide particles: samples with small silver halide particles yielding

larger ZOI and vice versa. MIC tests on both the polymer and polymer–silver

bromide composite were also carried out, in which the composites showed much

lower MIC values compared to pure polymer coating simply because of the

additional antibacterial silver ions in the composite. Finally, the anti-biofilm prop-

erty was tested using Pseudomonas aeruginosa. The pure polymer surface was

susceptible to biofilm formation and prone to lose its antibacterial ability, whereas

the polymer–silver bromide composite maintained the antimicrobial activity for a

prolonged time period.

1.5.3.3 Anti-fouling or Anti-biofilm Modifications

Understanding how biofouling happens is especially important. It is now generally

believed that hydration force is the key to surface fouling. In the past, the modeling

for interaction of surfaces and foulants only considered electrostatic and electrody-

namic (van der Waals) forces. Unfortunately, this model is not applicable for strong

interactions within the 3-nm range [127, 128]. Within this range, the hydration

force predominates [129] because the interactions between water-soluble moieties

are best seen in terms of their interaction with water itself. When largely surrounded

by water molecules, they repel each other, and the strength of this force was found

to be independent of the charge. Thus, it is essential to create a hydration force

barrier at short distances to prevent fouling. Two types of polymeric materials have

been developed to address the fouling of biomaterials. The materials exhibit ultra-

low fouling properties.

PEG and OEG

The ability of polyethylene glycol (PEG) and oligo ethylene glycol (OEG) to

prevent protein absorption has been reported [130]. The hydration force barrier of
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highly water-soluble PEG chains is believed to be responsible for the resistance to

protein fouling because a large entropy penalty must be paid to force the PEG

chains to collapse for proteins to adhere to the coated surface [131, 132]. Both self-

assembly membranes and surface-initiated ATRP coating techniques have been

employed to treat glass for anti-fouling applications [133, 134]. Protein absorption

is substantially reduced by a PEG coating comparing to untreated glass [135]

(Fig. 1.19).

Zwitterionic Polymers

One obvious disadvantage of PEG-type anti-fouling materials is that PEG

chains are subject to oxidation by oxygen or transition metal ions, which are

commonly present in the physiological environment. This prevents long-term

application of PEG-type materials [136–138]. While PEG uses hydration force

to avoid protein fouling, zwitterionic polymers such as phosphobetaine,

sulfobetaine, and carboxybetaine can interact with water molecules even more

strongly through electrostatically induced hydration [139, 140], The first gener-

ation of anti-fouling zwitterionic polymers are phosphobetaine-based polymers.

They are considered as biomimetic fouling-resistant materials, since they con-

tain phosphorylcholine head-groups, which are abundantly present in the out-

side layer of cell membranes [141, 142]. However, the complicated synthesis

process limits its application. Hence, polymers with similar structures, such as
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Fig. 1.19 Protein adsorption comparison of the poly(OEGMA) coating on SiO2 and SiO2 with

only ATRP initiator but no polymer coating (control) measured by ellipsometry. The x-axis is the

thickness of poly (OEGMA) coating (14, 95 or 1,000 Å; Control is labeled as a film with 0 Å

thickness), and the y-axis is the thickness of the adsorbed protein. Ly lysozyme, Fn fibronectin,

BSA bovine serum albumin, FBS fetal bovine serum (Reprinted from [135]. With permission from

American Chemistry Society)

1 Silver Nanoparticle Antimicrobials and Related Materials 33



polysulfobetaine (PSB) and polycarboxybetaine (PCB) (Fig. 1.20), are used

instead and have been experimentally proved to avoid non-specific protein

absorption [143].

Jiang [144] compared the anti-fouling properties of PEG, PSB, and PCB

polymers formed by both self-assembly and surface-initiated ATRP techniques to

coat Au-coated glass slides. Ultra-low protein absorption on PSB and PCB polymer

coatings was observed (Fig. 1.21) by SPR (Surface Plamson Resonance). Jiang

[145] also explored the optimum film thickness to achieve almost “zero-adhesion”

(Fig. 1.22).

Anti-biofilm Materials

The concepts “anti-fouling” and “anti-biofilm” have different definitions and some-

times cause confusion. The term “anti-fouling” usually means resistance to adhe-

sion of proteins and normal cells. However, “anti-biofilm” means the inhibition of

adhesion of bacteria and the formation of biofilms. It is generally assumed that a

surface that avoids protein adhesion can prevent biofilm formation. However, this

correlation is not always true [137].

The PEG, PSB, and PCB polymers are able to avoid biofilm formation in

addition to their ability to prevent protein fouling. Coatings created by both

ATRP and SAM of PEG and PSB polymers on Au surface were subject to anti-

biofilm tests [142]. Short-term adhesion (3 h) of Gram-positive Staphylococcus
epidermidis and Gram-negative Pseudomonas aeruginosa were reduced compared

with untreated glass surfaces. When long-term anti-biofilm experiments (18–24 h)

were carried out, SAM coatings were less effective in inhibiting biofilm formation,

Fig. 1.20 Zwitterionic

polymer structure:

(a) polysulfobetaine,

(b) polycarboxybetaine
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probably because of their long-term instability. The anti-biofilm capability of PCB

polymer in prolonged period was studied [146], and the biofilm formation by

Pseudomonas aeruginosa was considerably hindered by a PCB polymer coating

with a thickness of 30 nm. At 25�C, an untreated glass surface was completely

covered by biofilm within 48 h whereas a PCB surface exhibited less than 5%

accumulation in 10 days. At 37�C, the optimum growth temperature of Pseudomo-
nas aeruginosa, the glass surface showed 100% biofilm coverage in 15 h. In

comparison, less than 7% biofilm buildup was observed for the PCB-treated glass

surface (Fig. 1.23).

Fig. 1.21 Non-specific adsorption comparison for (a) 10% human serum in PBS and 100% human

serum and (b) 10% human plasma in PBS and 100% human plasma. A full monolayer of protein

on the surface is equivalent to 2,700 pg/mm2 standard error of the mean. Surfaces used in these

experiments are self-assembled monolayers of oligo(ethylene glycol) (OEG SAM), mixed

trimethylamine and sulfonic acid (TMA&SA SAM), mixed trimethylamine and carboxylic acid

(TMA&CA SMA), and ATRP-created poly(OEGMA) (OEGMA polymer), sulfobetaine methac-

rylate (SBMA polymer), and carboxybetaine methacrylate (CBMA polymer) (Reprinted from

[144]. With permission from American Chemistry Society)
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Fig. 1.22 Adsorption of undiluted blood serum, undiluted aging blood serum, and undiluted blood

plasma versus film thickness of PCBAA grafted surfaces at 37�C as measured by SPR (Reprinted

from [145]. With permission from American Chemistry Society)

Fig. 1.23 Pseudomonas
aeruginosa accumulation on

PCB surface (■) and glass

(●) surfaces as a function of

time (a) tested with Method I

at 25�C, (b) tested with

Method II at 25�C, (c) tested
with Method I at 37�C, and
(d) tested with Method II at

37�C reported as the

mean � SD (n ¼ 20)

(Reprinted from [146]. With

permission from Elsevier)
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1.5.4 Perspectives on Silver Antibacterial Materials

Currently, highly effective silver-containing antimicrobial materials are used in

various ways, many of which are already commercialized. However, the warfare

between humans and pathogenic microorganisms does not end. New threats to our

health emerge, such as drug-resistant or silver-resistant pathogens and fouling of

biomedical devices. To address these challenges, new approaches and novel

materials are needed. The strategies may include (1) the search for novel anti-

fouling or anti-biofilm modifications, (2) combining different antimicrobial agents,

(3) better recognition and utilization of the antibacterial mechanisms of silver, and

(4) the employment of new modification techniques to hitherto non-antibacterial

materials. By combining modern material sciences and technologies, silver, this

ancient antimicrobial agent, will broaden its current applications.
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Chapter 2

Synthesis, Characterization and Application

of Silver-Based Antimicrobial Nanocomposites

Desong Wang, Jing An, Qingzhi Luo, Xueyan Li, and Luna Yan

The different types of nanomaterials like copper, zinc, titanium, magnesium, gold,

alginate, and silver possess the antimicrobial activity [1–3]. Among the various

antimicrobials, silver is most promising because of its inherent properties of high

thermal stability, little toxicity to mammalian cells and tissues [4, 5], versatile

activity (such as good antimicrobial efficacy against bacteria, viruses, and other

eukaryotic microorganisms), and long-term activity [6]. Therefore, the silver-

containing materials having excellent antimicrobial activity against a broad spec-

trum of microbes have attracted much interest of the scientists [7].

The present chapter aims at reviewing the synthesis, characterization, and appli-

cation of silver-based antimicrobial nanocomposites. Firstly, the common synthetic

methods of silver nanomaterials, e.g., physical method, chemical reduction and all

kinds of biological approach, are described. Secondly, the bioactivity of silver(I)

complexes, silver nanoparticles, silver/inorganic nanocomposites, and silver–polymer

nanocomposites are discussed, and especially the different antimicrobial mechanisms

of diverse silver-based nanocomposites are emphatically summarized. Thirdly, the

applications of the antimicrobial nanocomposites in the medical, pharmaceutical,

and food packaging industry, in addition to water disinfection and microbial control,

are introduced. Additionally, the toxicology of the antimicrobial nanocomposites

is also mentioned. Finally, the current and possible developing trends of the

antimicrobial silver-based nanocomposites are prospected.
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2.1 Synthesis of Silver-Based Antimicrobial Nanocomposites

2.1.1 Synthesis of Silver Nanoparticles

The application of nanoparticles varies widely on the basis of their physical

properties, like apparent density, surface area, and morphology, which are strongly

related to the preparation methods and preparing materials. For example, the

antimicrobial activity of silver nanoparticles is closely related to their size and

shape [8]. Thus, the control over the size, size distribution, and shape of

nanoparticles is an important task in the synthesis of silver-based antimicrobial

nanocomposites. Generally, silver nanoparticles can be prepared and stabilized by

physical approaches (such as the evaporation–condensation method and laser

ablation method), chemical approaches (such as the reduction method), and

biological and biotechnological approaches, etc. [9–11].

2.1.1.1 Physical Approach

In the past, mechanical approaches such as homogenization and grinding/ball

milling were used to prepare silver nanoparticles for antimicrobial application.

But the obtained silver nanoparticles aggregated greatly and showed poor inhibitory

and bactericidal effect. In recent physical processes, silver nanoparticles are gener-

ally synthesized by evaporation–condensation which could be carried out in a tube

furnace. Simchi et al. [12] presented a design of silver nanoparticle synthesis by an

inert-gas condensation process. Silver was heated in a small temperature-regulated

crucible to produce vapors, then the vapors were rapidly quenched on the surface of

a liquid nitrogen tank in a reduced atmosphere of argon gas. They found that source

temperature, evaporation rate, and argon pressure greatly affected the average

particle size and particle shape.

Laser ablation in liquids has received much attention as a novel nanoparticle-

production technique [13]. In general, silver nanoparticles are obtained by

irradiating intense laser light onto the metallic bulk material settled in solvents.

One advantage of laser ablation compared to other conventional methods for

preparing metal colloids is the absence of chemical reagents in the solutions.

Therefore, pure colloids, which will be useful for further applications, can be

produced by this method. Tsuji et al. [14, 15] carried out laser ablation of silver

plates in polyvinylpyrrolidone (PVP) aqueous solutions and found the obtained

colloidal silver nanoparticles were more stable than those obtained in neat water.

Nanoparticles can also be modified in size and shape by the surfactant coating due

to their further interaction with the laser light passing through. The nanoparticles

formed by laser ablation in a solution of high surfactant concentration are smaller

than those formed in a solution of low surfactant concentration.

Other physical methods, such as ultrasonic-assisted reduction [16], photoinduced

synthesis [17], microwave-assisted synthesis [18], irradiation reduction [19], and so
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on, have been employed to synthesize silver nanoparticles and silver-based

nanocomposites. In these methods, silver nanoparticles with various morphologies

and excellent antimicrobial activities can be obtained.

2.1.1.2 Chemical Approach

The chemical approach includes chemical reduction (chemical reduction of silver

ions in aqueous solutions [20, 21] or non-aqueous solutions [22]), the template

method [23, 24], electrochemical reduction [25], the microemulsion method [26],

biochemical reduction [27], and so on.

Chemical reduction is the most frequently applied method for the preparation of

silver nanoparticles as stable, colloidal dispersions in water or organic solvents. The

reduction of silver ions (Ag+) in aqueous solution generally yields colloidal silver

with particle diameters of several nanometers. Initially, the reduction of various

complexes with Ag+ leads to the formation of silver atoms (Ag0), which is followed

by agglomeration into oligomeric clusters. These clusters eventually lead to the

formation of colloidal silver particles. Commonly used reductants are borohydride,

citrate, ascorbate, and elemental hydrogen [28–30]. The use of a strong reductant

such as borohydride results in small particles that are somewhat monodispersed,

while the use of citrate, a weaker reductant, results in a slower reduction rate and

narrower size distribution. Moreover, nanoparticles with different shapes can be

easily prepared by controlling the reaction conditions. However, the coalescence of

the nanoparticles may lose their characteristic properties. Thus, the most important

key in this method is to avoid the agglomeration of silver nanoparticles during the

synthesis and preservation procedures. Usually, special organic compounds, such as

surfactants, polymers, and stabilizing ligands, are used to passivate the particles and

prevent them from aggregating.

To overcome the limitation of chemical reduction and prevent particle aggrega-

tion, the reverse microemulsion (reverse micelle) method is introduced to obtain the

uniform and size-controlled nanoparticles. This method has the obvious advantage

of synthesizing nanoparticles with specific diameter and morphology. The nucle-

ation and growth are restricted within the water cores of inverse micelles. The

droplet dimension can be modulated by various parameters, in particular the molar

ratio of water and surfactant. Preparation of silver nanoparticles by the

microemulsion method has many influencing factors, and the synthesis system

also has some characteristics different from other systems.

Currently, in the microemulsion method, some natural compounds such as

sodium citrate and reducing sugars are usually used as reducing agents, although

the reduction activity is generally low and the reducing reaction takes place under a

higher temperature and needs a long time. These reducing agents are mild, inex-

pensive, and nontoxic. Some of them simultaneously play dual roles as a protective

agent and a reducing agent. For instance, silver particles prepared by citrate reduction

are nearly spherical, and the crystallites have relatively large diameters (50–100 nm)

and a wide range of distributions in size and shape. Citrate serves not only the dual

roles of a reductant and stabilizer but also in the role of a template [31].
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2.1.1.3 Biological and Biotechnological Approaches

The chemical method allows the preparation of uniform and size-controllable

nanoparticles; however, highly deleterious organic solvents with potential risks

for environment and biological hazards are employed. It has, therefore, been an

increasing awareness towards green chemistry and biological processes leading to

the development of an environment-friendly approach for the synthesis of

nanoparticles. Unlike other processes in physical and chemical methods, which

involve hazardous chemicals, microbial biosynthesis of nanoparticles is an eco-

friendly approach. Research in biological and biotechnological approaches

provides reliable, cost-effective processes for the synthesis of nanoscale materials.

It has been known for a long time that a variety of nanoparticles are synthesized

by biological processes. The biological synthesis of nanoparticles germinated from

the experiments on biosorption of metals with Gram-negative and Gram-positive

bacteria. A few microorganisms, such as Pseudomonas stutzeri, Klebsiella pneu-
monia, Escherichia coli, and Enterobacter cloacae, have been explored as potential
biofactories for synthesis of silver nanoparticles [32, 33]. Moreover, biological

reduction is developed as a promising method because of its special advantages

such as sufficient material sources, mild reaction conditions, and good dispersion of

nanoparticles as well as few chemical additives and poisonous byproducts.

In recent years, fungi such as Fusarium oxysporum, Colletotrichum sp.,

Trichothecium sp., Trichoderma asperellum, Trichoderma viride, Phaenerochaete
chrysosporium, Fusarium solanii, Aspergillus fumigatus, Coriolus versicolor,
Aspergillus niger, Phoma glomerata, Penicillium brevicompactum, Cladosporium
cladosporioides, Penicillium fellutanum, and Volvariella volvaceae have been

explored for silver nanoparticles synthesis. Fungi are more advantageous compared

to other microorganisms in many methods [34]. For example, in Fusarium
oxysporum fungus, the reduction of Ag+ was attributed to an enzymatic process

involving NADH (reduced nicotinamide adenine dinucleotide)-dependent reduc-

tase. Hen egg white lysozyme can act as the sole reducing agent and catalyzes the

formation of silver nanoparticles in the presence of light. Stable silver colloids

formed after mixing lysozyme and silver acetate in methanol, and the resulting

nanoparticles are concentrated and transferred to aqueous solution without any

significant changes in physical properties [35]. Figure 2.1 is the proposed formation

mechanism of silver–lysozyme nanoparticles. In another example, the white rot

fungus, Phanerochaete chrysosporium, reduced silver ions to form silver

nanoparticles, in which a protein was suggested to cause the reduction of silver

ions. Environmental SEM analysis revealed that silver nanoparticles were in the

size range of 50–200 nm on the surface of the mycelium. This demonstrated the

presence of reductase enzymes on the surface of the mycelium, which reduced

silver ions to silver nanoparticles. Spent mushroom substrate (SMS) can also be

used as a reducer and stabilizer to synthesize stable and monodisperse

silver–protein (core–shell) nanoparticles [36].
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Extracts from microorganisms may act as both reducing and capping agents in

silver nanoparticles synthesis. The reduction of silver ions by combinations of bio-

molecules found in these extracts such as enzymes/proteins, amino acids,

polysaccharides, and vitamins is environmentally benign. For example, the extract

of unicellular green algae Chlorella vulgaris was used to synthesize single-crystal-

line silver nanoplates at room temperature. Proteins in the extract provide the dual

function of silver ions reduction and shape control in the nanoparticle synthesis.

The carboxyl groups in aspartic and/or glutamine residues and the hydroxyl groups

in tyrosine residues of the proteins were suggested to be responsible for the silver

ion reduction [37].

Among biological molecules, deoxyribonucleic acid (DNA) is one of the most

interesting template systems because of its large aspect ratio (length/diameter) and

well-defined sequences of DNA base and a variety of superhelix structures. Sun

et al. reported that a silver nanoparticles ring could be successfully fabricated by

electrostatic assembling 4-aminothiophenol (4-ATP)-capped silver nanoparticles

on a predefined extended circular plasmid pBR322 DNA [38].

Although biological methods are regarded as safe, cost-effective, sustainable,

and environmentally friendly processes, they also have some drawbacks in the

culturing of microbes, which is time-consuming and difficult to provide better

control over size distribution, shape, and crystallinity. In order to improve the

rate of synthesis and monodispersity of nanoparticles, factors such as microbial

Fig. 2.1 Proposed mechanism of silver–lysozyme nanoparticle formation [35]

2 Synthesis, Characterization and Application of Silver-Based Antimicrobial 51



cultivation methods and downstream processing techniques have to be improved

and the combinatorial approach such as photobiological methods may be used.

2.1.2 Synthesis of Typical Silver-Based Antimicrobial
Nanocomposites

Silver-based antimicrobial nanocomposites deserve special attention due to their

unique properties, which differentiate them from other antimicrobial additives.

According to the composition of nanocomposites, the silver-based antimicrobials

can be placed in four categories: silver–polymer nanocomposites, silver–biopolymer

nanocomposites, silver–inorganic compounds, and silver(I) complexes.

2.1.2.1 Silver–Polymer Nanocomposites

Polymer molecules are found to be very effective support for the stabilization of

silver nanoparticles [39, 40]. In silver–polymer nanocomposites, the commonly

used polymers are polyacrylate [41], poly(amidoamine) [42], polyaniline [43], poly

(methyl methacrylate) [44], poly(ethylene oxide) [45], polyrhodanine [46], etc. So

far, there are many chemical and physical methods to prepare silver–polymer

nanocomposites [47].

One of the in situ syntheses of silver nanoparticles in the polymer matrix

involves the dissolution and reduction of silver salts or complexes into the matrix

[48]. Generally, the silver cations are first complexed with a certain polymer, and

then reduced in situ by using various reducing agents to form the stable colloidal

silver–polymer nanocomposites. Here, the polymers acted as templates, stabilizers

or protecting agents. For instance, a nanoscale silver cluster protected by sodium

polyacrylate (PAA) was prepared through the reduction of aqueous silver nitrate

solution containing PAA. The silver nanoparticles in clusters of nanoscale dimen-

sion (nanoclusters) could be dispersed into the artificial heterogeneous matrix of

polyacrylate and protein (bovine serum albumin, BSA) by adjusting the pH in the

acidic region [41]. A series of colloid silver nanoparticles were successfully

prepared by in situ reduction and stabilization of hyperbranched poly(amidoamine)

with terminal dimethylamine groups [HPAMAM-N(CH3)2] in water [42]. The

schematic procedure for the preparation of Ag-HPAMAMN(CH3)2 nanocomposite

is shown in Fig. 2.2.

Another approach is a system in which simultaneous polymerization and metal

reduction occur. For example, core–shell silver–polyaniline nanocomposites have

been synthesized by the in situ gamma radiation-induced chemical polymerization

method. An aqueous solution of aniline, a free-radical oxidant, and/or silver metal

salt were irradiated by g-rays. Reduction of the silver salt in aqueous aniline leads to
the formation of silver nanoparticles which in turn catalyze oxidation of aniline to
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polyaniline [43]. Interestingly, in some reactions, silver ions can be used as an

oxidant in the chemical oxidation polymerization. For example, during the syn-

thetic process of silver- poly(amidoamine) (Ag-HPAMA) nanomaterials. Silver

nanoparticles can be fabricated with HPAMA as the stabilizer and reductant

while silver ions act as the oxidant [49]. The schematic plot of preparing

Ag-HPAMAM-NH2 nanocomposites is showned in Fig. 2.3.

Moreover, supercritical carbon dioxide (sc-CO2) has been attracting interest as a

polymerization and processing medium, primarily driven by the need to replace

conventional solvents with more environmentally benign and economically viable

systems [50, 51]. It possesses many advantages like non-flammability, high diffu-

sivity, low cost, low viscosity, compressibility, etc. [52]. And the product can easily

H

H H

H

HN NH2

NH

CH3

CH3
CH3

CH3

CH3

CH3

CH3

CH3

CH3

CH3

CH3

H3CH3C

H3C

H3C

H3C

H3C

H3C
H3C

H3C

AgNO3

HN(CH3)2

N

N

N

N

N

N

N

N

N

N

N

N

N

N N

N

N

N

N

N
N N

N
N

N

N

N

N

N

N

N

N

N
N N

N

N

N

N

N

O O

O O

N

(MBA) (2 : 1)

(AEPZ)

+ HPAMAM-vinyl HPAMAM-N(CH3)2

HPMA-N(CH3)2/Ag(or Au)

(or HAuCl4)

m

m

m

m

m

m
m

m

m

m

mm

m

m

m

m

m

m

m

terminal unit

linear unit

dendritic unit

=  A gNP or AuNP=

Fig. 2.2 Schematic procedure for the preparation of theAg-HPAMAM-N(CH3)2 nanocomposite [42]

2 Synthesis, Characterization and Application of Silver-Based Antimicrobial 53



be separated by depressurizing CO2. Many chemicals are not soluble in CO2, but

they can easily be emulsified in sc-CO2 by selecting proper fluorinated or siloxane-

based surfactants/stabilizers. Shiho and De Simone pioneered the dispersion poly-

merization of methyl methacrylate in sc-CO2. They used the CO2-soluble

fluorinated homo-polymer, poly(dihydroperfluorooctyl acrylate) (PFOA) as a stabi-

lizer for the polymerization reaction [53]. Kamrupi et al. [54] have elaborately

explained one simple, effective and green route to synthesize silver–polystyrene

nanocomposite particles in water-in-sc-CO2 medium. Silver nanoparticles are

synthesized by chemical reduction of silver nitrate using sodium borohydrate as a

reducing agent and polydimethylsiloxane (PDMS) as a stabilizer in the water-in-sc-

CO2 medium. This work represents a simple, reproducible and universal way to

prepare a variety of metal–polymer nanocomposite particles. The shematic diagram

of the apparatus for preparing the silver nanocomposite by the above-mentioned

menthod is displayed in Fig. 2.4.

2.1.2.2 Silver–Biopolymer Nanocomposites

To date, polysaccharide biopolymers, which are generally non-toxic and available

from renewable agricultural sources, can integrate with inorganic nanoparticles,

and the research on the hybrid systems of silver–biopolymers is a dramatic activity

in current bio-nanoscience. Characteristic macromolecular and supramolecular

properties of these biopolymers make them become the good controlled

environments for growth of metallic and semiconductor nanocrystals [55]. For

example, silver–cellulose colloidals are obtained by immersing bacterial cellulose

into the silver nitrate solution through chemical reduction [56].

The glycogen biopolymer from bovine liver has been used as stabilization agent

for the growth of silver nanoparticles [57]. The nanoparticles encapsulated in
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glycogen with various contents of silver are prepared by two different procedures

that include fast (using microwave radiation) and slow (conventional) heating of the

reaction mixtures.

Starch is the most extensively used biopolymer for the stabilization of the

growth of metallic and semiconductor nanoparticles. Stable silver nanoparticles

have been synthesized by using soluble starch as both the reducing and stabilizing

agents [58]. The silver nanoparticles embedded in soluble starch have been proved

to be an environmentally benign and renewable material. The use of a silver–starch

nanocomposite like soluble starch offers numerous benefits of eco-friendliness and

compatibility for pharmaceutical and biomedical applications.

Chitosan possesses many unique properties, including antimicrobial

characteristics; hence, it has been used in various applications, such as medical,

pharmaceutical, textile, water treatment, food, cosmetics, packaging, etc [59–61].

Silver nanoparticles can be formed by reduction of corresponding metal salts with a

reductant such as NaBH4 in the presence of chitosan, and then chitosan molecules

are adsorbed onto the surface of as-prepared silver nanoparticles in the cross-

linking process to form the corresponding silver–chitosan nanocomposites [62].

Silver-impregnated polymer nanofibers have been developed as a new class of

biomedical materials by releasing biocidal silver with a protective polymer barrier

against infection [63–65]. Kong et al. [66] reported the fabrication of novel

silver–polyrhodanine nanofibers and their antimicrobial efficacy. Silver ions are

reduced to silver nanoparticles by oxidizing rhodanine monomer and simulta-

neously complexed with the rhodanine due to coordinative interactions, resulting

in the formation of silver nanoparticle-embedded polyrhodanine nanofibers. The

synthesized nanofiber is found to have excellent antimicrobial activities.

The other polysaccharide biopolymers such as poly(L-lactide) [67] and gum arabic

[68] are also proving to be good stabilization agents for silver nanoparticles. To sum

up, silver nanoparticles synthesized within the biopolymer are biocompatible and

hydrophilic, which could be important for their application in biology and medicine.

Fig. 2.4 Schematic diagram

of the apparatus 1 Carbon

dioxide cylinder, 2 back

pressure valve, 3 refrigeration

unit, 4 high-pressure liquid

pump, 5 back pressure gauge,

6motor for mechanical stirrer,

7 cooling unit, 8 mechanical

stirrer, 9 heating probe, 10
SFE Vessel, 11 vent, 12 digital
display unit, 13 specially

designed dropper [54]
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2.1.2.3 Silver–Inorganic Compounds

In recent years, the use of inorganic–inorganic hybrid antimicrobial agents has

attracted interest because of their industrial and medical applications. The key

advantages of inorganic antimicrobial agents are improved safety and stability [69].

As can be observed, the integration of silver into nanocomposites and bimetallic

nanoparticles is limitless. With each combination, silver is being used to generate

nanoparticles with new characteristics.

Hydroxyapatite (HA) has been widely used for bone repair and substitute

because of its good biocompatibility and the high silver ions exchange rate. The

hydroxyapatite nanoribbon spherites have large surface, good bio-consistency and

high physical/chemical activities [70]. The silver nanoparticles were controlled to

be synthesized under the cooperation of the ethylenediamine and the cetyltrimethyl

ammonium bromide. Then, under the electrostatic effect of the silver nanoparticles

and with the strong adsorbability of the hydroxyapatite nanoribbon spherites, the

two substances were combined to form special nanocomposite spheres [71].

The photocatalytic activity of anatase titanium dioxide (TiO2) was discovered by

Fujishima and Honda. This photodecomposition of organic compounds is also

useful for killing bacteria. The antimicrobial activity of silver nanoparticles was

enhanced when it was incorporated into an Ag/TiO2 nanocomposite, and would

result in higher toxicity levels in the ecosystem in the event of release to

the environment [72]. Silver-hydroxyapatite/titania nanocomposite thin films

were coated on commercially pure titanium by a modified dipping method, and

the antimicrobial effect of this thin film on Gram-positive material proved to be

excellent [73].

A combination antimicrobial property is achieved when silver nanoparticles are

combined with other metal nanoparticles or oxides acting as a shell or a core to form

bimetallic nanoparticles. For example, silver colloids are synthesized using poly-

mer polyvinylpyrrolidone (PVP) as protecting agent, and the silica shell is then

coated by means of the Stober process to fabricate Ag@SiO2 core shell particles.

The shell thickness can be easily controlled by the amount of tetraethyl orthosilicate

(TEOS) [74]. The preparation process is described in Fig. 2.5.

Carbon nanofibers (CNFs) have some inherent advantages, such as excellent

chemical stability and mechanical stability. As a substrate for an antimicrobial

system, its nanofibrous structure can offer higher cell adherence compared with

other structures. In addition, considering their other functional properties, they have

been used for the fillers in polymer composites or used as the biosensors [75]. It is

anticipated that the composite of carbon materials and silver nanoparticles can

contribute to antimicrobial efficiency. One-dimensional (1D) carbon nanomaterials

wrapped by silver nanoparticles were fabricated via a facile and environmentally

benign route with the assistance of supercritical carbon dioxide [76].
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2.1.2.4 Silver(I) Complexes

Silver(I) complexes have long been known to show powerful antimicrobial activity.

A great number of silver(I) complexes have been prepared by impregnating silver

salts into the corresponding chemical compound. Rowan et al. [77] provided the

synthesis and structures of the related silver(I) complexes containing non-

functionalized imidazole ligands. The imidazole complex salt [Ag(imH)2]NO3

has been prepared by reacting AgNO3 with imH (ca. 1:4 molar ratio) and in the

[Ag(imH)2]
+ cation, the metal is bonded to the imine N atoms of two neutral

imidazole ligands in a similar fashion to that found in the core structure of

[Ag2(imH)4](salH)2. Chen et al. [78] synthesized thiourea chitosan (TU-CTS) by

the reaction of chitosan with ammonium thiocyanate, which was easy to dissolve in

1% acetic acid solution. Ag+(TU-CTS-Ag+) complex was obtained by mixing TU-

CTS and AgNO3, which greatly enhanced the antimicrobial activity of chitosan as

well as the stability of Ag+.

2.2 Bioactivity of Silver-Based Antimicrobial Nanocomposites

Silver compounds have also been exploited for their medicinal properties for

centuries. They were popular remedies for tetanus and rheumatism in the nineteenth

century and for colds and gonorrhea before the advent of antibiotics in the early part

of the twentieth century [79]. Silver-based medical products, ranging from typical

ointments and bandages for wound healing to coated stents, have been proven to be

effective in retarding and preventing bacterial infections. Among the properties of

silver compounds and silver-based nanocomposites, the bioactivity is most impor-

tant for biomaterials (such as antimicrobial materials). Therefore, the knowledge

about the bioactivity of silver-based antimicrobial nanocomposites will be

summarized here.

Fig. 2.5 Schematic illustration of the porous characteristics of an Ag@SiO2 core shell particle [74]
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2.2.1 Silver Salts and Silver(I) Complexes

The silver ion exhibits broad-spectrum biocidal activity toward many different

bacteria, fungi, and viruses, and is believed to be the active component in silver-

based antimicrobials. Simple silver salts have been known for centuries to exert

anti-infective properties, and proven to have significantly low cytotoxicity. How-

ever, overdoses of all the forms of silver can lead to complications generally known

as argyria. The delivery system becomes more stable when a positively charged

silver ion is complexed to negatively charged ions (AgCl, AgNO3, Ag2SO4). The

standard is 0.5% silver nitrate and the most popular silver salt solution used for

typical burn wound therapy. Concentrations exceeding 1% silver nitrate are toxic to

the tissues. Ionic silver solutions are highly bactericidal and have a beneficial effect

in decreasing wound surface inflammation. However, the solutions are unstable and

can produce typical black stains when exposed to light, and are therefore extremely

impractical. On the other hand, nitrate is toxic to wounds and cells, and appears to

decrease healing thus offsetting to some degree the antimicrobial effect of silver.

Moreover, the reduction of nitrate to nitrite can cause cell damage, which is most

likely the reason for the impaired re-epithelialization when used in partial thickness

burns or donor sites.

Silver(I) complexes have been reported to show a different antimicrobial spec-

trum against microorganisms compared to the spectra of the ligand itself and the

hydrated silver(I) ion [80]. Amongst the few silver(I) complexes, silver sulfadiazine

complex(AgSD) is commonly prescribed today for the treatment of burns and

wounds [81]. AgSD, introduced by Fox [82] in the 1970s, is usually used as a 1%

water-soluble cream [83] and the additive in polymer or biopolymer composites

[84, 85].

It has recently been reported that silver(I) complexes with hard donor atoms

[i.e., complexes with silver(I)-N and silver(I)-O bonds] exhibit an excellent and

wide spectrum of antimicrobial activities [86]. Yesilel et al. [87] have synthesized

five new silver(I)–saccharinate complexes. In the complex with the molecular

structure of [Ag2(sac)2(tmen)2] (sac ¼ saccharinate, tmen ¼ N,N,N’,

N’-tetramethylethylenediamine), the sac ligand acted as a bridge to connect the

silver centres through N or O atom in the imino or carbonyl groups, leading to the

formation of an eight-membered bimetallic ring with a chair conformation

(Fig. 2.6). The complexes showed a better antimicrobial activity against the studied

wild-type and clinical bacterial isolates than the corresponding silver salts.

2.2.2 Silver Nanoparticles

Silver nanoparticles have been proved to be most effective nanomaterials due to the

good antimicrobial efficacy against bacteria, viruses and other eukaryotic

microorganisms. The nanoparticles synthesized by inert gas condensation and
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co-condensation techniques were observed to exhibit high antimicrobial activity at

low concentrations. It is thought that the antimicrobial activity is related to their

specific surface area, and the larger specific surface area generally leads to higher

antimicrobial activity [88].

Morones et al. [89] studied the effect of silver nanoparticles on Gram-negative

bacteria using high-angled annular dark field microscopy (HAADF) and TEM. The

effect of different concentrations of silver nanoparticles with the size of about

16 nm on the growth of bacteria demonstrated that there was no significant bacterial

growth observed at a concentration above 75 mg/mL. The HAADF images show

that the smaller sized nanoparticles (~5 nm) depicted more efficiently antimicrobial

activity. Panacek et al. [90] found the silver nanoparticles synthesized by a one-step

protocol have high antimicrobial and bactericidal activity on Gram-positive and

Gram-negative bacteria including multiresistant strains such as methicillin-resistant

Staphylococcus aureus. They found that antimicrobial activity of silver nanoparticles

was size dependent, and that nanoparticles 25 nm in size possessed the highest

antimicrobial activity.

Pal et al. [91] investigated the antimicrobial properties of silver nanoparticles of

different shapes, and found that silver concentration for the inhibition of bacterial

Fig. 2.6 Dimeric unit in [Ag2(sac)2(tmen)2] with the atom-labeling scheme and 50% thermal

ellipsoids. H atoms have been omitted for clarity [Symmetry code: (i) 1-x, 1-y, 1-z] [87]
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growth by spherical nanoparticles was 12.5 mg/mL, while it was 1 mg/mL by the

truncated triangular nanoparticles. Therefore, they concluded that the antimicrobial

efficacy of silver nanoparticles is shape dependent.

Shahverdi et al. [92] investigated the combination effects of silver nanoparticles

with antibiotics. It was observed that the antimicrobial activity of antibiotics like

penicillin G, amoxicillin, erythromycin, clindamycin, and vancomycin increased in

the presence of silver nanoparticles against E. coli and S. aureus. Ingle et al. [93]

investigated the use of Fusarium accuminatum, isolated from infected ginger, for

the synthesis of silver nanoparticles and analyzed its antimicrobial activity against

human pathogenic bacteria. Results revealed that the antimicrobial activity of silver

nanoparticles is 2.4–2.9 times that of silver ions.

2.2.3 Silver/Inorganic Nanocomposites

The incorporation of silver nanoparticles into solid inorganic materials in a con-

trolled way can facilitate the application of the nanoparticles or combine the

properties of the nanoparticles and the inorganic matrixes to produce some novel

properties that are beyond those of the individual component alone.

Recently, it was reported that doping TiO2 with silver greatly improved the

photocatalytic inactivation of bacteria and viruses. Reddy et al. [94] demonstrated

that 1 wt% silver in TiO2 reduced the reaction time required for complete removal

of 107 cfu/mL E. coli from 65 to 16 min under UV light irradiation. Silver

nanoparticles in TiO2 are believed to enhance photoactivity by facilitating

electron–hole separation and/or providing a larger specific surface area for the

adsorption of bacteria. Additionally, Ag/TiO2 nanocomposites can be excited by

the visible light due to the plasmon effect of silver nanoparticles, then produce the

electron–hole pairs which are capable of destroying the bacteria [95]. Therefore,

Ag/TiO2 nanocomposites show promising antimicrobial activity under visible light

irradiation.

Kim et al. [96] synthesized hybrid structures of Ag/SiO2 nanocomposites by the

one-pot sol–gel method to prevent aggregation of Ag nanoparticles and increase their

antimicrobial abilities. The antimicrobial properties of Ag/SiO2 nanocomposites

annealed below Tammann temperature were excellent because silver nanoparticles

were formed on the surface of SiO2 nanoparticles without aggregation, while they

were drastically decreased above Tammann temperature due to the growth of silver

crystals. The above-mentioned nanocomposites annealed at the different

temperatures of 25�C and 800�C could more effectively kill the Gram-negative

bacteria than Gram-positive bacteria, because of the positive charged silver

nanoparticles reacting easily with the former bacteria rather than the latter.

Ag/carbon nanocomposites were prepared by impregnating carbonmaterials (such

as carbon fibers) into silver ions solution and then reducing the silver ions to metallic

form [97, 98]. For example, silver ions were absorbed into a carbon matrix and then

exposed to the fungus Aspergillus ochraceus to form intracellular silver
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nanoparticles, and finally the prepared nanocomposites were heat treated in a nitrogen

environment. The experimental results revealed that Ag/carbon nanocomposites

possess excellent antimicrobial properties against both bacteria and viruses and

have sustained activity due to silver nanoparticles firmly embedded into the carbona-

ceous matrix. It is anticipated that the composites of 1D carbon nanomaterials

(carbon nanofibers or carbon nanotubes) and silver nanoparticles can contribute to

antimicrobial efficiency [99]. Carbon nanofibers or nanotubes wrapped by silver

nanoparticles (Ag/CNF or Ag/CNT) were fabricated via a facile and environmentally

benign route with the assistance of supercritical carbon dioxide. The minimum

inhibitory concentration (MIC) for Ag/CNF or Ag/CNT nanocomposite against E.
coli is 0.5%, indicating that both the nanocomnposites possessed the good antimicro-

bial activity [76]. Figure 2.7 shows the antimicrobial activities of Ag/CNT

nanocomposite.

Ag/graphene oxide (Ag/GrO) nanocomposites were prepared by the chemical

reduction of AgNO3 in graphene oxide (GrO) suspension [100]. The size and shape

of silver nanoparticles on the surface of GrO sheets was controlled by changing the

concentration of AgNO3 solution. The as-prepared Ag/GrO nanocomposites can

efficiently inactivate Gram-negative bacteria such as E. coli and P. aeruginosa.

2.2.4 Silver–Polymer Nanocomposites

Silver–polymer nanocomposites, providing the antimicrobial efficacy with a

sustained release of silver, have been synthesized with a great deal of effort to
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prevent diseases in public health hygiene [101, 102]. Due to the stabilization of

macromolecules, silver nanoparticles in a polymer matrix are more difficult to

aggregate while the antimicrobial activity of silver–polymer nanocomposites is

usually higher than that of silver nanoparticles and silver complexes at the same

silver concentration [103, 104]. Kong et al. [105] prepared poly(methyl methacry-

late) (PMMA) nanofiber containing silver nanoparticles by radical-mediated dis-

persion polymerization and investigated its antimicrobial activity against both

Gram-negative and Gram-positive bacteria. The results showed that the

silver–polymer nanofiber had an enhanced killing rate and effective antimicrobial

activity than that of AgNO3. Figure 2.8 shows the plot of % reduction versus

contact time (min) of different silver compounds on E. coli.
Silver-loaded acetate hollow fibers also show good antimicrobial activity. Com-

posite membranes containing a 50-nm-thick chitosan layer on a poly(acrylic acid)/

poly(ethylene glycol) diacrylate layer were found to exhibit potent antimicrobial

activity towards Gram bacteria, and the antimicrobial activity of the membrane

improved with increasing chitosan content [106]. In a similar way, nanocomposite

membranes incorporating other functional (e.g., catalytic, photocatalytic, and anti-

microbial) nanoparticles into water treatment membranes can be developed.

A recent study has reported on in vitro antimicrobial activity and in vitro cell

compatibility of poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanofibers

loaded with metallic silver particles of a size of 5–13 nm [107]. Of the results, only

silver-containing PHBV nanofibrous scaffolds showed a high antimicrobial activity

and an inhibitory effect on the growth of both S. aureus and Klebsiella pneumoniae
bacteria (Fig. 2.9). Moreover, the nanofibrous scaffolds having silver nanoparticles

Fig. 2.8 The plot of % reduction versus contact time (min) of different silver compounds on

Escherichia coli [105]
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<1.0% were free of in vitro cytotoxicity. Thus, the prepared nanofibrous scaffolds

were considered to have a potential to be used in joint arthroplasty.

Travan et al. [108] prepared antimicrobial non-cytotoxic silver–polysaccharide

nanocomposites with the polymeric chains of Chitlac providing the stabilization of

silver nanoparticles (the schematic representation of the nanocomposites is shown

in Fig. 2.10). The results show that these nanocomposite systems display a very

Fig. 2.9 Growth inhibition of PHBV nanofibrous scaffolds with different amounts of silver

against Staphylococcus aureus and Klebsiella pneumoniae [107]

Fig. 2.10 Schematic representation of the polymeric chains of Chitlac providing the nitrogen

atoms for the coordination and stabilization of silver nanoparticles [108]
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effective bactericidal activity toward both Gram-positive and Gram-negative bac-

teria. However, the hydrogel does not show any cytotoxic effect toward three

different eukaryotic cell lines. This novel finding could advantageously contribute

to responding to the growing concerns on the toxicity of nanoparticles and facilitate

the use of silver–biopolymer composites in the preparation of biomaterials.

2.3 Antimicrobial Mechanisms of Silver-Based Nanocomposites

The study of antimicrobial mechanisms of silver-based nanocomposites offers a

valuable contribution to nanobiotechnology. The antimicrobial nanocomposites

with their unique chemical and physical properties could be synthesized on the

basis of the antimicrobial mechanisms. Therefore, the diverse silver-based

nanocomposites could be used to fight infections and prevent spoilage in a broader

biological field.

The possible antimicrobial mechanism of silver ions, silver nanoparticles, and

silver-based nanocomposites on the microbes has been suggested according to the

morphological and structural changes found in the bacterial cells. In general, the

antimicrobial mechanism of silver materials is linked with the interaction between

silver atoms (ions) and thiol groups in the respiratory enzymes of bacterial cells [109].

One antimicrobial mechanism of silver ions has been reported with silver ions

reacting with proteins by attaching the thiol group and then inactivating the proteins

[110, 111]. The detailed explanation for the mechanism can be seen in Sects.

1.1–1.3 of Chap. 1

Another mechanism is believed to be that silver ions interact with three main

components of the bacterial cell to produce the bactericidal effect: (1) the peptido-

glycan cell wall and the plasma membrane, causing cell lysis; (2) the bacterial

(cytoplasmic) DNA, preventing DNA replication; and (3) the bacterial proteins,

disrupting protein synthesis (Fig. 2.11) [112].

It has been reported that the mode of antimicrobial action of silver nanoparticles

is similar to that of silver ions. However, silver nanoparticles show more efficient

antimicrobial properties because of their much larger specific surface area than that

of ordinary solid silver salts. The nanoparticles firstly get attached to the cell

membrane and also penetrate the bacteria, then interact with the sulfur-containing

proteins in the bacterial membrane as well as with the phosphorus-containing

compounds like DNA, and finally destroy the respiratory chain and lead the bacterial

cells to death. In addition, the silver nanoparticles release silver ions in the bacterial

cells, which can further enhance their bactericidal activity [89, 113]. Sondi et al.

[114] reported on antimicrobial activity of silver nanoparticles against E. coli as a
model for Gram-negative bacteria. From the SEM micrographs, the formation of

aggregates composed of silver nanoparticles and dead bacterial cells were observed.

It was also observed that the silver nanoparticles interacted with the building

elements of the bacterial membrane and caused damage to the cell. The TEM
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analysis and EDAX study confirmed the incorporation of silver nanoparticles into

the membrane, which was recognized by the formation of pits on the cell surface.

However, because those studies include both positively charged silver ions and

negatively charged silver nanoparticles, it is insufficient to explain the antimicro-

bial mechanism of positively charged silver nanoparticles. Therefore, we expect

that there is another possible mechanism. Amro et al. [115] suggested that metal

depletion may cause the formation of irregularly shaped pits in the outer membrane

and change the membrane permeability, which is caused by progressive release of

lipopolysaccharide molecules and membrane proteins. Although their inference

involved some sort of binding mechanism, the mechanism of the interaction

between silver nanoparticles and components of the outer membrane is still unclear.

Another mechanism of the growth-inhibitory effects of silver nanoparticles on

microorganisms has been speculated by the Electron Spin Resonance (ESR) spec-

troscopy study of silver nanoparticles [116]. It has been revealed that the growth

inhibition of bacterials may be related to the formation of free radicals from the

surface of silver. Uncontrolled generation of free radicals can attack membrane

lipids and then lead to a breakdown of membrane function [117]. Kim et al. [118]

suggested that the antimicrobial mechanism of silver nanoparticles is related to the

formation of free radicals and subsequent free radical-induced membrane damage.

They confirmed that the antimicrobial activity of silver nanoparticles and silver

nitrate was influenced by NAC (N-acetylcysteine), and also suggested that free

radicals, probably derived from the surface of silver nanoparticles, were responsible

for the anti-microbial activity through ESR.

The silver nanoparticles with smaller size possess a larger surface area to contact

with the bacterial cells, and hence will have a higher antimicrobial activity than

those bigger nanoparticles [119]. Panacek et al. [90] prepared a series of silver

nanoparticles by the reduction of the Ag(NH3)
2+ complex cation by saccharides, and

Fig. 2.11 Mechanisms of the antimicrobial activity of silver ions [112]
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found that Ag nanoparticles synthesized using disaccharides (such as maltose and

lactose) have a much higher antimicrobial activity than those synthesized using

monosaccharides (such as glucose and galactose). They investigated the sizes of the

silver nanoparticles by TEM and concluded that silver nanoparticles prepared from

disaccharide have a smaller size than those from monosaccharide. Therefore, they

thought that the observed antimicrobial activity of silver nanoparticles is related to

their size.

The antimicrobial efficacy of silver nanoparticles also depends on the shapes of

the nanoparticles, which can be confirmed by studying the inhibition of bacterial

growth by silver nanoparticles with different shapes [91]. Silver nanoparticles with

different shapes (triangular, spherical, and rod) were tested against typical bacterials

such as E. coli. The {111} facets of silver crystals have high-atom-density, which is

favorable to the reactivity of silver. A triangular nanoplate has a high percentage of

{111} facets whereas spherical and rod-shaped silver nanoparticles predominantly

have {100} facets. According to Pal et al. [91], truncated triangular nanoparticles

show bacterial inhibition with silver content of 1, 12.5 mg/L for the spherical

nanoparticles, and 50–100 mg/L for the rod-shaped nanoparticles.

Enhanced antimicrobial activities have been reported in silver nanoparticles

modified by surfactants, such as SDS and Tween 80, and in polymers, such as PVP

360 [120]. The results are presented in Fig. 2.12. The antimicrobial activity was

significantly enhanced for most of the species when silver nanoparticles were

modified by SDS while not significant when nanoparticles were modified by

Tween 80. This result can be explained as follows [121]: (1) SDS provides more

stability for silver nanoparticles than Tween 80, resulting in the decrement of

nanoparticle aggregation; and (2) SDS is an ionic surfactant and may have the ability

to penetrate or disrupt the cell wall, particularly of Gram-positive strains. The

antimicrobial activities of PVP-modified silver nanoparticles were significant

because the polymer is most effective in stabilizing particles against aggregation.

2.4 Applications of Silver-Based Antimicrobial Nanocomposites

It has been mentioned that microorganisms with resistance to the antimicrobial

activity of silver are exceedingly rare [122, 123]. For decades, silver-based

nanocomposites have been used extensively as antimicrobial agents in a number

of areas, including medical and pharmaceutical, textile and fiber, coating and paint,

food storage, and environmental applications.

2.4.1 Applications in the Medical and Pharmaceutical Industry

Silver has been used for the treatment of medical ailments for over 100 years due to

its natural antimicrobial and antifungal properties [124]. Silver ions, silver
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compounds and polymer-supported silver nanoparticles have been widely used in

various biomedical fields, such as wound dressing materials, body wall repairs,

disinfecting medical devices, tissue scaffolds, antimicrobial filters [63], and so on.

2.4.1.1 Wound Dressing Materials

Silver has been used extensively for the treatment of burns, with silver ions or silver

nanoparticles incorporated into bandages for use in large open wounds [125]. Many

silver-coated and silver-containing dressings are now available for the treatment of

wounds [126].

Fig. 2.12 A plot of minimum inhibition concentration (MIC) of the Ag nanoparticles prepared by

the modified Tollens process with D-maltose and consequently modified by addition of SDS,

Tween 80, and PVP 360 in a concentration of 1% (w/w) [120] (Data used with permission from the

American Chemical Society)
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Silver sulfadiazine has been widely accepted as the standard treatment for burn

injuries in both animals and humans [127]. It produces better healing of burn

wounds due to its slow and steady reaction with serum and other body fluids [128].

The use of silver in the past has been restrained by the need to produce silver as a

compound, thereby increasing the potential side effects. Nanotechnology has

provided a way of reducing pure silver nanoparticles. This system also markedly

increases the release rate of silver. The silver nanoparticles are reported to show

better wound healing capacity, better cosmetic appearance, and scarless healing

when tested using an animal model [129].

Nanocrystalline silver dressings, creams, and gel effectively reduce bacterial

infections in chronic wounds [130, 131]. For example, the electrospun silver/poly

(vinyl alcohol) fiber web show efficient antimicrobial property as a wound dressing

[132, 133]. The silver/poly(N-vinyl-2-pyrrolidone) composite functioned as a bac-

tericide applied in complicated cases of infected burns and purulent wounds. Pape

et al. [134] developed an activated carbon fiber after-treated with silver

nanoparticles. Yeo et al. [135] applied silver nanoparticles to produce antimicrobial

as-spun mono-filament yarns. Fernández et al. [136] have developed silver

nanoparticles on cellulose fibers to be used as the absorbent pad. They immersed

fluff pulp and nano-structured lyocell fibers in silver nitrate and the subsequent

transformation to silver nanoparticles were done by physical (thermal or UV) or

chemical (sodium botohydride) methods. Fu et al. [137] have produced multi-layer

composite films from heparin/chitosan/silver for biomedical applications.

Khundkar et al. [138] presented an evaluation of the evidence available regarding

the use of ActicoatTM (registration certificate number: SFDA 20043640127, made

by Smith & Nephew, UK) in burn wounds. The studies show that the non-charged

form of silver (Ag0) in ActicoatTM reacts much more slowly with chloride and thus

is deactivated less rapidly in wounds and does not need a carrier. In vitro studies

confirm that ActicoatTM provides a sustained release of silver, lasting for a few

days. In contrast, the silver ions released from silver nitrate are deactivated within a

few hours.

2.4.1.2 Tissue Scaffolds

Bone cement is used for the secure attachment of joint prostheses in, for example,

hip and knee replacement surgery. Silver nanoparticles has been used as an antimi-

crobial additive to poly(methyl methacrylate) (PMMA) bone cement. Ag-PMMA

bone cement has been suggested as a means to decrease the incidence of resistance

through its multifaceted mechanism of action, and has further shown impressive

in vitro antimicrobial activity and low cytotoxicity [139].

Considering the large surface and strong adsorption properties of hydroxyapatite

nano-ribbon to adsorb bacteria and high bioactivity of silver nanoparticles, the

hydroxyl apatites nano-ribbon spherites containing silver nanoparticles have been

successfully prepared by Liu et al. [140]. Hydroxy apatite/silver composite coating

has been designed particularly for reducing bacterial infections after implant
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placement [141]. Bioactivity, dissolution range, and resorption properties, which

are close to those of natural bones, have presented in hydroxyapatite, so this

material and its composites are the excellent candidates for wide applications in

coating artificial joints and tooth roots. Vojislav et al. [142] synthesized the

monophasic silver-doped hydroxyapatite nanopowders with high crystallinity and

examined their antimicrobial and hemolytic activities. The atomic force micro-

scopic studies illustrate that silver-doped hydroxyapatite samples cause consider-

able morphological changes of microorganism cells which might be the cause of

cell death. Hemolysis ratios of the silver-doped hydroxyapatite samples were below

3%, indicating the good blood compatibility and promising biomaterials for tissue

scaffolds. Kumar et al. [143] developed novel b-chitin/nanosilver composite

scaffolds for wound healing applications using b-chitin hydrogel with silver

nanoparticles. The prepared b-chitin/nanosilver composite scaffolds were bacteri-

cidal against E. coli and S. aureus and also showed good blood-clotting ability. Cell
attachment studies using vero (epithelial) cells showed that the cells were well

attached on the scaffolds.

2.4.1.3 Implantable Devices

Silver-impregnated medical devices like surgical masks and implantable devices

show significant antimicrobial efficacy [144]. For example, poly(ethylene tere-

phthalate) (PET) has been widely used in cardiovascular implants because of its

excellent mechanical properties and moderate biocompatibility. However, the

infection and thrombogenicity commonly exist in this kind of cardiovascular

implants, which can lead to significant morbidity and mortality [145]. Fu et al.

[137] has successfully prepared natural polyelectrolyte multilayer films containing

nanosilver on aminolyzed PET film via a layer-by-layer fashion. The multilayer

films containing well-dispersed nanosilver were effective in killing E. coli, and had
good anticoagulation activity and low cell toxicity. The above investigated films

with biocompatibily may have good potentials for surface modification of medical

devices, especially for cardiovascular implants.

2.4.1.4 Disinfecting Medical Devices

The high incidence of infections caused by the use of implanted biomedical devices

has a severe impact on human health and health care costs. Many studies suggest a

strong antimicrobial activity of silver-coated medical devices [146]. These devices,

such as dressings, heart valves, central venous catheters and urinary catheters, have

been proved to effectively reduce the infections [147].

The silver-coated silicone catheters are effective at reducing the incidence of

catheter-associated urinary tract infections and resistant organisms in an acute care

hospital. In a randomized clinical study, a silver alloy-coated central venous

catheter reduced the infection rate by 50% although there was no reduction of
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catheter colonization or of catheter-associated sepsis. Akiyama and Okamoto [148]

first described the use of a silver-coated urinary catheter in an uncontrolled study of

102 patients in which no episodes of bacteriuria occurred. Other research has also

shown that there was a statistically significant difference in the occurrence of

bacterial infection (defined as >105 organisms/mL) in patients treated with a silver

alloy-coated catheter as compared to those treated with a standard device.

2.4.1.5 Biomedicine

Silver nanoparticles have been used to exhibit antimicrobial efficacy against viral

particles. The recent emergence of nanotechnology has provided a new therapeutic

modality in silver nanoparticles for use in medicine.

Monkeypox virus (MPV), an orthopoxvirus similar to variola virus, is the

causative agent of monkeypox in many species of non-human primates [149].

Silver nanoparticles have been shown to exhibit promising cytoprotective activities

towards HIV-infected T cells; however, the effects of these nanoparticles towards

other kinds of viruses remain largely unexplored. Recently, a study revealed the

potential cytoprotective activity of silver nanoparticles toward HIV-1 infected cells

[150]. Thus, the use of silver nanoparticles as an anti-viral therapeutic may be a new

area of developing nanotechnology-based anti-viral therapeutics.

In addition, many attempts have been made to use silver nanoparticles as an anti-

cancer agent. The discovery of an anti-cancer mechanism would be a milestone for

cancer treatment. The key to the mechanism is the specific binding of silver

nanoparticles towards cancer cells but not the other body cells. One possible reason

for this result could be because of the morphological differences between cancer

cells and the other body cells, e.g., the morphology of cancer cells is more favorable

to the anti-cancer activity of silver nanoparticles [151].

2.4.2 Antimicrobial Food Packaging

Antimicrobial packaging is a promising form of active food packaging material to

prevent bacterial infection in foodstuffs. If silver-based antimicrobial nanocomposites

are incorporated into packaging materials, the microbial contamination can be con-

trolled by reducing the growth rate of microorganisms. Since the antimicrobial silver

can be released from the package during an extended period, the activity can also be

extended into the transport and storage phase of food distribution [152].

Many efforts have been made to load and/or to incorporate silver nanoparticles

into acceptable packaging materials such as filter paper, low density polyethylene

(LDPE), and poly(methyl methacrylate) (PMMA). Also, numerous biodegradable

materials, e.g. polysaccharides (such as starch, chitosan, alginate, and konjak

glucomannan) have been used to fabricate silver nanoparticle-based composite

films. For example, silver zeolite has been developed as the most common
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antimicrobial agent incorporated into plastics and used in food preservation, disin-

fection and decontamination of products [153]. The zeolite, in which some of

surface atoms are replaced by silver atoms which are laminated as a thin layer

(3–6 mm) in the surface of the food-contact packaging polymers, continuously

releasing silver ions when silver nanoparticles are exposed to the aqueous solution

from the food [154].

Recently, some studies focus on making the filter paper with degradable nature

as an attractive alternative for eco-friendly packaging materials. Tankhiwale et al.

[155] developed ordinary filter papers as antimicrobial packaging material by

grafting vinyl monomers like acrylamide on paper macromolecules followed by

loading of silver nanoparticles. This newly developed material shows a strong

antimicrobial property against E. coli.

2.4.3 Water Disinfection and Microbial Control

The presence of bacteria is the main indication of water contamination. A World

Health Organization (WHO) investigation showed that 80% of disease is due to

contaminated drinking water [156]. To overcome this promblem, chemical agents

and physical treatments including silver-based nanocomposites are commonly

used.

Silver nanoparticles are of great value to waste water treatment and to biological

systems. The inhibitory effects of silver nanoparticles on microbial growth were

evaluated at a treatment facility using an extant respirometry technique. The

nitrifying bacteria were susceptible to inhibition by silver nanoparticles, which

have detrimental effects on the microorganisms in waste water treatment [157].

For example, Fe3O4 containing silver nanoparticles can be used for water treatment

[158].

Basri et al. [159] prepared silver-filled asymmetric polyethersulfone (PES)

membranes by a simple phase inversion technique. The silver nanoparticles were

formed in PES membranes when polyvinylpyrrolidone (PVP) was added during

dope preparation. The improved silver dispersion on membrane surfaces was able

to enhance the antimicrobial activity against E. coli and S. aureus, and the

investigated results confirmed that the Ag-PES membrane can inhibit almost

100% bacterial growth in rich medium, indicating the potential of Ag-PES to be

used in antimicrobial applications especially in water treatment.

The water-related diseases like diarrhea and dehydration can be reduced by

improving the quality of the drinking water. Lv et al. [160] prepared silver nano-

particle-decorated porous ceramic composites by fixing silver nanoparticles to the

interior walls of porous ceramic channels with the aminosilane coupling agent,

3-aminopropyltriethoxy silane (APTES), as a connecting bridge. On-line tests show

that, at a flow rate of 0.01 L/min, the output count of E. coliwas zero when the input
water had a bacterial load of ~105 colony-forming units (CFU) per millilitre.
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Combined with low cost and effectiveness in prohibiting the growth of E. coli, such
materials should have wide applications in drinking water treatment.

To sum up, as antimicrobial agents, silver-based materials were applied in a

wide range of applications from medical devices to water treatment. Therefore, the

silver nanoparticles with their unique chemical and physical properties are proving

an alternative for the development of new antimicrobial agents.

2.5 Toxicology of Silver-Based Antimicrobial Nanocomposites

With increasing public knowledge about health care in the world, people are more

and more concerned about the rise of possible subsequent diseases caused by new

technologies, including nanotechnology and the application of nano-materials

especially through inhalation during manufacturing or usage.

Silver-based nanocomposites have been introduced as materials with good

potentiality to be extensively used in biological and medical applications. The

therapeutic property of silver has shown that it is a safer antimicrobial agent in

comparison with some organic antimicrobial agents [161, 162], principally due to

its antimicrobial activities having low toxicity to human cells [163].

Some evidence has proved the safety of the application of silver-based materials.

There are very few reports in the literature of silver toxicity despite large exposures

to silver in the treatment of burn wounds [164]. Skin-innoxiousness of silver nano-

colloidal solution especially in the case of smaller nanoparticles has been

demonstrated via the skin irritation test performed on rabbits [165]. Hendi et al.

[166] reported that silver nanoparticles can promote wound healing and reduce scar

appearance in a dose-dependent manner. Furthermore, the experimental results

show that silver nanoparticles act by decreasing inflammation, and there were no

side effects on the liver and kidney functions through a rat model. The potential

benefits of silver nanoparticles in all wounds can therefore be enormous.

Nontoxicity of the interaction of silver nanoparticles and the membrane surface

has been proved by growing human fibroblasts on various concentrations of silver

nanoparticles [167]. Jeong et al. applied a silver–sulfur (Ag/S) composition and

observed that addition of sulfur enhances the antimicrobial properties and the

stability of silver ions. They emphasized that the Ag/S composite is nontoxic

even though sulfur is a toxic agent [168]. Ag/S nano-colloidal solution (SNSE)

has also been used by Ki et al. for functionalization of wool [169].

Silver nanoparticles in most studies are suggested to be nontoxic. But some

reports state that the biological activity of silver nanoparticles can be detrimental.

Many nanoparticles are small enough to have access to skin, lungs, and brain [170].

Exposure of metal-containing nanoparticles to human lung epithelical cells

generated reactive oxygen species, which can lead to oxidative stress and cellular

damage. Nanoparticles and reactive oxygen production have an established link

in vivo. Therefore, it is important to study the potential for the application of silver

nanoparticles in the treatment of diseases that require maintenance of circulating
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drug concentrations or targeting of specific cells or organs [171, 172]. Burd et al.

[173] studied the cytotoxicity of five silver nanoparticle-impregnated commercially

available dressings, and found that three of the silver dressings showed cytotoxicity

effects in keratinocytes and fibroblast cultures. Braydich-Stolle et al. reported the

toxicity of silver nanoparticles on C18-4 cells, a cell line with spermatogonial stem

cell characteristics [74]. Both studies showed that the cytotoxicity of silver

nanoparticles to mitochondrial activity increased with the increase in their

concentration.

The comprehensive biologic and toxicologic information of silver nanoparticles

is explored by Ahamed et al. [174], while the sources of their exposure and

associated risk to human and environmental health are discribed schematically in

Fig. 2.13.

The potent anti-inflammatory properties of silver ions and nanoarticles on a

wound have been demonstrated histologically. Most of the reports are purely

descriptive in nature identifying the decrease in erythema and increased healing.

However, it must be realized that not all silver is anti-inflammatory, and that the

anti-inflammatory properties depend on the delivery vehicle, the available concen-

tration and species of silver, and the duration of release [175, 176]. Investigation of

bio-innoxiousness of silver revealed that smaller-sized silver particles are less toxic

to skin than larger ones at the same concentration. Although a small irritation has

been reported by applying the colloidal silver with 30-nm particle size, colloidal

silver with a particle size of 2–3 nm has been known to be innoxious [177].

Sources of Ag
NPs exposure

Textile

Sunscreen

Sunscreen
Cosmetic

Medical
Biosensor
Electronic

Food Industry
Exposure of Ag

NPs

In Vitro Toxicity
Toxicity in mammalian
cells derived from skin

lung, liver, kidney, brain,
vascular system and
reproductive organs

In Vivo Mammal
Toxicity

Systematic bio-
distribution and toxicity

to different organs including
lung, liver, and brain

of mice and rats

In Vivo Non-
mammal Toxicity

Produce developmental
and structural malformations

in zebrafish, drosophila
and fish

Fig. 2.13 Sources of silver nanoparticles exposure and its known adverse effects [174]
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Argyria, a permanent disorder caused by silver deposition in the skin’s

microvessels in patients who are exposed to chronic silver toxicity [178], is only

seen following large oral or inhaled intakes of silver dust or colloidal silver over an

extended period of time, and has never been reported as a result of topical applica-

tion. In addition, prolonged topical application of silver sulfadiazine cream can

induce argyria even though it has never been reported as a result of topical

application except locally [179]. In vitro studies showed that silver sulfadiazine is

cytotoxic but that the cytotoxicity can be reduced by controlling the delivery of the

active agent [180].

Additionally, silver nanoparticles are suggested to be hazardous to the environ-

ment due to their small size and variable properties [181]. The environmental risk

of silver nanoparticles was recently investigated by determining released silver

from commercial clothing (socks). The sock material and wash water contained

silver nanoparticles of 10–500 nm diameter. The fate of silver in waste water

treatment plants (WWTPs), which could treat a high concentration of influent

silver, was also examined. The model suggested that WWTPs are capable of

removing silver at concentrations much more than expected from the silver

nanoparticles-containing consumer products. However, silver concentrations in

the biosolids may exceed the concentration (5 mg/L), established by the USEPA.

This may restrict the fertilizer application of biosolids to the agricultural lands.

Reactive oxygen species (ROS) generation and oxidative stress appear to be two

possible mechanisms of silver nanoparticles toxicity [182]. Depletion of glutathi-

one and protein bound sulfhydryl groups and changes in the activity of various

antioxidant enzymes indicative of lipid peroxidation have been implicated in

oxidative damage [183]. Oxidative stress occurs when generation of ROS exceed

the capacity of the anti-oxidant defense mechanism. ROS and oxidative stress elicit

a wide variety of physiologic and cellular events including stress, inflammation,

DNA damage and apoptosis [184]. A number of investigators reported that cyto-

toxicity, DNA damage and apoptosis induced by silver nanoparticles were mediated

through membrane lipid peroxidation, ROS and oxidative stress [185].

Mitochondria appear to be sensitive targets for silver nanoparticles toxicity.

Asharani et al. suggested that the disruption of the mitochondrial respiratory

chain by silver nanoparticles increased ROS production and interruption of ATP

synthesis, thus leading to DNA damage. Interaction of silver nanoparticles with

DNA led to cell cycle arrest at the G2/M phase [186]. Possible mechanisms of silver

nanoparticle-induced toxicity are described in Fig. 2.14.

From the above studies, it can be concluded that longer-term studies and

monitoring of humans exposed to silver nanoparticles are imperative to evaluate

any potential toxicity. Care must also be taken in the use of silver-based

antimicrobials in everyday applications so that the burden of silver ion and

nanoparticles exposure does not exceed subtoxic levels. Furthermore, the environ-

mental impact of silver ions and nanoparticles, which leach into the water system,

must be considered to prevent ecological disaster.
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2.6 Future Perspectives

Silver-based nanomaterials exhibit remarkable biological and antimicrobial

properties in many fields, and silver nanoparticle dressings are now the new gold

standard for medical application. Implantable medical devices, such as neurosurgi-

cal and venous catheters, have greatly benefited from the broad antimicrobial

activity of silver nanoparticles by reducing both patient infection and dependence

on antibiotic use and the associated costs.

The application of silver-based nano-antimicrobials in biomedical and therapeu-

tic applications has developed a wide area of nanotechnology, but the possible side

effects of silver ion and nanoparticles have not been completely studied, and hence,

detailed studies are needed before the introduction to the market of products related

to nano-antimicrobial materials.
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Chapter 3

Synthesis and Antimicrobial Activity

of Copper Nanomaterials

Daniela Longano, Nicoletta Ditaranto, Luigia Sabbatini, Luisa Torsi,

and Nicola Cioffi

3.1 Introduction

There is a great concern about the resistance of microorganisms towards multiple

antibiotics or disinfecting agents, therefore great efforts are being devoted to the

development of novel and effective agents against pathogenic microorganisms [1].

Several real-life applications could be involved including food processing and

packaging, health care and biomedical devices, surgery and implants, disinfection

of hospitals, textiles, household furnishing and paints, airports, and production

facilities; these needs might have implications even in more extreme scenarios,

such as germ warfare, space exploration, and in the prevention of pandemic

diseases like SARS (Severe Acute Respiratory Syndrome), influenza viruses, etc.

In this regard, the development of non-conventional antibacterial and antifungal

agents is becoming a key research field. Recently, inorganic bactericides have

attracted special interest due to their activity, chemical stability, and heat resistance

[2, 3]. Furthermore, the development of nanoscience and nanotechnology presents

novel opportunities for exploring the bactericidal effect of innovative nanomaterials

containing metals with a marked bioactivity such as silver, copper, and zinc [3–7], to

cite just a few.

In most studies on metal-based nano-antimicrobials, the biological effectiveness

of the material is demonstrated to be significantly higher or longer than the (well-

known) bioactivity of the bulk metal itself. This has been suggested to be due to

several aspects, including the nano-metal size-dependent properties, as well as the

high surface-to-volume ratio of ultrafine particles, and, finally, non-conventional

features related to the presence of surface stabilizers. In fact, capping agents have
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been frequently demonstrated to tune the nanoparticle ionic release and, conse-

quently, its anti-biofilm properties.

The need for hygienic living conditions prompts new challenges for the devel-

opment of affordable and efficacious antimicrobial materials that should be

environmentally friendly and absolutely non-toxic towards human beings.

Finely dispersed bioactive nanomaterials are expected to exert an improved

disinfecting effect due to their size, providing higher environmental mobility and

allowing them to interact closely with bacterial membranes. On the other hand, the

same properties may give rise to severe risks for human health, thus greatly limiting

the development of nanoparticle real-life applications.

The growing international concern in nanoparticle toxicology towards humans is

presently supporting the development of “smart” nano-antimicrobials. Such non-

toxic nanomaterials can still reduce the risks of transmitting diseases by preventing

microorganism survival and proliferation in several application contexts, but are

also expected to ensure environmental compatibility and absence of human toxic-

ity, since they are impregnated or covalently linked or co-polymerized or somehow

confined in a dispersing/supporting matrix. The latter component acts as an

immobilizing component in a nanocomposite formulation or a hybrid nanomaterial,

and it might also bring additional properties to the final product coating.

The usefulness of copper as an antibacterial agent has been known for a long

time. Different forms of copper compounds were used by ancient civilizations for

several afflictions and to maintain hygiene [8]. The ancient Egyptians sterilized

drinking water and wounds using metals such as silver and copper. The Romans

catalogued numerous medicinal uses of copper for various diseases. The Aztecs

treated sore throats with copper, while in Persia and India, copper was applied to

treat boils, eye infections, and venereal ulcers [9].

Soluble copper compounds have been shown to provide excellent antimicrobial

activity against a number of microorganisms including bacteria, fungi, algae, and

viruses, while these species are relatively safe for humans [10]. Copper appears to

exert its killing effect by generating reactive hydroxyl radicals that can cause

irreparable damage such as the oxidation of proteins, cleavage of DNA and RNA

molecules, and membrane damage due to lipid peroxidation [11, 12].

Bioactivity of copper, both as free ion and complex species, is well-known and

has been documented for many years; nevertheless, only few papers and patents

have been issued so far about the antibacterial properties of copper-containing

nano-sized materials [13–15].

This chapter focuses on the synthesis and bioactivity of antimicrobial copper

nanomaterials and on their applications to real life.

The number of publications dealing with possible approaches to the synthesis of

copper nanomaterials is very large, and the authors have recently published a

specific review dealing with copper nano-phases [16]. In the present chapter, we

have focused our attention only on those papers where the antimicrobial properties

of copper nanomaterials were explicitly assessed.

These studies are here reviewed and classified firstly as a function of the

synthesis approach and secondly as a function of the target microorganism used

for testing the antimicrobial activity.
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3.2 Synthesis of Cu Nano-Antimicrobials

Several approaches to the preparation of copper nanomaterials are nowadays

available. Plenty of details are available in a recent review specifically dealing

with the synthesis and characterization of copper nanomaterials [16]. In the present

chapter, the different studies dealing with antimicrobial copper nanomaterials have

been classified on the basis of the preparation method. Three different classes of

syntheses are outlined in the following: chemical, electrochemical, and physical/

mechanical approaches.

3.2.1 Chemical Approaches

The redox syntheses of metal nanomaterials, including copper, are certainly the

most frequently used, and they are usually indicated as wet-chemical processes.
Key aspects of the overall synthetic method include the choice of the reaction

medium and the stabilizer agent, the experimental conditions (pressure, tempera-

ture, microwave assistance, etc.), and the use of additional dispersing/supporting

materials. Some of these issues will be explicitly assessed in the following sub-

paragraphs.

3.2.1.1 Unsupported Copper Nanoparticles

Among the simplest processes, the direct reduction of a salt (such as copper nitrate)

into copper nanoparticles (CuNPs) has to be mentioned. As an example, Ruparelia

et al. have reported on the synthesis of CuNPs involving thewell-knownwet-chemical

reaction between sodium borohydride and copper nitrate, used as precursor. The

resulting nanoparticles were dried in a reducing environment and stored in air-tight

containers until biological testing. The presence of nanoparticles in suspension would

ensure a continuous release of ions into the nutrient media [17]. Many redox processes

can be used similarly. Among these, we outline the possible use of vitamin C [18],

citrate [19], glucose [20] or similar nutrients/food additives to reductively produce

CuNP colloids. At present, these nanomaterials have not been tested specifically as

nano-antimicrobials, although such an application could have unprecedented

advantages from the use of non-toxic reductants in the colloidal formulation.

Recently, low-polydispersion copper nanoparticles (NPs) (Fig. 3.1) and nanorods

(CuNRs) (Fig. 3.2) were synthesized by thermal decomposition of copper (II)

acetylacetonate [Cu(acac)2] precursors in the presence of surfactants [21]. CuNPs

were synthesized in phenyl ether using Cu(acac)2 as a salt precursor, oleyamine as a

surfactant, and 1,2- tetradecanediol as a reducing agent. The solution was degassed

and stirred while its temperature was raised at a rate of�2�C/min to 155�C and was
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held there for an additional 1 h. During heating, the color of the reaction mixture

changed from blue to dark red, signifying the formation of CuNPs. Cu nanorods

were obtained by the same route as CuNPs, except that 0.1 equivalent of

dodecylammonium bromide was added as structure-directing surfactant. The Cu

nanostructures prepared by this route could be further functionalized by exchanging

weakly bound surfactants to tighter binding alkane-thiols. This functionalization

allowed for the control of surface chemistry and solubility of CuNPs and CuNRs in

different solvents, and yielded nanostructures that were stable in solution for

prolonged periods of time. Noticeably, copper nanoparticles functionalized with

positively charged thiols were stable in water for several months. Cu-containing

particles could be precipitated from phenyl ether with ethanol and re-dispersed in

toluene or hexane for further use [21].

1
2
3
4
5

0.0

1.2

0.8

0.4

0.0
400 500 600 700 800

400 600 800 1000
λ (nm)

λ (nm)

E
xt

in
ct

io
n 

(a
.u

.)

E
xt

in
ct

io
n 

(a
.u

.)

0.4

0.8

1.2

a

d

g h i

fe

b c

Fig. 3.1 TEM images of Cu nanoparticles prepared with different ratio of OAM to Cu(acac)2
(a–d). (e) UV–vis spectra of CuNPs in toluene: 1 freshly prepared CuNPs coated with OAM, 2 Cu/
OAM NPs stored under argon for 10 days, 3 freshly prepared CuNPs protected with

1-undecanethiol 4 and 5 CuNPs coated with 1-undecanethiol and stored under argon for 10 and

20 days, respectively. (f) A representative TEM image of CuNPs coated with 1-undecanethiol.

(g) UV–vis spectra of freshly prepared CuNPs in H2O (solid curve) and the same NPs stored in

water for 2 months (dotted curve). (h) A representative image of Cu/TMA NPs. (i) The HRTEM

image of alkylthiol-coated CuNPs (synthesized at w ¼ 100) (Reprinted with permission from [21].

Copyright 2010 American Chemical Society)
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3.2.1.2 Copper Nanomaterials Supported on Organic Substrates

Metal nanoparticles (MeNPs) can be immobilized and coated onto surfaces for their

better utilization. Since it is known that CuNPs may aggregate quickly in colloidal

media, the extent of agglomeration can be effectively reduced by lowering the

surface energy by adsorption of stabilizers such as polymers or surfactants present

in the medium. The incorporation of smaller inorganic particles into larger

polymers is also desirable in order to combine the key properties of both the

materials. A few years ago, the group of C. Neckers reported on the synthesis of

functionalized CuNPs/polymer composites. The preparation protocol was based on

two steps: at first, functionalized CuNPs were obtained by a modification of the

Brust’s procedure, introducing a polymerizable acrylic functionality into the NPs

shell. Then, CuNPs were integrated into the polymer backbone by means of a

specific cross-linking process, providing a way to control on the ionic release

from the particles [22].

Colloidal CuNPs have been recently synthesized in a solution of hyperbranched

polyamine (HBPA) by a reduction in the presence of NaBH4. Hence, hyperbranched

polymer was simultaneously supporting the stabilization of metal colloidal solution,

and preventing agglomeration and precipitation of the particles [23].

Weickmann et al. developed polymethyl-methacrylate (PMMA)/bentonite/Cu

nanocomposites by an electroless copper-plating process involving aqueous

Pd/bentonite dispersions that were first blended with a PMMA dispersion and

then treated with an electroless plating bath. As a result, 14-nm copper nanospheres

were selectively immobilized at the bentonite nano-platelet surface. Key feature of

this technology is the in situ formation of bentonite-supported metal nanoparticles

which are assembled at the surface of the cationic polymer latex. As a consequence,

Fig. 3.2 (a) SEM image of Cu nanorods, w ¼ 100, average aspect ratio, R � 13 (average length/

width 841.6 nm/63.5 nm). (b) TEM image of Cu nanorods, w ¼ 60, R � 64 (average length/width

1,338 nm/21 nm). (c) HRTEM image of Cu nanorods, w ¼ 100; distance between two adjacent

lattice planes is 2.2 Å. (d) TEM image of Cu nanorods coated with 1-undecanethiol after storing

under atmosphere for several months. Scale bars (a) 400 nm, (b, d) 200 nm, and (c) 2 nm for the

left and 200 nm for the right image (Reprinted with permission from [21]. Copyright 2010

American Chemical Society)
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a fragile inorganic shell is obtained, which is ruptured during melt processing,

producing very uniform fine dispersions of bentonite/metal hybrid nanoparticles.

This approach was demonstrated for PMMA but offers several new preparation

routes for other acrylic and styrene monomers [24].

Nanoparticulate hybrid systems derived from inorganic solids and carbon

nanotubes (CNTs) were developed by Mohan and co-workers [25]. Chemically

active surface and high-temperature stability are the basic attributes to use CNTs as

the template for the growth of nanoparticles. Cu-grafted carbon nanotubes (Cu-

MWCNTs) were prepared by a simple chemical reduction method divided into

three steps. In the first step, acid groups were introduced on the carbon nanotube

surface through sulphuric acid treatment, followed by the introduction of Cu ions in

the second step. Finally, ions introduced on the surface were subjected to chemical

reductions leading to the formation of Cu-MWCNTs [25].

Among the wide variety of polymer matrices, biopolymers are optimal

candidates as CuNP-dispersing matrix, since they are readily available, inexpen-

sive, environmentally friendly and fully compatible with scaling up industrial

needs. Moreover, the biopolymer oxygen-rich functionalities and their affinity

towards metals make them ideal candidates for the stabilization of nanoparticles

[26, 27]. For example, agarose has been utilized to prepare bioactive composite

films containing metal/semiconductor nanoparticles by introducing a metal/semi-

conductor precursor solution followed by a reducing agent, such as hydrazine

hydrate, during the agarose gelation process. In a typical synthesis, agarose powder

was dissolved in Luria-Bertani (LB) broth kept at 80�C with constant stirring.

CuSO4 was added to this system at two different concentrations (about 3 and

6 mg of Cu per millilitre of LB broth), followed by the addition of N2H4 hydrate

solution. The immediate appearance of wine red color was observed, indicating the

formation of CuNPs which became faint upon solidification, and then was masked

by the components of LB broth. The nanoparticles were trapped in the LB agarose

matrix, which was then employed to check the NPs antibacterial activity, without

further modification [26].

Cárdenas et al. have described the preparation and characterization of colloidal

Cu nanoparticles/chitosan composite films (Fig. 3.3) by a solution-casting tech-

nique, assisted by microwave heating [28–30]. This method gives an appropriate

nanoparticle size for its inclusion in chitosan matrix. The film-forming solution

exhibited good dispersion and film-forming property due to the high density of

amino and hydroxyl groups of chitosan, avoiding the aggregation of metallic

particles. Cu nanoparticles incorporated in chitosan matrix improved the film

barrier properties, decreasing the permeability to oxygen and water vapor. Further-

more, they increased the material protection against UV light [28, 29].

Recently,Mary et al. proposed a novel cellulose-based fiber, obtained by periodate-

induced oxidation of cotton cellulose fibres to give di-aldehyde cellulose, followed by

covalent attachment of –NH2 group of chitosan through a coupling reaction [31]. This

novel chitosan-bound cellulose fiber has been used for the immobilization of Cu2+

ions, producing a material the authors named “copper-bound chitosan-attached cellu-

lose”, while, copper nanoparticles-loaded fibers (NCLCAC) were produced by
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borohydride-induced reduction of Cu2+ (Fig. 3.4) [31]. The same authors have also

developed copper nanoparticles-loaded alginate–cotton fibers, which were prepared

by immersing cotton fibers in aqueous solution of sodium alginate, followed by cross-

Fig. 3.3 (a) Particle size distribution of colloidal Cu NPs, (b) TEM micrograph of colloidal Cu s,

(c) UV–vis spectra of colloidal Cu NPs, (d) UV–vis spectra of films (Reprinted from [28], Fig. 3.1.

With kind permission from Springer Science+Business Media)

Fig. 3.4 Photograph showing (a) plain cotton cellulose fibers, (b) copper-bound chitosan-attached

cellulose fibers, and (c) nanocopper-loaded chitosan-attached cotton fibers. Copyright permission

requested (Reprinted with permission from [31]. Copyright 2009 John Wiley and Sons)
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linking of alginate chains in presence of Cu2+ ions; finally, the fibers were reduced

with sodium borohydride [9].

Very recently, a new method for preparing antibacterial cotton bandages has

been developed by treating fabric surfaces with CuO NPs obtained via ultrasound

irradiation [32]. The sonication process involved an in situ generation of CuO NPs

and their subsequent deposition on fabrics in a one-step reaction. CuO-coated

bandages were prepared as follows: a cotton bandage was added to an Cu(Ac)2
H2O solution of ethanol and then irradiated for 1 h with a high intensity ultrasonic

Ti-horn. After adding the ammonium solution to the reaction cell, the color of the

reaction mixture changed from light blue to deep blue and then became dark brown.

The product was washed thoroughly, and then dried under vacuum. The as-prepared

CuO NPs were thrown at the surface of the bandages by sonochemical microjets

resulting from the collapse of the sonochemical bubble [32].

Copper-loaded carboxymethyl-chitosan (CMCS-Cu) nanoparticles have been

successfully prepared by chelation under aqueous conditions [33]. CuSO4 was

added to a CMCS solution under magnetic stirring, and the pH value of the solution

was kept acidic. The resulting particles were purified by centrifugation and then

extensively rinsed, re-dispersed in water and, lastly spray-dried before further use

or analysis [33].

3.2.1.3 Fully Inorganic Copper Nanomaterials

Compared to organic hybrid antibacterial materials, fully inorganic antibacterial

materials may offer several advantages, such as long-lasting action, stability (chemi-

cal, thermal, mechanical), simplified manufacturing and storage characteristics. The

preparation of inorganic antibacterial materials has attracted interest in recent years,

although it should be noted that – in the case of weak interactions of these agents with

their supporting/dispersing media – this approach might suffer from NP leaching/

releasing in aqueous media, which might give rise to nanotoxicology drawbacks.

A significant approach is that of synthesizing CuNPs in the presence of a

supporting oxide, such as alumina, titania, and mesoporous silica. Based on the

NP chemical stability, and on the interactions between CuNPs and the supporting

oxide, the copper release properties can be delayed for such a long time that Cu-

supported materials become attractive for antibacterial applications. Kim et al.

reported on the synthesis and characterization of a well-dispersed Cu-SiO2

nanocomposite that was obtained by depositing copper nanophases onto preformed

SiO2 NPs [34]. In this process, CuCl2 was added to a SiO2 NPs slurry under several

mixing ratios and with or without making use of catalysts, at room temperature and

under vigorous stirring. Finally, Cu-SiO2-1, Cu-SiO2-2, Cu-SiO2-3, and Cu-SiO2-4

nanocomposites were obtained [34].

Very recently, Wu et al. developed a novel biocompatible material composed of

mesoporous copper-doped silica xerogels (m-SXCu) by a sol–gel process using tetra-

ethoxy-orthosilicate and CuSO4·5H2O as precursors. Copper ions were demonstrated
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to be released from m-SXCu into the simulated body fluid at release rates depending

on the nanocomposite composition (Fig. 3.5) [35].

A few years later, this simple, low cost method was used to prepare SiO2-Cu

core–shell composites using SiO2 spheres as the supporting core and CuNPs as the

shell [36]. Uniform spherical particles of SiO2 were fabricated according to an

improved St€ober method. To deposit CuNPs on the surface of SiO2 spheres, the

specified amounts of CuSO4·5H2O and Fe powder were added to SiO2 slurry. When

the reaction was over, a fluid contained a brown-red precipitation was obtained.

SiO2-Cu-1, SiO2-Cu-2, SiO2-Cu-3, and SiO2-Cu-4 were synthesized by adding

different amounts of Fe powder [36].

Copper-based zeolites were synthesized by Petranovskii and co-workers [37].

The zeolitic raw mineral was ground and purified in order to remove the non-

zeolitic mineral phases. Then, an ion exchange, a multistep process involving

washing, drying and reduction in hydrogenn was carried out, in order to obtain

dispersed metal species. The advantage of copper zeolites is their low cost and high

permitted maximum concentration of copper accordingly to the World Health

Organization (WHO) requirements. In fact, WHO have classified zeolite minerals

as a function of their toxicity versus human health [37].

In a recent work of Stanić, the synthesis of copper-doped hydroxyapatite (HAP)

nanopowders was done by an acid–base neutralization method [38]. This method

was chosen because of its simplicity, the relatively inexpensive chemicals, the

possibility of preparing pure products, and its suitability for industrial production.

A required amount of CuO was dissolved in a solution of H3PO4, and the slow

addition to suspension of Ca(OH)2 was applied to obtain a monophasic product.

The slow reactant addition was found to yield pure, well-crystallized HAP, due to

low supersaturation and avoidance of local inhomogeneity [38].

A new form of Au3Cu1 hollow nanostructure was prepared by the reaction of Cu

nanoparticles with HAuCl4. Following a course of aging, the biomineral botallackite

Cu2(OH)3Cl nanoflowers (Fig. 3.6) were developed with the aid of Au3Cu1 hollow

nanostructures at room temperature. In a typical preparation of hollow nanospheres

Fig. 3.5 Change of Cu

concentration in the SBF

soaking m-SXCu over time

(Reprinted with permission

from [35]. Copyright 2009

IOP Publishing Ltd)
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and nanoflowers, a laser-prepared Cu colloidal solution was added to HAuCl4 thus

forming a greyish-blue dispersion of hollow nanospheres [39].

Finally, in a very recent work by Esteban-Tejeda et al., a low melting point soda-

lime glass powder containing CuNPs was obtained following a simple and reliable

bottom-up route starting fromn-Cu sepiolite as source of the copper nanoparticles [40].

The glass was milled down and homogeneously mixed in isopropyl alcohol with the

corresponding fraction of n-Cu sepiolite to obtain a copper-doped glass thatwas further

treated, thus obtaining glass bars or pellets, that were finally milled down to <30 mm
[40].

3.2.2 Electrochemical Syntheses

Electrochemical routes to metal nanoparticles (MeNPs) are of great interest since

they allow for high purity products and for a strict control over the cluster morphol-

ogy, without the need for chemical reductants.

In 2004, the so-called “sacrificial anode” method (proposed by Reetz in 1994 [41])

was applied in the authors’ laboratory to the electrochemical preparation of core–shell

copper nanoparticles [42]. CuNPs were prepared using a small-scale electrolytic

process, performed by using a three-electrode cell, equipped with a copper sheet as

sacrificial electrode, a platinum sheet as cathode electrode, and Ag/AgNO3 0.1 M in

acetonitrile as reference electrode. During such a process, when the applied potential is

sufficiently high, the anode dissolves under the form ofmetal ions that are subsequently

reduced at the cathode surface in the presence of proper surfactants, such as tetra-n-

alkyl-ammonium salts, which stabilize the nanoparticle under the form of a core–shell

structure in which the copper core is surrounded by quaternary ammonium ions

(Fig. 3.7) [42–46]. Core–shell CuNPs were directly obtained as nanocolloidal disper-

sion in a solution of disinfecting quaternary ammonium species, and then they could be

easily mixed to water-insoluble polymers which were ultrasonically dissolved in the

electrolysis solution. Several dispersing polymers were tested, including polyvinyl-

methyl-ketone (PVMK), polyvinyl-chloride (PVC), polyvinyldene-fluoride (PVDF),

estel 1100, etc., as a function of the final application envisaged. The resulting CuNPs/

polymer hybrid solutions – with different CuNPs loadings – were directly spin-coated

onto proper substrates for further characterization or applications.

Fig. 3.6 (a) SEM image of a

single nanoflower. (b) TEM

image of a single nanoflower

(Reprinted with permission

from [39]. Copyright 2006

American Chemical Society)
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Moreover, despite unsupported copper colloids being extremely active against a

wide range of bacterial pathogens [26], bioactivity experiments carried out on

nanoparticles embedded in a polymer matrix showed that supported CuNPs may

provide very high ion-release and eventually a significant efficiency in preventing

microbial growth. Using supported materials in place of unsupported ones, affords a

higher environmental compatibility for a wider range of applications, either as free-

standing nanocomposites or as deposited thin nanostructured films. Lipophilic

nanoparticles embedded into water-insoluble polymers cannot be released into the

environmental media or when allowed in contact with aqueous solutions. Using

different amounts of core–shell particles or properly choosing the stabilizing shell

was shown to provide a way to finely select the concentration levels of released Cu

ions. In fact, the stabilized structure of the CuNPs allowed a gradual and controlled

copper ions release, when the nanocoatings were exposed to aqueous solutions

(Fig. 3.8). The release extent of bioactive ions was demonstrated to be easily tuneable

by a proper selection of preparation parameters, such as, for instance, the metal

loading in the film. Noteworthy, the latter is a key aspect in order to kill or inhibit the

growth of harmful species, without affecting the health of human beings [42, 47].

3.2.3 Physical/Mechanical Approaches

Physical approaches are frequently preferred to other routes when the simultaneous

deposition of both nano-Cu and a proper dispersing medium (either organic or

inorganic) is desired. The main difference between this approach and those

described in the previous paragraphs is that the former does not necessarily provide

NPs stabilization with a chemisorbed layer of surfactants or capping agents.

For example, the ion beam co-sputtering (IBS) technique can be employed to

deposit different polymers and inorganic materials in an extremely controlled

Fig. 3.7 Nanoparticle with a

core-shell structure in which

the copper core is surrounded

by quaternary ammonium

ions
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fashion, just by selecting the composition of appropriate targets and adjusting the

IBS experimental conditions [48].

To the best of the authors’ knowledge, the first work aiming to deposit copper-

based nano-antimicrobials by IBSwas published by Ivanov-Omskii et al. in 2000 [49].

The authors reported on the modification of hydrogenated amorphous carbon (a-C:H)

filmswith nanosized copper clusters by IB co-sputtering of copper and graphite targets

in argon–hydrogen (80%Ar and 20%H2) DCmagnetron plasma. The copper concen-

tration in the growing film was varied within the range from 0 to 12 at.%, and it was

controlled by changing the relative areas of graphite and copper targets. So, copper

trapped into the a-C:H matrix was shown to deeply modify the structure and chemical

characteristics of the layer [50].

In 2005, bioactive copper–fluoropolymer (Cu–CFx) nanocomposites were suc-

cessfully deposited on different substrates by co-sputtering a Teflon target and a

copper target with Ar+ ion beams at room temperature. The ion-beam properties

(energy, current) and the growth rate ratio were chosen in order to obtain

copper–flourocarbon composites with a copper volume fraction comprised in the

interval 0 � ’ � 0.25 [48]. The analytical characterization of these layers revealed

that inorganic nanoparticles composed of Cu2+ species could be evenly dispersed in

a branched fluoropolymer matrix at different copper/fluoropolymer concentration

ratios. So, the IBS technique enabled the controlled and reproducible inclusion of

inorganic NPs in a polymer-dispersing matrix, thus obtaining active coatings with

tuneable properties [48].

Recently, Kelly et al. have co-deposited TiN/Cu nanocomposites with varying

copper contents (0 to ~26 at.%) in a dual-pulsedmagnetron sputtering system [49, 51].

The rig was equipped with two vertically opposed closed field unbalanced

magnetrons. The power applied to the Ti target was kept constant for the deposition

of TiN-based coatings, while the power applied to the Cu target was varied in order to

obtain different coating compositions [49].

Fig. 3.8 Copper release from

CuNP-containing

nanocomposites as function

of time. Different CuNPs

loadings in PVMK dispersing

polymers were employed,

relative weight percentages

are reported on the right.

Release curves are modelled

as a first-order process

(Reprinted with permission

from [45]. Copyright 2005

American Chemical Society)
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In 2010, Chang and co-workers proposed nanostructured Cr2N/Cumultilayer thin

films that were deposited by the bipolar asymmetry reactive pulsed DC magnetron

sputtering system [52]. Several multilayered thin films were deposited by alternately

rotating the substrates from the plasma of Cr target to the plasma of Cu target. The

target power values of Cr and Cu were adjusted to achieve a Cr2N/Cu thickness ratio

of around 9:1. Different bi-layer periods (L) were achieved by controlling the

substrate holding time in the plasma of Cr or Cu. In order to investigate the effects

of Cu layer thickness on the antibacterial activity of the coatings with the same L,
four thickness ratios of Cr2N/Cu layers were prepared [52].

In a study by Zhang et al. in 2006, copper was incorporated into the surface of

polyethylene (PE) specimens by means of a plasma immersion ion implanter

(PIII) [53]. One of the advantages of this approach is that low-energy Cu PIII can

introduce a large amount of Cu into the polymer without causing too much damage

to the polymer surface [53–55]. In a later study by the same authors, medical-grade

PE specimens were implanted with Cu in a plasma immersion ion implanter

equipped with a copper cathodic arc plasma source and nitrogen PIII was performed

to change the structure of the implanted region of the substrate [56]. Compared to

single plasma implantation processes, this dual PIII process (Cu/N2 PIII) provided a

better control over the copper release rate and improved the long-term antibacterial

properties of the Cu–PE nanomaterials, producing new polar unsaturated functional

groups such as C ¼ N and C � N in the near surface of the polymer [56].

Ren and co-workers prepared copper oxide (CuO) nanoparticles using thermal

plasma (TesimaTM) technology in 2009. The procedure allowed the preparation of

CuO, Cu, and Cu2O nanoparticles with extremely high surface areas and unusual

crystal morphologies [57]. On the other hand, drawbacks are represented by the cost

of the processing apparatus and, most of all, by the potential risks related to

handling copper-based nanoparticulate matter that could be unintentionally inhaled.

Finally, a low cost approach to nanoparticles and nanoparticulate coatings has

been proposed by Yates et al., who used a flame-assisted chemical vapor deposition

technique (FACVD) employing aqueous solutions of cupric nitrate as precursor,

leading to nanostructured metal oxide thin films [58]. FACVD is a relatively simple

atmospheric pressure chemical vapor deposition (CVD) technique that is compati-

ble with both small volume batch and high volume continuous coating processes.

Use of this method with low hazard aqueous solutions of simple metal salts can yield

metal oxide thin films, which represents a major advantage in terms of precursor

cost and environmental impact compared to alternative CVD methods [58].

3.3 Antimicrobial Activity

Copper shows an excellent antimicrobial activity against a wide range of

microorganisms [1, 10], and such a property is greatly improved when Cu is

properly nano-dispersed [59].

3 Synthesis and Antimicrobial Activity of Copper Nanomaterials 97



All papers reviewed in the previous section deal with the growth inhibition or

killing effects of novel copper nanostructures towards several microorganisms. In

this section, these studies have been classified according to the bioactivity towards

three target classes: bacteria, fungi, and algae.

Most of the bacteria in the body are rendered harmless by the protective effects

of the immune system, and a few are beneficial; however, some species of bacteria

are pathogenic and may cause infectious diseases. Fungi have an essential role in

the decomposition of organic matter and have fundamental roles in nutrient cycling

and exchange, but many species produce bioactive compounds, including

mycotoxins, that are toxic to animals including humans. Finally, the various sorts

of algae play significant roles in aquatic ecology, even if some of them are common

constituents of the biofilm formed during marine biofouling.

Genetic and biochemical studies have been conducted with microbial model

systems including bacteria and yeast, establishing that cells have developed a

sophisticated homeostatic mechanism to uptake copper [11, 12].

Microbial sensitivity to nanostructures has been found to be extremely different,

depending on the microbial species and on the experimental set-up. Different

methods that have been used to test the antimicrobial activity of copper

nanomaterials are itemized as follows: disc diffusion test also defined zone of

inhibition (ZoI), minimum inhibitory concentration (MIC), minimum bactericidal

concentration (MBC) and counting the number of colony-forming units.

MIC is defined as the lowest concentration of a material that inhibits the growth

of an organism; while MBC is defined as the lowest concentration of a material that

inhibits the growth of an organism in batch cultures, this can be determined from

broth dilution MIC tests by subculturing to agar media without antibiotics.

Hence, a quantitative comparison of the bioactivity effects of Cu-nano-

antimicrobials is not possible in all cases, since the antimicrobial effectiveness

was studied using different experimental parameters, such as methods, time of

contact, and microorganism strain, as well as its initial concentration.

3.3.1 Antimicrobial Tests Against Bacteria

Bacteria are a large group of single-celled prokaryote microorganisms. There are

two different types of cell wall in bacteria, called Gram-positive and Gram-negative.

The names originate from the reaction of cells to the Gram stain, a test long-

employed for the classification of bacterial species.

Gram-positive bacteria possess a thick cell wall containing many layers of

peptidoglycan and teichoic acids, while Gram-negative bacteria have a relatively

thin cell wall consisting of a few layers of peptidoglycan surrounded by a second

lipid membrane containing lipopolysaccharides and lipoproteins.
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3.3.1.1 Escherichia coli

Escherichia coli represents the most important model microorganism in studies on

the antibacterial activity towards Gram-negative bacteria. Many papers mentioned

in paragraph two deal with the assessment of the nano-antimicrobial activity against

E. coli, tested using different protocols [9, 17, 25, 26, 31, 32, 34–36, 38, 40, 44, 45,
48, 52, 53, 57, 58].

Three different methods have been used to study the effects of CuNPs

synthesized by Ruparelia and co-workers towards E. coli (four strains): disc

diffusion test, MIC and MBC. The MIC and MBC values observed in this study

are, respectively, in the range of 140–280 and 160–300 mg/mL. A good negative

correlation was observed between the inhibition zone observed in disc diffusion test

and MIC/MBC determined based on liquid cultures with the various strains

(r2 ¼ �0.75) [17].

Copper oxide nanoparticles in suspension were used to determine the lowest

bactericidal concentration required to prevent the growth of E. coli (NCTC 9001).

As a result, a MBC value of 250 mg/mL was found [57], which is very similar to that

observed by Ruparelia et al.

The disc diffusion test was also used to evaluate the antimicrobial properties of

nanocopper-loaded fibers [31], nanocopper alginate–cotton cellulose fibers [9], Cu-

SiO2 nanocomposite [34], SiO2-Cu composites [36], and copper-doped hydroxyap-

atite nanopowders [38].

The results of antibacterial action of nanocopper-loaded fibers, namely

NCLCAC (2) and NCLCAC (4), clearly indicate that Petri dishes with plain fibers

show dense populations of bacterial colonies. In contrast, Petri dishes supplemented

with nanocopper-loaded fibers, NCLCAC (2) and NCLCAC (4), show less growth

of colonies, as indicated by a clear zone of inhibition around the bunch of the

amount of CuNPs present in the fibers which, in turn, depends upon the concentra-

tion of Cu2+ solution used for copper loading [31]. In another paper, the same

authors showed that nanocopper alginate–cotton cellulose fibees efficiently inhibit

bacterial growth (Fig. 3.9) [9].

Fig. 3.9 Antibacterial activity of copper nanoparticles loaded alginate cotton cellulose fibres

(Reprinted with permission from [31]. Copyright 2009 John Wiley and Sons)
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The disk diffusion assay of Cu-SiO2 nanocomposites was determined by placing

an 8-mm disk saturated with 50 mL of Cu-SiO2-1, Cu-SiO2-3, and Cu-SiO2-4

nanocomposite aqueous slurry onto an agar plate seeded with E.coli (ATCC

25922). After 24 h of incubation, the diameters of the inhibition zones were

measured. The antibacterial activity of Cu-SiO2-1 was not detected, while the

inhibition zones of SiO2-4 and Cu-SiO2-3 were determined as 11 and 15 mm.

The antibacterial activities of the Cu-SiO2-3 nanocomposite were higher than

those of Cu-SiO2-4 because Cu nanoparticles of the Cu-SiO2-3 nanocomposite

were well formed and not aggregated on the surface of the SiO2 nanoparticle [34].

The antimicrobial activity of SiO2@Cu composites was examined against E. coli
by two methods: paper disk agar diffusion assay and MIC. The inhibition zones of

SiO2@Cu-2, SiO2-Cu-3, SiO2-Cu-4 were determined, respectively, as 16.8, 10.1

and 12.1 mm. SiO2-Cu-2 showed the best antibacterial properties and perfect

core–shell structure. In order to calculate antimicrobial activity quantitatively, the

MIC method was performed [36].

The antimicrobial activity of copper-doped hydroxyapatite nanopowders was

tested against E. coli (ATCC 25922) by the so-called “agar diffusion” and “liquid

challenge” methods. The diffusion technique was carried out by pouring agar into

Petri dishes to form 4-mm-thick layers and adding a dense inoculum of the tested

microorganisms in order to obtain semiconfluent growth. The results of antimicro-

bial disk diffusion tests showed that only CuHAP2 affects E. coli and that the

average inhibition zone was 2 mm. The quantitative test was performed according

to Radetić et al. [60] with some modifications. The results of the quantitative

antimicrobial tests in liquid medium demonstrated that all metal-doped HAP

samples show viable cells reduction [38].

Cioffi et al. carried out biological tests against E. coli on electrosynthesized

copper nanoparticles dispersed in several polymers, and on IBS-deposited

composites and copper fluoropolymer nanocomposites films. The screening of the

antimicrobial activity was performed using a two-steps protocol. In the first step,

properly diluted cultures containing the living cells were allowed to be in contact,

under sterile conditions, with the nanostructured layers for a controlled interaction

time. In the second step, a plate counter agar solid culture medium was poured onto

the glass plates, which were subsequently incubated so that the vital cells, eventu-

ally present, could grow into colonies.

The microorganism colony presence was then evaluated, by counting the col-

ony-forming units per Petri plate (CFU/mL). In the case of the CuNPs stabilized by

tetra-butyl-ammonium-perchlorate (TBAP) and embedded in polymer matrixes

like PVMK, PVC, and PVDF, it was observed that the samples always exerted

clear biostatic activity on E. coli. Moreover, it was systematically observed that the

CuNPs-PVMK films exhibited the strongest biostatic effect, while the least effec-

tive were the CuNPs-PVDF films.

The CFUs counted in the plates with the bare polymers and the polymers added

with TBAP were comparable, within the experimental error, to the control experi-

ment, indicating that neither the bare polymers nor the alkyl-ammonium salt exert

any short- term biostatic activity on the growth of the microorganisms [45].
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In contrast, in the case of the CuNPs stabilized by tetraoctylammonium chloride

(TOAC) and embedded in polymer matrixes like PVMK, the ammonium salt gave

rise to a strong growth inhibition effect, causing a significant decrease in the

cellular growth. Interestingly, these nanocomposites were characterized by

increased biological activity due to the simultaneous action of the TOAC and the

embedded metal species [44].

Moreover, Cu-CFx coatings showed an even more striking disinfectant action

towards E. coli thanks to the extremely high concentration of released copper

species [48].

The viable E. coli cells were monitored by counting the number of colony-

forming units, and the effect was quantitatively determined by the killing percent-

age for Cu-MWCNTs [25], CuO–cotton nanocomposites [32], Agarose–CuNPs

composites [26], m-SXCu [35], Cr2N/Cu layer [52], Cu PIII PE samples [53], Cu

PIII PE and Cu/N2 PIII PE samples [56].

Cu-MWCNTs were also investigated against bacteria, following the requirement

of ISO 14729:2001(E) regulations. An amount of 20 mL of the bacterial suspension

in USP phosphate buffer pH 7.2 was transferred to 1 mL of the prepared sample

(21 mg of MWCNT-COOH/mL and 21 mg of Cu-MWCNT/mL) in a test tube.

A series of tenfold dilutions in neutralizing broth were prepared and plated out in

Trypticase Soy Agar. The plates were incubated at 37�C for 72 h and counted for

colony-forming units. The results were expressed as:

%Kill ¼ ½ðNcontrol � NsampleÞ=Ncontrol� 	 100

where Nsample represented the counts of survived bacterial inoculums in the neu-

tralization broth containing 21 mL of Cu-MWCNTs or pristine MWCNTs. Pure

MWCNTs exhibited a relatively low effect against E. coli bacteria (20 
 2.5%) at

the concentration level of the 21 mg/mL. Cu-MWCNTs exhibited a fairly good

antimicrobial efficiency (~75%) as compared to pure CuNPs showing a killing

percentage of about 52% [25].

CuO–cotton nanocomposites tested against E. coli led to the complete inhibition

of cell growth [32].

Agarose–CuNPs composites at two different concentrations (3 and 6 mg of Cu

per millilitre of LB broth) were employed to check the antibacterial activity of

E. coli. Complete inhibition was observed even at the lower concentration (at about

3 mg of Cu per gram of composite gel) [26].

The antibacterial performances of m-SXCu against E. coli (ATCC 8723) were

quantitatively determined using the same relationship used in the case of Cu-

MWCNTs. m-SXCu showed good antibacterial activity against E. coli; for

instance, the antibacterial rate reached 99% for the sample coded as “m-SXCu5”

at 1 h, while it reached 99% for all m-SXCu samples at 24 h (Fig. 3.10). The

antibacterial rate was improved with the increase of the amount of Cu, indicating

that addition of Cu ions to m-SX enhanced its antibacterial activity [35].
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The antibacterial tests of coatings with various bilayer periods (L) and different

Cr2N/Cu thickness ratios were performed to evaluate the bactericidal ability

towards E. coli (ATCC25922). A film attachment method (modifying the method

JIS Z 2801:2000) was adopted for evaluating the antibacterial activity in this work.

The effect was quantitatively determined using the same relationship used in the

case of Cu-MWCNTs. Apparently, the coating antibacterial rate against each

bacterium increased with increasing bilayer period and reached a maximum value

of 100% at L ¼ 20 nm, followed by a drastic decrease when the bilayer period

increased to 40 nm. In order to investigate the effects of Cu layer thickness, the

antibacterial rates of the coatings with fixed L ¼ 12 nm and different Cr2N/Cu

layer thickness ratios were also studied. As expected, the antimicrobial rate

increased with increasing Cu layer thickness and reached a maximum value for

the E. coli test of 100% at a Cr2N/Cu layer thickness ratio of 7:3[52].

Cu PIII PE samples were tested against E. coli (ATCC10536) suspensions with a
concentration of 106 CFU/mL. The antibacterial performance was determined by

the plate-counting method and the antibacterial effect was quantitatively deter-

mined using the same relationship used for Cu-MWCNTs. The effectiveness of the

antimicrobial properties was as high as 96% [53].

In a more recent work, the antimicrobial properties of the Cu PIII PE and Cu/N2

PIII PE samples were studied at immersion times of 0, 14, 28 days. The tested

microorganisms were E. coli suspensions with a concentration of 106 CFU/mL. The

antibacterial performance was determined by the plate-counting method and

the antibacterial effect was quantitatively evaluated using the same relationship

of the previous paper [25]. Both Cu PIII PE and Cu/N2 PIII PE showed excellent

antibacterial effects against E. coli. This was hypothesized to mainly stem from the

surface-deposited Cu that can deliver immediate antimicrobial effects. After

14 days, the Cu PIII PE and Cu/N2 PIII PE samples still possessed good

antibacterial performances against such a concentrated cell suspension, the antimi-

crobial effects against E. coli being higher than 70% and 80%, respectively [56].
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Fig. 3.10 Antibacterial rate of m-SX and m-SXCu against E. coli (Reprinted with permission

from [35]. Copyright 2009 IOP Publishing Ltd)
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Finally, the viable E. coli cells were monitored by counting the number of

colony-forming units, and the effect was quantitatively determined by the logarithm

of reduction for n-Cu sepiolite and the n-Cu-doped glass powder [40] on copper

oxide thin films [58].

Biocide tests were performed to investigate the effect of the n-Cu sepiolite and

the n-Cu-doped glass powder towards Escherichia coli JM 110; the nanomaterials

were added over the cultures to obtain a final concentration of copper in each

culture of 0.036 and 0.054 wt%. The survivals from each culture were counted

every 24 h, after plating serial dilution. The effectiveness of the biocide agent was

expressed as the logarithm of reduction, and it is defined as follows:

log � ¼ logA� logB

where A is the average number of viable cells from inoculums control after 24 or

48 h and B is the average number of viable cells from the substance after 24 or 48 h.

The activity against E. coli of n-Cu glass powder was very high (log � of 8.2 for the
n-Cu glass powder versus 0.76 for the n-Cu sepiolite) after 48 h. Consequently, the

MIC for the n-Cu glass powder as an antibacterial agent is <0.036 wt% [40].

Biocidal activity of copper oxide thin films on glass was determined by moni-

toring the survival rate of E. coli (ATCC 10536). The used test was a modification

of the standard test described by BS EN 13, 697:2001 [61]. The films deposited at

400�C and with 30 passes were found to be highly bioactive and achieved high kill

rates of>5 log reduction over 12 min. A much thinner sample of CuO, deposited at

400�C and with two passes, was also tested; in this case, the killing rate was much

slower, taking 80 min for a 3 log reduction. The much slower growth rate was

hypothesized to be correlated to a lower amount of CuO [58].

3.3.1.2 Staphylococcus aureus

Staphylococcus aureus represents the most frequently used target microorganism in

studies on the antibacterial activity towards Gram-positive bacteria.

The antimicrobial properties of copper nanoparticles were investigated using

S. aureus (three strains) by the disc diffusion test, MIC and MBC. The MIC and

MBC values observed in this study are, respectively, 140 and 160 mg/mL [17].

Copper oxide nanoparticles in suspension were used to determine the MBC

value for S. aureus EMRSA-16, S. aureus EMRSA-1, S. aureus 252, S. aureus
(Golden) and S. aureus (Oxford) that were respectively equal to 1,000, 250, 1,000,

2,500 and 100 mg/mL [57].

Micro-MIC assays were performed for both Au3Cu1 hollow nanostructure and

the derived Cu2(OH)3Cl nanoflowers. Both MIC50 and MIC90 were defined as the

minimal concentrations of the nanoparticles to achieve 50% and 90% growth

inhibition of the bacteria, respectively, as referenced to the non-treated control. As

shown in Fig. 3.11, antimicrobial activities of both nanomaterials were observed.
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However, the hollow nanospheres showed stronger antibacterial effects than the

nanoflowers with MIC50 values of 39.6 and 127.2 mg/mL, respectively [39].

Bentonite-immobilized copper/PMMA hybrid nanocomposites exhibited only

bacteriostatic behavior against S. aureus [24].
The antimicrobial activity of SiO2-Cu composites was examined not only

against E. coli but also against S. aureus. The inhibition zones of SiO2-Cu2,

SiO2-Cu3, and SiO2-Cu4 were determined, respectively, as 16.0, 9.5 and

11.2 mm; thus, SiO2-Cu2 showed the best antibacterial properties. The SiO2-Cu2

composites exhibited high efficiency for destruction of S. aureus with a MIC value

of 0.8 mg/mL [36].

The antimicrobial activity of Cu-doped hydroxyapatite nanopowders was tested

against S. aureus (ATCC 25923) by the agar diffusion method and the liquid

challenge method in buffer solution with the same protocol used for E. coli. The
results of antimicrobial disk diffusion tests showed no inhibition zone. The results

of the quantitative antimicrobial tests in liquid medium demonstrated viable cell

reduction by all the metal-doped HAP samples [38].

ZoI and a nitro-blue tetrazolium (NBT) redox dye were used against S. aureus to
determine the antimicrobial effectiveness of TiN/Cu nanocoatings following incu-

bation. For the NBT assays, colony-forming units were counted following submer-

sion in the NBT dye for 5 h. For the ZoI assays, the zones of inhibition from the

surface were measured using an electronic micrometer. For the NBT assays,

significant reduction in the number of viable cells was observed with increasing

Cu content, compared to the ‘pure’ nitride surfaces, while no zones of inhibition

were observed. This could be explained by considering that the latter assay is

sensitive to ion leaching from the surface into the agar [49].

Fig. 3.11 Bacteria growth inhibition for S. aureus as referenced to the untreated control revealed

dose-dependent antimicrobial activity of both hollow nanospheres (Au3Cu1) and nanoflowers

(Cu2(OH)3Cl) (Reprinted with permission from [39]. Copyright 2006 American Chemical

Society)
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In a recent work, Cu nanoparticles/chitosan composite films were tested against

S. aureus (ATCC 25923). A standard plate count method on Mueller–Hinton Agar

was used to determine the concentration of bacteria capable of reproducing. The

composite film was effective in reducing microbial concentration in the bulk fluid

for the microorganism tested. Cell wall deformation is related to the cytoplasmic

volume decrease (Fig. 3.12) and the detrimental structural change was the result of

the cell shrinkage [28].

CuO–cotton nanocomposites were also tested against S. aureus. Treatment for

1 h with the coated cotton led to the complete inhibition of cell growth [32].

The antibacterial performance of m-SXCu against S. aureus (AATCC 6538) was

determined by the method of plate counting. Similar results to E. coli were

obtained, since the antibacterial rate of m-SXCu increased with the increase of

Cu amounts at 1 h as shown in Fig. 3.13 [35].

In the authors’ laboratories, TBAP-capped CuNPs were dispersed in several

polymers and employed in biological experiments against S. aureus and Lysteria
monocytogenes following the experimental protocol previously described. A simi-

lar approach was also used for Cu-CFx ultra-thin coatings. In all cases, a clear

correlation was found between ion release properties and bioactivity of these

nanomaterials [45, 48].

Fig. 3.12 (a) TEMmicrograph of thin section of untreated S. aureus. (b) TEMmicrograph of thin

section of S. aureus treated with composite film. (c, d) TEMmicrograph of deposition onto copper

grid of S. aureus treated with composite film (Reprinted from [28], Fig. 3.6. With kind permission

from Springer Science+Business Media)
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The antibacterial activity of 1,000-nm carboxymethyl-chitosan (CMCS) particles

and of ~100-nm copper-loaded CMCS particles were evaluated against S. aureus by
the vibration method. Results showed that the antibacterial efficiency of nanoparticles

reached 99%, which is much more efficient than the 68.9% of the normal 1 of

1,000 nm and the 6.1% of CMCS [33].

Antibacterial tests of coatings with various bilayer periods and different

Cr2N/Cu thickness ratios were performed against S. aureus and showed that the

antibacterial rate reaches 100% at Cr2N/Cu layer thickness ratios of 5:5 [52].

Cu PIII PE samples were also tested against S. aureus (ATCC 6538) and their

antibacterial effect was as high as 86% [53].

Finally, the antimicrobial activity of Cu-SiO2 nanocomposite was measured by

the paper disk diffusion method against S. aureus (ATCC 25923). Only the

antibacterial activity of Cu-SiO2-3 and Cu-SiO2-4 was detected [34].

3.3.1.3 Gram+ and Gram� Bacteria

In view of real-life applications, copper nanomaterial antimicrobial properties were

tested towards several bacteria.

Bacillus subtilis (three strains), although it is not a human pathogen, may

contaminate food and causes food poisoning and, as such, it has been chosen as a

target species [17]. Tests on this microorganism were carried out by MIC and MBC

approaches. The MIC and MBC values observed in this study are, respectively, 20

and 40 mg/mL. As a result, copper nanoparticles have been hypothesized to show a

great affinity to surface-active groups of B. subtilis.
Glass-supported copper oxide thin films were also tested against Staphylococcus

epidermidis (NCTC 11047). This bacterium was chosen since it can grow on

plastic devices, such as intravenous catheters, and on medical prostheses placed

within the body. Interestingly, the rate of kill exerted by the afore-mentioned
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Cu-nano-antimicrobials was similar for both E. coli and S. epidermidis. Gener-
ally, Gram-positive bacteria such as S. epidermidis are considered to be more

resistant than Gram-negative bacteria such as E. coli, but in this case there was

little difference [58]. Not only copper oxide thin films on glass but also copper

oxide nanoparticles in suspension were used to determine the lowest bactericidal

concentration required to prevent the growth of two strains of S. Epidermidis. The
MBC value for S. Epidermidis SE-51 and SE-4 was 2,500 mg/mL. Moreover, the

MBC value was 5,000 mg/mL for Proteus spp. [57].
Cu nanoparticles/chitosan composite films were also tested against Salmonella

enterica serovar Typhimurium with the same protocol used for S. aureus. The cell
wall of S. Typhimurium is very rough due to the cell wall components, which are

also possibly cross-linked, resulting in heterogeneous surfaces. Treated cells with

composite film appeared smooth, collapsed and cracked, and markedly shrank [28].

Very recently, copper-containing nanomaterials such as TiN/Cu nanocoatings,

Cr2N/Cumulti-layered thin films and copper oxide nanoparticles were tested against

Pseudomonas aeruginosa. Usually, this microorganism infects the pulmonary and

urinary tracts, as well as burns, wounds, and also causes other blood infections. As a

consequence, P. aeruginosa is a target species of considerable applicative interest.

In the case of TiN/Cu films, similar considerations to S. aureus could be done about
the biological results as reported in Sect. 3.1.2 [49]. In the case of Cr2N/Cu multi-

layered thin films, the antibacterial rate reached 100% at a Cr2N/Cu layer thickness

ratio of 3:7 [52]. Finally, copper oxide nanoparticles in suspension were used to

determine the lowest bactericidal concentration required to prevent the growth of

P. aeruginosa; the resulting MBC value was 5,000 mg/mL [57].

The activity of the Cu-SiO2 nanocomposite against Enterobacter cloacae
(ATCC 29249), which is associated with infections of the urinary and respiratory

tracts, was measured by the paper disk diffusion method [34].

The antimicrobial effect of the n-Cu sepiolite and the n-Cu-doped glass powder

was also performed againstMicrococcus luteus, which colonizes the human mouth,

mucosae, oropharynx and upper respiratory tract. For a copper content in the

cultures of 0.036 wt%, n-Cu sepiolite and n-Cu glass powder showed similar

bioactivity (log � of 3.36 versus 3 after 48 h of biocide test). However, at an

increasing content of copper in the cultures, the biocide activity of n-Cu glass

powder was significantly higher [40].

In the authors’ laboratories, tests on the bioactivity of CuNPs-Estel nanomaterials

were recently performed against Arthrobacter histidinolovorans (ATCC 11442),

yielding a complete inhibition of the microorganism growth [46]. The importance

of this evidence relies in the perspective application of Cu/Estel nano-antimicrobials

to the field of the cultural heritage. The proposed material behaved as a multifunc-

tional coating, capable of combining the antimicrobial properties of nanostructured

copper with those of the formulations applied to the restoration of stone artworks.

Copper NPs/polymer composites synthesized by Neckers and co-workers were

tested against cyanobacterial strains of Synechocystis sp. PCC 6803 (freshwater) and

Synechococcus sp. PCC 7002 (marine). The Cu NP/polymer composite pellets were

immersed in flasks containing the growing cells at the start of the culture period. Cell
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growth of the cyanobacteria was correlated with absorbance measured at 24-h

intervals at 680 nm. All tested Cu NP species exhibited good antibacterial activity,

especially when NPs were chemically attached to the polymer backbone [22].

3.3.2 Antimicrobial Tests Against Fungi

The fungus kingdom encompasses an enormous diversity of taxa with varied

ecologies, life cycle strategies, and morphologies ranging from single-celled

aquatic chytrids to large mushrooms.

So far, more than ten papers have dealt with the bioactivity of the novel copper

nanostructures towards fungi. The different studies on each nanomaterial are

itemized and classified in the following in terms of the function of the target

microorganism.

Among the different species of fungi, Saccharomyces cerevisiae is a model

organism for studying the antifungal activity of nanomaterials. In 2004 and follow-

ing years, we choose this microorganism to test copper nanoparticles/polymer

composites and copper fluoropolymer nanocomposites films. The screening of the

antifungal activity was performed using a two-step protocol, as previously

described. The microorganism colony presence was then evaluated, by counting

the colony-forming units per Petri plate (CFU/mL).

In the case of the CuNPs stabilized by TBAP and embedded in polymer matrixes

like PVMK, PVC, and PVDF, it was observed that the samples always exerted clear

biostatic activity on the yeast cell growth. Moreover, it was systematically observed

that composites exerting the highest release of Cu ions exhibited the strongest

biostatic effect [45]. The results clearly showed that the higher the nanoparticle

loading, the lower the number of residual CFU; i.e., the stronger the antifungal

effect (Fig. 3.14) [42].

Fig. 3.14 The left Y axis
reports the amount of the

CFU/mL for seven different

PVMK nanocomposites

loaded with different bulk

concentrations of CuNPs. The

right Y axis reports the copper
concentration released by the

nanocomposites in the culture

broth after 4 h exposure

(Reprinted with permission

from [42]. Copyright 2004,

American Institute of

Physics)
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Similar results were obtained for Cu-CFx coatings. Higher loadings of

unstabilized metal nanoparticles resulted in higher copper surface availability and

in a much higher release of copper ions; eventually, this gave rise to a significantly

increased bioactivity [48].

Finally, in the case of CuNPs stabilized by TOAC and embedded in polymer

matrixes like PVMK, it was observed that the ammonium salt itself was strongly

inhibiting the fungi growth. As a consequence, Cu/TOAC/polymer hybrid materials

showed an increased biological activity, thanks to synergistic action of the quater-

nary ammonium species and of copper ions [43, 44].

Effective antifungal activity of hyperbranched polyamine CuNPs, Cu-SiO2

nanocomposites, SiO2-Cu and copper-doped hydroxyapatite nanopowders were

observed against Candida albicans fungus, which can be a pathogenic agent,

causing candidiasis in the oral cavity, the esophagus, the gastrointestinal tract, the

urinary bladder and the genital tract. The results of antifungal studies clearly

demonstrated that the colloidal hyperbranched polyamine/CuNPs inhibited the

growth of C. albicans even at very low total concentrations of copper (1.4 g/100 L)

[23].

The antimicrobial activity of the Cu-SiO2 nanocomposite was measured by the

paper disk diffusion method. The disk diffusion assay was determined by placing an

8-mm disk saturated with 50 mL of several Cu-SiO2 nanocomposite aqueous

slurries onto an agar plate seeded with C. albicans and Penicillium citrinum. The
latter produced ochratoxin and citrinin which may cause growth retardation, hepatic

necrosis and nephropathy. After 24 h of incubation, the diameters of the inhibition

zones were measured and selected samples were shown to be active against

C. albicans [34].
In a recent paper, the antimicrobial activity of SiO2-Cu composites was exam-

ined by two methods, namely paper disk agar diffusion assay and MIC. The ZoI

comprised between 9 and 10.6 mm, as a function of the amount of copper on the

SiO2 surface. In order to calculate antimicrobial activity quantitatively, the MIC

method was performed. The SiO2-Cu core–shell composite was dissolved in ultra-

pure deionized water to form colloidal solutions with different SiO2-Cu

concentrations. High efficiency for the destruction of C. albicans was obtained at

nano-antimicrobial concentrations of 0.9 mg/mL [36].

The antimicrobial activity of copper-doped hydroxyapatite nanopowders was

tested against yeast C. albicans (ATCC 24433) by the agar diffusion method and

the liquid challenge method in buffer solution. The diffusion technique was carried

out by pouring agar into Petri dishes to form 4-mm-thick layers and adding a dense

inoculum of the tested microorganisms in order to obtain semiconfluent growth.

The results of antimicrobial disk diffusion tests showed that only some samples

affected C. albicans and the average inhibition zone was 3 mm. The results of the

quantitative antimicrobial tests in liquid medium demonstrated that all metal-doped

HAP samples show viable cell reduction [38].

Low-polydispersion copper nanoparticles and nanorods exhibited antifungal

properties against Stachybotrys chartarum, which is a common indoor house

mold that has been linked to various health effects and the “sick building
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syndrome”. The disk diffusion assay and MIC tests were used. In the first assay, the

radii, r, of the inhibition zone surrounding CuNP reservoirs depended on the

concentration of the nanoparticles (Fig. 3.15). Following the standard procedure,

these radii were fitted to the solution of the one-dimensional, radial diffusion

equation:

ðr � r0Þ2 ¼ 4Dt lnðc=c0Þ

where r0 ¼ 5 mm is the radius of the NP reservoir, D is the diffusion constant of

CuNPs/Cu2+, t is the time, and c0 is the critical NP concentration required to inhibit

any growth of the fungus. Rearranging this equation and plotting

ln c ¼ ðr � r0Þ2=4Dtþ ln c0

gave the critical concentration (from the y-intercept) of 55.46 mM in terms of Cu

atoms, which is close to the minimum inhibitory concentration of 40 mM deter-

mined by the MIC assay. This MIC value is lower than the Stachybotrys
chartarum MIC values reported for carneic acid (75 mM, 25 mg/mL), penicillin

G (299 mM, 100 mg/mL), or itraconazole (142 mM–142 mM; 0.1–100 mg/mL) but

higher than the 2.5 mM (3.12 mg/mL) [43] for actinomycin D (which, however, is

highly toxic) [21].

To investigate the effect of the n-Cu sepiolite and the n-Cu-doped glass powder

on Issatchenkia orientalis, the nanomaterials were added over the culture to obtain

a final concentration of copper in each culture of 0.036 and 0.054 wt%, respec-

tively. The survivals from each culture were counted every 24 h after plating serial

dilution. No activity was detected for the n-Cu sepiolite, while n-Cu glass powder

was active at a Cu concentration of 0.054 wt%. This activity could be explained by

considering the synergistic effect of n-Cu with Ca2+ lixiviated from the glass [40].
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In 2000, the fungistatic action of a-C:H:Cu films was tested towards five species

of fungi: Aspergillus niger (giving rise to aspergillosis upon spore inhalation);

Chaetomium globosum (which is a cause of infections in humans); Cladosporium
cladosporioides and Epicoccum nigrum (which are fungal plant pathogens); and

Pestalotia heteromorpha. In these tests, samples were inoculated with fungi spores

in distilled water (pH ¼ 6.8), and stored in closed chambers for 21 days at

T ¼ 27�C and 100% humidity. Quantitative estimation of fungal growth, based

on the so-called coefficients of biodeterioration (K), was expressed as the ratio

between the area covered by fungi and the whole area of the analyzed field. No

pathological fungal growth was detected on a-C:H:Cu films containing 9 at.% of

copper [50].

Three species of black fungi (Cladosporium cladosporoides, Phaeococcomyces
chersonesos, Ulocladium chartarum), isolated from marble were used to demon-

strate fungicide action of Cu-based zeolites. Zeolite powder concentrations were in

a range from 0.005 to 0.5 g/cm2 for each series of samples. Marble samples were

exposed in closed chambers for 21 days at T ¼ 27�C and 100% humidity. Morpho-

logical characteristics, mycelia patterns formation on solid media, growth rate, and

fungal biomass amount in stationary growth phase were used for the characteriza-

tion of fungicide activity of zeolite samples. Minimal inhibiting concentration of

zeolite powder, sufficient for preventing fungal growth, lay in the range

0.05–0.1 g/cm2 and depended on the fungal strain [37].

3.3.3 Antimicrobial Tests Against Algae

Algae are a large and diverse group of simple, typically autotrophic organisms,

ranging from unicellular to multicellular forms. Among the referenced studies on

Cu-nano-antimicrobials, only the group of Neckers has chosen strains of green

algae and diatoms to detect the biological activity of different functionalized copper

NPs/polymer composites. A freshwater green alga, Chlamydomonas sp. strain CD1
Red, and the marine diatom, Phaeodactylum tricornutum CCMP 1327, were used

as test organisms. Cu NP/polymer composite pellets were immersed into the flasks

containing the growing cells at the start of the culture period. Two controls were

established: the culture without any polymers or biocides, and the polymer lacking

any copper particles. The latter was important to probe the effects of the polymer

matrix or the irradiated photo-initiator on cell growth. Cell growth of the green

algae was correlated with absorbance measured at 24-h intervals at 680 nm. The

cell growth of the diatoms was monitored daily by measuring in vivo chlorophyll

fluorescence (lex ¼ 436 nm; lem ¼ 680 nm). The antimicrobial activity of the

acrylated copper nanoparticles developed by Neckers’ group matched well with

conventionally used biocides [22].
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3.4 Applications of Antimicrobial Copper Nanomaterials

Despite the difficulty of a quantitative comparison regarding the biological activity

of the copper-based nanomaterials, the results mentioned in the previous paragraphs

demonstrate the great potentialities of these novel nanostructures as efficient

biocide agents with a widespread action.

Moreover, the large number of possible approaches to the synthesis of these

nanostructures are reasonable to envisage a great development of this research field

thanks to the perspective growth of their real-life applications.

The use of stabilized and/or polymer-dispersed CuNPs provides better control

over ion release properties, especially when NPs are chemically interacting with the

polymer backbone [22], or when they are further stabilized, due to a tuneable

core–shell structure [47]. Biological activity is not compromised by the use of

controlled releasing of Cu-nanomaterials; on the contrary, we have recently

demonstrated that these materials may have a great value for the development of

antibacterial paints and coatings for household materials, textiles, biomedical

devices, hospital and food storage equipment, etc. [47]. Thus, metal-polymer

nanocomposites can be a valid option for such purposes because of the highly

dispersed nature of the metal releasing-clusters and a large nanoparticles–polymer

interface area that ensures high reactivity. Advanced antifungal coating materials,

such as hyperbranched polyamine/Cu nanoparticles, low-polydispersion copper

NPs and NRs, functionalized CuNPs and Cu-grafted carbon nanotubes, are very

important innovations for a number of biotechnological applications [21, 22, 25].

Microscopic fungi play an important role in the deterioration of the cultural

heritage; stone monuments represent an important part of this heritage. Due to their

prevalently outdoor location, they are generally subject to a complex series of

weathering and decay processes causing aesthetic, biogeophysical and biogeo-

chemical damages. The most recent approaches to the development of novel

antimicrobial agents are based on the application of Cu-zeolites, amorphous

hydrogenated carbon films doped with copper, and CuNPs mixed with Estel

1100, commonly used as a water repellent/consolidant [37, 46, 50].

The porous nature of agarose polymer films coupledwithCuNPs can find application

in antimicrobial membrane filters and coatings. This kind of nanomaterial can be

utilized in food packaging, sanitation and fabrics, because of the ability of agarose to

form transparent gels and films [26].

Similarly, biopolymer films, such as chitosan, modified with CuNPs were

demonstrated to be effective in reducing the fluid concentration of two

microorganisms affecting food quality and could therefore be used to improve

food quality and extend its shelf life [28].

Metal nanoparticle-loaded fibres (particularly cotton cellulose fibers) could be

used in a number of biomedical and textile applications such as medical devices,

burn/wound dressings, healthcare (including disposables), personal care products,

veterinary, military and bio-defence, protective suits, clothing, etc. [31, 32].
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Among the fibrous products, alginate-based products are currently the most

popular ones used in developing antimicrobial agent-releasing systems or textile

materials. In particular, copper nanoparticle-loaded composite fibers show fair

mechanical strength, excellent Cu2+-releasing capacity due to their ion-exchange

property and a high degree of antibacterial activity against the model bacterium

E. coli [9].
An inorganic antimicrobial agent incorporated into an organic biomedical poly-

mer can significantly increase its usefulness in medicine [53, 56], and even inor-

ganic nanocomposites such as mesoporous copper-doped silica xerogels have been

proposed as biomedical materials (for instance, in the treatment of traumatic

wounds), because of their excellent in vitro and in vivo biocompatibility [35].

Moreover, the application of Cr2N/Cu multilayered coating on the surfaces of

implanted medical devices seems particularly promising [52].

Metal-doped hydroxyapatite nanopowders can be applied as antimicrobial

materials of various purpose, such as for bone defects and implant coating in

orthopaedic surgery, for the treatment of skin infections, for the treatment of

microbiologically polluted water, and as polymer additives [38].

CuO nanoparticles were demonstrated to be effective in killing a range of

bacterial pathogens involved in hospital infections. Notably, hospitals and transport

are two key fields that offer great opportunities for the use of copper nano-

antimicrobials to prevent infections and pandemic diseases. Wall coatings, equip-

ment, clothing, seats and bedding are all potential risk areas for the spread of

infections, and this could be particularly important in the case of microorganisms

that have developed a resistance towards conventional disinfecting agents and

antibiotics [57].

The number of potential applications is evidently enormous, and it is expected to

grow further, considering that other metals – such as silver and zinc – can be used

for similar purposes, and multi-metal nanomaterials could also be developed.

3.5 Conclusions

A selection of recent studies dealing with the development of novel antimicrobial

copper nanomaterials and their applications has been reviewed in the present

chapter.

The referenced routes to copper nano-antimicrobials offer different advantages.

Wet chemical syntheses are very simple and they are presently the most diffused

methods. Electrochemical processes do not require chemical reductants and hence

they allow for a high purity of products and for a tight control over the cluster

morphology. Physical/mechanical approaches do not involve surfactants or capping

agents, but they might result in poly-disperse NPs. Therefore, the choice of the

appropriate route is a function of the final application of the antimicrobial

nanomaterials.
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Bulk copper materials provide themselves an excellent antimicrobial activity

against a wide range of microorganisms (such as bacteria, fungi, algae, and viruses),

and such a property is greatly improved when copper is properly nano-dispersed.

In CuNP bioactivity experiments, the Gram-negative E. coli, the Gram-positive

S. aureus, and the yeast S. cerevisiae are the most common microorganisms

employed to test the biological activity of antimicrobial agents. It should be

noted, however, that, aiming at real-life applications, Cu-nanoantimicrobial

properties have often been tested towards several other species. No matter the

microorganism type, Cu-nano-antimicrobials proved to effectively kill it or to

significantly inhibit its growth.

It may be useful to create a sort of index of the antimicrobial effectiveness of the

nanomaterials classified in this chapter. However, a quantitative comparison of the

bioactivity effects of Cu-nano-antimicrobials demonstrated in the existing literature

is actually impossible. The referenced studies have been carried out by using

different experimental parameters, and frequently the studied microorganisms

belonged to different classes.

Thanks to the large number of possible approaches to these nanostructures and to

the prospective growth of their real-life applications, it is reasonable to envisage a

great development of this research field. The main limitations seem to reside in the

need for carefully assessing any possible nano-toxicology effect related to the

exposure of humans to brand new nanomaterials with unknown properties. Until

now, confinement of the Cu-containing nanophases into insoluble dispersing poly-

mer networks inhibiting NP leaching phenomena appears to be one of the most

promising ways to solve these issues.
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Chapter 4

Titanium Dioxide–Polymer Nanocomposites

with Advanced Properties

Anna Kubacka, Marcos Fernández-Garcı́a, Marı́a L. Cerrada,

and Marta Fernández-Garcı́a

4.1 Introduction

Nanotechnology refers to that technology able to manipulate and organize a sub-

stance at the nanometer level. The control at this stage makes it possible to create new

materials and devices with fascinating functions allowing the best use of the special

properties of nanosized substances. Accordingly, the term of nanocomposite has

emerged strongly in scientific literature and technological applications during the

last decade. In general, nanocomposites essentially consist of a multiphase material

in which one of the phases has one, two or three dimensions of less than 100

nanometers (nm).

In particular, organic/inorganic nanocomposite materials, where the organic

major component is based on polymers, are a fast-growing area of research in

order to meet new requirements and challenges in performance properties of the

resulting materials that allow for further development and progress of the present

and future society. The excellent characteristics of titanium dioxide, TiO2 (known

also as titania), make it an ideal candidate as an inorganic component in these

promising titania-based polymeric nanocomposites. Therefore, the primary aim of

the present chapter consists of describing the model examples of these materials

from the standpoint of either their advanced properties or their preparation protocol.

Especial emphasis is placed on those exhibiting biocidal characteristics. As a prior

stage, the striking photocatalytic properties found in the titania material and

involving or related to its disinfection capability are discussed.
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4.2 Nanostructured Titanium Dioxide: Photocatalysis

Photo-induced processes are studied in several industrial-oriented applications, which

have been developed since their first descriptions in the scientific literature. Despite

the differences in character and utilization, all photo-induced processes have the same

origin. A semiconductor can be excited by light energy higher than the band gap

inducing the formation of energy-rich electron–hole pairs. It is commonly understood

that the term photo-catalysis refers to any chemical process catalyzed by a solid where

the external energy source is an electromagnetic field with wave numbers in the

UV-visible–infrared range [1–6]. Normally, photocatalysts are solid semiconductors

that are able to absorb visible and/or UV light, chemically and biologically inert

and photostable, inexpensive and non-toxic. TiO2, ZnO, SrTiO3, CeO2, WO3, Fe2O3,

Bi2O3, GaN, CdS, ZnS, CdS, ZnSe or more complex oxides, nitrides or chalcogenides

can act as photoactive materials for redox processes due to their electronic structure,

which is characterized by a filled valence band and an empty conduction band. Among

these possible semiconductors, titanium dioxide, TiO2, is the most widely used

photocatalytic material as it fulfils all of these requirements and exhibits adequate

conversion values [7].

TiO2 appears in nature in three different crystallographic phases: rutile, anatase,

and brookite, anatase being the most commonly employed in photocatalytic

applications due to its inherent exceptional photocatalytic properties [6–8]. Anatase

is the least thermodynamically stable polymorph of TiO2 as a bulk phase, although

it appears from energy calculations as the more likely phase when the grain size is

below 15–20 nm [9]. High surface TiO2 materials would therefore present the

anatase polymorph as a general rule. The crystalline structure of the TiO2 oxides

can be described in terms of TiO6 octahedral chains differing by the distortion of

each octahedron and the assembly pattern of such octahedra chains. The Ti–Ti

distances in the anatase structure are greater than in the rutile, whereas Ti–O

distances are shorter [10]. These structural variations cause different mass densities

and lead to distinct electronic structures of the bands. The anatase phase is 9% less

dense than the rutile, presenting a more pronounced localization of the Ti 3d states

and, consequently, a narrower 3d band. Also, the O 2p-Ti 3d hybridization is

different in the two structures (more covalent mixing than in rutile), with anatase

exhibiting a valence and conduction band with more pronounced O 2p-Ti 3d
characters, respectively, and less non-bonding self-interaction between similar

ions (e.g., anion–anion and cation–cation interactions) [11]. The importance of

the covalent versus ionic contributions to the Metal–Oxygen bond is discussed in

a more general context for several photocatalytic oxides by Wiswanathan [12].

In any case, these differential structural features, which distinguish anatase and

rutile, are presumably responsible for the difference in the mobility of charge

carriers during light excitation.

Nanostructured anatase-TiO2 has been synthesized by an enormous number of

techniques including liquid-phase sol–gel, microemulsion, hydro- and solvothermal,

aerogel, sonochemical or surfactant-templated methods. Also, solid-state chemistry
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methods related to the oxidation or chemical vapor deposition of (solid) precursors

have been used. Review articles itemize specific details of such methods and the

physico-chemical properties of the resulting titania solids [13, 14], In brief, TiO2

nanoparticles would appear basically amorphous below 3–4 nm and will display the

anatase structure in the stability region mentioned above, e.g. below ca. 15–20 nm.

Truncated bi-pyramidal shapes mainly exposing {101}, {001}, and {100} surfaces

are essentially expected for anatase nanoparticles, although very recent studies show

unforeseen shapes for “molecular” (e.g., below 1.5 nm) TiO2 entities, which may be

potentially present near the low 3–4 nm limit [15]. Figure 4.1 shows that anatase

nanoparticles can exhibit two main or “extreme” morphologies: elongated (along the

c crystallographic axis) shapes dominated by {100} and {101} faces, and more

isotropically ones with certain additional main contribution from {001} faces. Typi-

cal anatase nanoparticle morphologies can be thus represented by an aspect parameter

(B–A in Fig. 4.1) that usually get values of 0.3–0.4 and may display a maximum

value of 0.57 [16]. Modulation/control of the c-axis elongation of the particle by the
presence of unusual surface species, such as fluorine ions during preparation

conditions [17], as well as morphology control with formation of nanostructures

(other than nanoparticles as, for example, nanosheets), having dominant presence of

{001} facets [18–21] have also been recently reported. Recent work indicates that

nanoparticle morphology (primary particle size/shape) (1) is governed by thermody-

namic (specifically the initial local order, around 3–6 Angstroms, in the solid

precursor state of the oxide at nucleation states) and not only kinetic parameters of

the anatase genesis process [22]; and (2) surface OH density and net charge (e.g.,

hydration of surface layers) [16, 23] together with the number of kinks/edges [24] are

key factors to control surface energy and thus morphology and can be envisaged to be

key parameters in controlling the elongation along the c axis (e.g., particle shape)

in the case of OH species.

Several paths have been explored in order to optimize the photo-activity of

anatase-TiO2 systems. Almost from the conception of the use of photocatalysis, the

photo-activity of anatase-TiO2 systems was typically improved with the addition of

(001)
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c

a

b

Shape

A ≈ B isotropic
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Fig. 4.1 Typical

morphological characteristics

of anatase nanocrystals
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surface noble metals such as Pt, Pd, and Ag, which act as electron trapping centers,

and/or oxide–oxide contact using SnO, ZrO2 and others with an appropriate elec-

tronic structure to positively influence the electron–hole charge separation process

[1, 5, 6, 25]. Another methodology, central in the current research, takes into

account the extension of the solid light-absorption spectrum to the visible region.

This would facilitate the use of sunlight, an inexpensive, renewable energy source,

as the excitation energy of the photocatalytic processes. Several alternatives,

mainly based on the use of inorganic solids as metals, chalcogenides, nitrides,

and other non-Ti-based oxides with adequate optical properties, other (polymeric

or molecular species) sensitizers, or hypothetical cubic-type TiO2 polymorphs,

have been tested in reaching this goal [1, 26]. Additional studies involving TiO2

and aimed at enhancing its optical absorption and photocatalytic performance are

focused on anatase modification by cation and/or anion doping [1, 4–6, 27].

4.3 TiO2 and Its Disinfection Capability

Photocatalytic disinfection or photo-killing has undergone a boost in the last decades

and promising results have been obtained with a significant number of micro-

organisms includingGram-negative bacteria (Escherichia coli, Enterobacter cloacae,
Erwinia caratovora, Klebsiella pneumonae, Legionella pneumophila, Listeria mono-
cytogenes, Microbacterium sp., Salmonella typhimurimm, choleraesuis, enterica, and
faecalis, Shigella flexnerii, and Pseudonomas aeruginosa, and fluorescens), Gram-

positive bacteria (Bacillus antracis, stearopthermophilus, pumilus, cereus, subtilis
and spp., Lactobacillus helveticus, acidophilus, and plantarum, Staphylococcus
aureus, and Streptococcus faecalis, mutans, sobrinus AHT, Enterococcus faecalis,),
yeasts (Pichia jadini and Zygosaccharomices rouxii), fungus (Aspergillus niger,
Candida albicans, Cereviside, Fusarium solani, anthopiluml equiseti and verticil-
liosides, and Penicillium chysogenum and expansum,), protozoa (Acanthamoeba
polyphaga, Giardia lambia), and viruses (Bacteriophage MS2, polvirus, Herpes
simplex, Hepatitis B 1, Influenza, Avian A/H5N2, Lactobacillus case phage PL-1)
[5, 6, 28–37]. Titania is used as a powder but also supported on plastics, metals,

ceramics, and othermaterials, which facilitate its use and recovery [5, 6, 28, 29, 31, 32,

34, 36, 37]. These studies showed that photokilling performance is sensitive to several

experimental factors, which include among others:

• Excitation energies, fluences (power � time) and irradiation conditions (pulsed,

continuous) used in experiments with titania as they all significantly influence

the photokilling performance, possibly in a more pronounced way than in the

traditional use of anatase in the photodegradation of organic waste. For example,

while E. coli and B. fragilis require prolonged illumination for effective killing,

B. pumilis inactivation is better obtained by using intermittent illumination

[38–40].

122 A. Kubacka et al.



The photon energy is also important as TiO2 materials are mostly effective under

ultraviolet light excitation, but their interaction with certain polymeric matrices

[33, 35] and/or their modification by adding additional components (such as Ag,

PdO, etc.) or doping allows the use of visible and sunlight as excitation sources

[41, 42].

• A second factor concerns the state and nature of the biocidal oxide. TiO2 works

by surface/near-surface contact and displays significant variability in efficiency

while used as powders or being immobilized on a support. As is well known,

as a powder it may present typically a onefold order of magnitude greater

activity (for example, in the case of E. coli) due to the fact that nanoparticles

in suspension/powders can be ingested by microorganisms by phagocytosis,

causing rapid cellular damage in addition to that triggered by photo-activity [40].

• Another variable is related to the effect of temperature as typically the inactiva-

tion rate increases/decreases with temperature for Gram-positive/Gram-negative

bacteria. However, coliform bacteria are the exception to this rule. All micro-

organisms display, in any case, very narrow temperature ranges where photo-

catalytic disinfection activity reaches maximum values [5, 6, 40].

• Titania photokilling operation seems to decrease in the order virus > Gram-

negative > Gram-positive > bacterial spores � yeasts > fungus [5, 6, 43].

This appears to be connected with the increasing cell wall complexity, which

goes from the thin peptidoglycan layer of Gram-negative bacteria, to the thicker

and more compact walls of Gram-positive bacteria and cocci, and ending

with the thick eukaryotic cell membrane containing sugar polymers for yeasts

and/or complex peptidoglycan chains for fungus.

• The last point is specific for the measurements of cell inactivation reaction rates

as they show a linear relationship with the initial bacteria concentration, a fact

that should be considered when comparing results.

In spite of these variables, good efficiencies, close to those considered functional

for bacteria disinfection (4–5 log reduction in the temporal range of minutes) are

customarily reported in studies reviewed here. Note, however, that waste water or

other real targets for disinfection having significant turbidity (water, for example,

contains significant amounts of solids in suspension) as well as dissolved organic

matter may complicate the functionality of titania photocatalysts. Tests of titania

performance with real municipal waste water have nevertheless been proven

successful [6]. In addition, the presence of microorganism aggregations forming

biofilms is another aspect of relevance due to the limited use of current tech-

nologies. Related to that, only a few titania-based photocatalysts show an adequate

performance for effectively reducing microorganism populations [33].

The mechanism leading to cell death appears as key information in order to

optimize the photokilling process but is not yet fully understood. Adherence of the

microorganism seems the first important step in the process while using TiO2

powders [44], but it may not be as dramatic in the case of polymer-based

composites as the surface contact area is then orders of magnitude superior than

that corresponding to the powders. The photocatalytic attack appears to be carried
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out by hole-related species under UV light [45–47], while oxide (e.g., superoxide

and singlet oxygen) species appear as the key intermediate under visible light [47].

The photokilling sensitivity to the microorganism structural surface properties,

particularly to the chemical complexity and thickness of the cell wall, suggests

that it is initiated by a cell wall and/or cytoplasmatic membrane attack. Kinetic

studies with E. coli spheroplats (E. coli bacteria from which the cell wall is almost

completely removed, as by the action of penicillin) strongly support such a mecha-

nism [48]. Recent microscopy studies indicate that cell walls suffer a continuous

collapse by which the photo-process leads initially to round-shaped and lysed cells

with a restricted number of breaks in their walls. This decreases the cell volume by

a factor of 2/3, but the microorganism may subsequently re-grow under dark

conditions. In a subsequent step, viability of cells is, however, fully lost by further

attack of TiO2-derived radicals [33]. The viability loss would be a function of the

cell wall chemical complexity and thickness and of the efficiency of the microor-

ganism repair/protection mechanisms, using the superoxide dismutase (an enzyme

that dismutates superoxide radicals to H2O2 and O2) and catalase (an enzyme that

reduces intracellular concentration of H2O2 and converts it to H2O and O2)

enzymes.

Early proposals, however, suggested that photokilling mechanisms not only

imply external or cell wall effects but also processes occurring at the core of the

cell and thus called internal effects. So, the use of hole-related species in the

oxidation of the intracellular coenzyme A, (CoA), was presumed to inhibit cell

respiration [38]. Subsequent direct TiO2–microorganism contact would result in

cell death. Damage of nucleic acid entities was also claimed in a more recent

contribution [49]. Although it is obvious that internal and external cell damage

processes coexist, it is not clear at the moment which of them are key in the

photokilling of microorganisms, nor the exact time evolution and potential interre-

lationship(s) among such processes [37, 50].

4.4 Titanium Dioxide–Polymeric Nanocomposites

In recent years, organic–inorganic hybrid or nanocomposite materials that combine

attractive qualities of dissimilar components have received great attention for a

wide range of mechanical, electronic, magnetic, biological, and optical properties.

These novel materials are not merely physical mixtures but can be broadly defined

as complex materials having both organic and inorganic components intimately

connected at nanometric length scale. The methodologies used for their preparation

are mainly: sol–gel, in situ polymerization, solution and melt processes. They can

be classified as defined by Novak [51] and others [52] established: type I for

soluble, preformed organic polymers embedded in an inorganic network; type II

for embedded, preformed organic polymer owing covalent bonds to the inorganic

network; type III for mutually interpenetrating organic–inorganic networks; type IV

for mutually interpenetrating networks with covalent bonds between the organic
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and inorganic phases; and type V for “non-shrinking” sol–gel composite materials.

Obviously, there are materials falling between these categories which make their

classification difficult.

Here, we present a short summary of the titania-containing polymeric

nanocomposites with a general description of their utility. Description of antimicro-

bial materials is postponed to a separate, last section of the chapter due to the

significant photokilling characteristics presented by TiO2.

4.4.1 Polymeric Nanocomposites with In Situ Preparation
of Titania

Lantelme et al. [53] obtained a hybrid organic–inorganic material by in situ

polymerization of titanium isopropoxide in polyvinylacetate, PVAc. The use of a

titanium alkoxide as the inorganic precursor enables a chemical cross-linking of

PVAc resulting from transesterification reactions. The results showed a higher

cross-linking density of the Ti clusters or stronger interactions between clusters

and polymer matrix. These strong chemical interactions prevent a macroscopic

phase separation and allow manufacturing composites at nanometer scale (size <
10 nm) where the clusters are randomly dispersed in the PVAc matrix and are

bound to the matrix through an interphase made of a titanium dioxide network

interpenetrated by polymer chains. Nevertheless, the major inconvenience of these

nanocomposites is that Ti-based clusters contain some residual isopropoxy groups

and the TiO2 phase could display limited crystallinity.

Nandi et al. [54] prepared poly(amic acid) solution from condensation of

3,30,4,40-bezonphenone tetracarboxylic dianhydride, BTDA, and 4,40-oxydianiline,
ODA. Then tetraethyl titanate precursor was added, followed by thermal imidi-

zation to form polyimide/titania, PI/TiO2, hybrid nanocomposites. The results

reported showed that TiO2 nanosized and dispersed in PI films had an average

diameter of 1.5 nm at TiO2 content of 12 wt%. Hu and Marand [55] prepared poly

(amide–imide)/TiO2, PAI/TiO2, composite films by sol–gel process using tetraethyl

titanate as precursor. In this case, the hydrogen bonding interactions between the

amide group in the PAI polymer and the hydroxyl groups on the inorganic oxide

allow the obtaining of a high mixing degree of the organic–inorganic system and

the formation of the nanosized TiO2 domains. The size of these domains increases

from 5 to 50 nm when the TiO2 content rises from 3.7% to 17.9% by weight. These

composite films exhibit higher optical transparency, higher glass transition temper-

ature, an increase and flattening of the rubbery plateau modulus and a decrease

in polymer crystallinity over the pure PAI.

Transparent poly(trimethylhexamethyleneterephthalamide)-based titania nano-

composites have been prepared by the in situ generation of inorganic network

structure via the sol–gel process [56]. In this article, different concentrations of

tetrapropylorthotitanate, TPOT, as precursor are added to a dimethylformamide,
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DMF, solution of polyamide, resulting hybrid films with particle sizes ranging from

3 to 14 nm. The mechanical properties increases with the inorganic content, but

at higher concentrations the nanocomposites deteriorate due to agglomeration.

The glass transition temperature, Tg, and the storage modulus indicate the better

cohesion between inorganic and organic components. Finally, the analysis of the

nanocomposites thermal degradation reveals that the incorporation of the titania

contents increases their stability.

Liaw and Chen [57] prepared a series of poly(imide siloxane)/TiO2, PIS/TiO2,

nanocomposites from condensation of BTDA, 2,20-bis[4-(3-aminophenoxy)phenyl]

sulfone, polysiloxane, trimethoxyvinyl silane as coupling agent, and titanium

alkoxides as several TiO2 contents to study the effect of the composition on the

morphology, thermal and mechanical properties of the material. The in situ

incorporation of titania together with the adoption of a coupling agent, which

minimize the degree of aggregation and enhance organic–inorganic interfacial

cohesiveness, and significantly improves the material’s Young’s modulus, which

increases as does the TiO2 content. However, these materials are brittle and,

consequently, with lower tensile strength and elongation at break values. In addi-

tion, their thermal stability is slightly lower than the one observed in the pure PIS.

Whang and Chiang [58] prepared hybrid nanocomposite films of titania in a

polyimide matrix. The synthesis was performed by imidazion of the homogeneous

mixture of tetraethyl titanate precursor and poly(amic acid) functional polymer. The

titania particle size on these nanocomposites increases from 10 to 40 nm as does the

TiO2 content from 5 to 30 wt%. All the films exhibit good optical transparency

within this range. Other dianhydrides and/or diamines, which produce poly(amic

acid), are utilized for the synthesis of PI/TiO2 nanocomposites [59, 60]. Polyure-

thane/titania hybrid materials [61] with high refractive indexes are also attained by

modification of polyurethane with (3-isocyanatopropyl) triethoxysilane, which

allows the formation of covalent bonds between titania moiety and polymer

segments, restricting the polymer chain motion and preventing the phase separation.

In most of these hybrid systems, the TiO2 exists in an amorphous state and still

contains unreacted alkoxide and hydroxyl groups. This is a constant while using

preparation methods which do not allow calcination of titania over 673 K in order to

obtain reasonable crystalline oxide phases, and will not be mentioned again for

subsequent works. Works mentioned after this point use TiO2 materials previously

synthesized to the nanocomposite system although the inorganic oxide is not

always calcined at high temperature.

4.4.2 Polymeric Nanocomposites with Titania Prior Synthesized

Yuwono et al. [62] also successfully prepared transparent nanohybrid thin films

(250–350 nm in thickness) consisting of nanocrystalline TiO2 particles in poly(methyl

methacrylate), PMMA. The methyl methacrylate, MMA, and 3-(trimethoxysilyl)

propyl methacrylate,MSMA,monomers were partially copolymerized by free radical
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polymerization using benzoyl peroxide, BPO, as initiator in tetrahydrofurane, (THF).

The sol solution was prepared using titanium isopropoxide, deionized water, ethanol,

and hydrochloric acid. Then, both solutions were mixed, spin-coated on quartz

substrates and finally heated to finish the polymerization reaction. All nanohybrid

thin film samples exhibit a nonlinear optical behavior with a very fast characteristic

relaxation time of ~1.5 ps, which has been measured by a pump probe technique.

Similar nanomaterials based on MMA and styrene using the same silane coupling

agent have been developed by pseudo-dispersion polymerization in supercritical

carbon dioxide [63] (see Fig. 4.2 for illustration). In this case, the presence of

3-(trimethoxysilyl) propylmethacrylate modified TiO2 nanoparticles serves not only

as an inorganic filler but also as an effective stabilizer for theMMA polymerization in

the supercritical fluid. The authors reported that the morphologies of these two

composites are quite different from each other, which was attributed to the difference

in the interaction mechanisms between the carbonyl group of the monomers and the

hydroxyl group on the TiO2 surface.

Nanocomposites of polymer electrolytes have been prepared with TiO2 with

a particle size of 10 [64], 13 [65, 66], 20 [67], and 21 nm [68–70]. Decreasing the

particle size of inorganic TiO2 fillers leads to the enhancement of the interaction

between the polymer matrix and inorganic fillers that might change the ionic conduc-

tivity of polymeric electrolyte nanocomposites. Ahmad et al. [71] demonstrated the

effect of nanosized TiO2 addition in different concentrations to PMMA based gel

polymeric electrolytes on their conductivity as well as their thermal and rheological

properties. The addition of nanoparticles enhances the ionic conductivity with negli-

gible effect on other electrochemical properties. In addition, no changes appear in

X-ray diffraction pattern but an increase in Tg of the resulting electrolytes is notice-

able. These nanocomposite polymeric electrolytes are prepared by PMMA addition

into a propylene carbonate homogenous dispersion of commercial anatase TiO2

nanoparticles (d ¼ 15 nm), in different weight percentages with respect to liquid

electrolyte weight. Free radical suspension polymerization in water medium with

in situ sol–gel transformation is also used by these authors to prepare PMMA/TiO2

polymeric nanocomposites [72]. Electrolytes based on these polymeric materials

show superior properties compared to those found in conventional polymer

electrolytes.

Nanocrystalline Ag/TiO2 composite thin films were synthesized using a two-step

synthesis methodology: the in situ precipitation of Ag nanoparticles followed by an

Fig. 4.2 Molecular imprinting polymer-coated titania
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in situ sol–gel reaction of titanium isopropoxide in a weak polyion multilayer

template formed by the layer-by-layer (LbL) self-assembly of negatively charged

poly(acrylic acid), PAA, and positively charged poly(allylamine chloride), PAH

[73]. In this procedure, the thickness of the nanocomposite films is controlled

by the number of layers in the polyion template on the nanometer scale. The

results demonstrated that the addition of Ag enhances the titania UV and visible

photoactivity, followed by the decomposition of methylene blue, whereas a simul-

taneous increase in the content and size of the Ag nanoparticles reduces its

photocatalysis.

Acrylamide has been polymerized in aqueous solution in the presence of titania

nanoparticles (average diameter 30 nm and a specific surface area 50 m2/g) and N,

N0-methylene bisacrylamide as cross-linker agent, and potassium peroxydisulfate

as initiator to obtain photocatalytic degradable nanocomposites [74]. The results

illustrate that these nanocomposites present higher photocatalytic efficiency under

UV irradiation for discoloration of the methyl orange solution used as target

substance.

Surface-modified TiO2 nanoparticles, obtained with 6-palmitate ascorbic acid,

are encapsulated in PMMA by in situ radical polymerization thermally initiated by

2,20-azobisisobutyronitrile, AIBN, in toluene solutions [75]. These nanoparticles

are previously synthesized from controlled hydrolysis of titanium tetrachloride,

having an average diameter of 4.5 nm. The resulting nanocomposites have similar

Tg which could be unexpected, since the presence of inorganic nanoparticles is

reported in the literature to lead to an increase of Tg [55]. This fact is explained as

a result of two opposing effects. Specifically, the existing palmitoyl chains in the

modified nanoparticles could act as a plasticizer, reducing the Tg of PMMA, while

the presence of TiO2 particles might trigger an increase of Tg. On the other hand,

the thermal stability analyzed either in inert or air atmospheres exhibits a significant

increase. The nanocomposite degradation curves under nitrogen atmosphere do not

show any peak at 180�C indicating the lack of head-to-head bonds (polymer chain

double bond at the end) in PMMA chains, responsible for the first degradation

stage. The improvement of the degradation under a thermo-oxidative atmosphere is

attributed to the presence of ascorbid acid chains.

Acrylic acid and allyl acetylacetone have also been chosen as coupling agents to

modify the titania surface and, then, methyl methacrylate is conventional free

radical polymerized using BPO as initiator [76]. When acrylic acid is used as

compatibilizer, the starting metal alkoxide is titanium butoxide, while titanium

isopropoxide is used when allyl acetylacetone is selected, because it is difficult to

obtain transparent hybrid materials using titanium butoxide. The hybrid materials

achieved with the latest one show a reversible thermochromic effect. They are red

and transparent at room temperature and change to yellow and opaque when they

are cooled. Methacrylic acid, MA, has also been used as a functionalization agent

since it can chemically link TiO2 nanomaterials and polymer matrix. Then, the

double bond in MA was copolymerized with methyl methacrylate to form TiO2-

PMMA nanocomposites (see Fig. 4.3) [77]. The analysis of these materials revealed

that the glass transition temperature, thermal degradation temperature, and dynamic
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elastic moduli of the nanocomposites increase with the weight percentage of

nanofibers in the composite.

Similar approach is utilized to manufacture hybrid materials with different

morphologies (hexagonal and cubicmesostructures) by self-assembly of trifluoroacetic

acid-modified titania with poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethyl-
ene oxide), PEO-PPO-PEO, amphiphilic triblock copolymers [78]. Information about

molecular proximities and interfaces, which is unavailable from TEM and SAXS

experiments, has been attained by solid-state NMR techniques, such as cross-polariza-

tion and two-dimensional (2D) experiments.

Bead milling with centrifugal bead separation is used to prepare PMMA/TiO2

nanocomposite materials from stable nanoparticle–monomer dispersions with the

addition of (3-acryloxypropyl)trimethoxysilane as coupling agent, followed by

monomer polymerization [79]. These well-dispersed titania nanoparticles have

little effect on the transmittance of visible light through MMA but enhance the

UV absorbing properties of MMA. Their refractive index at 633 nm increases from

1.4853 to 1.5070 for pure PMMA and 0.10 TiO2 mass fraction in PMMA film.

Improvements on achieving monodisperse nanocomposite particles are made by the

coupling of an electrospray method after the bead milling protocol [80]. In this

work, authors find that an increase on concentration of titania nanoparticles

(~15 nm, rutile phase) leads to a decrease on secondary particle size (aggregation

size), making their distribution uniform.

Commercial titania nanoparticles (diameter approx. 30 nm) have also been

encapsulated by using styrene microemulsion polymerization [81]. This synthesis

method requires two steps to attain stablemicroemulsions: (1) the TiO2 nanoparticles

must be successfully dispersed in the monomer phase and (2) this phase must be

dispersed in an aqueous surfactant solution to form stable submicron droplets. In this

work, the effect of nanoparticle concentration on the mini-emulsification step is

proved by increasing the droplet size as amount of titania is added to mini-emulsion.

The effect of titania nanoparticle surface modification on the physical properties

of the polypropylene-based, PP/TiO2, nanocomposites after processing by injec-

tion molding has been studied by Zhang et al. [82]. They describe how the incor-

poration of small amount of TiO2 nanoparticles, lower than 1% in weight, does not

promote any toughening effect in the injection-molded nanomaterials although

their ductility is enhanced.
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Fig. 4.3 Three possible structures of carboxylate coordinated to a titania surface. In the first

structure, carboxylate is bound to one Ti4+ center in a chelating bidentate mode (a). The carboxyl-

ate could also be bound to one Ti4+ in a monodentate mode (b), and finally, the carboxyl group

could bind with each of its oxygen atoms to two Ti4+ atoms yielding the bridging bidentate mode (c)
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On the other hand, PMMA/TiO2 nanocomposites have been prepared by the

polymerization with photo-excited TiO2 nanoparticles as initiator [83]. The titania,

as mentioned before, is a semiconductor that under UV-irradiation produces

valence hole and conduction electron in pairs, and then catalyzes reactions on the

surface [84]. Polymerization initiated by the excited nanoparticles is called

photocatalytic polymerization. XPS results show that the Ti 2p doublet of the

TiO2 in the composites shifts to lower binding energy by 1.0 eV. This downshift

could reveal that the Ti4+ cation interacts with PMMA.

Finally, the photopolymerization kinetics of MMA initiated by TiO2 nanoparticles

in aqueous suspensions have been studied [85], demonstrating the pH dependence of

polymerization rate while the tacticity of polymer remains unchanged.

Polyaniline nanocomposites, PANI/TiO2, [86] have been prepared by the chemical

oxidative polymerization in a reverse micelle of aniline/TiO2/hydrochloride acid

precursor solution with ammonium peroxydisulfate used as oxidant. The nano-

dimensional TiO2 colloidal dispersion is previously prepared by the hydrolysis of

titanium chloride. After 60 days, the nanocomposites create spherical nanoparticles

self-organized in different morphologies depending on the surfactant system used.

Then, a sea urchin-like morphology is developed when this non-ionic system is

polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether (Triton-x100); a trian-

gle shape is promoted in sodium bis(2-ethylhexyl) sulfosuccinate, AOT/ anionic

system; and nanoclusters are observed in cetyltrimethyl ammonium bromide,

CTAB, cationic system (see Fig. 4.4 for surfactant information). These nanoclusters

are built up by needle-like nanowires with the same aspect ratio as the nanowires in the

Triton-x100 surfactant system, and these needle-like nanowires are comprised of

spherical particles of PANI/TiO2.

Li et al. [87] have also prepared PANI/TiO2 nanocomposites using in situ

chemical oxidative polymerization of aniline in the TiO2 suspension. The nano-

particles, prepared by sol–gel using tetrabutyl titanate, are mostly anatase with an

average particle size of approx. 15 nm and BET specific surface area of ca. 70 m2/g.

PANI exhibits high absorption in the UV range and in the visible light region. As

a consequence, the absorption of PANI/TiO2 nanocomposite increases over the

entire range of visible light compared with the one presented by pure TiO2, whereas

it decreases in the UV range. Therefore, this method can be effective to extend

the absorption of TiO2 to visible light range. In addition, these nanocomposites

show good stability under irradiation conditions and they keep their perfect

photocatalytic activity after several cycles with only a small decrease after each

cycle due to slight aggregation of nanoparticles during the catalytic process.

Tang’s group [88] also utilizes oxidative reaction to chemically graft PANI on the

surface of the self-assembled monolayer-coated TiO2 nanoparticles (commercial

anatasa with an average particle size of 15 nm). The g-aminopropyltriethoxysilane

is used as a coupling agent to make a dense aminopropylsilane monolayer with active

sites for grafting polymerization of aniline. This approach to produce PANI/TiO2

nanocomposites improves its thermal stability at high temperatures (>400 �C), due to
the covalent bonds formed between PANI chains and titania nanoparticles. As

happened in the previous system, photocatalitic activity is observed under visible
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light excitation; therefore, this will be another approach to extend the titania

photoactivity.

This group [89] also reports in situ photocatalytic polymerization to achieve molec-

ular imprinting polymer-coated photocatalysts. In this work, o-phenylenediamine,
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Fig. 4.4 Structure of surfactants: (a) non ionic Triton-x100 and Tween 20. (b) anionic sodium bis

(2-ethylhexyl) sulfosuccinate (AOT) and sodium dodecylbenzenesulfonate (NaDBS). (c) cationic

cetyltrimethyl ammonium (CTAB) and tetradecyltrimethyl ammonium bromide (TTAB)
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OPDA, is selected as the functional monomer, since it has two NH2 groups in its

molecule capable of forming a hydrogen bond with the target molecules or templates,

4-chlorophenol, 4CP, or 2-chlorophenol, 2CP. The photodegradation of the mixture of

2 mg/L 4CP and 500 mg/L phenol is confirmed in the nanocomposites, where a rapid

degradation with a half-time of approximately 8 min occurs for 4CP, while the relative

concentration of phenol apparently remains almost unchanged. Therefore, these formed

nanocomposites can promote the selectivity of TiO2 photocatalysis.

Nanocomposite particles can be also prepared through in situ emulsion poly-

merization in the presence of nano-TiO2 colloid obtained by the hydrolysis of

titanium tetrachloride [90]. Authors used three different initiators: 2,20-azobis
(2-amidinopropane) dihydrochloride, AIBA, as cationic, and AIBN as non-ionic

and ammonium persulfate, APS, as anionic initiators (see Fig. 4.5), where the latter

is the most appropriate initiator in the polymerization since a cooperative effect can

be formed by the negatively charged titania particles and the SO4
2� terminal

anionic group of APS. The formed particles are based on PMMA or poly(n-butyl
acrylate) as core and TiO2 as shell. The diameter of nanocomposite particles is

about 150 nm, and the thickness of the TiO2-shell approx. 4–10 nm. In this case, the

pH value has to be strictly controlled to obtain a tight TiO2 coating without

nanoparticle aggregation, adjusting the pH at about 3 during polymerization, and

after that the pH ranges from 8.0 to 10.5. These materials could be used in the field
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of different initiators

used in radical

polymerization.
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of photocatalytic coating, keeping in mind the coexistence of rutile and anatase

structures in the nanocomposite.

In a recent article [91], TiO2 nanoparticles are modified by adding a small

amount of polythiophene to improve the dispersion of TiO2 nanoparticles and to

enhance the photocatalytic activity of the resulting nanocomposites. These

nanomaterials have been synthesized by via oxidative polymerization of thiophene

using FeCl3 in the presence of three different surfactants: sodium dodecylbenzene-

sulfonate, NaDBS, as anionic, tetradecyltrimethyl ammonium bromide, TTAB, as

cationic, and poly(ethylene oxide) (20) sorbitan monolaurate, Tween 20, as non-

ionic (see Fig. 4.4). In this case, the titania nanocrystal is the core and the polymer

the shell. The best semiconductor property is observed when an anionic surfactant

is used, which is attributed to differences in the stability of the nanocomposites.

Consequently, the decomposition temperature when the anionic system is used is

higher than that obtained in the hybrid materials prepared using the non-ionic,

cationic or doped ones.

Surfacemodification by brushes allows dispersion and stability of the nanoparticles

in various solvents or polymeric matrices while they maintain their physical

characteristics. The modification of TiO2 nanoparticles (primary particle diameter

between 70 and 100 nm) by grafting polystyrene, PS, on its surface, and further

polymerization of styrene allow preparing photodegradable PS/TiO2 nanocomposite

films [92]. The presence of TiO2 nanoparticles in polymer films promotes the

photocatalytic oxidation of PS films under the UV-irradiation or the sunlight illumi-

nation, through its oxidative reaction with the active oxygen radicals [93]. Accord-

ingly, the mass loss rate of the nanocomposite films is much higher than that for the

neat PS film.

PS/TiO2 nanocomposites are also built up through a direct polymer grafting

reaction from the surfaces of titanium oxide nanoparticles (d � 15 nm) [94]. In this

case, a controlled radical polymerization method, nitroxide-mediated radical poly-

merization, NMP, is used to obtain the polystyrene and poly(3-vinylpyridine),

P3VP, brushes. The initiator for NMP with a phosphoric acid group is chemisorbed

onto the nanoparticles, and then monomer is polymerized giving controlled poly-

mer graft layers on the surface (which means controlled molecular weights and low

polydispersity indexes) (Fig. 4.6 illustrates the general procedure). The PS- and

Initiator (NMP) Monomer

Conversion

Nanoparticle Surface-initiated
Polymerization

Initiator (NMP) Monomer

Conversion

Nanoparticle Surface-initiated
Polymerization

Fig. 4.6 Genesis sequence of nanocomposite synthesis: the initiator is chemisorbed onto the

nanoparticles and, subsequently, the monomer is polymerized giving controlled polymer graft

layers on the surface (the increment of conversion implies a linear augment on molecular weight)

4 Titanium Dioxide–Polymer Nanocomposites with Advanced Properties 133



P3VP-modified nanoparticles are stably dispersed in organic solvents, such as

tetrahydrofurane, toluene, and ethyl acetate. The dispersion of grafted and non-

grafted nanoparticles in the PS matrix is later studied. The nanoparticles dispersed

in chloroform are mixed to a PS matrix chloroform solution. It is found that the

nanocomposite film becomes clouded and the transparency is drastically decreased,

along with an increase in the weight ratio of nanoparticles, when non-grafted TiO2

particles are added to the PS matrix. On the contrary, the PS-grafted TiO2

nanoparticles are finely dispersed in PS matrix.

Transparent PMMA/TiO2 nanocomposite particles have been prepared by graft

polymerization of MMA from the surface of the modified TiO2 particles with

[g-(methacryloxy)-propyl]trimethoxysilane by in situ emulsion polymerization

[95]. These nanocomposite particles present either higher glass transition tem-

perature or thermal stability than the pure PMMA. This coupling agent is also

used to obtain PS/TiO2 nanocomposite by in situ polymerization in toluene

solution [96, 97].

Anatase TiO2 nanoparticles have also been modified with 3-(trimethoxysilyl)

propyl methacrylate to obtain PMMA/TiO2 nanocomposites with high transparency

and UV-absorption characteristics [98]. The anatase TiO2 nanocrystals are prepared

by a non-aqueous sol–gel approach involving the mixing of titanium isopropoxide

and benzyl alcohol. The nanoparticles obtained exhibit a diameter ranging from

10 to 20 nm. As happened in the previous materials, the surfaces are modified

to make the nanoparticles easily dispersible in non-polar media like xylene and

dichloromethane as well as compatible with the PMMA matrix. The synthesis of

PMMA/TiO2 functional nanocomposite particles have been performed by atom trans-

fer radical polymerization, ATRP, using commercial titanium dioxide nanoparticles

(80% anatase and 20% rutile, an average particle size 34 nm and BET specific surface

area 45 m2/g) where catechol-terminated initiator is anchored by chemisorption [99].

This specific biomimetic initiator is synthesized because of mussles secreting adhesive

proteins that are mainly formed by catecholic amino acid, L-3,4-dihydroxypheny-

lalanine, which is believed to interact strongly with a variety of metal, metal oxide,

and polymers. Therefore, it has a robust anchoring to titania surface. However, the

controlled polymerization is not achieved when higher initiator concentrations are

used. This group also studies the effect on the final properties of these nanocomposite

particles when are incorporated into a PMMA matrix [100]. Their glass transition

temperature and elastic modulus increase with respect to those presented in the pure

PMMA. In contrast, nanocomposites obtained using unmodified nanoparticles lead to

a decrease in these ultimate properties. This behavior demonstrates the influence that

interfacial modification of nanoparticles produces on the nanocomposite homogeneity.

Another way to produce hybrid materials is using functional polymers that can

interact with the inorganic component. This is the case of poly(styrene-alt-maleic

anhydride), PSMA, alternating copolymer [101] with highly regular anhydride

groups on the backbone chains that may provide regular sites for combination.

This copolymer is dissolved along with tetrabutyl titanate precursor and both

hydrolyzed at the same time. Acrylate groups are created from the reaction between

uncondensed Ti-OH and maleic acid during the sol–gel process. Consequently,
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TiO2 is covalent bonded with PSMA (see Fig. 4.7). Similar processes are described

for nanocomposites based on poly(methyl methacrylate-co-butyl methacrylate-

co-methacrylic acid) statistical copolymer [102] and other polymers [103] using

the same titania precursor. In addition, functional poly(butyl acrylate-co-methyl

methacrylate-co-(3-methacryloxypropyl)trimethoxysilane) terpolymer [104] and

titanium n-butoxide are used for the synthesis of hybrid materials with higher hard-

ness, elastic modulus, thermal stability and refractive index than those presented by

the neat acrylic resin.

Sangermano et al. [105] prepared titania-containing coatings by cationic

photopolymerization of an epoxy resin either by dispersion of commercial TiO2

nanoparticles or by their in situ generation through a sol–gel dual-cure process. The

rate of polymerization and, therefore, the epoxy group conversion decreases

as increasing the TiO2 concentration. All the cured films showed an increase of

hydrophilicity on the surface of the coatings with increasing TiO2 content. The

results showed that completely transparent polymeric films are always obtained in

the sol–gel-generated dual-cure systems, while systems containing dispersed TiO2

with content higher than 3 wt% are non-transparent coatings. This indicates a more

efficient and uniform distribution within the matrix for the in situ-generated titania

particles in the nanometric size level. A solution process has been used to synthe-

size hybrid films of PMMA containing titanium dioxide nanoparticles of around

20 nm in diameter [106]. These nanoparticles are produced by sol–gel from

titanium tetraisopropoxide, within the hydrophilic core of micelles, formed using

poly(acrylic acid-block-methyl methacrylate) in toluene solution. The thermal

stabilities of the obtained nanocomposites increase in comparison to the one

shown by the pure PMMA. In addition, they exhibit high transparency in the visible

light region even at 30 wt% titania, over 87% at 500 nm. The refractive index of

the hybrid films at 633 nm linearly increases with TiO2 content to attain a value of

1.579, which is 0.1 higher than that observed in PMMA [107]. Other nanocomposites

based on poly(vinyl alcohol), polyvinylpyrrolidone, and poly(4-vinylpyridine) and

titania also exhibit an enhancement of their refractive indexes by addition of
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Fig. 4.7 Structure of

PSMA/TiO2 nanocomposites
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nanoparticles [108]. Very recently, Liou et al. [60] developed polyimide–nanocrys-

talline–titania hybrid optical films with a relatively high titania content (up to 50 wt

%) and thickness (20–30 mm) from soluble polyimides containing hydroxyl groups.

They synthesized two series of soluble polyimides. The hydroxyl groups on the

backbone of the polyimides provide the organic–inorganic bonding, arising homoge-

neous hybrid solutions by controlling the mole ratio of titanium butoxide/hydroxyl

group. The flexible hybrid films could be successfully obtained and revealed rela-

tively good surface planarity, thermal dimensional stability, tunable refractive index,

and high optical transparency.

Membranes of polyethersulfone/TiO2 with application for direct methanol fuel

cells [109] were obtained by solving sulfonated polyethersulfone with a sulfonation

degree of 70% and titania obtained from hydrolysis of titanium isopropoxide. It is

well known that barrier properties in membranes, in terms of mass transport, increase

by incorporation of inorganic fillers due to their higher tortuosity. However, the

addition of nanoparticles produces in this case the contrary effect, i.e., a diminish-

ment of proton conductivity [109, 110].

PS/TiO2 nanocomposite membranes for ultrafiltration can be prepared by blend-

ing titania sol in a polymer solution and posterior cast-evaporation [111]. The

resulting membranes develop a network of pores that avoids the formation of

macrovoids. They show higher hydrophilicity, porosity and permeability in com-

parison with the unfilled polymeric membranes. Polysulfone has also been utilized

for ultrafiltration technology [112]. At 2 wt% TiO2 content, the membranes present

excellent water permeability, hydrophilicity, mechanical strength and good anti-

fouling ability with almost unchanged retentions. However, higher titania content

than 2 wt% cause particle aggregation; therefore, their performances decay.

Xiao-e et al. [113] prepared titania nanocomposites to study the oxygen depen-

dence on the system photocatalytic activity. To do this, they used UV excitation of

10–15 nm diameter anatasa nanocrystalline TiO2 deposited on acetate substrate in

the presence of excess organic electron donor components (‘sacrificial’ electron

donor or SED). The organic SED added (50% mass relative to TiO2) was methanol.

Poly(vinyl chloride), PVC, and polyethylene glycol with different molecular

weights were used. The results demonstrate that UV light in the presence of excess

organic hole scavengers can lead to the deoxygenation of a closed environment.

Optimum deoxygenation is observed using methanol as a hole scavenger, although

efficient deoxygenation is also observed for a range of different polymer/TiO2

nanocomposite films deposited on glass and plastic substrates. Transient absorption

spectroscopy is used to probe the kinetics of the deoxygenation reaction, focusing

on the oxygen reduction step by photogenerated TiO2 electrons.

PVC nanocomposite films with pure and modified TiO2 have been casted from

tetrahydrofuran solutions [114, 115]. Hyperbranched poly(3-caprolactone) with

carboxylic acid groups are utilized to increase the compatibility of titania with

the PVC matrix. The resulting well-dispersed nanocomposites show photocatalytic

degradation where chloride acid is not formed. Therefore, they present a potential

application as an eco-friendly alternative for the disposal of PVC wastes to the

current waste landfill and dioxin-generating incineration.
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Photo-active nanomaterials are also obtained by spin-coating of homogeneous

solutions of low molecular weight poly[2-methoxy-5-(20-ethyl-hexyloxy)phenylene-
vinylene], MEH-PPV, and oleic acid surface-coating TiO2 anatasa (rod and dot)

nanocrystals onto low resistivity indium tin oxide, ITO, substrates [116]. The authors

report photo-induced electron and hole transfer at the interface between anatase

TiO2 nanorods or nanoparticles and MEH-PPV conjugated polymer within these

solution blends, being higher for spherical TiO2 nanoparticles. In a very recent article

[117], proton exchange membranes consisting of Nafion® and crystallized titania

nanoparticles have been developed to improve water-retention and proton conductiv-

ity at elevated temperature and low relative humidity. The anatase-type titania

nanoparticles (d ¼ 3–6 nm) were synthesized in situ in Nafion (sulfonated tetrafluor-

oethylene) solution through the sol–gel process. The formed nanoparticles are well

dispersed in Nafion solution at the titania concentration of 5 wt%. The glass transition

temperature of the formed nanocomposite membrane is about 20�C higher than

that of neat Nafion membrane. At elevated temperature (above 100�C), this nano-
composite membrane shows higher water uptake ability and improved proton con-

ductivity compared to pure Nafion membrane.

There is in the literature many fewer articles dealing with the preparation of TiO2

nanocomposites by melting process, although it is the most attractive methodology

from an industrial standpoint. The effect of the content and nature of TiO2 nano-

particles on the crystalline structure of high density polyethylene and isotactic

polypropylene have been studied [33, 35, 42, 46, 118, 119]. The degree of crystallin-

ity, the unit cell dimensions, the average lamellar thickness, or the average spherulite

size are not usually altered in the polymer by the presence of nanoparticles. More-

over, location of the glass transition as well as melting temperatures in these

nanocomposites is rather independent of the nanoparticles content. However, their

photodegradation is enhanced by the nanoparticles presence.

The effect on the rheological behavior of the nanoparticle coating as well as of the

nanoparticle amount has been studied in high impact polystyrene nanocomposites

performed by this melting method [120]. These coated nanoparticles are obtained by

in situ emulsion polymerization of styrene. The nanocomposite melts with coated

nanoparticles presenting higher shear viscosity due to their strong interfacial inter-

action than the uncoated ones.

Very recently, polypropylene-titania nanocomposites, PP/TiO2, have been

prepared [121] by this process using titanium n-butoxide premixed with PP in the

molten state. Under these conditions, the nanocomposites present TiO2 nanoparticles

with primary particle sizes with a mean diameter as low as 5 nm. The authors found

that a fractal structure of these particles is observed at the highest concentrations,

with a characteristic aggregates size of daggr � 130 nm. In addition, the rheological

properties demonstrate that, in this case, the inorganic filler concentration at the

percolation threshold is lower than 6 wt% (volume fraction� 0.014). The appearance

of a second plateau modulus at low frequency is mainly correlated to the formation of

an aggregate–particle network.
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4.5 TiO2-Nanocomposites with Biocidal Properties

There is significant interest in the development of antimicrobial materials for

application in the health and biomedical devices, food packaging, and personal

hygiene industries [122–136]. Among several possibilities currently being explored,

titania can be seen as a potential candidate for polymer modification with a signifi-

cant number of advantages, the most obvious resulting from the absence of the

releasing of dangerous materials into the media. This is a direct, positive input when

compared with other current nanomaterials, like silver, with antimicrobial purposes.

As deduced from recent contributions, there are additional benefits derived from the

specific nanocomposite organization although, unfortunately, there are only a few

articles exploring the use of TiO2 nanocomposites for biocidal purposes. Below, the

main results reported in these contributions are itemized.

Probably the earliest work of photo-active TiO2-containing polymer-based

nanocomposites was carried out by Kim et al. which aimed to reduce biofouling

effects on polymer-based (polyamide) membrane systems [137, 138]. The nano-

composite material showed efficient control of E. coli in a period of hours, thus

establishing the potential of the system in microorganism control and killing. The

presence of TiO2 on polymer-based membranes was recently reviewed although it

appears that, apart from the already mentioned contributions, there is an essential

lack of information concerning disinfection applications of these materials [139].

As detailed in the review article, some disinfection studies considered a technology

derived from the combination of TiO2 slurries and polymer-based membranes,

but the use of nanocomposites was/is certainly scarce.

Only recently, several groups have tried to build up some general work aiming to

test the potential antimicrobial properties of polymer-based composite systems

containing TiO2 as a biocidal agent. In this line, Kubacka et al. [33] describe the

preparation by a melting process of ethylene-vinyl alcohol copolymer, EVOH/TiO2

nanocomposite films with different amounts of the inorganic TiO2 component

with anatase structure, primary particle size of ~9 nm and a BET surface area of

104 m2/g. These nanoparticles are synthesized by a microemulsion method, and

EVOH copolymers are selected because of their extensive commercial applications

in food packaging, health, and biomedical industrial areas. The use of compatibilizer

or coupling agent(s) is not needed in these nanocomposites due to the amphiphilic

nature of EVOH copolymer, which is able to include titania nanoparticles in the final

material with a good adhesion at interfaces between the two components. These

nanocomposites present extraordinary antimicrobial properties against a number of

Gram-positive and Gram-negative bacteria (E. coli, caratovora, and faecalis, and
P. aeruginosa and fluorescens), Gram-positive cocci (S. aureus), and yeasts

(Z. rouxii and P. jadini). Figure 4.8 exemplifies this feature for a series of samples

having different weight loadings of the inorganic component. The study showed that

a key advantage of polymer-based materials biocidal properties (with respect to

oxide-alone ones or even of polymer-based systems incorporating biocidal agents

like Ag) relies on the fact that the whole nanocomposite surface becomes biocidal
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and thus relaxes the requirement for direct biocidal agent to microorganism contact.

These nanocomposites exhibit an astonishing biocidal behavior in comparison with

that presented by well-known biocide agents such as Ag-based systems, AgBr

particles coating with poly(vinylpyridine) or simple chemicals (glutaraldehyde,

formaldehyde, H2O2, phenol, cupric ascorbate, or sodium hypochlorite) [31, 130,

133, 140, 141]. The outstanding biocidal capability comes from a close contact at

nanometric scale between polymer and oxide nanoparticles, this contact being

proved by the presence of new electronic states, not present in the individual

components, in the nanocomposite systems. The optimum handling of charge

carriers through the organic–inorganic interface occurs for oxide loading between

2 and 5 wt% as a compromise is found between the maximization of the components

inter-area and the aggregation of the inorganic component [33, 35, 142].

Figure 4.9 displays the results of a SEM study illustrating how the incorporation

of TiO2 nanoparticles influences the biokilling potential of the nanocomposites, not

only affecting the cell viability but also bacteria aggregation and biofilm formation.

Biofilm formation control is a major issue in microbial control and killing, and the

high effectiveness shown by these systems appears as a distinctive advantage of

polymer-TiO2 nanocomposites with respect to the bare oxide and/or traditional

chemical agents. Note that the advantage against the bare oxide comes directly from

the fact that, as explained above, the composite system is a type of non-contact

agent, relaxing some of the inherent limitations of the inorganic biocide.

EVOH Ti05 Ti2 Ti5
0

100

200

300

400

1500
2000

(x 10-4)

(x 10-5)

(x 10-5)

S
ur

vi
va

l (
C

F
U

 / 
m

l)

Sample EVOH-Tix (x = 0.5; 2 or 5 %)

 E.coli
 S.aureus
 P.jadinii

(x 10-4)

Fig. 4.8 Photokilling performances of EVOH-TiO2 composites with variable inorganic content
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In addition, these nanocomposites are easily photodegraded by exposure to sun-

light. Therefore, they could be considered as environmentally friendly polymeric

nanomaterials with potential applicability in the productive sector [33].

The physico-chemical characterization of these nanocomposites has additionally

shown that the EVOH crystallinity does not practically vary by incorporation of

titania nanoparticles, although the crystal size slightly increases with nanoparticle

content at low compositions. The values of glass transition andmelting temperatures

do not differ significantly with the increase of titania composition, indicating

a slight effect of TiO2 nanoparticles on the transitions related to the amorphous

and crystalline phases within the polymeric component. However, a considerable

microhardness improvement is observed as the TiO2 amount rises in the nano-

composites [35]. Such features would indicate that the conventional applicability

of the EVOH copolymer is not affected or even reasonably improved by the presence

of the biocidal oxide.

In additional works, these authors have evaluated isotactic polypropylene, iPP,

as a matrix and, once more, anatasa titania nanoparticles to verify their straightfor-

ward and cost-effective approach as well as the biocidal possibilities of these other

nanocomposites [46, 143], also with applications in the packaging sector. In this

case, an interfacial agent (a low molecular weight polypropylene with maleic

anhydride grafted, PP-g-MAH) is required to be added to improve the interfacial

contact between the organic matrix and the nanoparticles due to the hydrophobic

nature of iPP [144]. The antimicrobial activity is substantially enhanced in the

resulting nanocomposites by efficiently managing charge carrier handling through

the organic–inorganic interface, making the whole system biocidal. As occurred

in EVOH/TiO2 nanocomposites, crystallinity degree of the iPP matrix remains

practically unchanged by the presence of nanoparticles in the polymer.

The antimicrobial performance exhibited by these TiO2–polymer nanocomposites

surface can even be improved by extending the oxide absorption power into the

visible region through an oxide-surface doping process. Consequently, TiO2-doped

nanoparticles have been prepared by photodeposition of metallic entities (e.g., silver)

in a content of 1 wt% [42] or by addition of a similar amount of certain oxides like

Cu2O/CuO or ZnO using impregnation procedures [145]. Afterwards, different

Fig. 4.9 SEM images of the P. aeruginosa cells sited at the surface of the TiO2-EVOH nano-

composite with a 2 wt% of nanoparticle content in the absence (a) and presence of UV light (b)
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amounts of these doped nanoparticles have been incorporated into an EVOH copoly-

mer through, once more, a melting process without using any compatibilizer.

These nanocomposites demonstrate very effective germicide activity toward Gram-

negative and Gram-positive bacteria/cocci (E. coli, P. putida, S. aureus), and yeasts
(P. jadini) using both UV and visible light sources, the latter up to 500 nm wave-

lengths. Figure 4.10 compares the film performance of TiO2-EVOH and doped-TiO2-

EVOHnanocomposites with a 2wt%of inorganic content for both theUV and visible

light excitation cases. The plots display nanocomposites killing performances after

30 min contact with Gram-positive (E. coli) and -negative (S. aureus) bacteria.

As expected, the surface doping of the oxide is effective with respect to TiO2 as

inorganic phase of the nanocomposite under all illumination conditions, but particu-

larly while exposed to visible light irradiation. Photoluminescence studies indicate

that such a positive effect is based on the influence of the additives in charge

recombination, allowing hole-related charge species to interact more efficiently

with microorganism targets. In addition, the materials show exceptional resistance

to biofilm formation, which is responsible of microorganism antibiotic resistance. In

summary, the presence of minuscule amounts of metallic Ag or Cu2O/CuO or ZnO

oxides greatly boosts the antimicrobial power (in comparison to TiO2-EVOH

systems) through several optical effects under UV light and introduces the successful

use of visible-light sources. Such optical effects concern visible-light plasmonic

resonances for the Ag metal and the optimization of the optical absorption capability
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in the UV/visible range for, respectively, ZnO and Cu2O/CuO oxides, but, common to

all of doping agents, is the already mentioned adequate handling of charge carriers

generated upon light excitation through the corresponding inorganic–inorganic and

inorganic–organic interfaces.

Other valuable works concern the use of an industrial TiO2 material, called P25

from Degusa, to produce a polyester-based composite film which was coated on the

walls of a photo-catalytic reactor to disinfect the air of a typical room (ca. 60 m3)

using a recirculation system which can be installed, for example, in air conditioning

apparatus. Using UV light, the system efficiently eliminated bacteria although

showed a limited performance with fungi [146]. Also, Zhang et al. [147] reported

the incorporation of titania to a polyurethane matrix using a surfactant (SDS) as

interfacial agent. The presence of the latter component also increases the hydrophi-

licity of the final nanocomposite material. The system was tested against bacteria

(E.coli, C. albicans) and a virus (A. niger) under both UV and visible (typical indoor

conditions from fluorescence illumination) excitations. E. coli seems to be effi-

ciently eliminated while some deficiencies were surprisingly observed in the

photokilling of C. albicans and A. niger. Very recently, in 2010, two contributions

described additional uses of these TiO2-polymer composite materials. Tyllianakis

et al. [148] described the use of complex biocidal agents containing silver, titania

and quaternary ammonium salts in order to obtain highly efficient nanocomposite

films showing outstanding activity against E. coli, S. epidermis, S. aureus, and
C. paraprilosis and potential use in biomedical applications as scaffolds. Excellent

performance is observed both in the presence or absence of light excitation and

attributed to the combined effect of silver and quaternary salts while in dark conditions

and titania upon illumination. Similarly, Kong et al. [149] reported the preparation

of titania nanocomposites exhibiting antimicrobial performances even under dark

conditions, since the secondary amine-containing antifouling copolymer shell pro-

vides additional antimicrobial activity to the one provided by TiO2 nanoparticles.

These materials are obtained by photo-induced copolymerization of 2-(tert-buty-
lamino)ethyl methacrylate and ethylene glycol dimethacrylate to form core–shell

poly(tBAM-co-EGDMA)/commercial anatase needle-like TiO2 nanoparticles. They

show enhanced photocatalytic antibacterial properties than neat TiO2 nanoparticles

against bothE. coli and S. aureus due to the synergic antibacterial performances of the

biocidal polymer shell and light-activated biocidal TiO2 core.

Finally, we can mention that a system currently explored concerns the use of

a natural polymer as chitosan incorporating the titania oxide as biocidal component.

Presence of the inorganic component helps in mitigating chitosan biocidal defici-

encies, typical of aqueous media at acidic pH and due to solubility deficiencies and

limited availability of amino groups. Multilayer systems containing these two

components [150] showed outstanding activity as well as that observed in more

complex formulations using an additional layer containing Ag-AgBr [151] under,

respectively, UV and visible light excitation conditions for the inactivation of

E. coli. Also, TiO2-chitosan composites immobilized in cotton fibers were shown

to obtain 2/3 log reductions for E. coli and S. aureus upon 12 h visible light

interaction. A lower activity of 97% was observed in the case of the virus A. niger
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[152]. Some of the previous results on chitosan-based nanocomposite films containing

additional (typically silver) antimicrobial agents were reviewed by Li et al. [124].
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Chapter 5

Synthesis, Characterization, and Antimicrobial

Activity of Zinc Oxide Nanoparticles

Adhar C. Manna

5.1 Introduction

In recent years, research and the use of nanomaterials has attracted much interest

due to their small size (1–100 nm) and novel structures that exhibit significantly

improved physical, chemical, and biological properties compared to their bulk or

molecular precursors. In this context, a new branch of multidisciplinary science

integrating engineering with biology, chemistry, and physics has emerged as

nanosciences or nanotechnology, due to their existence and potential applications

in a wide variety of fields such as electronics, ceramics, catalysis, magnetic data

storage, structural components, food, cosmetics, biological, and medical [1–3].

Metal oxides, in particular the transition metal oxides, have profound applications

in various fields due to their excellent optical, magnetic, electrical, and chemical

properties. As the size decreases from the micrometer to the nanometer range, the

materials exhibit enhanced diffusivity, increased mechanical strength and chemical

reactivity, higher specific heat and electrical resistivity, and enhanced biological

properties. This is in part because as particles become smaller, the proportion of

atom found at the surface increases relative to the proportion inside its volume,

which means that composite materials containing nanoparticles can be more reac-

tive and have enhanced chemical properties. Nanostructure metal oxides are more

interesting in that they can be synthesized with a very high surface-to-volume ratio

and with unusual morphologies that contain numerous edge/corner and other

reactive surface sites, which can be easily functionalized with different groups for

the desired applications. An increasing use of nanomaterials has been reported in

biological- and medical-related applications such as imaging, sensing, target drug

delivery, fighting human pathogens, healthcare products, cosmetics, and food
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preservative agents due to better safety and stability compared to bulk precursors or

their organic counterparts.

The development of agents with antimicrobial activity and surface coatings has

been attracting increased interest among various researchers in recent years due to

the continuous emergence and spread of multiple or pan-antibiotic-resistant strains

of various infectious organisms worldwide. In addition, microbial contamination is

a serious health issue in both hospital- and community-associated settings and in the

food industries. The antimicrobial activity of nanoparticles has been studied for

several metal and metal oxide nanoparticles and bulk powders with different

pathogenic and nonpathogenic bacteria [3–19]. Inorganic materials with

antibacterial activity can be used in different forms such as powders, coated on

the surface of hospital or medical devices, and/or as a part of organic/inorganic

nanocomposite coatings in numerous industrial sectors including environmental,

food, textiles, packaging, husbandry, healthcare, and medical care, as well as

construction and decoration [1–3]. The main advantages of using inorganic oxides

when compared with organic antimicrobial agents are their stability at higher

temperatures and/or pressures, their ability to withstand harsh processes, and their

robustness and long shelf life [3, 4]. Some of the inorganic or bulk oxide powders

that have been tested for their antimicrobial activity are TiO2, ZnO, MgO, CaO,

CuO, Al2O3, AgO, and CeO2 under different conditions [4, 6–8, 10–19]. Interest-

ingly, several metal oxides (e.g., CaO, MgO, and ZnO) showed antimicrobial

activity without photo-activation in contrast to others like TiO2 that required

photo-activation [4, 8, 9, 20, 21]. This has attracted much more attention toward

developing an alternative compound to substitute for the conventional organic

compounds like quaternary ammonium salt and chlorine disinfectant. Among the

inorganic materials, metal oxides such as TiO2, ZnO, MgO, and CaO are not only

stable under harsh conditions but also regarded as safe materials for human beings

and animals, and are part of essential minerals for human health [1, 4, 20].

Furthermore, TiO2 and ZnO have been used extensively in the formulation of

various personal care products [22].

ZnO is a wurtzite-type semiconductor and piezo-electrical material exhibiting

excellent electrical, optical and chemical properties with band-gap energy of

3.1–3.4 eV. It has a very large excitation binding energy of 60 meV at room

temperature, which is very close to that of TiO2 [14]. It is considered to be more

suitable for photocatalysis applications due to its high photosensitivity, and chemi-

cal stability. Recently, special interest has been shown in its morphology, as ZnO

can form various nanostructures suitable for a wide variety of applications in UV-

shielding materials, gas sensors, biosensors, semiconductors, piezoelectric devices,

field emission displays, photocatalytic degradation of pollutants, and antimicrobial

treatments [1–3]. Several physical parameters such as surface area, particle size,

surface charge, and zeta potential of a material are very important for its

applications and function. These physical factors of nanoparticles very often govern

the stability, uptake, persistence, and chemical or biological activities inside the

living cells. ZnO nanoparticles are considered to be non-toxic, biosafe, and bio-

compatible and have been found in many biological applications in daily life such
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as drug carriers, and in cosmetics, and as fillings in medical materials or devices [3,

4, 20]. Discovery of antimicrobial properties of metal oxides either powders or

nanoscale materials has gained increased interest over the past decade largely due

to the increasing emergence and spread of multiple antibiotic-resistant strains

against organic antimicrobial agents. The majority of research and interest in the

antimicrobial properties of metal oxides regards their use as antimicrobial coatings

of the surfaces of various devices to eliminate survival of microorganisms on

surfaces in the environment, community and health care settings that will eventu-

ally stop the spread of the diseases. In addition, coatings are expected to have better

stability and safety, although nanoscale materials may pose a health-related hazard

upon inhalation [10, 22]. It has been recognized that nanoscale materials pose more

cytotoxicity than larger particles of the same material [20]. In this context, ZnO has

advantages over other metal oxides such as TiO2 for developing metal oxide-based

antimicrobial agents at ambient conditions as its activity does not require photo-

activation [10]. Antimicrobial activity and stability of ZnO nanoparticles can be

enhanced by incorporating agents during synthesis. Because of the multifunctional

nature of ZnO nanoparticles, it would be difficult to cover all aspects of interest.

In this chapter, we will focus on the following aspects: synthesis, characterization,

mechanism of antimicrobial activity, and biological applications.

5.2 Zinc Oxide Crystal Structure and Band Structure

Zinc oxide normally crystallizes in a hexagonal wurtzite structure, which is its most

thermodynamically stable phase. This phase is where each anion is surrounded by

four cations at the corners of a tetrahedron with a typical sp3 covalent bonding [3,

23, 24]. It exhibits partial polar characteristics with lattice parameters ao ¼ 0.32495

nm, co ¼ 0.52069 nm and ao/co ¼ 1.602–1.633. As shown in Fig. 5.1, the ZnO

structure can be described as number of alternative unit cells composed of tetrahe-

drally coordinated O2� and Zn2+ stacked alternatively along the c-axis, resulting in
the absence of inversion symmetry structure. For nanoparticle ZnO, the concentra-

tion of zinc and oxygen atoms located on the surface is greatly increased due to the

a

c

O

Zn

Fig. 5.1 The hexagonal

wurtzite structure model of

ZnO. The lattice constants are

a ¼ 0.325 nm and

c ¼ 0.5207 nm. All atoms are

tetrahedrally coordinated.

The fundamental band gap is

direct with a value of 3.3 eV

at room temperature (Adapted

from http://en.wikipedia.org/

wiki/ Wurtzite_ crystal_

structure)
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very large surface area, which affects its density and renders it with novel physical,

chemical, and optoelectronic properties or responses. The most interesting charac-

teristic of ZnO is that its polar surface is induced by its strong sensitivity to normal

light at room temperature. Specifically, once a ZnO crystal is exposed to normal

light, it readily deforms by the basal plane or growth direction {0001} and forms

polar surfaces. One end of the basal polar plane terminates with partially positive

Zn lattice sites and the other end terminates with partially negative oxygen sites,

resulting in a normal dipole moment and spontaneous polarization along the c-axis
as well as variation in surface energy. To maintain a stable structure, the polar

surfaces generally have facets or exhibit surface deformations, but nano-ZnO

surfaces are exceptions as they are atomically flat, stable and exhibit no defor-

mations. However, for nano-ZnO, there have been many conflicting views regard-

ing the superior stability, electron transport, band structure and other characteristics

compared to the bulk ZnO, although discussions are ongoing among the theoretical

physicists and chemists [1, 3, 4]. In addition to growth surface or facet {0001}, two

more commonly observed facets for ZnO are the top surface {2110} and side

surface {0110}, which are non-polar and have lower energy. ZnO exhibits various

novel structures which can be grown by turning the growth rates along different

directions of the facets.

The crystal structure, size, and shape of the synthesized ZnO nanoparticles can

be investigated using several methods such as nitrogen physisorption (N2), powder

X-ray diffraction (XRD), and scanning and transmission electron microscopies

(SEM and TEM) [3, 4, 23–31]. The crystallographic orientation of ZnO nano-

particles synthesized using hydrothermal methods is determined by XRD. A typical

XRD pattern of a 12-nm-diameter particle synthesized ZnO nanoparticles by

a hydrothermal method is shown in Fig. 5.2a. Nine peaks appeared at the positions
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Fig. 5.2 (a) Typical X-ray diffraction (XRD) pattern for a 25-nm-diameter ZnO nanoparticle

prepared using hydrothermal method. (b) TEM image of a 13-nm-diameter ZnO nanoparticle

synthesized by force hydrolysis of zinc acetate at 160�C. The inset shows a selected area electron

diffraction pattern confirming the crystalline ZnO phase (TEM image reproduced from [47]. With

permission of the American Institute of Physics)
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of 2y ¼ 31.63�, 34.50�, 36.25�, 47.50�, 56.50�, 62.80�, 66.35�, 67.92�, and 68.91�,
which correspond to {100}, {002}, {101}, {102}, {110}, {103}, {200}, and {201},

respectively, which are in good agreement with the assigned standard wurtzite-type

ZnO structure (JCPDS 36–1,451) [31]. The specific surface areas, pore volumes,

and diameters of ZnO nanoparticles can be determined using nitrogen physisorption

studies in a Quantachrome Nova 2200e series surface area analyzer or similar

instruments. For example, the surface areas of ZnO nanoparticles can be calculated

using the Brunauer–Emmett–Teller equation in the relative pressure range (P/Po) of

0.05–0.30. The average particle diameter (D) of the zinc oxide particles can also be

estimated under the assumption that all particles are spherical in shape, and using

the equation (D ¼ 6/S r), where S is specific surface area per unit gram of the

sample and r is the density of zinc oxide. The morphology and the size of the

synthesized nanoparticles can be determined using various high resolution

microscopes such as SEM or TEM [3, 19, 31]. A typical TEM pattern for ZnO

nanoparticles synthesized through a hydrothermal method is shown in Fig. 5.2b.

Lattice spacing of 0.28 and 0.16 nm indicate the presence of the {100} and {110}

planes. In addition, electron diffraction studies can be performed to determine the

crystal structure and the growth orientation of the ZnO nanoparticles.

5.3 Synthesis of ZnO Nanoparticles

Significant progress has been made in understanding fundamental aspects of the

synthesis of nanoparticles in different forms. Various routes have been developed

for the small- and large-scale production of nanoparticles. Several methods have

been employed for the preparation of different forms of ZnO nanoparticles to

investigate various functions and further improvements; however, a more funda-

mental approach of the exact growth mechanism of nanoparticles synthesis remains

largely unknown. The different synthesis methods with different parameters

and stringent growth conditions like temperature, pressure, hydrolysis ratio, and

precursors has been adopted to achieve different forms of ZnO nanoparticles such

as nanospheres, nanotubes, nanorods, nanobelts, nanowires, nanocombs, nanorings,

nanoloops, nanobows, and nanoribbons [24–29]. These methods include

metal–organic chemical vapor deposition, hydrothermal synthesis, thermal evapo-

ration via a vapor liquid solid process assisted by a catalyst, and oxidation of

metallic zinc powder without metal [24–26]. In addition, synthesis of ZnO

nanoparticles largely depends on whether they will be used in biological and/or

non-biological related systems. The relatively simple room temperature synthesis is

more important than other methods for either coatings or biological applications.

In low temperatures, synthesis is primarily focused on redox–reaction processes for

metal chalcogenides or limited precipitation and/or crystallization for some metal

salts and hydroxides. Overall, these methods are broadly classified into two main

routes of nanoparticles synthesis: vapor phase and solution phase synthesis.
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5.3.1 Vapor or Gas Phase Synthesis of ZnO

Various approaches have been developed for the synthesis of metal and ceramic

nanoparticles with well-defined and narrow size distribution in the gas or vapor

phase synthesis route using an inert gaseous environment in closed chambers.

Normally, the synthesis of ZnO nanoparticles is carried out at higher temperatures

from 500�C to 1,500�C, which is below the melting point of 1,975�C. Some of the

commonly used gas phase methods are vapor phase transport that includes vapor

solid and vapor liquid solid growth, physical vapor deposition, chemical vapor

deposition, metal organic chemical vapor deposition, thermal oxidation of pure Zn

and condensation, and microwave-assisted thermal decomposition [24]. Different

sources such as evaporation, sputtering and laser are used to evaporate materials

from the surface of solids into clusters, which are then condensed, transported, and

collected on a cold finger to form the nanoparticles. Various types of ZnO

nanoparticles such as nanowires, sheets, and tetrapods can be synthesized by

physical vaporization of zinc powder with or without the presence of catalysts

and exposure to air or N2/O2 mixture at relatively high temperature ranging

from 800�C to 850�C [27]. One-dimensional high purity ZnO nanobelts have

been synthesized using thermal evaporation of zinc sulfate (ZnS) powders in

a hydrogen–oxygen mixture gas at 1,050�C [28] for potential application in

optoelectronic devices. Generally, to synthesize ZnO nanoparticles, the metal

bulk of zinc is placed inside the vacuum chamber and then, by setting the heating

current, vacuum pressure and vaporized temperature, it melts and vaporizes into

gas. Inside the chamber, the material vapor collides with insert gas to cool off,

which then flows into a low temperature collector and forms nanoparticles. This

simple principle has been used to synthesize different structures of ZnO or metallic

Zn nanoparticles for fabrication on the surface of potential applications. Several

methods which have been described for growing the different ZnO nanostructures

or nanoparticles in the solution phase are also part of the gas phase synthesis.

5.3.2 Solution Phase Synthesis

Solution phase synthesis is often known as the hydrothermal growth process

because the synthesis is carried out in aqueous solutions at a relatively low

temperature. Some of the solution phase synthesis methods are the zinc acetate

hydrate-derived nanocolloidal sol–gel route, zinc acetate hydrate in alcoholic

solution with hydroxide (s), temperature-assisted synthesis, spray pyrolysis for

growth of thin film, and electrophoresis [24, 25]. Numerous methods have been

reported which are beyond the scope of description in this chapter; instead, we will

present several of the most frequent methods used.

156 A.C. Manna



5.3.2.1 Sol–Gel Synthesis of ZnO Nanoparticles

The sol–gel processing method has been used for producing metal oxide and

ceramic powders with high purity and high homogeneity [24, 29]. The sol–gel

offers a degree of control of composition, shape, and morphologies of nanoparticles

at the molecular level. The process involves the preparation of a colloidal suspen-

sion (“sol”), which is subsequently converted to viscous gels and solid materials

using the principles of hydrolization, condensation, and polymerization reactions.

Templates or precursors such as zinc acetate hydrates in an alcohol or ethanolic

suspension are refluxed and distilled to form a transparent sol to remove the

solvents and followed by drying. Small ZnO nanoparticles (>5 nm) can be formed

under high concentration conditions by addition of hydroxides (e.g., LiOH, NaOH,

etc.) and subsequent condensation and polymerization reactions. There are several

factors, such as the nature of the alkyl group and the solvent, the concentration of

each species in the solvent, the temperature, the water to alkoxide molar ratio, and

the presence of acid or base catalysts, known to affect the different steps for the

growth of ZnO nanoparticles. When zinc acetate, Zn(Ac)2, is heated in alcohol, the

following reaction initially occurs:

4Zn Acð Þ2:2H2O�!heat Zn4O Acð Þ6þ7H2O + 2HAc

The tetrahedral oxy-acetate, Zn4O(Ac)6, is also known as basic zinc acetate and

is a well-designed molecular model of ZnO. Zinc acetate can form larger

homologues like ethoxy acetate, [Zn10O4(Ac)12] and hydroxy-double salt, [(Zn-

HDS)Zn5(OH)8 (Ac)2 (H2O)2] from Zn4O(Ac)6. The by-products such as H2O,

acetic acid, etc. are removed by distillation. ZnO nanoparticles are formed by

continuous refluxing from these sol substrates. It has been observed that Zn4O

(Ac)6 is more stable than zinc acetate hydrate, while the stability of ethoxy acetate

is enhanced in the presence of H2O and ethanol. There is spontaneous formation of

zinc hydroxyl double salts due to the presence of water and the higher stability of

Zn-HDS monomer with respect to the oxy-acetate clusters. The zinc ethoxy-acetate

is most the stable precursor because free Zn2+ ions do not exist in alcoholic zinc

acetate hydrate solutions due to a strong chemical bond exists between Zn2+ ions

and Ac ligands. The sol–gel process has been useful for synthesizing metal oxides

as a result of the presence of metal–oxygen bonds. The process has distinct

advantages over other methods for preparing metal oxide nanoparticles that include

faster nucleation and growth, the formation of high purity powders as a result of

homogenous mixing of the raw materials and the large-scale industrial production

of nanopowders. The disadvantage of the process is the high cost for the precursors

of the metal materials.

5 Synthesis, Characterization, and Antimicrobial Activity of Zinc Oxide Nanoparticles 157



5.3.2.2 Hydrothermal Synthesis of ZnO Nanoparticles

Hydrothermal or wet chemical synthesis processes are solution-based processing

routes used for the synthesis of nanoparticles. These include precipitation of solids

from a supersaturated solutions, homogeneous liquid phase chemical reduction, and

ultrasonic decompositions of chemical precursors [24, 29, 30]. These methods

are more attractive due to their simplicity, versatility, and availability of low cost

precursors.

Room Temperature Synthesis

The simplest route used to synthesize ZnO nanoparticles is room temperature

synthesis using an acid-base precipitation method [22, 25, 29, 31]. In a typical

synthesis, the precursor solution of zinc such as zinc nitrate, zinc acetate, or zinc

sulfate, and an aqueous solution of base like NaOH, KOH, trimethyl (or ethyl)

ammonium hydroxide, or NH4OH are prepared in nanopure water. The acid

solution is mixed with the base by varying the molar hydrolysis ratio of

Zn2+/OH� from 1 to 10, and the precipitate is harvested, washed, and dried in

a static air oven at 80–90�C for several hours. The following reactions occur during

the formation of ZnO nanoparticles:

Zn CH3COOð Þ2:6H2O + 2NaOH�!ZnO + 2Na CH3COOð Þ2þH2O

Zn OHð Þ2 + 2OH��!ZnO2þ
2 þ2H2O

ZnO2þ
2 þH2O�!ZnO + 2HO�

Liu and Zeng [17] used similar room temperature solution synthesis to synthe-

size ZnO nanorods using the precursor solution of zinc nitrate [Zn(NO3)2.6H2O]

and a NaOH solution in deionized water with different molar ratios of Zn2+ to OH�

varying from 1:3 to 1:40 at room temperature (25 � 2�C) under constant stirring
for 1–12 days. In addition, several reports of hydrothermal synthesis in aqueous

solution have been reported with modification of the reaction conditions and

the precursor materials used to achieve desired sizes and morphologies of the

synthesized ZnO nanostructures/nanoparticles [24, 31]. For example, zinc acetate

hexahydrate was mixed with sodium hydroxide in water with varying molar ratios

of Zn2+ and OH� at room temperature for 2 h, followed by sonication for 30 min to

impart uniformity. Synthesis of ZnO nanoparticles can be carried out in an auto-

clave at different temperatures from 80�C to 180�C with varying reaction times

from 12 to 48 h. For more simplicity of hydrothermal synthesis, the mixture of zinc

salts (e.g., zinc acetate) and base (e.g., NaOH or NH4OH) with adjustment in pH

(>7.0) and/or heat (100–200�C) for 2 h is also very effective in forming a crystal-

line ZnO nanopowder.
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Conveniently, the particle size and morphology can be manipulated during the

growth of ZnO nanoparticles by using different precursors such as zinc nitrate, zinc

sulfate, zinc chloride; bases like potassium hydroxide, ammonium hydroxide,

tetramethylammonium hydroxide (TMAH), tetraethylammonium hydroxide

(TEAH), diethanolamine; growth temperature; pressure; pH; and addition of

macromolecules such as different surfactants such as polyvinyl alcohol (PVA),

polyethylene glycol (PEG), sodium dodecyl sulpfate (SDS), and cetyltrimethyl

ammonium bromide (CTAB) [24]. Similar modification followed a significant

change in morphology from rod-like to polyhedral, which was observed using

ZnCl2 and NaOH in hydrothermal synthesis with different organic compounds. In

this example, crystalline nanoparticles of 10–20 nm were synthesized at room

temperature by adding TMAH to an ethanolic solution of zinc acetate dehydrate,

whereas addition of water to the ethanolic solution prior to adding TMAH produced

ZnO nanoflakes [24]. Spherical ZnO nanoparticles of diameters ranging from 39 to

320 nm were synthesized by oxidation of zinc acetate in supercritical water [32].

Thus, particle size and morphology can be modulated by varying conditions like

temperature, pressure and/or the reaction atmosphere.

Synthesis of Different Structures ZnO Nanostructures

The synthesis of nanoparticles can be divided into four steps: precursor formation,

nucleation, growth, and aging. The kinetics of these processes determines the

properties of the final product. The chemistry of precursor formation depends on

the solvent and reactants present in the solution. The presence of water helps speed

up the nucleation process during synthesis. Condensation reactions lead to nucle-

ation that determines the detailed structure of the solid material. Faster nucleation

processes combined with relatively slow growth and aging kinetics, is desirable for

monodispersed colloids. The growth process does not significantly alter the particle

size and size distribution; rather, aging can influence the types of aggregation or

coarseness of the final product. Most of the nanostructures of ZnO such as

nanowires, nanorods, nanobelts, etc., are important for various applications during

fabrication and can be easily synthesized using different controlling agents such as

surfactants, doping agents, or changing solvents. ZnO nanowires can be formed on

glass surfaces by thermal decomposition of highly water soluble methenamine and

zinc nitrate. These probably act as shape-inducing polymer surfactants, thereby

blocking the growth of ZnO to other faces (e.g., {2110} and {0110}) and leaving

only the polar {0001} face. There are numerous investigations regarding variation

in the morphology of ZnO nanostructures using different surfactants, growth on

substrates, and the control of reaction conditions. Tang et al. [33] synthesized ZnO

nanorods using single precursor, zinc acetylacetonate hydratein, and the presence of

four different surfactants (PVA, PEG, SDS, and CTAB). Similarly, carbamide was

used as a surfactant for the synthesis of ZnO nanobelts in a hydrothermal growth

process with ZnSO4 and NaOH. Zhang et al. [34] has been able to synthesize

bundles of ZnO nanostructures through a macromolecular surfactant (L64 and
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F68) using a hydrothermal growth route. Nanoflowers of ZnO structure with

hexagonal nanorod petals as long as 2–4 mm were synthesized at a temperature of

90�C in 30 min using zinc acetate dehydrate and sodium hydroxide through the

hydrothermal method [24]. The growth of flower-like and cabbage-like

nanostructures was also achieved using the hydrothermal growth method and

the surfactant CTAB at temperatures of 120�C, 150�C, and 180�C. The flower-

like micro- and nanostructures of ZnO nanorods are preferentially formed at

a temperature of 120�C, whereas cabbage-like nanostructures are formed at higher

temperatures of 150�C and 180�C due to repeated growth of two-dimensional ZnO

sheets of 50 m or 100 nm. Overall, the nanoparticle size and morphologies can be

modulated during the hydrothermal growth process of ZnO by changing different

precursors, solvents, molar ratio, temperature, pressure, atmosphere of reaction, and

the presence of catalysts or surfactants.

Other Hydrothermal Processes for the Synthesis of ZnO Nanoparticles

or Nanostructures

At present, numerous processes have either been developed or are under develop-

ment for producing nanoparticles in a manner that reduces both synthesis time and

cost. Metal nanoparticles can be generated using either ultrasonic waves or micro-

wave irradiation of metal salts or chemical precursors. Power ultrasonic waves can

stimulate certain novel chemical processes such as nucleation, growth, and collapse

of cavitation bubbles formed in liquid through localized hot spots in the liquid of

extremely high temperature (~2,700�C) and pressure (~1,000 atm). Increased use of

microwaves mediated the synthesis of nanostructures or nanoparticles have been

reported in comparing to this conventional oven. Microwave-assisted decomposi-

tion of zinc acetate precursor in the presence of an ionic liquid, 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl) imide, [bmim][NTf2], was used

to synthesized ZnO nanoparticles [35]. Ma et al. [36] also synthesized ZnO micro-

and nanoparticles using zinc acetate hexahydrate and pyridine in a hydrothermal

process through microwave irritation at 90�C for 10 min. Adjusting the concentra-

tion of pyridine in the reaction, synthesis of various ZnO structures such as

hexagonal columns, needles, nanorings, and hollow structures was reported. ZnO

nanocrystallites synthesized using microwave irradiation were found to have more

defects and were capable of exhibiting visible light photocatalysis without any

doping with transition metals [24].

Several reports detailing the synthesis of ZnO nanostructures using simple routes

have been published [24, 37]. Large arrays of ZnO nanorods on zinc foil have been

synthesized in the absence of zinc salts, oxidant or coating of metal oxide layers by

simply dipping the zinc foil into a 25% aqueous ammonium solution and heating at

80�C [24]. Vijayan et al. [37] successfully synthesized thin films of ZnO using a

double dip method where sodium zincate served as the first dipping solution prior to

dipping in hot water. The parameters of ZnO microstructures or nanoparticles can
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vary based on the temperature of the hot water, the pH, and the amount of zinc

sulfate used for preparation of the sodium zincate solution.

5.4 Antimicrobial Activity of ZnO Nanoparticles

Zinc oxide nanoparticles have attracted much attention due to their versatile and

promising applications in biological sciences (antibacterial, antifungal, antifouling,

and biosensors), ultraviolet applications (catalysis, sunscreen, paint, polymer

nanocomposite, and rubber), and opto-electronics (light-emitting diodes, field

effect transistors, field emitters, solar cells, toners, and sensors) [3, 38]. In addition,

there are other applications such as in ferrite, varistor, pigment, ceramic flux,

animal food, pollutant filter, dental fillings, hydrogen fuel, and nanotextiles. The

main advantages of using ZnO nanoparticles compared with organic or bulk oxide

is their chemical stability, thermal resistance, robustness, and long shelf life [3, 4,

39]. This is important for harsh conditions such as high temperatures and pressures

that occur during product manufacturing, storage, and transportation. Considering

the continuous emergence of multiple drugs and antibiotic-resistant micro-

organisms, in particular, seen amongst pathogenic bacteria, it has become an

emerging public health issue. The morbidity and mortality associated with bacterial

diseases as well as the cost associated with treatment remains high, due to continu-

ous emergence of multiple antibiotic-resistant pathogenic strains that either acquire

resistance readily or are naturally resistant [40–42]. Some of these emerging

bacterial diseases that occur frequently include large outbreaks of food- and

water-borne infections, hospital-acquired (nosocomial) infections, bioterrorism-

associated infections, microbiota shift diseases and antibiotic resistance. In addi-

tion, several pathogens are capable of forming biofilms, typically on either host

organs or medical and non-medical devices, which makes treatment difficult due to

reduced drug penetration [42, 43]. The capacity of various bacterial pathogens to

cause a multitude of animal diseases is due to the organisms’ ability to produce

multiple factors associated with survival and virulence when they are in their

environmental settings [40–43]. Many of these factors are associated with coloni-

zation, neutralization of host immune systems, host tissue damage, and spreading of

pathogens in their environmental settings. Therefore, alternative therapeutics that

control the spread of pathogens and eliminate resistant pathogenic bacteria from

different environmental settings such as community, hospital, and various food

industries are being sought.

A literature survey revealed that over the last 20 years, efforts have been carried

out to develop nanomaterial agents with novel properties that have specific

antibacterial activities to combat the growing threat of infectious diseases [1–3].

Some of the inorganic nanoparticles or the bulk oxide powders that have been tested

for their antibacterial activity are TiO2, ZnO, MgO, CaO, CuO, Al2O3, AgO, and

CeO2 [4–19]. Among these metallic oxide nanoparticles, photocatalytic inactivation

of bacteria by TiO2 has been studied over the last 20 years [6, 7]. TiO2 can kill both
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Gram-negative (Escherichia coli), and Gram-positive (Bacillus subtilis, Staphylo-
coccus aureus) organisms as well as viruses including poliovirus 1, hepatitis B virus,
Herpes simplex virus andMS2 bacteriophage with different sensitivity [44]. Similar

to TiO2, various structures of ZnO have attracted much interest due to extensive

applications in sunscreens, coating, and paints [10], and also due to their piezoelec-

tricity and band gap in the near ultraviolet range and large excitation binding energy

at room temperature. ZnO has been shown to have different modes of action towards

microorganisms from other metal oxides [5, 8, 9, 11, 19, 46, 47]. Specifically,

studies have demonstrated the antimicrobial activity of bulk or larger particle-

sized ZnO in the range of 0.1–1.0 mm under visible light [21], whereas similar

studies on ZnO nanoparticles showed higher antibacterial activities against E. coli,
S. aureus, and B. subtilis [8, 9, 11, 21, 30, 39, 45–49]. Studies by several groups have
shown that functional activities and consequent toxicity of ZnO nanoparticles may

be influenced by particle size and concentration which is inversely proportional to

the size and concentration of ZnO nanoparticles used against S. aureus and E. coli
[9, 21, 31, 46]. Specifically, studies on E. coli with particle sizes ranging from

microns (2 mm) to nanometers (45 and 12 nm) showed more effective antibacterial

effect with smaller nanoparticles compared with larger sized particles [46]. Size-

dependent growth inhibition and viability of S. aureus were demonstrated in the

presence of 6 mM concentration of hydrothermally synthesized ZnO particle sizes

ranging from 302 to 12 nm as shown in Fig. 5.3 [31]. This is due to the fact that

smaller particles will have both a higher number and a higher surface area to volume
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Fig. 5.3 Effect of different sizes ZnO nanoparticles on the growth of S. aureus. (a) Growth
analysis curves measured by monitoring the culture turbidity as a qualitative measure of cell

growth using the optical density (OD) at 600 nm. (b) The percentage of growth inhibition as

counted the viable S. aureus colonies recovered from TSA (tryptic soy broth agar) plates and

plotted against ZnO particle sizes. The results demonstrate that size-dependent bacterial growth

inhibition of S. aureus exists in the presence of 6 mM of different sizes of ZnO nanoparticles

(Adapted from [31]; American Chemical Society)
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ratio to cover target microorganisms and attribute higher surface reactivity com-

pared to larger particles. Contradictory results have been reported where size-

dependent effects were not found to influence the antimicrobial activity of ZnO

[50]. In addition to the particle size-dependent antibacterial effect of ZnO

nanoparticles, most of the studies in the literature strongly indicate that dose-

dependent antibacterial activity exists for various forms of ZnO nanoparticles

against both Gram-positive and Gram-negative bacteria. Interestingly, the anti-

bacterial effect of the nanoparticles was significantly more pronounced on

the Gram-positive bacteria than on the Gram-negative bacteria probably due to

the complexity of the cell membrane structure that exhibits significant changes in

membrane permeability and other surface properties in the presence of metal oxide

nanoparticles. It has been reported that more than 95% inhibition of S. aureus
growth could be seen at ZnO nanoparticle (diameter ~13 or 8 nm) concentration

of �1 or 1 mM, whereas complete inhibition of E. coli growth was observed with

�3 mM of ZnO nanoparticles of about 11 nm diameter[9, 19, 47, 51].

Although most of the studies on the antibacterial activity of either ZnO bulk or

nanoparticles has been performed using Gram-negative E. coli and Gram-positive

S. aureus, very few studies has been performed using other bacterial species. Some

of the bacterial species that have been tested for various sizes ZnO nanoparticles or

bulk are Streptococcus (mutans, pyogenes, and agalactiae), Enterococcus
(faecalis), Staphylococcus epidermidis, Bacillus (subtilis and atrophaeus), Lacto-
bacillus (casei and helveticus), Vibrio fischer, Salmonella typhimurium, Shigella
(dysenteriae and flexinari), Pseudomonas (aeruginosa, chlororaphis, and

alcaligenes), Campylobacter jejuni, and Proteus vulgaris [8, 9, 13, 31, 48,

51–54]. Figure 5.4 represents a typical growth inhibition assay for several bacterial

pathogens with various concentrations of ZnO nanoparticles (particle size ~ 12 nm)

under normal ambient lighting conditions [31]. These results demonstrate that most

of the bacterial growth (>95%) could be inhibited for most of the bacteria, except

for a select few such as S. typhimurium. In addition to the growth inhibition assays,
viable cell counts of the ZnO nanoparticle-treated cultures demonstrated that the

number of recovered bacteria was significantly fewer compared to the untreated

control, which correlates with growth inhibition patterns. The antibacterial activity

of ZnO nanoparticles varies from species to species due to the characteristic

difference of the organisms tested. For example, among the Gram-negative bacte-

ria, the minimal inhibitory concentration (MIC) of ZnO nanoparticles (~30 nm) for

C. jejuni (0.05–0.25 mg/mL) is 8- to 16-fold lower than Salmonella enterica and

E. coli O157:H7 (0.4 mg/mL) strains [54]. It has also been reported that strains

within a species vary significantly in terms of infectivity and tolerance to various

agents including antibiotics. Analysis of the antibacterial activity of various clinical

isolates of S. aureus suggest that there is a variation in antibacterial activity of ZnO
nanoparticles to some of the isolates, although majority of the isolates showed

similar patterns of inhibition [9, 31]. In addition to these microorganisms, efficient

growth inhibition or killing activity of both bulk and nanoscale ZnO has been

demonstrated for fungi (Candida albicans, Saccharomyces cerevisiae, Neurospora
crassa, and Aspergillus oryzea) and algae (Nitzschiapallea and Crustaceans
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daphnia magna) and nematodes (C. elegans) [50, 52, 55, 56]. Overall, published
reports clearly suggest that ZnO nanoparticles have significantly higher

antibacterial or antifungal activity compared to the bulk ZnO, target a wide range

of microorganisms, and that their activity does not require any photo-activation.

The properties of regular spherical or different shapes nanoparticles depend

strongly on their dimensions and morphologies [57–60]. The relationship between

the different forms of ZnO with the antibacterial activity is not clear, in spite of

the fact that different structures and morphologies of ZnO can be efficiently

synthesized using various synthesis methods. Studies have demonstrated that

antibacterial activity increases with the increase of the lattice constant value of co
in the hexagonal structure of ZnO powder and is also due to enhanced generation of

hydrogen peroxide [60]. The relationship between antibacterial activity and various

orientations of ZnO nanowire arrays indicate differential antibacterial activity

among ZnO nanoarrays, in spite of having similar average diameter. Randomly

oriented ZnO nanoarrays exhibited superior antibacterial activity compared with

less or well-defined oriented ZnO nanoarrays in E.coli [57]. Although the exact

mechanism of the antibacterial actions of different orientations of ZnO nanoarrays

is not known, the probable mechanism is considered to be due to the generation of

Fig. 5.4 Growth inhibition assays of various microorganisms in the presence of different

concentrations of ZnO nanoparticles (~12 nm particle diameter). The different strains of

microorganisms are: (a) S. aureus strain MW2 (community-associated MRSA). (b) S. aureus
strain Newman (MSSA). (c) S. aureus strain Cowan (hospital-associated MRSA). (d) Proteus
vulgaris. (e) Salmonella typhimurium. (f) Shigella flexinari (left) and Bacillus cereus (right). The
results demonstrate that the concentration range of 4–7 mM colloidal suspension of ZnO

nanoparticles could inhibit more than 95% of growth for most of the microorganisms, except

S. typhimurium (Adapted from [31]; American Chemical Society)
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hydrogen peroxide as well as surface abrasiveness [46]. The aggregation of ZnO

nanoparticles does not greatly affect the antibacterial activity, rather the size of the

nanoparticles greatly influences the antibacterial activity against various micro-

organisms. The dimension and morphology of ZnO nanoparticles play important

roles in determining the antibacterial activity, although it has not been well

investigated compared to other non-biological applications.

In summary, both bulk and nanoparticle preparation of ZnO can effectively

inhibit both Gram-positive and Gram-negative bacteria as well as algae and fungi

under normal ambient lighting conditions. The antibacterial activity of ZnO can be

observed against various states of bacteria such as vegetative and spores that

naturally resist both high temperature and high pressure treatments. Antibacterial

activity of ZnO nanoparticles is size dependent, as smaller particle sizes have more

efficient antibacterial activity than the larger size nanoparticles or bulk particles.

The antibacterial activity of ZnO depends on the surface area and concentration of

the particles, while the crystalline structure and particle shape have little effect.

Thus, increasing the concentration and surface area improves the effectiveness of

ZnO particles against most of the tested microorganisms. High temperature treat-

ment of ZnO nanoparticles (calcination) does not have a significant effect

on antibacterial activity [31], whereas high temperature treatment of ZnO bulk

decreases its antibacterial properties [60].

5.5 Mechanism of Antibacterial Activity of ZnO Nanoparticles

To date, a number of mechanisms have been proposed to interpret the antibacterial

or cytotoxic activity of ZnO powders or nanoparticles. These include toxicity based

on chemical composition (e.g., release of toxic ions); production of reactive oxygen

species (ROS) due to the presence of nanoparticles; stress of stimuli caused by the

surface, size, and shape of particles; damage to membrane cell wall through

adhesion on the cell membrane; penetration through the membrane cell wall; and

cellular internalization of nanoparticles [4, 5, 19, 46, 55, 61, 62]. Although there are

numerous studies regarding the antibacterial effect of ZnO mostly using E. coli and
S. aureus, little is known regarding ZnO interactions with other bacteria and the

mechanism underlying the antimicrobial effects. It is clear from numerous studies

that interactions of ZnO nanoparticles or powders in water produce various reactive

oxygen species, predominantly hydroxyl radicals (OH�), singlet oxygen or super-

oxide anion (O2
�), and hydrogen peroxide (H2O2), which play a crucial role in

nanoparticle-induced antimicrobial activity. As direct proof, the formation of

hydroxyl radicals and singlet oxygen species of a suspension of ZnO was deter-

mined by electron spin resonance (ESR) [46, 63], while hydrogen peroxide forma-

tion was evident by direct quantification [5, 11, 12]. It has been shown that, under

ordinary room light with a light intensity of 10 mW/cm2 (or the intensity of UV light

~1 mW/cm2), is sufficient to induce ROS production in suspension of ZnO in water

[63]. However, the level of ROS production increases significantly when the
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suspension was subjected to irradiation with visible light at the range of

400–500 nm or UV light, which subsequently increased either the antimicrobial

activity or ecotoxicity toward various microorganisms or environmental species

[55, 63]. As a basic principle, ZnO with defects can be activated by both UV and

visible light, and electron hole pairs (e�h+) can be created. The holes split H2O

molecules into OH� and H+. Consequently, oxygen molecules are transformed to

superoxide radical anions (O2
�), which in turn react with H+ to generate (HO2

.)

radicals that subsequently collide with free electrons to produce hydrogen peroxide

anions (HO2
�). Transient hydrogen peroxide anions react with hydrogen ions to

produce molecules of hydrogen peroxide (H2O2). The hydroxyl radicals and

superoxides are negatively charged particles, which are unable to penetrate into

the cell membrane and remain in direct contact with the outer surface of the

microorganisms, whereas hydrogen peroxide can easily penetrate into the cell

[46]. The generation of active oxygen species and the disruption of cell membranes

caused by ZnO nanoparticles may actually be bacteriocidal. The generation of

hydrogen peroxide depends on the surface area of ZnO as the smaller size of the

nanoparticles means higher the surface area yielding increases in the production of

ROS and higher antimicrobial activity [9, 46].

A comparative study of the effect of particle size on ROS production in TiO2

suggested that a sharp increase in ROS generation per unit surface area of dry

samples occurs only for particles with a size range of 10–30 nm, and a relatively

constant ROS generation per unit surface area were observed for particles below

10 nm and above 30 nm [64]. In addition to particle size, aggregation of

nanoparticles in solution or medium may strongly impact their interaction with

biological systems, activity, and toxicity [64]. For example, nanoparticles and bulk

ZnO formed similar-sized aggregates in solution, yet the primary size appears to be

more important than aggregate size in determining the toxicity of ZnO particles,

probably due to the increased surface area and ROS generation [45]. Contradicting

this is the finding that aggregate size determines both the uptake and response of

immortalized brain microglia to nano-TiO2 and the bioavailability of nanoparticles

to plant roots, algae, and fungi [65]. It is interesting that ZnO nanoparticles

decreased the ability of growth of bacteria such as E. coli [66] and S. aureus [9]
even in the dark compared to ambient light, which is probably due to the generation

of super oxide anion (O2
�) or alternative modes of ZnO nanoparticles activity.

Photo-activation and antibacterial properties of ZnO nanoparticles are similar to

TiO2 and are receiving increasing application in numerous areas. However, infor-

mation describing phototoxicity of ZnO nanoparticles has been very limited.

Increases in the antibacterial activity of ZnO nanoparticles were demonstrated

when S. aureus and ZnO nanoparticles were exposed to UV light [31]. Similarly,

phototoxicity of nano-ZnO and bulk-ZnO was dramatically enhanced under natural

sunlight illumination as compared to artificial laboratory light illumination, which

is due to increased generation of ROS in C. elegans [67]. Generation of ROS by

nanoparticles such as TiO2 and ZnO interacting with environmental agents (e.g.,

UV) can be enhanced significantly to cause oxidative stress and can eventually

elicit toxicity to bacteria [68]. Overall, the literature suggests that ZnO powder or
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nanoparticles produce greater amounts of hydrogen peroxide which mediate its

antibacterial effect, whereas hydrogen peroxide production was not detected using

similar CaO and MgO powders [5].

Although the detailed mechanism for the antimicrobial activity of ZnO is still

under debate, several studies have shown that the production of ROS is not the only

contributing factor [19, 46]. One of the several alternative mechanisms suggested is

that ZnO nanoparticles have abrasive surface defects as confirmed by the

photoluminescence spectrum of ZnO [4, 46]. The abrasiveness of nanoparticles

compared with the bulk is caused by uneven surface texture due to rough edges and

corners, which contributes to mechanical damage of the cell membrane by electro-

static interaction [4]. It has been shown that increased antibacterial effect of ZnO

nanoparticles against E. coli can be observed as the particle diameter is reduced

from 2 mm to 45 nm to 12 nm, and that this is attributed to the enhanced effect of the

greater surface area to volume ratio and mechanical damage to cells due to increase

abrasiveness of the smaller nanoparticles [46]. Upon interaction with bacterial cells,

ZnO nanoparticles can either be transported into the cytoplasm, be deposited on the

surface, penetrate into the cell wall or membranes, and/or a combination of all of

these scenarios can occur. In fact, it has been reported that all these scenarios

can occur in both Gram-negative (e.g., E. coli) and Gram-positive (e.g., S. aureus)
bacteria [19, 31, 68]. It has been reported that ZnO nanoparticles cause damage to

the membrane of E. coli, which yielded as accumulation of ZnO and cellular

internalization [19]. Figure 5.5 represents the cell membrane disorganization and

cellular internalization of ZnO nanoparticles in E. coli as a probable mechanism of

ZnO nanoparticles-mediated antibacterial activity [19]. These scenarios, along with

ROS generation, lead to extensive disorganization of the cell membranes or wall

and cell death. It has also been suggested that the orientation of ZnO can affect

bioactivity, as randomly oriented ZnO nanowires demonstrated higher antimicro-

bial activity than regularly oriented ZnO nanowires [57]. Thus, the mechanism of

antibacterial activity of ZnO nanoparticles is complex and not fully understood.

Furthermore, the role of Zn2+ ions released from dissolution of ZnO is not very

clear [11, 20, 31, 68]. Zinc ions are known to inhibit multiple activities in bacteria,

such as glycolysis, transmembrane proton translocation and acid tolerance.

Thus, the presence of zinc ions is likely to inhibit proliferation by binding to the

membrane of bacteria, which can prolong the lag phase of growth, and contribute

to the antimicrobial activity of ZnO [68]. It is estimated that the minimal inhi-

bitory concentration (MIC) of zinc ions is 1,917 (P. aeruginosa), 9 (S. aureus),
and 39 (Candida albicans) mg/mL, varying for different organisms [68], yet the

antibacterial effects of ZnO are similar to these organisms, although zinc ions are

reported to be bacteriostatic rather than bacteriocidal [69]. However, the release of

Zn2+ ions from ZnO nanoparticles suspension compared to the precursor is not

significantly high enough, about 354-fold less [31] or five to ten times less [47, 63],

to impart its cytotoxicity. Zinc is a ubiquitous essential metal ion and plays a role in

catalysis, protein structure and perhaps as signaling molecules in living systems

[70]; therefore, low concentration of zinc ions will be metabolized and may not

have any antimicrobial or ecotoxicity effect. In addition, the pH of the ZnO
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Fig. 5.5 Transmission

electron microscopic

micrographs of E. coli thin
section under various

conditions: (a, b) E. coli
grown in Luria Broth (LB)

medium without any ZnO

nanoparticles treatment. (c, d)

E. coli grown with diethylene

glycol (DEG) in LB medium

(used for ZnO nanoparticles

synthesis). (e, f) E. coli
cellular division when cells

are grown in LB and DEG

media, respectively. (g–j)

E. coli grown in the presence

of 1 mM concentration of

ZnO nanoparticles (~14 nm

average diameter). The

results showed that the E. coli
grown with DEG in LB

medium indicates changes in

the morphology of the cells

(c, d). Damage and

disorganization in the cell

wall as well as cell

morphology were prominent

in case of E. coli grown the

presence of DEG (f)

compared with in the absence

in (c). Micrographs in (g, h)

of E. coli grown in the

presence of ZnO

nanoparticles demonstrated

that more cellular

internalization of ZnO

nanoparticles and cell wall

disorganization. The results

also showed more extensive

damage of the cell membrane

and the leakage of

intracellular contents. NP
ZnO nanoparticles (TEM

images reprinted from [19].

With permission of the

American Chemical Society)
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nanoparticle suspension in water, saline or medium does not change in a neutral

region (pH 7), and thus its suitability for bacterial survival and antibacterial activity

[59]. It should be noted that the solubility of ZnO increases sharply when pH is

below 6 or above 11 and it becomes completely dissolved around pH 6 and 12 [38],

thus using ZnO for the antibacterial agent or the biological applications will be

more suitable.

Several factors, in particular host-specific factors, play crucial roles in the

antibacterial effect as well as differential activity of ZnO nanoparticles. Similarly,

differential antibacterial effect among the Gram-negative (E. coli) and Gram-

positive (S. aureus) microorganisms against ZnO nanoparticles has been observed

[9, 54], probably due to, firstly, the nature and difference of the cell wall or outer

layer structures of Gram-negative and Gram-positive bacteria. Specifically, in

Gram-positive bacteria (S. aureus) the cell wall is thick and lacks any periplasmic

region, consisting of a large amount of peptidoglycans as well as other components

such as lipoteichoic acids (LTA). On the other hand, Gram-negative bacteria

(E. coli) have relatively thin cell walls, but with inner and outer membranes in-

between the periplasmic region. Secondly, there is differential resistance to oxidant

and UV due to production of carotenoid pigments as S. aureus produces more

pigments than E. coli. And, thirdly, S. aureus has developed efficient pathways to

defend against oxidative stresses by increasing the expression of oxidative stress-

responsive gene products such as superoxide dismutase (the sodA and sodM gene

products converts O2
� to H2O2), catalase (the katA gene product converts H2O2 to

H2O and O2), thioredoxin reductase (trxB; maintains thioredoxin in reduced form to

protect cells against toxic oxygen species), thioredoxin (encoded by trxA), alkyl
hydroperoxide reductase sub C and F (ahpCF, having activity against organic

peroxides, peroxynitrate, and H2O2) and endopeptidase (clpC) in combating oxida-

tive stress [71, 72]. In contrast, E. coli has less efficient pathways to eliminate

oxidative stresses. Quantitative PCR analysis (RT-qPCR) for various genes

suggests a significant increase in the expression levels of two oxidative genes,

katA (52-fold) and ahpC (7-fold), and a general stress response gene, dnaK (17-

fold), under ZnO nanoparticle treatment conditions, which demonstrate that the

antibacterial activity of ZnO nanoparticles is most likely due to disruption of the

cell membrane and oxidative stress in Camplobacter jejuni [54]. A similar tran-

scriptional analysis for various oxidative stress-responsive genes of S. aureus
strains treated with bulk, 8- or 12-nm-diameter ZnO nanoparticles suggest that

there was no significant variation in the expression levels of the katA, sodA, sodM,
trxA, trxB, and perR (hydrogen peroxide regulator) genes, except for the ahpCF
genes [31]. The results suggest that the production of ROS by ZnO nanoparticles

or powder may not be high enough to induce the expression of most of the

ROS-specific genes in S. aureus, although the antibacterial activity of these ZnO

agents has been investigated.

In addition, other factors, such as differences in the mode of association of the

particles to the cell surface, capacity of solubilizing and metabolizing ZnO, cell

permeability, and the various pump and transporter systems for transporting and

exporting ZnO nanoparticles, may also play important roles for the effectiveness of
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ZnO against a particular bacterium. It is also important that, within the same species

such as Staphylococcus, different clinical strains may have different effectiveness

towards the same ZnO nanoparticles, as has been demonstrated in the antibiotic

resistance or sensitivity profiles of different isolates [42, 43]. Therefore, the evi-

dence suggests that different forms of ZnO yield different degrees of antimicrobial

activity towards the same or different bacteria, and presumably microorganisms are

unlikely to develop resistance against zinc or ZnO nanoparticles, as they do against

conventional and narrow-target antibiotics, because the metal oxide or metal attack

a broad range of targets within the bacteria. This means that bacteria would have

to develop a large number of mutations simultaneously to protect themselves;

therefore, ZnO nanoparticles may demonstrate improved effectiveness with an

ability to target more microorganisms than conventional organic antibiotics.

5.6 Enhancement of ZnO Antibacterial Activity by Surface

Modification

Surface coating or modification of nanomaterials has been recognized as one of the

most advanced and intriguing approaches to increasing their affinity or activity and

improving their applicability. Since surface area and surface defects play an

important role in the photocatalytic activities of metal oxides, therefore the doping

of metal oxides and/or transient metals increases the surface defects leading to

higher biological activity and also affects the optical and electronic properties,

probably shifting the optical absorption towards the visible region. Doping is

a widely used method for modification of nanoparticles, in particular for ZnO, to

enhance their electrical, optical and biological properties. Although different

approaches have been adopted to synthesize ZnO nanoparticles, doping and fabri-

cation of ZnO nanoparticles is done using the wet chemical synthesis method which

offers many advantages such as ease to synthesis, reduced reaction temperature,

increased yield, and formation of well-defined nanostructures or nanoparticles.

Work performed in the area of transient metal doping of ZnO single crystals and

thin films indicates that ZnO nanorods doped with manganese (Mn), chromium

(Cr), and cobalt (Co) can be formed using hydrothermal synthesis, and the mor-

phology of the doped ZnO nanorods was different from that of the undoped ZnO

[73]. Doping of Mn into the ZnO offers an interesting method to alter various

properties such as the band gap of ZnO (3.37–3.70 eV), which can alter the

emission properties by providing an efficient channel for the recombination of

electron and hole. ZnO doped with Mn has also been synthesized using the

co-precipitation method. It has been demonstrated that Mn-doped ZnO nano-

particles have increased antibacterial activity against both Gram-negative and

Gram-positive bacteria than undoped ZnO nanoparticles [40]. Enhanced anti-

bacterial activity against E. coli was reported with hydrothermally synthesized

ZnO doped with transient metals such as Fe and Co [74]. It has also been reported
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that tyrosine-assisted addition of silver (Ag) metal to ZnO nanoparticles enhanced

photo-degradation of organic dye pollutants and destruction of bacteria [75].

Similarly, ZnO-Al2O3 or MgO-ZnO composites have been prepared using

zinc–aluminum layered double hydroxides [76] or mixing MgO/ZnO solid solution

powders and heating at 1,400�C for 3 h in air [77]. In this instance, higher

antibacterial properties were observed with decreasing amount of doped ZnO

nanoparticles. A different type of doping of ZnO nanoparticles with non-metal

nitrogen has been reported using the mechano-chemical method, which exhibits

high photocatalytic activity under visible light irradiation [78].

Antimicrobial activity can be enhanced by antibiotic–nanoparticle interaction or

by the combination of antibiotics and ZnO nanoparticles against different antibi-

otic-resistant bacteria. Although there are no reports on antibiotics coupled with

ZnO nanoparticles, several studies have been described on antibiotics–nano-

particles interaction and their antibacterial activity. It has been demonstrated

that when amoxicillin and silver nanoparticles are combined, its efficiency was

enhanced against E. coli compared to amoxicillin and silver nanoparticles alone.

Similarly, when vancomycin was covalently attached to TiO2 nanoparticles, its

antibacterial activity against S. aureus increased and was sustained for a longer

period of time [79]. Combination of ZnO nanoparticles ranging from 20 to 45 nm

with ciprofloxacin-enhanced antibacterial activity against E. coli and S. aureus
[49]. A probable cause of the synergistic effect may be due the action of

nanoparticles on the surface of the bacteria complementing the action of the

antibiotic. The advantage of using double agents to kill or inhibit bacterial growth

will be more beneficial as the mode of inhibition or killing for each individual agent

are different. For example, resistant strains can be targeted using antibiotics–nano-

particles, as a particular antibiotic may be ineffective to kill bacteria, but

nanoparticles will restrict growth or eliminate the bacteria. Several potential

applications with respect to the biological activity of ZnO nanoparticles has been

demonstrated using thin layer coating on different surfaces such as cotton, fabric,

glass or paper, which showed significant bacterial growth inhibition or protection

from UV light [79–81]. ZnO or other nanoparticles have been successfully used for

water disinfection and purification [73]. Functionalized ZnO with sepiolite (ZnO-

Sepiolite) has been used in weaning piglet diets to fulfill the Zn requirement as well

as the health requirement to protect from bacterial infection [82]. Therefore,

observations in the published literature indicate that ZnO nanoparticles or

functionalized ZnO nanoparticles have extensive biological applications and

benefits and can be further developed to suit desired applications.

5.7 Potential Toxicity of ZnO Nanoparticles

During the last few years, research on toxicologically relevant properties of

nanoparticles, in particular engineered nanoparticles, has increased substantially.

Most of the experimental toxicological work on nanoparticles has been based on
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a small set of nanoparticles such as carbon black, TiO2, iron oxides and amorphous

silica, while little is known related to ZnO nanoparticles [83, 84]. Because a wide

range of applications can lead to large-scale production and finally release to the

environment, it is still uncertain whether engineered nanoparticles are inherently

toxic or safe to health and environment. It should be stressed that natural

nanoparticles including metal oxides existing in all ecosystems play an important

role in biogeochemical processes and thus living systems have adapted to their

presence in the environment. The greatest current risk is to the occupational health

of workers involved in research and manufacture of nanoparticles and nanofabrics.

In addition, various nanostructures of ZnO, including particles, rods, wires, belts,

tubes, and rings, have attracted a great deal of attention because of their useful

electronic and opto-electronic properties and novel applications. Therefore, signifi-

cant increases in production and demand in the products could lead to unintended

exposure via possible various routes such as inhalation, dermal absorption, and oral

absorption of various nanoparticles including ZnO by the living systems. Due to

their unique properties, including small size and corresponding large surface

area, it is believed different degrees of biological effects are imposed related to

their bulk [62, 83, 84].

Several studies have been directed toward the potential toxicity of ZnO

nanoparticles or powders in various animal systems such as in rats [85, 86], mice

[87–89], guinea pigs [90], human skin [91], and zebra fish [92], as well as

C. elegans [55] and Daphnia [93]. In addition, the cytotoxicity of both bulk and

nanoparticles of ZnO has also been performed in several cell culture-based studies

including mouse embryo fibroblast cells [94], human bronchoalveolar carcinoma-

derived cells [76], mouse neural stem cells [95], phagocytic cells and bronchial

epithelial cells [61], and NIH 3T3 fibroblast, epithelial, and endothelial cells [96].

Nanoparticles can deposit in the respiratory tract after inhalation of 0.5, 2.5 and

12.5 mg/m3, which can induce inflammatory reactions or oxidative-stress responses

in the respiratory tracts and lungs [86]. Oral exposure of experimental mice with

two different sizes (20 and 120 nm) of ZnO nanoparticles and with the doses of –

5 g/kg body weight demonstrated that the liver, spleen, heart, pancreas, and bone

are the target organs for oral exposure [89]. Exposure to human skin with 20–30 nm

ZnO nanoparticles suggested that ZnO nanoparticles stayed in the stratum corneum

and accumulated into skin folds and/or hair follicle roots, which indicate that the

form of ZnO nanoparticles studied is unlikely to result in safety concerns [91].

There is no doubt that ZnO nanoparticles impart cytotoxicity against different

culture cells, mostly due to the induction of oxidative and inflammatory responses,

and that the mechanism is often misleading owing to the small number of reported

studies. Cell viability assays with 10-, 30-, 60-, and 200-nm particles indicated that

ZnO nanoparticles manifested dose-dependent, rather than size-dependent, toxic

effects on mouse neural stem cells, where Zn ions from ZnO nanoparticles in the

culture or inside cells caused cell damage at 12 ppm or higher for 24-h treatment

[95]. Similar studies in human bronchoalveolar carcinoma-derived cells with

70- and 120-nm ZnO particles suggest that size- and dose-dependent cytotoxicity

as reflected in oxidative stress, lipid peroxidation, cell membrane damage, and
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oxidative DNA damage, which is mediated by neither Zn ions nor metal impurity in

the ZnO particle samples, and rather the cytotoxicity is caused by localization of

ZnO in vesicles [76]. A comparative study on the effect of three nanoparticles, ZnO,

TiO2, and CeO2, in macrophage and epithelial cells suggested that non-activated

TiO2 did not cause any toxicological injury to these cells, whereas CeO2 exerted

a cytoprotective effect due to its antioxidant properties. Interestingly, ZnO

nanoparticles exhibited major toxicity toward these cells due to particle dissolution

and the release of Zn2+ that engaged in oxidant-mediated injury of cells [63]. The

cytotoxicity of ZnO nanoparticles depends on the availability or the concentration

as zinc is an essential element. Thus, low concentrations are not cytotoxic, rather

living systems utilize it for growth. Several studies have demonstrated efficient

growth inhibition or killing activity of both bulk and nanostructures ZnO or TiO2

for algae (Nitzschiapallea, and Crustaceans daphnia magna) and nematodes

(C. elegans) in environmental systems [50, 52, 55]. The genotoxicity of ZnO

nanoparticles to human sperm and lymphocytes can be enhanced by UV irradiation

[97]. The control of pathogenic bacteria by antimicrobial nanoparticles is a

promising approach to limit the spread of multiple drug-resistant pathogens such

as S. aureus; however, it is expected that the same agent will affect the population

of the microbes that play beneficial roles in the environment. Toxicity studies on

manufactured metal oxide nanoparticles such as TiO2 and ZnO are expanding

rapidly, but the effectiveness is not sufficient to draw a conclusion due to the lack

of environmentally relevant conditions used in the experiments [50]. It should

also be noted that, for the environmental conditions, it is known that the type and

amount of natural organic matter in the ecosystem or environment affects nanopar-

ticle stability and bioavailability, because the interaction of nanoparticles with

environmental organic and inorganic colloids may strongly influence their behavior

and potential cytotoxicity. Thus, there is currently little evidence from skin pene-

tration studies that dermal applications of metal oxide nanoparticles, in particular

TiO2 and ZnO2 used in sunscreens, lead to systemic exposure, nor for inhalation of

nanoparticles over longer periods or uptake of nanoparticles in the gastrointestinal

tract after oral intake of various designs of food and pharmacological components.

Therefore, it is safe to conclude that ZnO powders or nanoparticles are biosafe and

environmentally safe up to a certain amount, but may become hazardous at higher

concentrations as it has been reported that ZnO nanoparticles have reduced the

viability of human T cells at an elevated concentration (�5 mM) [47]. Zinc oxide is

listed as “generally recognized as safe” by the U.S. Food and Drug Administration

(21CFR1828991). As a food additive, it is the most commonly used zinc source in

the fortification of cereal-based foods. Due to its antimicrobial properties, ultrafine

ZnO has been incorporated into the lining of food cans in packages for meat, fish,

corn, and peas to preserve colors and to prevent spoilage. Although, presently, there

are no set threshold limit values for various forms of ZnO to the community

members due to lack sufficient experimental studies and data, the recommended

threshold limit values of ZnO for welders and others in the workplace have been set

at 5 mg/m3 [98].
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5.8 Conclusion and Future Perspective

Metal oxide, in particular ZnO, is an environmentally friendly wide band gap

semiconductor (3.37 eV) with a large excitation binding energy, and high mechani-

cal and thermal stability. This makes its suitable for applications in opto-electronic

and piezo-electrical fields. Moreover, ZnO can be manipulated easily to change its

size and morphology, so that the physical and chemical properties can be modulated

to suit its applications. Extensive research in term of synthesis and modification

such as coatings, and doping has been performed for several decades to improve

and enhance its novel properties, which opens up opportunities for new technologi-

cal applications mostly in solar cells, sensors, detectors, and energy generators.

ZnO nanoparticles are being increasingly used as a photocatalyst for degrading

harmful contaminants like pesticides from ground water. A wide variety of syn-

thetic approaches have been employed to prepare various forms of ZnO colloids

and films, which are generally classified as gas and liquid phase synthesis. Some of

them are sol–gel synthesis, hydrothermal synthesis, spray pyrolysis, metal–organic

chemical vapor deposition, sonochemical processing, and pulsed laser deposition.

The choice of synthesis methods is purely dependent upon the application,

cost effectiveness, purity, and downstream fabrication. Simple methods, such

as wet chemical synthesis, and in particular hydrothermal methods, have gained

more popularity for their simplicity and their further applications such as thin

layer coatings and surface modification due to synthesis temperature and other

synthesis conditions.

The antimicrobial activity of ZnO has been known for a long time and it has been

used as an active ingredient in antibacterial creams, lotions, and ointments. The last

decade has seen a logarithmic growth in the field of antimicrobial properties of ZnO

nanoparticles and potential applications in various forms that leads to substantial

progress in the development, process, functionalization and applications of

nanoparticles. Studies of antimicrobial activity of ZnO nanoparticles suggested

several important points such as antimicrobial activity can be achieved under

normal ambient light condition and can be enhanced with UV irradiation; activity

is size-dependent, the smaller-sized ZnO nanoparticles exhibit higher activity; and

there is activity against wide variety of both Gram-positive and Gram-negative

bacteria as well as fungi, algae, and nematodes. The mechanism of antimicrobial

activity of ZnO is not well defined; numerous studies demonstrate that the produc-

tion of reactive oxygen species (ROS), in particular H2O2, from ZnO is proportional

to ZnO concentration and surface area that may contribute to cell death or inhibition

of bacterial growth. However, ROS-mediated killing is not the main mechanism of

antibacterial activity of ZnO, several other probable interactions between bacteria-

ZnO nanoparticles also play important roles. Interactions between bacteria-ZnO

nanoparticles or the antibacterial activity of ZnO nanoparticles can be enhanced by

engineering ZnO with a transient metal such as Mn, Ag, and Mg. Since ZnO

dissolves easily and both ZnO and Zn2+ have antibacterial activity, aquatic

organisms can be highly sensitive to zinc; therefore, its application in drinking
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water treatment is limited. One possible application could be in combination with

existing disinfection technologies such as UV disinfection systems, although ZnO

nanoparticles in water treatment is not very reasonable because loss of zinc to water

may have potential impacts on human health and ecosystems.

Application of ZnO nanoparticles in controlling the spread and colonization of

potential pathogens is very a promising finding that has motivated many

investigations into the application and fundamental knowledge of nanoparticles

and improvement in the techniques for synthesis and fabrication of new

nanomaterials with controlled properties and dimensions. The use of ZnO

nanoparticles or other nanomaterial coatings is still limited because the application

requires control of the synthesis of nanoparticles. Several methods have been

developed to fabricate nanoparticles that can be routinely prepared using conven-

tional fabrication processes, but their application is limited to the small scale. It

would be interesting to determine if any derivate of ZnO nanoparticles with

chemical groups or bioagents are more effective at eliminating various

microorganisms. Several reports have suggested that modification of nanoparticle

surfaces can efficiently target and kill both Gram-positive and Gram-negative

bacteria. Therefore, in the future, ZnO nanoparticle-containing formulations may

be utilized as antibacterial agents in ointments, lotions, mouthwashes, and surface

coatings on various substrates to prevent microorganisms from attaching,

colonizing, spreading, and forming biofilms on surfaces in the community, health

care and environmental settings. In summary, more research is needed to achieve

better technologies to formulate and retain nanomaterials in order to reduce costs

associated with premature material loss and to prevent potential human health and

environmental impacts.
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Chapter 6

Characterisation of Nano-antimicrobial

Materials

Timothy Sullivan, James Chapman, and Fiona Regan

6.1 Introduction to Characterisation of Nano-antimicrobial

Materials

Nanomaterials, synthesised through a variety of different methods [1–3], have

increasingly been of theoretical and commercial interest, owing to their potential

antimicrobial properties [4–7]. Nanomaterials are increasingly incorporated into

bulk materials for this purpose and some of the more recent biotechnological

advances in this area have included the application of nanoparticles in materials

such as textiles, wound repair and as preservatives in cosmetics [1].

Recent work has indicated that the mechanism of preparation and synthesis of

nanoparticles or materials may influence subsequent antimicrobial effects. Material

substrates range from polymer membranes like poly (methyl methacrylate),

hydrogels [8], ultrafiltration membranes [9] or on matrices like rice paper [10] or

as a self-assembled thin film composite [11].

Currently, materials incorporating silver (Ag) nanoparticles in antimicrobial

applications are the most widely used nano-antimicrobial material. This is not

surprising given that the history of Ag as an antimicrobial material dates back as

far as the twelfth century, when Ag containers were used to store water, and the

eighteenth century North Americans put Ag coins into potable water containers. Ag

has been shown to be an effective biocide against bacteria, yeasts, fungi and

moulds. Ghosh and co-workers have demonstrated the antimicrobial activity of

Ag nanoparticles embedded in a thin film and have shown that the nature of attack on
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the studied organisms is linked to cell wall destruction [2]. Ag metal nanoparticle-

doped hydroxyapatite powder has been shown to have antimicrobial properties with

potential for use in medical applications using bone tissue [12]. The antibacterial

effect of Ag nanoparticle-coated foam was investigated by Jain and Pardeep [13]. It

was found that following exposure to the cultures no viable bacterial cells were

detected and the untreated foam generated ‘substantial growth’. Polymer nanofibres

containing Ag nanoparticles [14] were characterised using UV-Visible (UV-Vis)

spectral analysis and Transmission Electron Microscopy (TEM), and demonstrated

effective antimicrobial activity. Studies involving nano-antimicrobial materials

focused at the water quality sensor market are also evident. Exploitation of these

metals at the nanoscale [15] have the potential to lead to new effective treatments

and biotechnological applications. Nanotechnology recently introduced in the food

packaging industry can potentially provide solutions to challenges encountered in

this industry, such as short shelf life [16]. Antimicrobial packaging is a new

generation of nano-food packaging based on metal nanocomposites which can be

produced by incorporating metal nanoparticles into polymer films. Packaging that

incorporates nanomaterials can be smart/intelligent which means that it can respond

to environmental conditions or repair itself or alert a consumer to contamination and/

or the presence of pathogens [16]. Self-healing packaging materials use nano/micro-

encapsulated repairing agents. Small amounts of an encapsulated reagent will be

released by crack propagation or other triggering mechanisms, which have been

incorporated into polymeric coatings.

Figure 6.1 shows the range of characterisation and analysis options for the study

of nano-antimicrobial materials. The focus of this chapter is on the surface and

interface techniques as these provide information on material activity and efficacy.

Antimicrobial properties of a nanomaterial must be characterised in terms of two

interrelated aspects. The nature of the nanomaterial in question must be fully

characterised in terms of chemical and physical properties, i.e. particle morphol-

ogy, and the elemental composition of the particle. Once this has been done, it is

necessary to characterise the material in terms of antimicrobial ability. Of course

this process can be empirically done in reverse, i.e. production of the material,

subsequent testing for antimicrobial properties, and, upon discovery of any antimi-

crobial efficacy, full characterisation of the nanomaterials. The first approach is

preferred in terms of the development of materials and understanding of the nature

of matrix/nanomaterial interaction. However, the second approach may generate

unexpected results arising from interactions between the nanomaterial and the

matrix within which it is presented to the microbial community.

Characterisation of materials relying on nanotechnology is important, given the

range of nanomaterials that can be produced and the effect of material morphology

and composition on antimicrobial properties. A large suite of characterisation

techniques are available for the study of nano-antimicrobial materials. Most of

these techniques are common to characterisation of nanotechnology while a few are

specific to antimicrobial aspects of nanotechnology. The choice of technique

depends on the material properties in question and the information required.
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This chapter provides a general guide and overview of characterisation techniques

available to researchers studying nano-antimicrobial materials. The following

sections deal with the techniques typically used for the characterisation of

nanomaterials, materials containing nanoparticles and characterisation of the anti-

microbial activity where relevant.

6.2 Microscopic Characterisation of Nano-antimicrobials

Direct visual evaluation of materials is often one of the key requirements when

assessing the functional characteristics of any material. This is particularly true of

nanomaterials including nano-antimicrobial materials, where the nature and distri-

bution of the particle incorporated within a bulk matrix often dictate the subsequent

functional behaviour of the material. Frequently, data are required on nanoparticle

concentrations, size distribution, shape and degree of particle aggregation, making
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Fig. 6.1 Material and surface characterisation methods of interest with greatest attention from

surface and interface techniques in relation to nanoantimicrobial materials
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some form of direct visual characterisation crucial to material analysis. Additionally,

antimicrobial materials based on the incorporation of nanomaterials require

visualisation ofmicrobe–material interactions. The understanding of such interactions

is required to determine themechanisms and efficacy of the antimicrobial properties of

the generated material. Thus, the microscopy technique(s) chosen for characterisation

of nano-antimicrobials will depend very much on the nature of the material under

investigation and the resolution required. Figure 6.2 illustrates the range of common

microscopy techniques that are currently used for characterisation of most nano-

antimicrobial materials.

Additional factors that will influence the microscopy technique chosen will

depend on the bulk matrix which for nano-antimicrobials may include sol–gels

[17], fibreglass [18], gels [19] and textiles [20]. Direct microscopic visualisation of

the nanoscale materials in situ within the matrix or bulk material is one of the most

useful methods of characterisation, although also perhaps one of the most difficult

to achieve without the introduction of significant spurious imaging artefacts. Most

sample types, including fully hydrated samples, can now be visualised by a range of

microscopic methods. However, no single technique will be able to provide all the

required information, as pointed out by Samberg et al. [21] in their study of the

antibacterial effects of Ag nanoparticles. A comparison of methods is needed in

order to realise complete characterisation of any antimicrobial effects.

Fig. 6.2 Schematic illustrating the range of characterisation techniques and measurement ranges
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6.2.1 Atomic Force Microscopy (AFM)

The field of scanning probe microscopy (SPM) now covers a wide variety of

imaging techniques, having been founded with the invention of the scanning

tunnelling microscope in 1981. Since then, a number of high-resolution imaging

techniques have been developed based on the basic principle of SPM, which

consists of scanning a probe across the surface of a sample and recording the

interaction force between the tip and the sample [22]. This is facilitated by the

use of piezoelectric actuators to record the changes in the electrical potential of a

sample.

AFM has become one of the most widely used, and one of the most important,

tools associated with SPM techniques. Invented in the 1980s and with the first

commercial instruments available in 1989, AFM has been widely used for the

characterisation of nanostructures since its inception. It is now considered the

best choice for all-round visual characterisation of nanoscale materials, and is

particularly effective when corroborated with transmission electron microscopy

(TEM). Information provided by AFM includes direct 3-D visualisation that can

be used for both qualitative and quantitative data on size, morphology, surface

texture and roughness [23]. A number of studies on the antimicrobial effects of

nanoparticles have utilised AFM as the primary method of visualisation [15].

AFM operates by the use of an oscillating cantilever which is scanned over the

material under study in order to measure the electrostatic interactions occurring

between the tip and the surface. Electrostatic forces as low as 10�12 N can be

measured and a height resolution of circa 0.5 nm can be achieved. Typically, AFM

can provide characteristic measurements of nanoscale materials with a vertical

resolution of less than 0.1 nm with XY resolution of approximately 1 nm and is

capable of material sensing [24].

AFM also provides information on the surface roughness profile or surface

texture of a substrate, an important requirement when analysing microbial retention

or removal from a substrate [12, 25]. Hansma et al. reviewed AFM of biopolymers

with some specific examples including: EPS, condensed deoxyribonucleic acid

(DNA), DNA constructs and even DNA–protein interaction [22]. Van der Aa and

Dufrene (2002) investigated bacterial adhesion to polystyrene under aqueous

conditions using AFM, and cell morphologies and cell interactions across the

surfaces were realised [26]. AFM not only provides data on the nanoparticles used

as antimicrobial agents in materials but also provides information on the bactericidal

properties of the material such as the mechanism of action of the materials on

microorganisms (Fig. 6.3). For instance, cell death and changes in the morphology

of the cell membrane nanoparticles have been directly visualised using AFM [27].

The potential of AFM in demonstrating the more subtle effects of microbial

membrane integrity upon interaction with nanoparticles is illustrated by the ability

to detect changes in membrane elasticity under fully hydrated conditions [14].
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AFM is a technique that has many advantages over the other methods of visual

characterisation such as electron microscopy when considering nano-antimicrobial

materials. AFM does not require extensive sample preparation (i.e. sputter coating

or chemical fixation) for visualisation, and is a relatively non-destructive technique.

As the sample does not need to be in a vacuum for analysis, live microorganisms

can be viewed in situ. Unlike electron microscopy techniques, the sample can be

either a conductor or insulator and no staining is required in order to achieve

contrast. Chemical fixation and dehydration, a frequent cause of artefacts in EM

techniques, is unnecessary if the sample is rapidly imaged. AFM, in conjunction

with an EM method, often offers the best solution for visual characterisation of

most nanoscale materials.

Of course, this must be balanced against the speed of EM techniques where (low

resolution) information can be obtained in near real-time. The scan speed of AFM is

slow and can lead to problems with thermal drift, although some promising

techniques have been recently developed in order to achieve faster scan speeds

[28, 29].
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Fig. 6.3 Atomic force micrograph illustrating microorganims adhered to a polymer thin film
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6.2.2 Electron Microscopy (EM)

Electron microscopy covers a broad range of microscope techniques that operate by

visualising the interaction between a finally focused electron beam and the sample

of interest. The type of signals generated when the electron beam interacts with the

sample includes secondary electrons (SE), backscattered electrons (BSE), Auger

electrons (AE), characteristic X-rays, and photons of various energies. All these

signals can be used in some capacity to generate information about both the nature

of the nanomaterial and microbial interaction with these materials, making EM

one of the most popular and versatile techniques for nano-antimicrobial material

characterisation. Semi-quantitative analysis of materials such as nanoparticles

including states of aggregation, dispersion, sorption, size, structure and shape can

be resolved for most particles, and EM can readily be coupled to other analytical

instrumentation for further analysis. Depending on the technique used, sample and

method of sample preparation, sub-nanometre resolution (>0.1 nm) can be attained

using transmission electron microscopy (TEM) or scanning TEM (STEM). Undoubt-

edly, EM offers many advantages in terms of visualisation of nanoparticle-based

materials; however, difficulties are encountered when trying to attain quantitative

information. This is due to the fact the EM can only give information in 2-D and lacks

detailed information on 3-D morphology of samples without specialised software and

imaging techniques.

Obvious disadvantages of using EM for nanoparticle visualisation are related to

the destructive nature of the sample preparation techniques required for EM when

subjecting samples to the high vacuum conditions required for most high-resolution

EM. Artefacts are easily introduced during the sample preparation process during

dehydration, fixation or embedding.

6.2.2.1 Scanning Electron Microscopy (SEM)

Conventional SEM has been the workhorse of visual characterisation of nanometre

scale materials for decades. Commercial instruments often have a sub-nanometre

theoretical resolution; however, the ultra-high resolution required for modern

nanoscale material analysis has meant that problems are frequently encountered

in resolving such structures due to lens aberration at ultra-high magnification.

Conventional SEM has a number of advantages when used for characterisation of

nano-antimicrobial materials. These include the capability to image large samples

(up to several square centimetres in area or larger) and a large magnification range.

SEM can provide information on the material surface and morphology of attached

microorganisms such as bacteria, and, in some cases, SEM provides valuable

insights into the relationship between microbe and substrate [28, 29].

Unfortunately, SEM suffers from a number of disadvantages when used as a

means of characterisation of microbe–substrate interactions. Chemical fixation

such as protein cross-linking using reagents such as gluteraldehyde, formaldehyde,
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ethanol or methanol is necessary to retain some semblance of structural integrity of

soft biological specimens. Samples must be dehydrated prior to introduction into

the vacuum chamber, usually by dehydration using an alcohol or acetone series,

further increasing the probability of sample artefacts.

It is also difficult to image non-conducting specimens using conventional SEM

due to the build-up of surface-charging artefacts disrupting electron collection. To

counteract this, it is often necessary to coat the surface of the specimen with a

conductive coating; usually gold (Au), chromium (Cr) or carbon (C). Sputter-

coatings facilities are readily available for this, meaning that most samples can be

imaged. The ability to carbon sputter-coat a sample is especially desirable if further

elemental analysis such as energy dispersive spectroscopy (EDS) is to be performed

on the sample. Of course, if ultra-high-resolution imaging is required, the deposi-

tion of a conductive coating may obscure features of interest and sputter-coating of

samples is one further area where spurious sample artefacts may be introduced.

Experimentation with various methods of sample preparation for SEM is desirable

and usually necessary for characterisation of novel nano-antimicrobial materials.

6.2.2.2 Field Emission SEM (FeSEM)

Field emission scanning electron microscopy (FeSEM) offers one of the highest

resolution techniques for nanoscale material visualisation. By definition, FeSEM

involves the use of a field emission source also called a cold cathode field emitter,

usually composed of tungsten (W) wire sharpened to a fine point (<100 nm). The

advantages of this over conventional SEM emission sources are clear when it is

understood that the filament requires no heating in order to emit electrons. Instead,

the field emission source is placed in a large electrical potential gradient, such that

the electrical field is highly concentrated on the fine source, resulting in a reduction

in the work function of the material and thus the emission of electrons. This results

in a greater spatial resolution than conventional SEM which relies on thermionic

emission, and an increase in resolution of four to six times that of conventional

SEM is achievable with less electrostatic distortion. Figure 6.4 illustrates a field

emission scanning electron micrograph of gallium nanoparticles doped on a nylon

membrane.

Current FeSEM instruments have a number of useful imaging modes that can be

employed to gather supplementary data about nanoparticles and nanomaterials.

These include low-angle BSE (combining SE and BSE), high-angle BSE, and

scanning transmission microscopy (STEM). STEM is a particularly useful imaging

mode and has been used to confirm the presence of metal nanoparticles within the

bacterial cell membrane [4].

STEM is an excellent probe of the electronic properties of nanoparticles and

utilises a number of signals from elastically scattered electrons including direct and

diffracted beams giving dark field (DF) and bright field (BF) images incoherent

scattering (for Z contrast).
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TEM using high-angle annular dark field (HAADF) detection in scanning trans-

mission microscopy (STEM) mode can be used to visualise biological systems and

has been done successfully by Shrivasta et al. [30]. Most TEM methods are 2-D;

however, STEM coupled to high annular angled dark field microscopy (HAADF)

allows 3-D analysis by HAADF STEM tomography. STEM is limited if

nanoparticles do not adhere to the surface of the substrate for measurement resulting

in poor images. The geometry of the tip may lead to inaccurate measurements, and

standard operational protocols for specific imaging techniques are still not developed

thereby leading to some error.

By using a number or all of these imaging modes, it is possible to completely

characterise the morphology of most currently prepared nanoscale materials. The

additional information gained on nanoparticle morphology by the use of STEM can

readily be seen when compared to just SE imaging. Such information will prove vital

in understanding the results of subsequent microbial–nanoparticle interactions. In

addition to this, many FeSEM instruments are now equipped with cryo-stage

capabilities, thus further extending the versatility and sample range possibilities,

especially with regard to biological specimens (see notes on sample preparation for

EM techniques).

For the advantages cited above, FeSEM has become the visualisation method of

choice for analysing metal nanoparticles, given the excellent resolution that can be

Fig. 6.4 Field emission scanning electron micrograph of gallium nanoparticles doped on a nylon

membrane for antimicrobial and antifouling purposes
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achieved and the minimal sample preparation required. The applications of FeSEM

to analyse nanoparticles prior tomaterial doping or incorporation into anti-microbial

materials is almost unlimited, especially with regard to morphology. In addition,

FeSEM is usually coupled with EDS capability as standard, similar to conventional

SEM, and thus information on nanoparticle elemental composition and distribution

are readily gathered. FeSEM has been actively utilised to visualise a number of

exotic nanoparticle types including chitosan NPs [7] andmagnetic NPs [31]. FeSEM

has also been utilised to demonstrate the distribution and shape of particles in

preparation methods such as spin coating of Co and Ag particles [6] or binding to

fibre materials, an important consideration for incorporation of nanoparticles into

antimicrobial materials. Biological material is less suited to FeSEM, given it is

classified as a high vacuum method requiring 1 � 10�7 Pa from two ion pumps.

In terms of sample preparation, FeSEM offers an advantage over conventional

SEM, as it eliminates the requirement of using a conductive coating on poorly

insulating materials for visualisation and spatial resolution is improved [17].

FeSEM imaging was used in the studies by Daoud et al. [32] for the determination

of the level of TiO2 nanoparticles adhering to the surface of the cellulose fibres.

6.2.2.3 Energy-Dispersive X-Ray Spectroscopy (EDS)

EDS is an analytical technique that is used in elemental analysis or chemical

characterisation of a sample. Figure 6.5 is a typical spectrum that is produced

when the surface of an antimicrobial material has been characterised. The observed

energy peaks correspond to the elements present in the sample. Energy-dispersive
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Fig. 6.5 Energy dispersive X-ray analysis of Se-nanotree confirming elemental composition.

Working distance of 10 mm with 20.0 kV accelerating voltage and probe currents of 35–50 eV
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X-ray (EDS) analysis is a feature of electron microscopy and has been used

extensively in research to establish the chemical composition of nanocomposite

membranes [11, 17]. By focusing the electron beam on a single Ag nanoparticle,

Zeng et al. [10] were able to confirm the formation of particles on the substrate.

Figure 6.5 illustrates a typical EDS obtained from selenium nanoparticles using

FeSEM-EDS.

6.2.2.4 Transmission Electron Microscopy (TEM)

When coupled with AFM, TEM provides one of the most useful and complete

microscopic methods of nanomaterial characterisation. TEM is a valuable tool in

the determination of size, shape, dispersion, structure, morphology and orientation

of biological and physical samples. Magnifications are typically in the region of

�40,000 to 0.2 nm. Despite the extensive sample preparation required, TEM and

variations of TEM are one of the most common techniques utilised for the

visualisation of nanoparticles both in situ and of separated particles.

Samples should be very thin to allow transmission of electrons [33] through the

sample, which poses a number of problems during sample preparation of bulk

materials; however, this is balanced by the quantity and quality of information

that TEM analysis can provide. TEM scopes fitted with field-emission guns

(to provide coherent electron waves) can be adapted to record the magnetic fields

within and surrounding nanoparticles or metal clusters [34]. A number of recent

studies on the antimicrobial effects of Ag nanoparticle materials have used TEM as

a means of studying the interaction between cell and nanoparticle, including uptake

and transport of nanoparticles across the cell membrane [35]. As with all EM

techniques, caution should be exercised when interpreting information acquired

using TEM as the images may not be representative; to counter this, many images

must be captured to give a true representation of the surface [36].

Aside from solely examining the nanomaterial properties of a potential nano-

antimicrobial material, TEM can assist in discerning the mode of action of the

material through analysis of cell–nanoparticle interactions. Carefully prepared thin-

sections through microorganisms such as bacteria can show the uptake and distri-

bution of nanoparticles within the cell when imaged using TEM. Shrivastava et al.

[30] used TEM to investigate the interaction between microbial cells and metal

nanoparticles. From their investigation, they found that Gram-positive bacteria had

reduced interaction with Ag nanoparticles compared to Gram-negative bacteria.

6.2.2.5 Scanning Transmission X-Ray Microscopy (STXM)

STXM is a powerful tool that can be applied successfully to fully hydrated

biological systems. It uses a near-edge X-ray absorption spectroscopy (NEXAFS)

as the contrast mechanism. The soft X-rays penetrate through water molecules

coupled with the presence of reduced radiation damage (compared with the electron
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beam of a transmission electron microscope (TEM)). Macromolecule components

have previously been mapped using STXM and TEM showing biofilm composition

(protein, polysaccharides, lipids and nucleic acids) [37].

Lawrence et al. [38] demonstrated a combination of multi-microscopic

techniques and created a detailed map of biofilm structure and composition. It

should also be noted that they were able to detect metals using the STXM. STXM is

capable of providing chemical maps at environmentally relevant concentrations

(i.e. mg kg�1) with spatial resolutions up to 50 nm [37].

6.2.3 Optical Microscopy Techniques

Optical microscopy plays a key role in understanding many biological systems.

It was one of the first tools ever developed for assessing microbial organisms, and

the ability to now couple automation and digital imagery with extension to in situ

analysis means that optical microscopic techniques are vital to characterisation of

nano-antimicrobial materials. High-resolution optical imaging of thick specimens

(optical sectioning) is possible and naturally fluorescent samples or samples treated

with fluorescent dyes are detectable.

Optical methods for nanomaterial characterisation are generally limited by the

diffraction limit of light, although modern near-field scanning optical microscopy

(NSOM) can obtain a resolution of 50–100 nm. Thus, optical microscopy is

primarily used for rapid in situ examination of material–microbial interactions

when characterising nano-antimicrobial materials. A range of well-established

techniques such as epifluorescence microscopy, phase contrast, differential inter-

ference contrast (DIC), super-resolution microscopy, and stereomicroscopy are

routine when examining antimicrobial materials. Techniques such as fluorescence

microscopy or confocal microscopy often necessitate the use of specialised

fluorophores for the target of interest of which a broad range are now available.

Live cell imaging or time-lapse microscopies are additional useful tools to under-

stand microbial organism–nanomaterial interactions.

6.2.3.1 Laser Scanning Confocal Microscopy (LSCM)

No discussion of the characterisation of antimicrobial materials would be complete

without a description of confocal microscopy, an imaging technique that has

revolutionised the imaging of biological specimens since the first commercial

instruments became available in 1987. This complex technique, capable of imaging

a single molecule, relies on the excitation of a fluorophore using scanning laser

source of precise wavelength and excitation intensity [10]. Confocal microscopy in

contrast to conventional wide field microscopy has only recently been applied in

colloid characterisation and has been combined with fluorescence correlation

spectroscopy (FCS) to characterise fluorescent species in complex systems.
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In preparation for LSCM, microbial cells are stained or probed with green

fluorescent protein (GFP), for example to allow visualisation and quantification

of the organisms. LSCM offers great potential for the investigation of antimicrobial

properties of nanocomposite materials as the structure of an attached biofilm can be

investigated by 3-D imaging [39]. Microbial structures can be monitored in situ

enabling the observation of a developing microbial community in an undisturbed

and non-destructive manner [40, 41]. Stewart et al. have shown structural hetero-

geneity of microbial consortia attached to substrata through SEM and LSCM. They

used a cryo-embedding technique followed by the tandem microscopy techniques.

The authors compare three different microscopy methods illustrating differences in

the additional information that can be gained through use of complementary

techniques.

LSCM of live, fully hydrated systems is possible [42]. LSCM also provides 3-D

structural information of various components within a cellular matrix either by

autofluorescence (algae) or labelling with specific dyes for DNA [43].

6.2.3.2 Epifluorescence and Nano-antimicrobial Materials

Epifluorescence microscopy is one of the most wide-ranging techniques for

characterisation of biological composition on materials. Fluorescence has a number

of advantages over transmitted light, including improved contrast, the detection of

sub-resolution structures, detection of low abundance molecules and high specific-

ity. In addition, epifluorescence can be used to detect several biomarkers simulta-

neously with high specificity.

The principle is simple in that the target material is stained with one of more

fluorophores that have a characteristic excitation and emission spectrum separated

by a Stokes shift. If the correct filter set is used to absorb or deflect non-transmitted

wavelengths, the emission spectrum from the region of interest can be detected.

Further advantages include the fact that many research laboratories have access to

epifluorescence as this technique does not have the costs associated with instrument

upkeep as do many of the higher end electron microscopy techniques or LSCM.

Staining for epifluorescence or immunofluorescence of microbial cells allows

for cell enumeration, determination of metabolic activity and, importantly, in situ

assessment of adhered bacteria [44]. Many microbial stains are used, e.g. crystal

violet, acridine orange and 40,60-diamindino-2-phenylindole (DAPI), in conjunction

with high throughput instrumentation and can provide a rapid form of biological

assessment, depending on the parameter under investigation. Simple commercial

staining kits such as Live/Dead® BacLight™ are now available to quantify infor-

mation such as viability of bacterial cells after exposure to the nanomaterial. The

capability for automated cell enumeration is desirable as this can be labour inten-

sive. Staining methods can be easily applied for the study of nano-antimicrobial

materials in environmental or medical settings to establish the degree and nature of

bacterial adhesion.
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A generic protocol followed for antimicrobial assessment of nanomaterials

usually includes a number of steps that may involve fixation, permeabilisation of

the cell membrane. Non-adhered microorganisms are usually removed through

rinsing of the surface.

Acridine orange and DAPI (40,60-diamidino-2-phenylindole) staining are

fluorochromic staining methods used for direct cell counts. Acridine orange stain

attaches to DNA and RNA of cells present in solution or on a surface and can be used

as a rapid and simple stain for cell counting. Adherent cells are viewed byfluorescence

microscopy and can be counted manually using the epifluorescence microscope or

imported into image analysis software for automated enumeration.A number of useful

free software programmes, e.g. ImageJ, with extensive ability to handle large and

varied file formats have been developed for such applications [45].

The fluorescence generated can be detected with an epifluorescence microscope

and indicates the presence of DNA from the bacteria (Fig. 6.6). Azevedo et al. [46]

and Kerr et al. [47] used DAPI to determine the total cell counts following bacterial

exposure of surfaces. This stain was applied directly to the surface under investiga-

tion and viewed by epifluorescence microscopy. DAPI staining was used as the

method for screening antifouling materials by Leroy et al. where these were

incubated with cultures using 96-well plates. This enabled the study of multiple

samples simultaneously [48] using DAPI to quantify bacterial adhesion. Figure 6.6

shows an epifluorescence image of microorganisms attached to a polymer surface

when samples are stained with 0.1% w/v acridine orange.

Fig. 6.6 Epifluorescence image of microrganisms attached to a polymer surface showing the

diversity of attached organisms including diatoms (Bacillariophyceae) settled on underlying

bacterial cells (samples stained with 0.1% w/v acridine orange, Leica 200 � magnification)
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6.3 Spectroscopic Methods of Characterisation

In order to quantify the antimicrobial properties of a nanomaterial, it is frequently

necessary to expose thematerial to a number of representative organisms, depending

on the envisioned end use of thematerial. Figure 6.7 shows a light microscopy image

of a polymer surface exposed to a natural marine microbial community; the com-

plexity and diversity of a natural microbial community can be seen, including

adhesion of unicellular algal cells such as diatoms. In order to quantify the degree

of colonisation by natural microbial communities it is frequently necessary to resort

to biochemical or spectroscopic methods of quantification.

6.3.1 Photoacoustic Spectroscopy (PAS)

PAS is based on the absorption of electromagnetic radiation that is contained within

a sample. The combination of optical spectroscopy and ultrasonic tomography

allows depth-resolved analysis of both optical and acoustic media. Schmid et al.

presented a PAS sensor system for the analysis of biofilms [49]. Outer and inner

Fig. 6.7 Light microscopy image of a number of diatom species attached to a material surface
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surfaces of the biofilms were analysed for Fe (III) oxide particles that had been

adsorbed; this was performed in situ.

A multiple suite of PAS sensor heads can also be used to investigate the efficacy of

biocides used to deter biofilm formation. Monitoring the photoacoustic signal ampli-

tude in the visible spectral range allows observation of the biofilm detachment

induced from the use of a biocide [50]. Immobilisation of furanones (a group of

natural product antimicrobial compounds) was investigated using XPS [51] and

tapping mode AFM; each technique was applied following each immobilisation step.

6.3.2 Nuclear Magnetic Resonance (NMR)

For the purpose of characterising metal nanoparticles, NMR has two uses: it can be

used to probe the ligand that surrounds the metal core and probe the more difficult

task of investigating the intra-core metallic atoms. The use of NMR in characterising

nano-antimicrobial materials is not widely reported.

NMR has provided detailed information for live prokaryotic cell suspensions and

extracts as eukaryotic cell and tissue samples [52]. In particular, 1H and 1H-detected
13CNMRprovide for the direct time-resolvedmonitoring ofmetabolite concentrations,

metabolic pathways and even flux rates for in situ studies [53]. Recent investigations by

Vrouwenvelder et al. studied biofouling of reverse osmosis membranes using 2-D

NMRvelocity imaging, where substrates were analysed over 4 days. The substrates are

specifically created using a non-magnetic spacer membrane and then fitted into a radio

frequency coil which directly mounts into the instrument [54].

Exopolymeric substances (EPS), which are generally produced by

microorganisms when adhered to a substrate, are comprised of carbohydrates,

proteins, water and organic particulates. Therefore, the determination of such

molecules allows the assessment of the degree of activity upon a substrate. This

approach is preferred to the use of measurements of biomass, among other

techniques, to assess microbial growth as it relates directly to EPS.

6.3.3 UV-Visible Spectrophotometry (UV-Vis)

UV-vis spectroscopy is used abundantly in nanomaterial based research and

represents a versatile technique that can be applied to characterise a range of

systems ranging from [55]:

– Nanoparticle solutions;

– Nanomaterials (where transmission is possible);

– Photoactivity of a nano-antimicrobial material;

– Optical Density (OD) for the determination of cell numbers and or activity in a

given system.
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In each case, UV-Vis spectroscopy displays wide ranging capabilities and,

furthermore, has the ability to characterise both the component of a material, e.g.

a nanoparticle, the material itself, e.g. a nanoparticle-doped transparent polymer,

and a given system; this material is in situ, e.g. a pure culture bacterial matrix.

6.3.3.1 Nanoparticle Characterisation

UV-Vis spectroscopy is commonly used to confirm the presence of nanoparticles in

a liquid [17] and is particularly effective in characterising metal nanoparticles. It is

useful for characterisation of metal nanoparticles where the surface plasmon absor-

bance is in the visible region of the spectrum, e.g. Ag, Au, Cu, etc.

A sharp peak on the UV-Vis spectrum can indicate a narrow size distribution of

nanoparticles. Figure 6.8 shows typical spectra achieved for UV-Vis spectroscopy

whereby an example of shape tuning observed a range of colours being produced,

highlighting the optical properties of such nanoparticles. The shape of the

nanoparticles can also be indicated by UV-Vis spectroscopy, but confirmation is

usually performed using imaging methods, such as TEM or FeSEM [17]. There are

many advantages to this method. The instrumentation is relatively inexpensive

compared with other instruments used for characterisation. UV-Vis spectroscopy

is also a very simple and quick method for characterisation as there is no or little

sample preparation. However, UV-Vis spectroscopy does not offer detail of the size

distribution of the particles and visualisation is recommended to determine the

shape of the nanoparticle. Although only small areas can be observed at one time,

requiring multiple measurements in order to obtain representative data, UV-Vis

observations are widely used among all researchers for initial confirmation of

nanoparticle occurrence [51, 56]. In a study by Slistan-Grijalva [57] and co-

workers, the surface plasmon absorption band was characterised to illustrate spher-

ical Ag nanoparticles in water and ethylene glycol. The study demonstrated that the

maximum absorbance of Ag nanoparticles is higher in ethylene glycol than in

water, whereas the surface plasmon peak occurs at longer wavelengths under the

same conditions. This result relates to the different refractive index in different

solvents.

6.3.3.2 Bacterial Characterisation on Nano-antimicrobial Substrates

For a bacterial system, OD measurement is based on an assessment of turbidity of

the bacteria present in a clear liquid medium. This method provides a quick

estimation of bacteria present in solution. The OD values obtained via a spectro-

photometric reading are directly related to the concentration of cells in the media

under the Beer–Lambert Law. A disadvantage is that this method does not distin-

guish between dead and viable cells. However, it is a rapid technique for the

determination of approximate cell numbers in a non-destructive manner.
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By reading the optical density of cultures exposed to a potential nano-antimicrobial,

an indication of bacterial kinetics can be determined.

Bacterial kinetics, following exposure to nanoparticles and nanoparticle-doped

materials, has been studied by using both plate counting and by monitoring optical

density. Lee and Tsao [58] placed 1 g of a hydrogel containing Ag nanoparticles in a

flask with sterile water and Escherichia coli cells. Bacterial growth was monitored

over time by withdrawing samples of liquid periodically, performing a serial

dilution and preparing pour plates. Colonies were counted following incubation

to determine viability. Cioffi et al. [36] monitored Ag and Cu nanoparticles at

various concentrations over a fixed duration of time.

Diffusion methods are also sound techniques in assessing the efficacy of a nano-

antimicrobial material. The inoculation and subsequent diffusion of the

Fig. 6.8 UV-Visible spectra of silver nanoparticles with tuned {111} facet. From left to right
yellow small {111} edge through to purple with a larger {111} edge. Bottom photograph showing

relevant nanoparticle solutions used to generate the spectra
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antimicrobial agent through agar in a pure culture system enables effective

concentrations to be monitored. If there is an anti-bacterial effect, a zone of

inhibition will be present. The test works on the basis that the greater the zone of

inhibition the greater the anti-bacterial properties of the test material. The Kirby

Bauer test is one such test and was used by Fekete et al. [59] and Sambhy et al. [60]

for the determination of the antibacterial properties of the test agent. This type of

analysis is easy to perform, and nanoparticle-containing composites have been

tested using this method by Sambhy et al. [6] and Kim et al. [61] among others.

This is a very cost effective and quick method to confirm the antibacterial ability of

a material. A disk diffusion method using Muller-Hinton agar was used by

Shahverdi et al. [62] for the assessment of Ag nanoparticles and their effect on

different antibiotics against common bacterial species.

The minimum inhibitory concentration (MIC) shows the lowest concentration at

which an antimicrobial agent will inhibit the growth of a microorganism. The

method is well established for the interrogation of future antimicrobial agents

such as metal nanoparticles [63]. Typically, the antimicrobial agent is diluted in a

liquid solution where a series of concentrations are made. The series of

concentrations are then inoculated with a standard number of known organisms.

The lowest concentration that inhibits growth represents the MIC. Numerous

authors have used this method in screening novel antimicrobial agents including

Zeng et al. [10] and Pal et al. [64].

One method that is closely linked to MIC is the minimum bactericidal concen-

tration (MBC). This method indicates the lowest concentration by which 99.9% of

microorganisms are killed by the investigated compound. The MBC is the lowest

concentration of the antimicrobial agent that restricts the growth of the organism

when subcultured into antibiotic-free media. Advantages of the MIC method are

ease of preparation and efficacy of the analysis. No special apparatus or instrumen-

tation is required, but researchers using this method with the inclusion of agar will

find it is more time consuming.

6.3.4 Infra-Red (IR) Spectroscopy

IR spectroscopy is a useful non-destructive technique that provides a fingerprint of

the fundamental functional groups of some biomolecules. This method relies on IR

energy being absorbed by quantum energy levels associated with atomic vibrations

or rotations. Fourier transform (FT) refers to a pair of mechanical expressions

which essentially relates to a continuous function and its decomposition into

weighted frequency components.

Suci et al. [65] report that water absorbs very strongly in the mid-infra-red range,

which is where most biological molecules have strong resonance vibrations. This is

because the absorption in the region centres at 1,640 and 3,300 cm�1 will mask

whatever compounds are also in this region. They also reported that bacteria have

distinct bands and have shown RNA (DNA) can be detected at 1,000 cm�1. Osiro
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et al. reported biofilms being analysed on FT-IR using a KBr disc method [66],

where the sample was ground up before being analysed. They reported weak

signalling bands of 1,740 cm�1 of the C¼O bond found in fatty acids,

phospholipids, lipopolysaccharides and in the acetate group of xathan [67, 68].

They also reported that signals at 1,650 cm�1 show typical amide bands from within

proteins, carboxylate anions, and OH absorption of polysaccharides. The most

important bands relating to polysaccharide stretching C–O bonds are in the region

of 950 and 1,150 cm�1.

ATR-IR spectroscopy is also another feature of IR data analysis that can be used

to readily acquire in situ information from a sample or substratum [69]. It has the

added advantage that whole cells can be readily analysed and studied. As men-

tioned above, Suci et al. have also combined interference contrast microscopy and

ATR-FT-IR spectroscopy in order to characterise the architecture and chemistry of

the attached biofilms in situ [65]. Similarly, Chongdar et al. used microscopy

coupled with ATR-FT-IR to interrogate the mechanism of microbes in influencing

corrosion upon a substrate. Steel electrodes were incubated in phosphate-buffered

solution with two different microbes, and the biofilm was then subsequently

scraped and analysed using FT-IR spectroscopy [70, 71]. Pink et al. [72] gave an

interpretation of the ATR-FT-IR data in the 1,500–1,180 cm�1 region. Their results

provide the first detection of excess proteins on the surface of a substrate from pure

culture studies using Pseudomonas aeroginosa [72].

6.4 Further Characterisation Techniques

Direct characterisation possibilities of nano-antimicrobials offered by microscopy

are invaluable when assessing both the nature of the nanomaterial and the antimi-

crobial properties of the material. However, further characterisation by non-visual

methods are often warranted to understand the physiochemical characteristics that

may influence the efficacy of the material in terms of antimicrobial ability.

A range of further techniques are relevant and have been used in assessment of

nano-antimicrobials to date, including methods of characterising the chemical

nature of the surfaces and spectroscopic methods to assess the biological activity

on the surface.

6.4.1 Contact Angle and Surface Free Energy

Contact angle (CA) measurements provide an indication of the surface free energy

(SFE) of a surface by measuring the hydrophobicity or hydrophilicity. This is

important as it has been demonstrated that surface free energy (SFE) alters the

antimicrobial characteristics of a surface by altering the ability a microorganism to

adhere to or approach a surface [73]. The SFE can be approximated using contact
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angle measurements as a function of the surface “wettability”, whereby the contact

angle is the angle at which the drop of liquid touches the substratum described by

Young’s equation:

glv cos y ¼ gsv � gsl (6.1)

where gsl, gsv and glv correspond to the surface tension of solid, liquid and

solid–liquid interfaces. Both wetting and adhesion properties can be estimated

through calculation of the surface tension induced by the solid–liquid interface.

Polymers do not tend to adhere to this equation as they are regarded as non-ideal

surfaces due to liquid penetration into the matrix causing swelling phenomena.

A typical sessile drop technique for CA measurement is shown in Fig. 6.9. Here,

the photograph shows the water droplet that has been dispersed on a nanoparticle

doped poly(vinylchloride) (PVC) thin film. Images are taken on a side profile and

the data for advancing and receding (hysteresis) measurements are collected. An

advantage of this method, aside from its relatively straightforward nature, is the fact

that, with substrates with large enough surface areas, multiple droplets can be

deposited in various locations upon the sample thus determining heterogeneity.

Some disadvantages include the converse to the aforementioned, and therefore with

fewer samples heterogeneity cannot be determined and is sometimes therefore

Angle
Base Width

=
=

30.80 degrees
4.6214mm

Fig. 6.9 Contact angle of nanoparticle doped sol-gel showing hydrophilic properties. Static drop

method at room temperature and pressure
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assumed. Furthermore, the sample spotting of water droplets does not reflect the

‘true’ environment the substrate/material is being subjected to, as more often than

not samples are completely submerged.

One drawback of contact angle measurements is that external factors will

influence the result. To reduce error, it is important to keep the environment

controlled and to limit exposure to potential contaminants, as contamination of

the surface under investigation will affect the results. Sometimes, researchers define

the contact angle in terms of surface energy, given the sessile drop technique, but

this is not always well defined. The values obtained using the sessile drop depend

not only on the solid substrate but equally on the liquid (probe) being used.

6.4.2 Powder X-Ray Diffraction (XRD)

XRD has been shown to be a powerful characterisation tool in the study of Ag

nanoparticles in natural rubber [74]. XRD analysis is based on the principle that each

crystalline solid possesses its own characteristic X-ray powder pattern [20, 75]. The

X-rays are scattered by diffraction owing to the unique crystalline structure of each

of the materials analysed. From this analysis, the particular crystalline structure and

hence the chemical composition of the material under investigation can be obtained.

XRD is regularly used for the characterization of nanoparticles. Kwak et al. [11]

analysed commercially obtained TiO2 nanoparticles by XRD for comparative

purposes. It has been noted that sometimes an identifying peak might not be present,

owing to the nanoparticle being embedded in the gel composite [11]. However, this

method of characterisation is particularly good as it is a non-destructive technique,

which can be used to calculate the phase content and investigate changes in phase

structure of the samples before and after a treatment. XRD was used effectively to

characterise Ag-glycogen nanocomposite films developed by Božanić and

coworkers [33].

6.4.3 Dynamic Light Scattering (DLS)

DLS is a technique that can be used to measure the profile size and or distribution of

particles held in a solution or suspension. The laser energy produced from the

instrument hits the particles and scatters (Rayleigh scattering); these motion data

are then processed to derive a size distribution of the given sample, where the size is

given by the Stokes radius of the particle. This is of particular relevance to

nanoparticles which can be characterised in this manner. The key strengths of this

method include:

(a) Analysis of samples containing broad distributions of species of different

molecular masses can be measured;
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(b) Small amounts of higher mass species can be detected; and

(c) Batch mode processing can be carried out, without dilution in most cases [76].

Nanoparticles have been characterised in this manner in a wide range of

publications, [77–86] illustrating the versatility of the technique. In particular,

Chinnapongse et al. characterised singly dispersed nanoparticles that were a prod-

uct of free suspensions in natural freshwaters [82], highlighting a potential fate and

product for the use of silver nanoparticles when incorporated into a material.

6.4.4 Electrophoretic Mobility Shift Assay (EMSA)

An evaluation of DNA binding capabilities can be realised through the use of

EMSA. The technique can determine the effectiveness of binding to a given

DNA or ribonucleic acid (RNA) sequence and has the capability of indicating if

more than protein is involved in a binding complex sequence. A mobility shift is a

type of electrophoretic separation at which different molecules move through a gel

at the rate of their size and charge [87–90]. This is of particular relevance to an

antimicrobial material, as the effectiveness can be assessed against selected

microorganisms. Assays conducted in this manner have been reported in Liu

et al. [91] and Wan et al. [92]. In a paper by Wang et al. chiral polymer composites

were synthesised using an electrophoteric deposition method [93]. The composites

have the potential to be used as cell adhesion antagonists and therefore could

present a viable option as a novel antimicrobial material or as applications in the

cell-based biosensor fields [94].

6.5 Conclusions

This chapter provides a general guide and overview of characterisation techniques

available to researchers studying nano-antimicrobial materials. The techniques

typically used for the characterisation of nanomaterials, materials containing

nanoparticles and characterisation of the antimicrobial activity where relevant are

described.

The techniques described are common to the characterisation of nanotechnology

and some are more specific to antimicrobial aspects of nanotechnology. The choice

of technique depends on the material properties in question and the information

required.

Many studies have focused on the potential antimicrobial activity that

nanomaterials possess. Recent work has indicated that the mechanism of prepara-

tion and synthesis of the nanomaterials may have additional antimicrobial effects.

In order to determine the antimicrobial nature of nanomaterials, the assessment of

the attachment of microorganisms on that material is desirable.
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This chapter deals with the assessment of materials involving two approaches:

1. The characterisation of the nano-antimicrobial material itself in terms of occur-

rence and distribution of nanoparticles, fibres, etc., physical characteristics and

surface characteristics like roughness or surface energy;

2. The characterisation of the microbial attachment on the surface of the nano-

antimicrobial material in terms of adhesion of bacteria or other organisms, scale

of development and integrity of a microbial community and identification of the

microorganisms.

A range of physical methods are described with key techniques used in the

majority of assessments including SEM, LSCM as well as TEM where available. In

addition to the physical methods of material assessment, visualisation techniques

are also used to assess the nature of the microorganism attachment on the materials

under study. These techniques can provide information on the type of organisms

interacting with a surface as well as indicating the mechanisms of efficacy of the

antimicrobial material, e.g. bacterial cell wall damage, etc.

In addition to the physical characterisation methods, many researchers use

biological methods, staining, bacterial enumeration, protein and carbohydrate anal-

ysis, etc. to ascertain the viability of a biofilm and the degree of adhesion to the

surfaces. It is desirable to utilise physical methods such as visualisation in conjunc-

tion with biological assays to confirm the mechanisms of antimicrobial activity and

to determine the efficacy of the nano-antimicrobial materials. While there are other

physical techniques that are used for the study of materials, those described here

relate to the most widely available and widely used methods to provide the required

information.
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Section II

Bioactivity and Mechanisms of Action of
Nano-Antimicrobials



Chapter 7

Silver Nanoparticles as Nano-Antimicrobials:

Bioactivity, Benefits and Bottlenecks

Mahendra Rai, Alka Yadav, and Nicola Cioffi

7.1 Introduction

Nanotechnology is defined as miniaturization of structures with a dimension less

than 100 nm. It is a field of applied science and technology whose unifying theme

relates to control of matter at the molecular level in scales smaller than 1 mm for

fabrication of materials (Rai et al. 2009a; Sau and Rogach 2010). The term

“nanotechnology” was introduced by physicist Professor Richard Feynmen in his

historical talk “Theres plenty of room at the bottom”. Feynmen envisioned the

manipulation of atoms by developing small-scale machine tools that would evolve

into future generations of smaller and smaller tools (Feynman 1959), while Profes-

sor Norio Taniguchi coined the term nanotechnology to describe precision

manufacturing of materials at the nanoscale level (Taniguchi 1974).

Nanoparticles can be explained as microscopic particles with size 1�100 nm

(Sharma et al. 2009). Nanoparticles exhibit a number of special properties relative

to bulk material as they possess a very high surface area to volume ratio (Rai et al.

2008). Nanoparticles can be synthesized using different methods, including chemi-

cal, physical, and biological (Rai et al. 2009b; Sau and Rogach 2010; Thakkar et al.

2010). Nanoparticles are classified on the basis of material into metallic, bimetallic

or core–shell and semiconductor nanoparticles (Liu 2006; Song and Kim 2009).

Metal nanoparticles like silver, gold, platinum, zinc, silica, and titanium have many

applications and are used in a number of fields including medicine, pharmacology,

environmental monitoring, and electronics (Liu 2006; Huang et al. 2007; Rai et al.

2008; Kumar and Yadav 2009; Thakkar et al. 2010).
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Silver has been used widely for thousands of years in different applications like

jewelery, utensils, water purification, dental alloys, photography, etc. (Chen and

Schluenser 2008). The much exploited properties of silver are in areas of hygiene

and medicine (Castellano et al. 2007; Sharma et al. 2009). Silver vessels have been

used since ancient times to preserve water and wine (Chen and Schluesener 2008;

Thakkar et al. 2010). The German scientist C.S.F. Crede in 1884 used 1% silver

nitrate in the form of eye drops for the treatment of opthalmianeonatorum

(Landsdown 2002), while Moyer in 1960 used 0.5% silver nitrate for the treatment

of burns (Moyer et al. 1965). In 1968, silver nitrate was combined with sulfonamide

to form silver sulfadiazine cream which proved to be a broad-spectrum antimicro-

bial agent and was used in treatment of burns (Fox and Modak 1974). The

introduction of different broad spectrum antibiotics reduced the use of silver, but

with the advancement of modern science and engineering technologies, metallic

silver has made a comeback in the form of silver nanoparticles (Duran et al. 2007;

Sharma et al. 2009). Due to their extremely small size, SNPs show significant

physicochemical properties and biological activities (Rai et al. 2009a, b).

Silver nanoparticles (SNPs) are nanosized particles of silver with size 1–100 nm

(Sharma et al. 2009). SNPs can be synthesized using physical, chemical, and

biological methods (Rai et al. 2008; Mohanpuria et al. 2008; Gade et al. 2010).

SNPs in their present form show improved physical, chemical, and optical

properties compared to bulk metal and thus are efficient in killing microbes (Kim

et al. 2007; Kumar and Yadav 2009; Pattabi et al. 2010). Thus, SNPs in the present

scenario are harnessed as efficient antimicrobial agents (Sanghi and Verma 2009;

Saxena et al. 2010). The present review focuses on SNPs as antimicrobial agents,

their activity against different microorganisms, different applications offered by

SNPs, and also implications of SNPs.

7.2 Bioactivity of Silver Nanoparticles Against Pathogenic

Micro-organisms

The antimicrobial activity of silver ions has been documented by clinicians over

several years (Matsumura et al. 2003; Leaper 2006; Chen and Schluesener 2008;

Rai et al. 2009a). SNPs possess unique physical and chemical properties due to their

large surface area compared to volume, which provides better contact with

microorganisms (Gong et al. 2007; Rai et al. 2009a; Lara et al. 2010). Due to

these improved properties, SNPs get attached to the cell membrane and penetrate

inside the microbial cell (Egger et al. 2009; Jo et al. 2009; Gajbhiye et al. 2009).

The microbial cell contains electron donor groups like sulfur, oxygen, and nitrogen.

Electrostatic interaction takes place between negatively charged electron donor

groups and positively charged SNPs, which brings structural and functional

changes in the microbial cell membrane (Lala et al. 2007; Rai et al. 2009a; Sharma

et al. 2009). The nanoparticles also attack on the respiratory chain and cell division
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finally leading to cell death (Feng et al. 2000; Sondi and Salopek 2004; Morones

et al. 2005; Lala et al. 2007; Rai et al. 2009a; Pattabi et al. 2010).

The size, shape, and dispersity of SNPs have also been shown to have immense

impact on the antimicrobial efficacy of SNPs (Sondi and Salopek 2004; Pal et al. 2007;

Rai et al. 2009a). The nano size of the particles possesses a large surface area for

contact with the microbial cell and hence exhibits better interaction than bigger

particles (Morones et al. 2005; Rai et al. 2009a; Egger et al. 2009). Regarding the

shape of nanoparticles, truncated and triangular nanoparticles show better inhibition

(Pal et al. 2007). Thus, among the different antimicrobial agents involved, silver as an

antimicrobial agent possesses great potential and can be used efficiently in diverse

applications (Gade et al. 2008; Sharma et al. 2009; Lara et al. 2010). Gade et al. (2008)

observed the potential bioactivity of silver nanoparticles produced by Aspergillus
niger. They obtained spherical particles of around 20 nm that showed maximum

activity against S. aureus and minimum activity against E. coli (Fig. 7.1).

B
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S.aureus

25

20

15

10

5

0
Silver

nanoparticles
Gentamycin

(positive
control)
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Fig. 7.1 (a) Antibacterial activity of silver nanoparticles against (1) Escherichia coli and

(2) Staphylococcus aureus, in each image: (a) cell filtrate, (b) Gentamycin and (c) silver

nanoparticles. (b) Graphical representation of the size of zone of inhibition for the four tested

bacteria cultures (Image adopted from Gade et al. 2008)
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Silver has long been known to possess strong bactericidal activity, and with the

advent of SNPs it has become an eminent antibacterial, antifungal, and antiviral

agent (Rai et al. 2009a; Lara et al. 2010).

7.2.1 Antibacterial Activity of Silver Nanoparticles

Gong et al. (2007) synthesized Fe3O4@Ag nanoparticles possessing super paramag-

netic properties, which showed excellent antibacterial activity against Escherichia
coli, Staphylococcus epidermis, and Bacillus subtilis. The authors observed that the
antibacterial potential of SNPs was better against Gram-negative bacteria compared

to Gram-positive bacteria. Ingle et al. (2008) also observed efficient antibacterial

activity of SNPs biosynthesized using Fusarium acuminatum against E. coli and
S. aureus (Fig. 7.2).

Jung et al. (2008) studied the antibacterial activity of SNPs against E. coli and
S. aureus in experiments using a silver laundry machine with contaminated fabric.

The authors found that the efficacy of SNPs was better against E. coli than against

S. aureus possibly due to the thickness of the peptidoglycan layer. Nithya and

Raghunathan (2009) also reported that SNPs show more activity against Gram-

negative bacteria compared to Gram-positive bacteria due to the presence of a

peptidoglycan layer in case of Gram positive bacteria. Similar findings were also

reported by Esteban-Tejeda et al. (2009) while evaluating antibacterial activity of

SNPs against Gram-negative and Gram-positive bacteria. Birla et al. (2009) studied

the antibacterial activity of SNPs along with commercially available antibiotics

against E. coli and S. aureus. The authors reported comprehensive activity of SNPs

against Gram-positive and Gram-negative bacteria. Gade et al. (2010) also reported

Fig. 7.2 (a) Antibacterial activity of silver nanoparticles against (1) Escherichia coli, (2) Salmo-
nella typhi, (3) Staphylococcus epidermis and (4) S. aureus. In each image: (a) Cell filtrate,

(b) AgNO3 (1 mM) and (c) silver nanoparticles. (b) Graphical representation of the size of the

zone of inhibition for the four tested bacterial cultures (Image reprinted with permission from Ingle

et al. 2008)
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remarkable antibacterial activity of SNPs in combination with antibiotics. Pattabi

et al. (2010) evaluated the antibacterial activity of SNPs against selected Gram-

positive and Gram-negative bacteria and found that SNPs showed the maximum

activity against Gram-negative bacteria while the minimum activity was observed

against Gram-positive bacteria. Saxena et al. (2010) also depicted effective

antibacterial activity of SNPs against E. coli and Salmonella typhimurium.
Kathiresan et al. (2010) synthesized silver nanoparticles using E. coli and Aspergil-
lus niger isolated from coastal mangroves of southeast India. These biosynthesized

silver nanoparticles from bacteria and fungi were further tested for their antimicro-

bial activity, and it was found that the silver nanoparticles possess more pronounced

antibacterial activity while the antifungal activity was comparatively less distinct.

Also, the antimicrobial activity of silver nanoparticles synthesized from E. coli was
better compared to silver nanoparticles synthesized from A. niger. Similar results

were also obtained by Mubarakali et al. (2011) using Mentha piperita extract for

synthesis of silver and gold nanoparticles. The silver nanoparticles were active

against clinically isolated pathogens, E. coli and S. aureus. Li et al. (2011) studied
the antibacterial activity and also the mechanism of action of silver nanoparticles

against S. aureus. For the study, bacterial cells were treated with increasing

concentrations of SNPs for a time period of 6–12 h. After treating the bacterial

cells with 50 mg/mL SNPs for 6 h, the DNA of the bacterial cell was condensed to a

tension state and also stopped replicating, while after an exposure of 12 h with

50 mg/mL SNPs, the bacterial cell completely broke down with release of its

cellular components into the surrounding environment. Sintubin et al. (2011) also

investigated the antibacterial activity of SNPs and its mode of action. The authors

found that antibacterial activity of SNPs is mainly related to the release of silver

ions and, due to the release of higher concentration of free silver ions, the activity of

biogenic SNPs is better compared to ionic silver.

7.2.2 Antifungal Activity of Silver Nanoparticles

SNPs are also known to possess broad spectrum antifungal activity (Sharma et al.

2009; Gajbhiye et al. 2009). Esteban-Tejeda et al. (2009) reported efficient antifun-

gal activity of soda lime containing SNPs against L. oreintalis. The authors

correlated the higher antifungal activity to inhibitory effects of Ca2+ percolated

from soda lime containing SNPs on the fungal cells. Jo et al. (2009) reported that

SNPs also show remarkable activity against phytopathogenic fungi. Gajbhiye et al.

(2009) studied antifungal activity of SNPs in combination with fluconazole against

Phoma glomerata, Phoma herbarum, Fusarium semitectum and Trichoderma sp.

The antifungal activity of SNPs was found to be increased in combination with

fluconazole. The maximum inhibition was reported against P. glomerata and

Trichoderma sp. while, for P. herbarum and F. semitectum, no significant activity

was observed.
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Anticandidal activity of SNPs was evaluated by Keuk-Jun et al. (2008) against

Candida sp. (C. albicans, C. glabrata, C. parapsilosis). The authors reported that

SNPs show prominent activity against C. albicans and C. glabrata at low

concentrations but it showed the minimum activity against C. parapsilosis
(Fig. 7.3).

Kim et al. (2008) also reported that SNPs showed considerable antifungal

activity against Candida sp. Egger et al. (2009) studied antimicrobial activity of

silver nanocomposites, silver nitrate and silver zeolite. The results of the MIC

(Minimum Inhibitory Concentration) and MBC (Minimum Bactericidal Concen-

tration) showed that maximum activity of SNPs was found against C. albicans
compared to silver nitrate and silver zeolite. Panacek et al. (2009) reported

effective antifungal activity of SNPs against Candida sp. The authors also studied
the MIC, MFC and time dependency and found that SNPs at 0.2 mg/L concentra-

tion inhibited candidal growth. Gajbhiye et al. (2009) also studied anticandidal

activity of SNPs. The authors reported the maximum activity of SNPs against C.
albicans. Nasrollahi et al. (2011) reported the antifungal activity of silver

nanoparticles against C. albicans and Saccharomyces cerevisae using the MIC

technique and compared with antifungal drugs like Amphotericin B and Flucona-

zole. The authors found that SNPs possess considerable activity compared to the

commercially available antifungal agents (Fig. 7.4). Lkhagvajav et al. (2011) also

Fig. 7.3 The effect of nano-Ag on the dimorphic transition in C. albicans. Yeast control without
20% FBS and nano-Ag (a), without treated nano-Ag (b), or with 2 mg/mL of nano-Ag (c) (Image

adopted from Keuk-Jun et al. 2008)

Fig. 7.4 Scanning electron microscopy images of Candida albicans. Normal cells (A) and cells

influence by 0.5mg/ml (MIC 50) concentration of Ag-NPs (B) and cells influence by 2 mg/ml

(MIC 90) concentration of Ag-NPs (C) (10ppm) (Reprinted with permission from Nashrollahi et

al. 2011).
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reported antifungal activity of SNPs against C. albicans and found that only a

small quantity of nanosilver (2–4 mg/mL) is required to completely inhibit the

growth of fungus.

7.2.3 Antiviral Activity of Silver Nanoparticles

SNPs are also observed to show efficient antiviral activity. It has been reported that

SNPs undergo size-dependent interaction with HIV-1 virus (Elechiguerra et al.

2005). HIV-1 virus consists of a lipid membrane intervened with a glycoprotein

knob which comprises two sub-units, gp120 surface glycoprotein subunit and gp41

trans-membrane subunit. The main function of the gp120 subunit is to bind with

CD4 receptor sites on host cells (Foster et al. 2000). The gp subunit consists of nine

disulfide bonds out of which three are located in the vicinity of the CD4 binding

domain and these exposed disulfide bonds form the preferential sites for the SNPs to

bind with HIV-1 virus. Also, the spatial arrangement and the center to center

spacing arrangement of the glycoprotein knob (~22 nm) are similar to those of

SNPs (~28 nm). Hence, it could be presumed that the spatial arrangement, the

center to center distance between nanoparticles and the preferential binding to

disulfide bonds and glycoprotein knobs suggest the strong interaction of SNPs to

the HIV-I virus. Also, the smaller size of nanoparticles (<14 nm) serve for a more

stable surface interaction (Elechiguerra et al. 2005; Kumar and Yadav 2009). Lara

et al. (2010) also explained the antiviral action of SNPs against HIV-1 depicting

that SNPs act as a virucidal agent by binding to gp120 and preventing CD4-

dependent virion binding, fusion, and infectivity. The authors depicted that SNPs

show antiviral activity at an early stage of replication. Also, the resistance devel-

oped by antiretroviral HIV strains does not affect the efficiency of SNPs. Virus

adsorption assay was conducted to study binding of virus or fusion at initial stages

of the HIV-1 cycle; gp120 capture ELISA and cell-based fusion assay were also

conducted. It was observed from the above tests that the antiviral activity of SNPs

increase with incubation time. Thus, the authors hypothesized that SNPs initially

bind with gp120 and inhibit viral activity by irreversibly modifying viral structures.

Also, silver ions possess the capability to complex with electron donor groups like

sulfur, oxygen or nitrogen, and, hence, inhibit the post-entry stages of viral infec-

tion by blocking HIV-1 proteins and other gp120 or reducing reverse transcription

or proviral transcription by directly binding to DNA or RNA (Lara et al. 2010).

7.3 Different Benefits of Bioactivity: Multiple Applications

Due to efficient antimicrobial potential, SNPs show varied applications in different

areas of science and technology (Richardson et al. 2006; Mohanpuria et al. 2008;

Rai et al. 2009a; Thakkar et al. 2010)
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• Dressings play a major role in the treatment of wounds whether it is an open or

chronic wound by prevention of infection (Rai et al. 2009b). Dressings

impregnated with silver are called silver dressings. Since historic times, silver

has been known as an antibacterial agent and used for the treatment of burns.

Hence, SNPs- coated dressings are used in the present scenario as they provide

the highest and sustained release of silver to a wound without any toxicity

(Leaper 2006). SNPs containing creams and gel are also observed to effectively

reduce bacterial infections in chronic wounds (Richard et al. 2002; Leaper 2006;

Ip et al. 2006; Sharma et al. 2009). Jain et al. (2009) reported excellent antifungal

and anticandidal activity of antimicrobial gel formulated using silver

nanoparticles.

• Wound healing is a complex process with the ultimate aim of speedy and

scarless recovery of wounds (Jain et al. 2009). SNPs have become a new

therapeutic approach in treatment of burn wounds (Jain et al. 2009; Rai et al.

2009a). SNPs are reported to show better wound healing capacity and better

cosmetic appearance with fewer scars when tested on burn wounds of an animal

model (Tian et al. 2006). In the present study, SNPs depicted positive effects

through their antimicrobial properties, reduction in wound inflammation, and

modulation of fibrogenic cytokines.

• Surface coating of medical devices with silver nanoparticles is a proficient

technique to reduce medical device-related infections (Rai et al. 2009b). In

this application, SNPs are directly deposited on medical device surfaces or

applied in a polymeric surface coating (Knetsch and Koole 2011). Medical

devices like surgical masks, implantable impregnated with SNPs, show signifi-

cant antimicrobial efficacy (Furno et al. 2004; Rai et al. 2009b; Kumar and

Yadav 2009). Catheters coated with SNPs are found to be active against most of

the noscomial infections related to catheters which predominantly accumulate at

the site of insertion. SNPs serve as a protective means against these infections

with no risk of systemic toxicity (Roe et al. 2008).

• Household oil paints are generally prepared from vegetable-derived drying oils

which contain a variety of polyunsaturated fatty acids. Development of bacteri-

cidal coatings using green chemical protocols could be an environmental-

friendly application of common household paints (Kumar et al. 2008).

Eco-friendly nanopaints embedded with SNPs are found to possess excellent

antimicrobial activity against Gram-positive and Gram-negative bacteria and

can be directly used on different surfaces like wood, glass, steel, etc. (Kumar

et al. 2008; Rai et al. 2009b).

• In recent years, ready to eat food products have gained considerable demand due

to their fresh-like and healthy features (Fernandez et al. 2010). Food packaging

systems with proper antimicrobial efficacy could actively prevent post-

processing contamination and increase shelf life of food products (Fernandez

et al. 2009). Silver in trace quantities functions as a broad-spectrum antimicro-

bial agent and prevents biofilm preparation in food-contact surfaces (Rai et al.

2009b; Fernandez et al. 2010). Silver zeolite is used in food preservation,

disinfection and decontamination of products (Matsumura et al. 1997; Nikawa
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et al. 1997; Nair and Laurencin 2007). Nanocoating of fruits and vegetables with

the help of SNPs has emerged as a recent interest in the field of food nanotech-

nology, protecting the fruits and vegetables by applying a waxy coat does not

safeguard them from water loss and high respiration rate and thus results in loss

of water and protein during storage. This technique also increases the shelf life

of food products (Fayaz et al. 2009).

• Increasing pollution and ground water contamination from a wide variety of

industrial, municipal and agricultural sources has seriously tainted water quality

in these sources, effectively reducing the supply of freshwater for human use

(Jain and Pradeep 2005). Nanoparticles and nanostructured membranes contrib-

ute towards the development of efficient and cost-effective water filtration

technology (Theron et al. 2008). SNPs-coated polyurethane foams can be used

for drinking water filtration where there is a high risk of bacterial contamination

(Jain and Pradeep 2005; Parikh et al. 2008). Silver nanoparticle and chitosan

composites form a cost-effective means of removing pesticides from drinking

water (Saiffudin et al. 2011).

• SNPs are used as selective coatings for absorption of solar energy and intercala-

tion material for electrical batteries, as catalyst in chemical reactions, as

fluorescents and as optical receptors (Safaepour et al. 2009; Sau and Rogach

2010). Recently, smart gating nanochannels are being devised which can be used

for photoelectric conversion system in specially designed photoelectrochemical

cells (PEC). Bioinspired smart switching surfaces have been devised using

semiconductor nanoparticles which can respond to external stimuli like temper-

ature, pH, light, electricity, etc. (Wen et al. 2010).

• Nonlinear optical (NLO) materials are essential for high speed optical network

systems dealing with a large amount of data. In particular, organic third-order

NLO materials are powerful candidates for developing photonic devices, due to

their fast response and easy chemical modification in comparison to the inor-

ganic systems (Satyavathi et al. 2010). The other applications of nanoparticles

include enhanced Raman scattering, bioreactors, and biosensors (Zhu and Zhou

2011). SNPs have recently been used for the synthesis of eco-friendly nonlinear

optical materials (Satyavathi et al. 2010).

7.4 Complications in Use of Silver Nanoparticles

The proficient antimicrobial activity of SNPs makes it a frequently used product in

a number of commercial and medical applications (Nair and Laurencin 2007;

Sharma et al. 2009; Thakkar et al. 2010). But, due to this wide range of exploitation

of SNPs, a number of complications are also involved in this field (Chen and

Schluesener 2008; Fadeel and Bennett-Garcia 2010). In most of the studies, it is

observed that SNPs are non-toxic in low concentrations (Rai et al. 2009a). But

repeated exposure to silver through silver-impregnated dressings results in the

forming of agryria (Leaper 2006). SNPs due to their extremely small size and
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variable properties are also supposed to be hazardous to the environment

(Braydich-Stolle et al. 2005). The toxicity of variable sizes of SNPs was studied

by Hussain et al. (2005) using rat liver cell line (BRL 3A) (ATCC, CRL-1442

immortalized rat liver cells). The authors reported that after an exposure of 24 h, the

mitichondrial cells displayed abnormal size, cellular shrinkage, and irregular shape.

Burd et al. (2007) also studied the cytotoxic effect of five SNPs-impregnated

commercially available dressings. In the study, three silver dressings depicted

cytotoxicity effects in keratinocytes and fibroblast cultures. Chen and Schluesener

(2008) reported that SNPs generally react with proteins and enzymes with thiol

groups in the mammalian cells. These proteins and enzymes are responsible for the

cells’ antioxidant defense mechanism, and SNPs may deplete this antioxidant

defense mechanism, which results in the accumulation of reactive oxygen species

due to which inflammatory response is initiated and destruction of mitochondria

takes place. The interaction of SNPs with thiol group proteins also results in

damage of cell membranes as the latter are abundant in thiol group proteins

(Chen and Schluesener 2008).

Thus, it can be concluded that the use of nanoparticles in biomedical and

therapeutic applications has opened up a new area of nanotechnology, but the

possible complications related to the use of SNPs needs to be briefly studied.

7.5 Conclusion and Future Prospects

Among the different antimicrobial agents available, silver has been most exten-

sively studied and used since ancient times to fight infections and prevent spoilage.

The antibacterial, antifungal, and antiviral properties of SNPs prove them to be

efficient antimicrobial agents in all respects. Hence, SNPs have also found varied

applications in textile fabrics, wound dressings, coatings for medical devices and

catheters, etc. The major advantage of using SNPs for impregnation in medical

devices is that there is continuous release of silver ions, which enhances the better

healing of wounds with less chance of infections. But there are certain points which

need to be considered before the large-scale exploitation of silver nanoparticles in

different commercial applications. The exact mechanism of interaction of SNPs

with microbial cells and mammalian cells needs to be briefly studied with the help

of animal models and clinical studies. A better understanding of the interaction of

SNPs- impregnated dressings and medical devices with open wounds should also be

evaluated. Eco-toxicity of nanoparticles is also a matter of great concern as

accumulation of large amounts of SNPs in plants may be hazardous to the

environment.

Hence, it can be concluded that SNPs are efficient antimicrobial agents with a

broad spectrum activity, but certain studies related to the mechanism and toxicity of

SNPs need to be appraised.
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Chapter 8

Antimicrobial Activity of Silver and Copper

Nanoparticles: Variation in Sensitivity Across

Various Strains of Bacteria and Fungi

Suparna Mukherji, Jayesh Ruparelia, and Shekhar Agnihotri

8.1 Introduction

Prevention of infectious diseases through control of pathogenic microorganisms has

been a major challenge across the globe. Infectious diseases may spread through

consumption of contaminated food and water, hospital-acquired diseases, and

pandemics. Numerous antibiotics and antifungal formulations are available for

control of disease-causing microorganisms; however, their efficacy is known to

vary. Moreover, with the widespread use of antibiotics, antibiotic-resistant strains

are developing to cause an even greater threat to public health. Thus, there is a need

for exploring alternative strategies for controlling the spread of infectious diseases.

Chemical disinfectants, such as chlorine, are commonly used for inactivating

harmful microorganisms in water so as to render it fit for drinking purposes.

However, in the presence of trace organics in water, chlorine-based disinfectants

are known to form disinfection byproducts (DBPs), such as trihalomethanes

(THMs) and haloacetic acids (HAAs), that pose a threat to human health. THMs

and HAAs are disinfection byproducts that have been implicated both in genotoxic

risk and carcinogenic risk. Since halomethanes were discovered in chlorinated

water in 1974, alleviation of DBPs has become a prime concern in water treatment.
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Thus, more research is targeted towards enhancing the efficiency of the disinfection

process without formation of DBPs (Sadiq and Rodriguez 2004).

With the emergence of nanoscience and technology, research has been initiated

to exploit the unusual and unique properties of nanomaterials. Nanotechnology and

nanoscience research involves a wide spectrum of focus areas from fundamental

sciences (i.e., biology, chemistry, and physics) to applied sciences (i.e., electronics

and materials). Currently, there is a lot of interest in the environmental application

of nanoparticles. Studies with various types of nanoparticles suggest that they may

possess antibacterial and antifungal properties. Silver nanoparticles (SNP) have

been studied extensively in this regard. The literature suggests that, while the

antimicrobial activity of silver nanoparticles may be due to the release of silver

ions, it is also possible that they exhibit additional effects that cannot be explained

solely by the release of silver ions in solution.

Research on development of nanoparticles with antimicrobial properties and

verification of antimicrobial activity of nanoparticles have primarily focused on

nanoparticles of silver since the antimicrobial effect of silver ions is well

established (Morones et al. 2005). Since antimicrobial activity associated with

copper ions is also well established, some research has also been conducted with

copper nanoparticles (CNP). Silver and copper nanoparticles have been reported to

exhibit antimicrobial effects even at concentration as low as 1.69 and 10 mg/mL,

respectively (Panacek et al. 2006; Yoon et al. 2007). No notable antimicrobial

activity has been reported for gold and platinum nanoparticles at 100 mg/mL

(Williams et al. 2006; Cho et al. 2005); however, some growth inhibition was

reported for 240 mg/mL of gold nanoparticles (Burygin et al. 2009). Silica

(33,000 mg/mL) and silica/iron oxide (2,200 mg/mL) nanoparticles also failed to

depict any antimicrobial activity (Williams et al. 2006). Makhluf et al. (2005)

reported some growth inhibition for MgO nanoparticles at a concentration of

1,000 mg/mL; however, Jones et al. (2008) reported negligible antimicrobial activ-

ity for MgO and also for TiO2, CuO, and CeO2. Mild antimicrobial activity of ZnO

and Al2O3 nanoparticles have also been reported at high nanoparticle concentration

(Jones et al. 2008; Jin et al. 2009; Sadiq et al. 2009).

The quantification of antimicrobial effects of silver and copper nanoparticles has

been performed primarily with a few strains of Gram-positive and Gram-negative

bacteria. Variation in response across a wide range of strains has not been studied.

This chapter reviews methodologies adopted for experimental studies and depicts

the results obtained by various researchers and variability in response observed for

various reference strains. The mechanism of antimicrobial activity of nanoparticles

is also discussed. The response of various groups of microorganisms, and also the

species and strain level response, to silver and copper nanoparticles needs to be

studied further using standard protocols before recommending use of such

nanoparticles in commercial applications.

Although the toxicity/adverse effects of silver and copper nanoparticles to

higher organisms is outside the scope of this chapter, it needs to be emphasized

that the toxicity of nanoparticles may differ significantly from that of soluble forms
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of silver and copper. The toxicity of silver and copper to human and other higher

organisms is typically considered to be low compared to their toxic effect on

microorganisms (Bosetti et al. 2002). As per World Health Organization (WHO)

guidelines for drinking water quality, there are no adverse effects for exposure to

silver at a concentration less than 0.1 mg/L. Only about 10% of the silver entering

the body is absorbed and about 4–6% is retained by the tissues (Drake and

Hazelwood 2005). The predominant adverse effect of exposure to silver is argyria,

a bluish-gray discoloration of the skin, hair and eyes reported for silver levels in the

blood exceeding 200 mg/L (Hardes et al. 2007). Other chronic effects manifested for

silver concentration in blood exceeding 300 mg/L include: leucopenia, liver dam-

age, kidney damage, and irritation of eyes, skin, respiratory and intestinal tract.

Although metallic silver is reported to pose a lower risk compared to soluble silver,

silver nanoparticles may pose a significantly higher risk due to specific effects on

mitochondria and generation of reactive oxygen species (ROS) (Klaine et al. 2008;

Costa et al. 2010). Silver nanoparticles have been reported to cause deformities,

abnormalities and higher mortality in zebra fish embryos (Asharani et al. 2008) at

concentrations exceeding 50 mg/L. Researchers have reported various cytotoxic

and genotoxic effects of silver nanoparticles in higher organisms (Ahamed et al.

2008; Asharani et al. 2009). The maximum contaminant level goal (MCLG) for

soluble copper in drinking water specified by US Environment Protection Agency

(USEPA) is 1.3 mg/L. Potential adverse effects for chronic exposure at

concentrations exceeding this value include liver and kidney damage. However,

greater toxic effects are implicated for copper nanoparticles compared to soluble

copper ions. Copper nanoparticles (80 nm) resulted in adverse morphological

effects on gills and also affected gene expression patterns in zebra fish exposed to

concentrations exceeding 0.1 mg/L (Klaine et al. 2008). The chronic toxicity

associated with silver and copper nanoparticles needs to be explored through

extensive research before recommending use of these nanoparticles for antimicro-

bial applications.

8.2 Antimicrobial Activity and Strain Specificity

A considerable amount of literature is available on the antibacterial effects of silver

and copper nanoparticles against various bacteria. Bacteria tested with silver/

copper nanoparticles include, Escherichia coli, Staphylococcus aureus, Bacillus
subtilis, Bacillus megaterium, Proteus vulgaris, Pseudomonas aeruginosa, Staphy-
lococcus epidermidis, Enterococcus faecium, Klebsiella pneumoniae, Pseudomo-
nas fluorescens, Salmonella Enteritidis, Salmonella Typhimurium, Bacillus cereus,
Listeria monocytogenes, Micrococcus luteus, and Streptococcus mutans among

others (Sondi and Salopek-Sondi 2004; Kim et al. 2007; Panacek et al. 2006;

Gogoi et al. 2006; Lok et al. 2006; Falletta et al. 2008; Hernandez-Sierra et al.

2008; Chudasama et al. 2009, 2010; Dallas et al. 2010; Egger et al. 2009; Fayaz

et al. 2010; Fernandez et al. 2008). The antifungal properties of nanoparticles have
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been tested and reported for fungal species Candida albicans, Candida tropicalis,
Candida parapsilosis, Issatchenkia orientalis, Saccharomyces cerevisiae, Trichosporon
beigelii, and Aspergillus niger (Dallas et al. 2010; Dorjnamjin et al. 2008; Esteban-

Tejeda et al. 2009a, b; Gittard et al. 2009; Ilic et al. 2009; Kim et al. 2009a, b; Panacek

et al. 2009; Egger et al. 2009; Jain et al. 2009). These studies provide support for the

utilization of silver and copper nanoparticles as a unique class of biocidal agents.

The antimicrobial effects are commonly quantified using either the disc diffu-

sion method or by dilution of the antimicrobial agent in broth cultures. In the disc

diffusion method, the diameter of the inhibition zone (DIZ) surrounding a disc

indicate the sensitivity of microorganisms to the nanoparticles on the disc as

illustrated in Fig. 8.1. The assay based on liquid culture is used to quantify the

minimum inhibitory concentration (MIC) and minimum bactericidal/fungicidal

concentration (MBC/MFC) of nanoparticles as illustrated in Fig. 8.2. The minimum

inhibitory concentration (MIC) is defined as the lowest concentration of antimicro-

bial agent that inhibits growth while the minimum bactericidal/fungicidal concen-

tration (MBC/MFC) represents the lowest concentration of antimicrobial agent that

kills 99.9% of the bacteria/fungi (Qi et al. 2004; Williams et al. 2006; Ruparelia

et al. 2008a).

Several studies that utilized either the disk diffusion method or the broth dilution

test, have simply reported growth inhibition in the presence of silver and copper

nanoparticles and have not reported the DIZ, MIC, or MBC/MFC values (An et al.

2009; Mahltig et al. 2009; Mary et al. 2009; Asavavisithchai et al. 2010; Musarrat

et al. 2010). The studies reporting the DIZ, MIC and MBC/MFC values provide a

quantitative measure of antibacterial activity; however, there is still significant non-

uniformity in the experimental methods reported. Variations in growth medium

employed, differences in the initial concentration of microorganisms, and the size,

shape and composition of nanoparticles used may cause variations in DIZ, MIC,

and MBC for the same microbial strain exposed to silver/copper nanoparticles.

Thus, comparison with respect to sensitivity of different strains to copper or silver

nanoparticles is often not feasible although a large amount of literature is available.

a b

Fig. 8.1 Illustration of the disc diffusion test: B. subtilis exposed to copper (two upper discs) and
silver nanoparticles (two lower discs) before (a) and after (b) incubation
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The strain specificity in antibacterial and antifungal activities of silver and copper

nanoparticles is discussed below.

8.2.1 Antibacterial Activity

The DIZ reflects magnitude of susceptibility of the microorganism to the antimi-

crobial agent. The susceptible strains are characterized by larger DIZ compared to

the resistant strains. The antibacterial activity of metal nanoparticles has been

compared for various microorganisms using the diameter of inhibition zone in

disc diffusion susceptibility tests (Gittard et al. 2009; Jain et al. 2009; Kong and

Jang 2008; Ruparelia et al. 2008a; Saravanan and Nanda 2010; Wu et al. 2009).

Ruparelia et al. (2008a) reported that discs with silver nanoparticles were

surrounded by a larger DIZ compared to copper nanoparticles for all Escherichia
coli and Staphylococcus aureus strains selected for their study. Further, in the disc

diffusion studies, strain specificity was not observed across the various strains of E.
coli MTCC 443 (ATCC 25922), MTCC 739 (ATCC 10536), MTCC 1302 and

MTCC 1687 (ATCC 8739) (obtained from IMTECH, Chandigarh, India) and S.
aureus NCIM 2079 (ATCC 6538P), NCIM 5021 (ATCC 25923), and NCIM 5022

(ATCC 29213) strains (obtained from NCL, Pune, India). The lower DIZ for the

MIC 

MBC/MFC

Growth observed as increase in 
optical density 

Growth not observed, no increase 
of optical density 

Increasing concentration of nanoparticles 

Fig. 8.2 Schematic illustration of broth dilution protocol for determination of MIC and MBC/

MFC
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copper nanoparticle-impregnated discs compared to the silver nanoparticle-

impregnated discs may have been due to the size difference in the copper

(9.3 nm) and silver (3.3 nm) nanoparticles. Energy dispersive X-ray spectroscopy

suggested the presence of an oxide layer on the copper nanoparticles, but not on the

silver nanoparticles. However, Bacillus subtilis (MTCC 441/ATCC 6633) depicted

a high sensitivity to the copper nanoparticles and the DIZ with copper nanoparticles

was almost 90% greater compared to that observed with silver nanoparticles.

Higher sensitivity of B. subtilis to copper nanoparticles was also reported by

Yoon et al. (2007).

Jain et al. (2009) reported DIZ values for silver nanoparticles (size range

7–20 nm) in a proprietary gel formulation using various reference cultures and

also multidrug-resistant clinical isolates. The clinical isolates included Pseudomo-
nas sp. (eight strains), Staphylococcus sp. (five strains), E. coli (six strains) and

Klebsiella sp. (three strains). The reference strains used were E. coli ATCC 117,

P. aeruginosa ATCC 9027, Salmonella abony NCTC 6017, Salmonella
typhimurium ATCC 23654, Klebsiella aerogenes ATCC 1950, Proteus vulgaris
NCIB 4157, Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC 6633 and

Staphylococcus epidermis ATCC 1228. Strain-specific variation in the diameter of

inhibition zone was observed. The corrected inhibition zone (CIZ) was defined as

the difference in diameter of inhibition zone and diameter of the well/disc. The

E. coli and S. aureus reference strains depicted comparable inhibition zones as also

shown by Ruparelia et al. (2008a) (Fig. 8.3). Ruparelia et al. (2008a) used filters

loaded with 100 mg silver nanoparticles while Jain et al. used gel containing silver

nanoparticles at 0.1 mg/g. E. coli and S. aureus strains have commonly been used

for representing sensitivity to Gram-negative and Gram-positive organisms. Pseu-
domonas sp. depicted the largest inhibition zone which was more than double that
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Fig. 8.3 Corrected inhibition zone (CIZ, mm) for E. coli and S. aureus strains reported by

Ruparelia et al. (2008a) and Jain et al. (2009) in disc diffusion tests with silver nanoparticles (SNP)
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observed for E. coli (CIZ 13 mm for 0.1 mg/g silver nanoparticles in the gel).

K. aerogenes, S. typhimurium, P. vulgaris, and B. subtilis also depicted higher

sensitivity compared to E. coli and S. aureus (CIZ 8–9 versus CIZ 5–6 nm,

respectively).
The MIC and MBC of a particular antimicrobial agent is an important parameter

with respect to a particular microbe because it is quantitatively measured in vitro

through the micro-/macro-dilution test. For antibacterial studies in suspension,

a greater lag phase and lower maximum absorbance has been reported as the con-

centration of nanoparticles increase until complete growth inhibition is observed at

the MIC (Sondi and Salopek-Sondi 2004; Ruparelia et al. 2008a). The MIC and

MBC values have been reported by various researchers for silver and copper

nanoparticles and silver-containing nanocomposites in suspension (Egger et al.

2009; Fernandez et al. 2008; Ruparelia et al. 2008a; Hernandez-Sierra et al. 2008;

Jain et al. 2009; Sharma et al. 2009). However, large variations are observed due to

variations in initial bacterial concentration, size of nanoparticles and growth media

used. The factors affecting the antimicrobial effect of silver nanoparticles include

the particle size, shape, crystallinity, surface chemistry, and capping agents, as well

as environmental factors such as pH, ionic strength and presence of ligands, divalent

cations, and macromolecules (Marambio-Jones et al. 2010; Pal et al. 2007). In the

majority of the literature, all such parameters vary, therefore a comparison among

strains reported by various researchers is not feasible. The range of MIC and MBC

values reported for E. coli and S. aureus often chosen as representative of Gram-

negative and Gram-positive bacteria is reported in Tables 8.1 and 8.2, respectively.

Several researchers have reported the impact of bacterial cell wall structure on MIC

and MBC values based on difference in response observed for E. coli and S. aureus.
For both E. coli (ATCC 10536) and S. aureus (ML 422), silver nanoparticles

demonstrated greater bactericidal efficiency compared to penicillin (Sarkar et al.

2007). Synergistic effect between silver nanoparticles and antibiotics, such as,

amoxicillin has also been reported (Li et al. 2005).

Some researchers have reported the MIC of E. coli in the presence of silver

nanoparticles to be in the range of 3–25 mg/mL for an initial bacterial concentration

of 105–108 CFU/mL (Cho et al. 2005; Panacek et al. 2006; Gogoi et al. 2006). In

contrast, other studies have reported negligible growth inhibition of silver

nanoparticles on E. coli up to 100 mg/mL (Sondi and Salopek-sondi 2004; Panacek

et al. 2006). The latter studies employed silver nanoparticles of size 12–40 nm and

a higher initial concentration of bacteria in the batch cultures of 105–108 CFU/mL.

E. coli ATCC 25922 and strain F220 were found to have identical MIC values

although the experimental conditions differed (Ruparelia et al. 2008a; Li et al.

2005). The range of MIC and MBC values observed for various E. coli strains is
typically found to range from 12.5 to 180 mg/mL and 12.5 to 220 mg/mL, respec-

tively. Even for the same strain E. coli ATCC 25922, Fernandez et al. (2008) and

Ruparelia et al. (2008a) have reported values that differ significantly due to

differences in the experimental conditions. Some difference in methodology was

observed for these studies reporting different MIC and MBC for the same strains.

Fernandez et al. (2008) used Mueller–Hinton broth with initial bacterial
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concentration of 105 CFU/mL whereas Ruparelia et al. (2008a) used nutrient broth

and initial bacterial concentration of 103–104 CFU/mL. A higher initial concentra-

tion is expected to raise the MIC; however, the reverse results were observed.

Release of ions in these two studies may have differed due to difference in the

growth medium used and also due to differences in the size of nanoparticles and

their surface characteristics. The relatively low MIC reported by Fernandez et al.

(2008) was possibly affected by the production approach which resulted in a

homogeneous population of spherical nanoparticles with a narrow size distribution.

In broth culture studies, Ruparelia et al. (2008a) reported that E. coli strains
showed large variation in the sensitivity to silver nanoparticles. E. coli ATCC
25922 was found to be the most sensitive E. coli strain with MIC and MBC of 40

and 60 mg/mL, respectively, while the corresponding values for the other strains

were in the range of 120–180 mg/mL and 180–220 mg/mL, respectively. The E. coli
strain ATCC 25922 also showed higher sensitivity to copper nanoparticles

compared to the other E. coli strains. The MIC and MBC values for copper

nanoparticles ranged from 140 to 280 mg/mL and 160 to 300 mg/mL, respectively.

The antibiotic gentamycin is reported to exhibit MBC value of 240 mg/mL for

E. coli ATCC 700926 (Burygin et al. 2009). Thus, E. coli is more sensitive to silver

nanoparticles compared to gentamycin but less sensitive to copper nanoparticles

compared to gentamycin. Sensitivity of the various S. aureus strains to silver or

copper nanoparticles observed in the broth cultures were comparable across the

various strains. From these results, it appears that, for comparing sensitivity across

various strains, it is better to perform both disc diffusion and the broth culture tests.

For assays conducted in a batch bioreactor with AgCl-coated silver wires that

released silver ions in solution, complete disinfection was achieved in a shorter

time for E. coli ATCC 25922 compared to E. coli ATCC 10536, irrespective of the

initial cell concentration (Sharma 2010). Thus, E. coli ATCC 25922 depicts high

sensitivity to both silver ions and silver nanoparticles. Using commercially avail-

able silver nanoparticles, Lee et al. (2009) reported the order of susceptibilities

across various strains as E. coli > B. subtilis. However, Ruparelia et al. (2008a)

reported comparable sensitivity for E. coli and B. subtilis for some strains and

greater susceptibility for B. subtilis compared to E. coli for other strains.
Jain et al. (2009) reported comparable MIC and MBC for the various reference

cultures other than S. aureus when cultures exposed to silver nanoparticles in a

proprietary gel formulation was introduced into 96-well microtiter plates and

observed after 24 h. Almost 66% of all strains tested showed MIC less than

3.12 mg/mL and most had MBC of 12.5 mg/mL. In contrast, S. aureus was reported
to have MBC higher than 50 mg/mL. The kill rate of the various cultures at the MIC

and MBC concentration studied over an 8-h period showed significant variability.

The time required to achieve 1 log unit reduction in all the tested strains were

between 3.5 and 10 h, other than for S. aureus. Based on the broth culture studies,

they found that E. coli and P. aeruginosa were more vulnerable to the silver

nanoparticles compared to the other cultures while S. aureus was most resistant.

The trend based on DIZ did not match the trend based on MIC/MBC across the

various cultures. Interestingly an order of magnitude lower MIC and MBC values
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are reported by Jain et al. (2009) compared to those reported by Ruparelia et al.

(2008a). Starting with an initial concentration of 105 CFU/mL, Jain et al. (2009)

reported a continuous decreasing trend in cell count for silver nanoparticles present

at MIC and MBC concentrations. In contrast, Ruparelia et al. (2008a) demonstrated

culture growth at nanoparticle concentration below the MIC for initial concentra-

tion of 103–104 CFU/mL, respectively, and identified MIC based on no increase in

absorbance. It thus appears that it is difficult to compare across various studies.

The range of MIC values observed for various S. aureus strains in the presence of
silver nanoparticles was found to range from 12.5 to 350 mg/mL and values differing

significantly has been reported even for the same strain (ATCC 25923) as shown in

Table 8.2. Panacek et al. (2006) and Ruparelia et al. (2008a) did not observe strain

specificity in the response for S. aureus to silver nanoparticles for the reference

strains used in their study. However, strain specificity is apparent from the results

reported by Holtz et al. (2010) for silver nanoparticles loaded on silver vanadate

nanowires. Holtz et al. (2010) performed a comparative study with the antibiotic

oxacillin and silver vanadate nanowires decorated with silver nanoparticles against

three strains of S. aureus and reported very promising results. TheMIC value against

a multidrug-resistant S. aureus (MRSA) strain BEC 9393 was found to be tenfold

lower for the nanocomposite than for the antibiotic oxacillin. For the strain Rib1,

MIC values were almost comparable with oxacillin, and for strain ATCC 29213, the

MIC values with the nanocomposite were higher than oxacillin. Dallas et al. (2010)

also reported an MIC value against MRSA as 78 mg/L and this value was lower than

that observed for oxacillin. Thus, the trend in bactericidal efficiency of antimicrobial

agents for S. aureus is silver nanoparticles > oxacillin > copper nanoparticles.

Chudasama et al. (2010) reported higher MIC for S. aureus (350 mg/mL) compared

to E. coli (100 mg/mL) for silver nanoparticles synthesized using oleylamine as

reducing and capping agent and pluronic acid used for facile phase transformation.

Various other bacteria, i.e., Bacillus megaterum, Proteus vulgaris and Shigella
sonnei, had MIC in the intermediate range between 200 and 300 mg/mL. Although

several studies suggest that Gram-positive S. aureus is more resistant to silver

nanoparticles compared to Gram-negative E. coli (Chudasama et al. 2010; Kim

et al. 2007; Jain et al. 2009), this result is not always true (Ruparelia et al. 2008a).

8.2.2 Antifungal Activity

Since most studies on antimicrobial effects of silver nanoparticles are focused on

bacteria, not much is known regarding the effects on fungi. Only limited studies are

available on effects of silver nanoparticles on some yeast strains, such as Saccha-
romyces cerevisiae (Lee et al. 2009; Nasrollahi et al. 2011) and Candida sp. (Dallas
et al. 2010; Nasrollahi et al. 2011) and some plant fungi belonging to the

ascomycetes and basidiomycetes groups (Min et al. 2009; Kim et al. 2009b).

The limited studies that are available have demonstrated antifungal activity of

8 Antimicrobial Activity of Silver and Copper Nanoparticles 237



silver nanoparticles, and both inhibition in growth and development and cell wall

damage have been reported.

The antifungal efficacy of silver nanoparticles on fungal pathogens responsible

for skin diseases was investigated by Kim et al. (2008). This study demonstrated

silver nanoparticles as a potent antifungal agent by comparing the antifungal

activity to that of known antifungal drugs, i.e., amphotericin B and fluconazole.

Silver nanoparticles (3 nm) showed antifungal effects against Candida albicans
(ATCC 90028), Candida glabrata (ATCC 90030), Candida tropicalis, and

Trichophyton mentagrophytes as shown by IC80 values of 1–7 mg/mL (80% inhibi-

tory concentration, IC80, is the lowest concentration that causes 80% inhibition in

microbial growth). The IC80 values of silver nanoparticles were comparable to the

IC80 of amphotericin B (1–5 mg/mL), and were significantly lower than those of

fluconazole (10–30 mg/mL). The silver nanoparticles were thus more potent than

fluconazole. However, these nanoparticles expressed less potent antifungal activity

than amphotericin B for the strains Candida parapsilosis and Candida krusei.
Nasrollahi et al. (2011) demonstrated lower IC90 for silver nanoparticles compared

to amphotericin B and fluconazole for Candida albicans; however, the IC90 for

silver nanoparticles and amphotericin B were comparable for Saccharomyces
cerevisiae. Thus, it is hypothesized that variation in the sensitivity of a particular

microbe against nanoparticles may depend upon the nature of the strain, type of

isolate and physiological variation in the microbial species. Subsequently, Kim

et al. (2009a, b) explored the antifungal activity of silver nanoparticles against

fungal strains Saccharomyces cerevisiae (KCTC 7296), Trichosporon beigelii
(KCTC 7707), Candida albicans (ATCC 90028), and Raffaelea sp. The MIC

value of silver nanoparticles was 2 mg/mL for C. albicans, T. beigelii, and

S. cerevisiae, which was similar to that of amphotericin B, an antifungal compound

with MIC range 2.5–5 mg/mL (Kim et al. 2009a).

Panacek et al. (2009) reported the minimum fungicidal concentration (MFC) of

silver nanoparticles against Candida spp. to be in the range of 0.21–1.69 mg/mL.

This is comparable or even better than the fungicidal activity of antifungals, such as,

amphotericin B (MFC around 2–16 mg/mL), posaconazole (MFC around 8 mg/mL),

itraconazole and voriconazole (MFC more than 10 mg/mL) or caspofungin (MFC

around 1 mg/mL). Gajbhiye et al. (2009) demonstrated that silver nanoparticles with

fluconazole can be used as an effective antifungal agent against Candida sp. In this

study,Candida albicanswas depicted as the most sensitive fungal strain followed by

Trichoderma sp. and Phoma glomerata. No significant antifungal activity was found
for Fusarium semitectum and Phoma herbarum, and hence they were reported as the
most resistant among all the fungal strains tested.

Kim et al. (2009b) reported antifungal activity of silver nanoparticles (of 4–8 nm

size range) on a phytopathogenic Raffaelea sp. at concentrations of 10 mg/mL and

above. Min et al. (2009) also reported antifungal activity on phytopathogenic

sclerotium forming species Rhizoctonia solani, Sclerotinia sclerotiorum, and

S. minor. Sclerotia are primary asexual survival structures that facilitate disease

dissemination and initiation. Inhibition of hyphal growth was observed at silver

nanoparticles concentration greater than 5 mg/mL and R. solani showed the highest

238 S. Mukherji et al.



sensitivity among the three strains. Maximum adverse effect of silver nanoparticles

on sclerotium germination was observed for S. sclerotiorum.
Some studies have compared the effect of silver nanoparticles on bacteria and

fungi. Most of these studies indicate a comparatively higher MIC for fungi com-

pared to bacterial strains such as E. coli (Lee et al. 2009) when studied over the

same time period. Dallas et al. (2010) reported antibacterial and antifungal effect of

strains by testing growth inhibition after 24 h for bacteria but after 36 h for fungi.

The bacterial strains E. coli (CCM 3954), S. aureus (CCM 3953 and MSRA),

S. epidermis, Enterococcus faecalis (CCM 4224 and VRE), and K. pneumoniae
depictedMIC in the range of 78–150 mg/mL. The fungal strains Candida albicans (I
and II) and Candida parasilosis also depicted MIC in the same range. Egger et al.

(2009) also used lower initial cell concentration (106 instead of 107) and longer time

period (72 instead of 24 h) for determining the MIC and MBC/MFC of bacterial/

fungal strains in presence of silver nanoparticles loaded on silica. They reported

comparable MIC for E. coli (ATCC 27325), K. pneumoniae (ATCC 4352)

P. fluorescens (LME 233), Salmonella enteritidus (D1), Salmonella typhimurium
(DB 7155), and Enterobacter faecalis (ATCC 19433) as 62.5 mg/mL and MBC in

the range of 125–250 mg/mL. However, the MIC and MBC/MFC were significantly

higher for Listeria monocytogenes, S. aureus and C. albicans (MIC 125–250 mg/mL;

MBC/MFC 500–2,000 mg/mL). Kokura et al. (2010) investigated the antimicrobial

efficacy of silver nanoparticles against a mixed bacterial suspension containing

Escherichia coliATCC 8739, Pseudomona aeruginosaATCC 9027, Staphylococcus
aureus ATCC 6538, mixed fungal suspension Candida albicans ATCC 10231,

Aspergillus nigerATCC 16404,Penicillium citriumATCC 9849, and Aureobasidium
pullulans IFO 6353 and a waste suspension (filtered kitchen drainage). At a concen-

tration of 1 ppm of silver nanoparticles, microbial growth was reduced to less than or

equal to 10 CFU/g within 7 days in all the microbial suspensions with initial cell

concentrations in the range of 105–106 CFU/g.

Gutierrez et al. (2010) evaluated the antibacterial and antifungal activity of silver

nanoparticles (20–25 nm) and found them to be comparable to that of commercial

antibiotics for bacteria and fungi. For example, MICs of 0.53, 0.37, and 0.74 mg/mL

were obtained for bacterial strains Escherichia coli (ATCC 25922), Pseudomonas
aeruginosa (ATCC 27853), and Staphylococcus aureus (ATCC 25923), respec-

tively, using silver nanoparticles. The corresponding MICs were 0.83, 1.33, and

0.42 mg/mL for gentamicin. The fungal strain, Candida albicans (ATCC 14053)

displayed MIC of 6 mg/mL for silver nanoparticles when the corresponding MIC

with amphotericin B and fluconazole was 0.25 and 64 mg/mL, respectively. Myco-
bacterium smegmatis (ATCC 700084), which showed a MIC of 0.46 mg/mL with

silver nanoparticles, had a MIC of 0.85 mg/mL with rifampicin. Interestingly, the

average MIC values for bacterial and fungal strains were found to be 0.4–1.7 mg/mL

and 3–25 mg/mL, respectively, which were significantly better than previous studies

with nanoparticles of similar size (Panacek et al. 2006).

Very few studies have reported the antifungal activity of copper nanoparticles.

For the first time, Cioffi et al. (2004) reported the usage of a copper/polymer

nanocomposite as an efficient antifungal coating. Here, copper nanoparticles
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(3.2 nm) were embedded inside the polymeric matrices of polyvinylmethyl

ketone (PVMK), poly(vinyl chloride) (PVC), and polyvinylidenefluoride (PVDF)

by the spin-coating method and their bioactivity was evaluated in vitro against

bacterial species, yeast, and molds (Cioffi et al. 2004, 2005). Among the three

nanocomposites, Cu-PVMK was the most bioactive composite. It caused 100%,

99.99%, 99.97%, 100%, and 94.3% reduction in counts for S. cerevisiae, E. coli,
S. aureus, L. monocytogenes, and molds, respectively, after an incubation period of

4 h. The results also demonstrated that antifungal activity of the resulting nano-

composites increased with higher loading of copper.

8.3 Mechanism of Antimicrobial Activity of Copper and Silver

Nanoparticles

Various researchers have attempted to elucidate the mechanism of action of silver

ions and silver nanoparticles as summarized by Rai et al. (2009). Ionic silver (Ag+)

is highly toxic to microorganisms. It acts through multiple mechanisms and is found

to cause structural and morphological changes as observed in studies with silver

nitrate at concentrations of 10 mg/L and above. In transmission electron micros-

copy (TEM), an electron light region containing a highly condensed substance has

been observed in the center of the E. coli and S. aureus exposed to silver ions. A big

gap between the cytoplasmic membrane and the cell wall has also been reported.

These observations indicate that silver ions penetrate the cell wall and condense the

DNA. Ag+ ions can form complexes with the bases in DNA such that DNA loses its

replication ability. Interaction between the silver ions and ribosomes suppress the

expression of enzymes and proteins necessary for ATP production. Reaction of Ag+

with the thiol, carboxylate, phosphate, hydroxyl, amine, imidazole, and indole

groups on enzymes can lead to enzyme inactivation and cell death (Lin et al.

1998). Ag+ ions are reported to inhibit phosphate uptake and exchange in E. coli.
They promote efflux of accumulated phosphate as well as mannitol, succinate,

glutamine, and proline. Silver ions can collapse the proton motive force in bacteria

and can thus cause cell death (Lok et al. 2006). Silver ions can also react with

electron donors containing sulfur, oxygen and nitrogen. Siva Kumar et al. (2004)

proposed that oxygen associates with silver and reacts with the sulfhydryl (�S�H)

groups on the cell wall to form R�S�S�R bonds, thus blocking respiration

and causing cell death. Silver ions are also reported to generate reactive oxygen

species that inhibit respiration.

The specific bactericidal effect of silver nanoparticles is due to their small size

and high surface to volume ratio, which allows them to interact closely with

microbial membranes (Morones et al. 2005). Sondi and Salopek-Sondi (2004)

reported the incorporation of silver nanoparticles into the bacterial membrane

which appeared as pits on the cell surface. Cho et al. (2005) reported that the

surface of the cell walls of E. coli treated with silver nanoparticles were severely
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damaged compared to untreated E. coli. It is hypothesized that nanoparticles can

cause interruption in transmembrane electron transfer and can disrupt the cell

envelope (Lok et al. 2006). This allows them to penetrate into the cell and oxidize

the cell components by production of reactive oxygen species (ROS) and dissolved

metal ions (Li et al. 2010). Some researchers have reported that nanoparticles can

directly react with cellular proteins and DNA. They attack the respiratory chain and

eventually affect cell division. However, with a detailed study of DNA/protein

migration profiles, Gogoi et al. (2006) demonstrated that silver nanoparticles have

no direct effects on either cellular DNA or protein, although the silver nanoparticles

were more efficient bactericidal agents compared to the silver ions.

Silver nanoparticles in aqueous solution promote a sustained release of silver

ions as they are depleted from the solution. Thus, it is often difficult to distinguish

its mechanism of action from that of silver ions, and similar effects as observed for

silver ions have also been reported for silver nanoparticles (Lok et al. 2006). Media

components such as chlorides and deposition of surface layer on the nanoparticles

(i.e., oxide or chloride layer) may increase the rate and extent of release of ions

from the nanoparticles (Ruparelia et al. 2008a).

Li et al. (2010, 2011) demonstrated that the effect of silver nanoparticles on

E. coli and S. aureus varied with changes in the concentration of the silver

nanoparticles and exposure time. The DNA was condensed upon exposure of

S. aureus (107 CFU/mL) to SNP at a concentration of 50 mg/L for 6 h. Upon 12 h

exposure, the cellular contents were released due to breakdown of the cell wall.

Reduced enzymatic activity of respiratory chain dehydrogenase indicated inhibition

in respiration for both E. coli and S. aureus. The expression of various proteins was
altered fivefold to sevenfold in S. aureus cells treated with SNPs. The increased

expression of formate acetyl transferase indicated that the cells were unable to

utilize oxygen as the terminal electron acceptor. A significant decrease was

observed for aerobic glycerol-3-phosphate dehydrogenase, ABC transporter ATP

binding protein and recombinase A protein indicating adverse effects on transfer of

substrate and nutrients across the cell membrane and a faulty DNA repair

mechanism.

Copper ions can react with negatively charged cell wall components such as

peptidoglycan through electrostatic attraction. Recycling redox reactions between

Cu2+ and Cu+ can occur at the bacterial cell surface. These reactions generate H2O2

that damages the cytoplasmic membrane. The presence of copper ions inside

bacterial cells can disrupt biochemical processes (Kim et al. 2000; Stohs and

Bagchi 1995). However, the exact mechanism behind the bactericidal effect of

copper nanoparticles is not known. It is generally believed that toxicity is exerted

through several parallel mechanisms both by the direct action of the nanoparticles

and by the release of Cu2+ ions from the nanoparticles. Formation of pits and

cavities has been observed in the presence of E. coli exposed to copper nanoparticles
(Raffi et al. 2010). For oxidized copper nanoparticles embedded in an inert, Teflon-

like matrix, Cioffi et al. (2005) demonstrated significant antimicrobial activity due to

release of ions. One hypothesis is that Cu2+ ions can damage proteins present on the

cell envelope and may also damage the proteins within the cell. Copper is reported to
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displace essential metals from their native binding sites in the proteins. Copper ions

may bind with DNA molecules and lead to disorder of the helical structure by cross-

linking within and between the nucleic acid strands. Direct interaction of copper

nanoparticles with the proteins is also hypothesized. These interactions may cause

conformational changes in protein structure or in the active site of the protein. This

causes inhibition or neutralization of the biological activities of the protein (Borkow

and Gabbay 2009). Some bacterial cultures exhibit high sensitivity to copper

nanoparticles possibly due to the greater abundance of functional groups, such as

amines and carboxyl groups on B. subtilis, that have a great affinity to react with the

copper ions and nanoparticles (Ruparelia et al. 2008a; Beveridge and Murray 1980).

The mechanism of antifungal effect of silver nanoparticles has been elucidated

only recently (Kim et al. 2009a) using the yeast, Candida albicans. TEM images

revealed pits in the fungal cell wall and pores in the plasma membrane upon

exposure to 3-nm spherical silver nanoparticles. The nanoparticles attached to the

membrane and disrupted the membrane potential as revealed through flow

cytometry. The fluorescence anisotropy upon exposure to a plasma membrane

probe (1,6 diphenyl 1,3,5 hexatriene) measured in a fluorescence spectrofluorome-

ter at 350 and 425 nm was increased with increasing concentration of silver

nanoparticles indicating disruption of the plasma membrane. They also demonstrated

that creation of transmembrane pores caused leakage of intracellular components

such that the level of extracellular glucose and trehalose was increased upon expo-

sure. Silver nanoparticles also interfered with the budding process in yeast. Kim et al.

(2009b) demonstrated antifungal activity of silver nanoparticles on an ascomycetous

phytopathogen, Raffaelea sp. Growth inhibition in Raffaelea sp. was found to be due
to detrimental effects on hyphae. Healthy hyphae sprayed with 10 ppm silver

nanoparticles were observed by scanning electron microscopy. Breakage of the

hyphal tips, detachment of conidia, surface damage of hyphae and shrinkage due to

release of cellular material was observed. Min et al. (2009) also reported similar

adverse effects of silver nanoparticles on hyphae and adverse effect on sclerotial

germination for various phytopathogenic fungi.

8.4 Immobilization of Nanoparticles and Their Antibacterial

Effects

Application of nanoparticles for drinking water disinfection would require recovery

of the nanoparticles using membrane filters or immobilization of the nanoparticles

onto support surfaces in a reactor (Li et al. 2008). Conceptually, the various

immobilization approaches used can be divided into two main groups, i.e., the

entrapment of segregated nanoparticles within porous matrix and the use of solid

support as a substrate for immobilization of the stabilized nanoparticles. The solid

support can be fabricated into various structures such as nanofibers, thin films, and

porous gel that act as a template for immobilizing silver nanoparticles. However,
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most of the polymeric supports are chemically inert. For the application to be

successful, the support must be surface functionalized. Common surface modifica-

tion techniques include treatment by blending, coating, radiation with electromag-

netic waves, electron beam, ion beam (Brown 1993) or atomic beam, corona or

plasma treatment (Chu et al. 2002), chemical vapor deposition (CVD), gas oxida-

tion, chemical modifications using wet-treatment, and surface grafting polymeriza-

tion (Uyama et al. 1998; Kato et al. 2003). Immobilization is achieved through

surface modification that allows favorable interaction between the nanoparticles and

the support matrix. Organic functional groups, such as hydroxyl, amino, mercapto,

carboxyl, imidazole, indole, and pyridyl, can be employed to immobilize metal

nanoparticles onto these exposed surfaces. Although the discussion in this section

focuses on immobilization and entrapment of silver nanoparticles, similar methods

can also be used for immobilization and entrapment of copper nanoparticles (Cioffi

et al. 2004, 2005; Sheikh et al. 2011). Sheikh et al. (2011) fabricated polyurethane

nanofibers containing copper nanoparticles by electrospinning and demonstrated

good bactericidal effect of this material on E. coli and B. subtilis.
The release of silver ions from silver-containing bactericidal agents is a key

parameter in evaluating their applicability. It will determine the stability and

durability of the agent to a large extent. Silver-impregnated polymeric nanofibers

was reported to provide antimicrobial efficacy with a sustained release of silver

(Silver 2003). The antimicrobial ability of silver-impregnated composites is related

to their silver content, the size of the silver nanoparticles and their distribution

(Chou et al. 2005; Su et al. 2011). The common techniques used for fabricating

nanofibers are self-assembly, phase separation, and electrospinning. A nanofibrous

mesh prepared by any of the above methods has a high surface area-to-volume ratio

with high porosity. This allows higher loading of silver nanoparticles with sustained

release of silver (Silver 2003) and ultimately such nanofibers are expected to exhibit

stronger antibacterial activity. Klueh et al. (2000) demonstrated the antibacterial

efficacy of silver-coated polyethylene-terephthalate (PET) fabric, which effectively

prevented the attachment of microorganisms on the silver active surface. Jin et al.

(2005) prepared electrospun poly-N-vinylpyrrolidone (PVP) nanofibers containing

silver nanoparticles for utilizing their expected strong antimicrobial activity. They

also concluded that PVP containing Ag nanoparticles could be used to introduce Ag

nanoparticles into other polymer nanofibers that are miscible with PVP such as

chitosan, collagen, poly(4-vinylphenol), bisphenol, poly(epichlorohydrin), and

poly(chloromethyl methacrylate). Chou et al. (2005) reported the fabrication of a

cellulose acetate hollow fiber membrane loaded with silver nanoparticles,

fabricated via wet-jet spinning technique for antibacterial applications. Activated

carbon fiber with dispersed silver particles spun using conventional spinning

techniques has been shown to have a good potential for water purification (Oya

et al. 1993; Pape et al. 2002). Su et al. (2011) fabricated silver nanoparticle-

impregnated (3–20 nm) cotton textiles using polyethylene glycol 600 as stabilizer.

This fabric showed excellent antimicrobial activity against S. aureus ATCC6538
and E. coli ATCC11229 with good antibacterial durability retained in multiple

washings.
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Various researchers have attempted to incorporate silver nanoparticles in carbon

nanotubes. Since carbon nanotubes (CNTs) are reported to promote sorption of

pollutants (Ruparelia et al. 2008b), CNTs loaded with nanoparticles may serve a

dual role in water treatment, i.e., removal of trace contaminants from water along

with disinfection. Lukhele et al. (2010) fabricated a cyclodextrin polyurethane

polymer containing about 1% multi-walled CNTs loaded with silver nanoparticles

and applied it for disinfection of natural water samples. They reported that 300 mg

of this polymeric material with 0.019% silver could cause 3-log unit reduction in

E. coli (initial count 102–104 CFU/100 mL) and almost complete removal of Vibrio
cholera (initial count 101–5 � 102 CFU/100 mL) within 90 min when 250 mL of

natural water samples were passed through this material. The treated water was

found to contain less than 0.1 ppm of silver, which was well within the WHO

guidelines for drinking water (WHO 2006). Mohan et al. (2011) successfully

grafted silver and copper nanoparticles on to multi-walled carbon nanotubes and

demonstrated good antimicrobial efficiency using E. coli as the test organism.

Results showed that silver and copper containing carbon nanotubes at 21 mg/mL

concentration in the culture broth demonstrated 97% and 75% kill, respectively,

while the plain carbon nanotubes demonstrated only 20% kill. The free silver and

copper nanoparticles demonstrated lower antimicrobial efficacy of 85% and 52%,

respectively. The higher antimicrobial efficacy of silver and copper nanoparticles

grafted on to carbon nanotubes was attributed to their higher surface area.

Over the past few decades, advances in hydrogel technologies have opened new

dimensions for the development of surfaces for antimicrobial applications.

Hydrogels usually have well-defined structures that can be modified to yield

tailorable functionality and release profile. This attracted many researchers to

explore their usage for the antibacterial applications either by directly taking the

polymer(s) having antibacterial property or by incorporating the antibacterial agent

on the polymeric hydrogel network. Several studies have utilized chitin and its

derivative form, chitosan, for making antibacterial hydrogels owing to their innate

antibacterial property. Zhao et al. (2003) created hydrogels of carboxymethylated

chitin derivatives by high electron beam irradiation which exhibited excellent

mechanical properties, with good swelling behavior and satisfying antibacterial

activity against E. coli. Silver-hyalurone-based hydrogel complexes have shown

that the presence of silver ions drastically reduced the adhesion and proliferation of

Staphylococcus epidermidis (Barbucci et al. 2002). Recently, a hydrogel based on

polyvinyl alcohol/polyvinyl pyrrolidone (PVA/PVP) has been prepared by using

the g-irradiation technique which exhibited antibacterial properties. The results

showed that, while Pseudomonas aeruginosa and Candida albicans were resistant
against PVA/PVP based hydrogel, Bacillus subtilis was very sensitive (Abd El-

Mohdy et al. 2009). Since most of the studies regarding incorporation of silver

nanoparticles in a hydrogel network were focused on the opto-electronics,

biosensors and catalysis applications (Mohan et al. 2006; Pich et al. 2006; Wang

et al. 2004), more focused studies are needed to explore their applicability for

environmental and biomedical applications.
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To date, nanoparticles of copper, silver, gold, silica, titania, and zinc oxide have

been incorporated into multilayered assemblies for various applications. However,

multilayered films with incorporated silver nanoparticles represent another class of

nanocomposites that may contribute to long-term antibacterial effects due to nano-

particle immobilization. Dai and Bruening (2002) synthesized multilayered films

by alternate adsorption of polyacrylic acid (PAA) and polyethyleneimine (PEI)-

stabilized silver colloids. Post-deposition reduction of the silver ions by heating or

exposure to NaBH4 yielded composite films containing silver nanoparticles which

could be used in catalysis and/or antimicrobial coatings. Grunlan et al. (2005)

incorporated silver ions and/or cetrimide into the multilayers. They showed that

these multilayered assemblies are biocompatible in nature and can provide a

sustained release of silver ions. The multilayers exhibited strong antibacterial

property and the substitution of cetrimide with silver dramatically enhanced the

antimicrobial efficacy of these films. Yuan et al. (2007) prepared a multifunctional

antibacterial coating by incorporating silver nanoparticles into the hybrid chitosan/

heparin multilayer films which showed long-term antibacterial activity when

exposed to low intensity UV light. In another study, polyelectrolyte multilayers

(PEMs) including chitosan and dextran sulfate-stabilized silver nanoparticles were

deposited on the aminolyzed poly(L-Lactic acid) membrane in a layer-by-layer

(LBL) self-assembly process (Yu et al. 2007). These PEMs possessed antibacterial

activity against methicilin-resistant Staphylococus aureus.

8.5 Conclusions

The current review was aimed to compare sensitivity across microbial strains against

metal/metal oxide nanoparticles. In the literature, antimicrobial activity of silver

nanoparticles has been widely reported; however, there are very few studies on

interactions of microbes with copper nanoparticles. Due to variations in the method-

ology adopted for determining the antimicrobial activity of nanoparticles, compari-

son of results across studies is not feasible. The bactericidal effect of nanoparticles is

dependent on the size, shape, surface characteristics and concentration of

nanoparticles, the media used and the initial concentration of microorganisms.

In summary, we can conclude that silver nanoparticles exhibit broad spectrum

biocidal activity toward bacteria and fungi. This motivates its use in biomedical and

environmental applications. Although some studies suggest Gram-positive bacteria

have greater resistance to silver nanoparticles, such a conclusion is not supported by

this review, since large strain-specific variations is observed even for the same

species. Some strains of B. subtilis exhibits resistance to silver nanoparticles;

however, this is not true for all strains. More studies are needed with copper

nanoparticles across various strains before its use can be recommended. Although

there are significant prospects for the use of silver and copper nanoparticles, further

studies are needed to promote understanding of the antimicrobial mechanisms and
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difference in sensitivity towards various bacterial and fungal strains through

standardized experimental studies.

With the use of silver nanoparticles in various applications, it is important to re-

evaluate the threat posed by these nanoparticles to higher organisms including

human beings. There is an urgent need for more toxicological studies. However,

the parameters such as surface chemistry, reactivity, and state of dispersion

achieved in the laboratory for toxicology studies may not be relevant for assessing

behavior in real systems due to the wide variation of pH, ionic strength, ionic

composition, and natural organic matter encountered in natural systems. Such

factors may change the aggregation state of metal nanoparticles. Thus, antimicro-

bial activities and toxicities may vary widely in real systems, and microorganisms

in these conditions may exhibit different altered susceptibility to metallic

nanoparticles than predicted in the laboratory.

Sufficient studies are not available on long-term antimicrobial efficacy of silver

nanoparticles or of silver nanoparticles immobilized on surfaces. Disinfection

applications need to focus on the recovery of the silver nanoparticles to ensure

cost effectiveness. As discussed earlier, the leaching of silver nanoparticles to the

environment may be detrimental to the aquatic ecosystem. Immobilization of silver

and copper nanoparticles on to surfaces may prove to be more effective for

prolonged release of silver ions and for reducing potential environmental risks.

However, the potential for direct release of nanoparticles from the surfaces and

their toxic effects on human and other organisms needs to be explored further.
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Pérez H, Martı́nez Castañón G (2008) The antimicrobial sensitivity of Streptococcus mutans to
nanoparticles of silver, zinc oxide, and gold. Nanomedicine-NBM 4:237–240. doi:10.1016/j.

nano.2008.04.005

Holtz RD, Filho AGS, Brocchi M, Martins D, Duran, N, Alves OL (2010) Development of

nanostructured silver vanadates decorated with silver nanoparticles as a novel antibacterial

agent. Nanotechnology 21:185102. doi: 10.1088/0957-4484/21/18/185102

Ilic V, Saponjic Z, Vodnik V, Molina R, Dimitrijevic S, Jovancic P, Nedeljkovic J, Radetic M

(2009) Antifungal efficiency of corona pretreated polyester and polyamide fabrics loaded with

Ag nanoparticles. J Mater Sci 44:3983–3990. doi:10.1007/s10853-009-3547-z

Jain J, Arora S, Rajwade JM, Omray P, Khandelwal S, Paknikar KM (2009) Silver nanoparticles in

therapeutics: Development of an antimicrobial gel formulation for topical use. Mol

Pharmaceutics 6:1388–1401. doi:10.1021/mp900056g

Jin WJ, Lee HK, Jeong EH, Park WH, Youk JH (2005) Preparation of polymer nanofibers

containing silver nanoparticles by using poly(N-vinylpyrrolidone). Macromol Rapid Commun

26:1903–1907. doi:10.1002/marc.200500569

Jin T, Sun D, Su JY, Zhang H, Sue HJ (2009) Antimicrobial efficacy of zinc oxide quantum dots

against Listeria monocytogenes, Salmonella enteritidis, and Escherichia coli O157:H7. J Food
Sci 74:M46-M52. doi:10.1111/j.1750-3841.2008.01013.x

Jones N, Ray B, Ranjit KT, Manna AC (2008) Antibacterial activity of ZnO nanoparticle

suspensions on a broad spectrum of microorganisms. FEMS Microbiol Lett 279:71–76.

doi:10.1111/j.1574-6968.2007.01012.x

Kato K, Uchida E, Kang ET, Uyama Y, Ikada Y (2003) Polymer surface with graft chains. Prog

Polym Sci 28:59–89. doi:10.1016/S0079-6700(02)00032-1

Kim JH, Cho H, Ryu SE, Choi MU (2000) Effects of metal ions on the activity of protein tyrosine

phosphatase VHR: Highly potent and reversible oxidative inactivation by Cu2+ ion. Arch

Biochem Biophys 382:72–80. doi:10.1006/abbi.2000.1996

248 S. Mukherji et al.

http://dx.doi.org/10.1016/j.nano.2009.04.006
http://dx.doi.org/10.1016/j.nano.2009.04.006
http://dx.doi.org/10.1021/jp8035814
http://dx.doi.org/10.1088/0957-4484/19/18/185602
http://dx.doi.org/10.1016/j.nano.2009.06.005
http://dx.doi.org/10.1007/s11665-009-9514-7
http://dx.doi.org/10.1021/la060661v
http://dx.doi.org/10.1021/bm049528c
http://dx.doi.org/10.1016/j.nano.2010.02.001
http://dx.doi.org/10.1016/j.biomaterials.2007.02.033
http://dx.doi.org/10.1016/j.nano.2008.04.005
http://dx.doi.org/10.1016/j.nano.2008.04.005
http://dx.doi.org/10.1088/0957-4484/21/18/185102
http://dx.doi.org/10.1007/s10853-009-3547-z
http://dx.doi.org/10.1021/mp900056g
http://dx.doi.org/10.1002/marc.200500569
http://dx.doi.org/10.1111/j.1750-3841.2008.01013.x
http://dx.doi.org/10.1111/j.1574-6968.2007.01012.x
http://dx.doi.org/10.1016/S0079-6700(02)00032-1
http://dx.doi.org/10.1006/abbi.2000.1996


Kim JS, Kuk E, Yu KN, Kim J, Park SJ, Lee HJ, Kim SH, Park YK, Park YH, Hwang C, Kim Y,

Lee Y, Jeong DH, Cho M (2007) Antimicrobial effects of silver nanoparticles. Nanomedicine:

NBM 3:95–101. doi:10.1016/j.nano.2006.12.001

Kim KJ, Sung WS, Moon SK, Choi JS, Kim JG, Lee DG (2008) Antifungal effect of silver

nanoparticles on dermatophytes. J Microbiol Biotechn 18:1482–1484.

Kim KJ, Sung WS, Suh BK, Moon SK, Choi JS, Kim JG, Lee DG (2009a) Antifungal activity and

mode of action of silver nano-particles on Candida albicans. Biometals 22: 235–242. doi:

10.1007/s10534-008-9159-2

Kim SW, Kim KS, Lamsal K, Kim YJ, Kim SB, Jung M, Sim SJ, Kim HS, Chang SJ, Kim JK, Lee

YS (2009b) An in vitro study of the antifungal effect of silver nanoparticles on oak wilt

pathogen Raffaelea sp. J Microbiol Biotechn 19:760–764.

Klueh U, Wagner V, Kelly S, Johnson A, Bryers JD (2000) Efficacy of silver-coated fabric to

prevent bacterial colonization and subsequent device-based biofilm formation. J Biomed Mater

Res 53:621–631 doi:10.1002/1097-4636(2000)53:6<621::aid-jbm2>3.0.co;2-q

Klaine SJ, Alvarez PJJ, Batley GE, Fernandes TF, Handy RD, Lyon DY, Mahendra S, Mclaughlin

MJ, Lead JR (2008) Nanoparticles in the environment: behaviour, fate, bioavailability and

effects. Environ Toxicol Chem 27:1825–1851. doi:10.1897/08-090.1

Kokura S, Handa O, Takagi T, Ishikawa T, Naito Y, Yoshikawa T (2010) Silver nanoparticles as a

safe preservative for use in cosmetics. Nanomedicine: NBM 6:570–574. doi:10.1016/j.

nano.2009.12.002

Kong H, Jang J (2008) Synthesis and antimicrobial properties of novel silver/polyrhodanine

nanofibers. Biomacromolecules 9:2677–2681. doi: 10.1021/bm800574x

Lee S, Lee J, Kim K, Sim SJ, Gu MB, Yi J, Lee J (2009) Eco-toxicity of commercial silver

nanopowders to bacterial and yeast strains. Biotechnol Bioproc Eng 4:490–495. doi: 10.1007/

s12257-008-0254-6

Li P, Li J, Wu C, Wu Q, Li J (2005) Synergistic antibacterial effects of b-lactam antibiotic

combined with silver nanoparticles. Nanotechnology 16:1912–1917. doi: 10.1088/0957-4484/

16/9/082

Li Q, Mahendra S, Lyon DY, Brunet L, Liga MV, Li D, Alvarez PJ (2008) Antimicrobial

nanomaterials for water disinfection and microbial control: potential applications and

implications. Water Res 42:4591–4602. doi:10.1016/j.watres.2008.08.015

Li WR, Xie XB, Shi QS, Zeng HY, Ou-Yang YS, Chen YB (2010) Antibacterial activity and

mechanism of silver nanoparticles on Escherichia coli. Appl Microbiol Biotechnol

85:1115–1122. doi: 10.1007/s00253-009-2159-5

Li WR, Xie XB, Shi QS, Duan SS, Ouyang YS, Chen YB (2011) Antibacterial effect of silver

nanoparticles on Staphylococcus aureus. Biometals 24:135–141. doi: 10.1007/s10534-010-

9381-6

Lin YE, Vidic RD, Stout JE, Mccartney CA, Yu VL (1998) Inactivation ofMycobacterium avium
by copper and silver ions. Water Res 32:1997–2000.doi:10.1016/S0043-1354(97)00460-0

Lok C, Ho C, Chen R, He Q, Yu W, Sun H, Tam PK, Chiu J, Che C (2006) Proteomic analysis of

the mode of antibacterial action of silver nanoparticles. J Proteome Res 5:916–924. doi:

10.1021/pr0504079

Lukhele LP, Mamba BB, Momba MNB, Krause RWM (2010) Water disinfection using novel

cyclodextrin polyurethane containing silver nanoparticles supported on carbon nanotubes.

J Appl Polym Sci 10:65–70. doi:10.3923/jas.2010.65.70

Mahltig B, Gutmann E, Reibold M, Meyer DC, B€ottcher H (2009) Synthesis of Ag and Ag/SiO2

sols by solvothermal method and their bactericidal activity. J Sol-Gel Sci Technol 51:204–214.

Makhluf S, Dror R, Nitzan Y, Abramovich Y, Jelinek R, Gedanken A (2005) Microwave assisted

synthesis of nanocrystalline MgO and its use as a bacteriocide. Adv Funct Mater

15:1708–1715. doi:10.1002/adfm.200500029

Marambio-Jones C, Hoek EMV (2010) A review of the antibacterial effects of silver

nanomaterials and potential implications for human health and the environment. J Nanopart

Res 12:1531–1551. doi:10.1007/s11051-010-9900-y

8 Antimicrobial Activity of Silver and Copper Nanoparticles 249

http://dx.doi.org/10.1016/j.nano.2006.12.001
http://dx.doi.org/10.1007/s10534-008-9159-2
http://dx.doi.org/10.1002/1097-4636(2000)53:6<621::aid-jbm2>3.0.co;2-q
http://dx.doi.org/10.1002/1097-4636(2000)53:6<621::aid-jbm2>3.0.co;2-q
http://dx.doi.org/10.1002/1097-4636(2000)53:6<621::aid-jbm2>3.0.co;2-q
http://dx.doi.org/10.1897/08-090.1
http://dx.doi.org/10.1016/j.nano.2009.12.002
http://dx.doi.org/10.1016/j.nano.2009.12.002
http://dx.doi.org/10.1021/bm800574x
http://dx.doi.org/10.1007/s12257-008-0254-6
http://dx.doi.org/10.1007/s12257-008-0254-6
http://dx.doi.org/10.1088/0957-4484/16/9/082
http://dx.doi.org/10.1088/0957-4484/16/9/082
http://dx.doi.org/10.1016/j.watres.2008.08.015
http://dx.doi.org/10.1007/s00253-009-2159-5
http://dx.doi.org/10.1007/s10534-010-9381-6
http://dx.doi.org/10.1007/s10534-010-9381-6
http://dx.doi.org/10.1016/S0043-1354(97)00460-0
http://dx.doi.org/10.1021/pr0504079
http://dx.doi.org/10.3923/jas.2010.65.70
http://dx.doi.org/10.1002/adfm.200500029
http://dx.doi.org/10.1007/s11051-010-9900-y


Mary G, Bajpai SK, Chand N (2009) Copper (II) ions and copper nanoparticles-loaded chemically

modified cotton cellulose fibers with fair antibacterial properties. J Appl Poly Sci 113:757–766.

doi:10.1002/app.29890

Min JS, Kim KS, Kim SW, Jung JH, Lamsal K, Kim SB, Jung M, Lee YS (2009) Effects of

colloidal silver nanoparticles on sclerotium forming phytopathogenic fungi. Plant Pathol J

25:376–380.

Mohan YM, Premkumar T, Lee K, Geckeler KE (2006) Fabrication of silver nanoparticles in

hydrogel networks. Macromol Rapid Commun 27:1346–1354. doi:10.1002/marc.200600297

Mohan R, Shanmugharaj AM, Hun RS (2011) An efficient growth of silver and copper

nanoparticles on multiwalled carbon nanotube with enhanced antimicrobial activity. J Biomed

Mater Res B 96:119–126. doi:10.1002/jbm.b.31747

Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT, Yacaman MJ (2005)

The bactericidal effect of silver nanoparticles. Nanotechnology 16:2346–2353. doi:10.1088/

0957-4484/16/10/059

Musarrat J, Dwivedi S, Singh BR, Al-Khedhairy AA, Azam A, Naqvi A (2010) Production of

antimicrobial silver nanoparticles in water extracts of the fungus Amylomyces rouxii strain
KSU-09. Bioresource Technol 101:8772–8776. doi:10.1016/j.biortech.2010.06.065

Nasrollahi A, Pourshamsian K, Mansourkiaee P (2011) Antifungal activity of silver nanoparticles

on some of fungi. Int J Nano Dimens 1:233–239.

Oya A, Yoishida S, Abe Y, Iizuka T, Makiyama N (1993) Antibacterial activated carbon fiber

derived from phenolic resin containing silver nitrate. Carbon 31:71–73. doi:10.1016/0008-

6223(93)90157-6

Pal S, Tak YK, Song JM (2007) Does the antimicrobial activity of silver nanoparticles depend on

the shape of the nanoparticle? A study of the gram-negative bacterium Escherichia coli. Appl
Environ Microbiol 73:172–1720. doi:10.1128/aem.02218-06

Panacek A, Kvitek L, Prucek R, Kolar M, Vecerova R, Pizurova N, Shrma VK, Nevecna T, Zboril

R (2006) Silver colloid nanoparticles: synthesis, characterization, and their antibacterial

activity. J Phys Chem B 110:16248–16253. doi:10.1021/jp063826h

Panacek A, Kolar M, Vecerova R, Prucek R, Soukupova J, Krystof V, Hamal P, Zboril R, Kvı́tek L

(2009) Antifungal activity of silver nanoparticles against Candida spp. Biomaterials

31:6333–6340. doi:10.1016/j.biomaterials.2009.07.065

Pape HL, Sarena SF, Contini P, Devillers C, Maftah A, Laprat P (2002) Evaluation of the

antimicrobial properties of an activated carbon fibre supporting silver using a dynamic method.

Carbon 40:2947–2954. doi:10.1016/S0008-6223(02)00246-4

Pich A, Karak,A, Lu Y, Ghosh AK, Adler H (2006) Preparation of hybrid microgels functionalized

by silver nanoparticles. Macromol Rapid Commun 27:344–350. doi: 10.1002/marc.200500761

Qi L, Xu Z, Jiang X, Hu C, Zou X (2004) Preparation and antibacterial activity of chitosan

nanoparticles. Carbohydrate Res 339:2693–2700.doi:10.1016/j.carres.2004.09.007

Rai M, Yadav A Gade A (2009) Silver nanoparticles as a new generation of antimicrobials.

Biotechnol Adv 27:76–83. doi:10.1016/j.biotechadv.2008.09.002

Raffi M, Mehrwan S, Bhatti TM, Akhter JI, Hameed A, Yawar W, Hasan MM (2010)

Investigations into the antibacterial behavior of copper nanoparticles against Escherichia
coli. Annal Microbiol 60:75–80. doi:10.1007/s13213-010-0015-6

Ruparelia JP, Duttagupta SP, Chatterjee AK, Mukherji S (2008a) Strain specificity in antimicro-

bial activity of silver and copper nanoparticles. Acta Biomater 4:707–716. doi:10.1016/j.

actbio.2007.11.006

Ruparelia JP, Duttagupta SP, Chatterjee AK, Mukherji S (2008b) Potential of carbon

nanomaterials for removal of heavy metals from water. Desalination 232:145–156.

doi:10.1016/j.desal.2007.08.023

Sadiq R, Rodriguez MJ (2004) Disinfection by-products (DBPs) in drinking water and predictive

models for their occurrence: a review. Sci Total Environ 321:21–46. doi:10.1016/j.

scitotenv.2003.05.001

250 S. Mukherji et al.

http://dx.doi.org/10.1002/app.29890
http://dx.doi.org/10.1002/marc.200600297
http://dx.doi.org/10.1002/jbm.b.31747
http://dx.doi.org/10.1088/0957-4484/16/10/059
http://dx.doi.org/10.1088/0957-4484/16/10/059
http://dx.doi.org/10.1016/j.biortech.2010.06.065
http://dx.doi.org/10.1016/0008-6223(93)90157-6
http://dx.doi.org/10.1016/0008-6223(93)90157-6
http://dx.doi.org/10.1128/aem.02218-06
http://dx.doi.org/10.1021/jp063826h
http://dx.doi.org/10.1016/j.biomaterials.2009.07.065
http://dx.doi.org/10.1016/S0008-6223(02)00246-4
http://dx.doi.org/10.1002/marc.200500761
http://dx.doi.org/10.1016/j.carres.2004.09.007
http://dx.doi.org/10.1016/j.biotechadv.2008.09.002
http://dx.doi.org/10.1007/s13213-010-0015-6
http://dx.doi.org/10.1016/j.actbio.2007.11.006
http://dx.doi.org/10.1016/j.actbio.2007.11.006
http://dx.doi.org/10.1016/j.desal.2007.08.023
http://dx.doi.org/10.1016/j.scitotenv.2003.05.001
http://dx.doi.org/10.1016/j.scitotenv.2003.05.001


Sadiq IM, Chowdhury B, Chandrasekaran N, Mukherjee A (2009) Antimicrobial sensitivity of

Escherichia coli to alumina nanoparticles. Nanomedicine NBM 5:282–286. doi:10.1016/j.

nano.2009.01.002

Saravanan M, Nanda A (2010) Extracellular synthesis of silver bionanoparticles from Aspergillus
clavatus and its antimicrobial activity against MRSA and MRSE. Colloid Surf B 77:214–218.

doi:10.1016/j.colsurfb.2010.01.026

Sarkar S, Jana AD, Samanta SK, Mostafa G (2007) Facile synthesis of silver nano particles with

highly efficient anti-microbial property. Polyhedron 26:4419–4426. doi:10.1016/j.

poly.2007.05.056

Sharma VK, Yngard RA, Lin Y (2009) Silver nanoparticles: green synthesis and their antimicro-

bial activities. Adv Colloid Interface Sci 145:83–96.

Sharma V (2010) Bactericidal action of chemically treated silver surfaces for water disinfection.

M Tech. Thesis, IIT Bombay, Mumbai, India.

Sheikh FA, Kanjwal MA, Saran S, Chung WJ, Kim H (2011) Polyurethane nanofibers containing

copper nanoparticles as future materials. Appl Surf Sci 257:3020–3026. doi:10.1016/j.

apsusc.2010.10.110

Siva Kumar V, Nagaraja BM, Shashikala V, Padmasri AH, Madhavendra SS, Raju BD, Rama Rao

KS (2004) Highly efficient Ag/C catalyst prepared by electro-chemical deposition method in

controlling microorganisms in water. J Mol Cat-A Chem 223:313–319. doi:10.1016/j.

molcata.2003.09.047

Silver S (2003) Bacterial silver resistance: molecular biology and uses and misuses of silver

compounds. FEMS Microbiol Rev 27:41–353. doi:10.1016/S0168-6445(03)00047-0

Sondi I, Salopek-Sondi B (2004) Silver nanoparticles as antimicrobial agent: a case study on

E. coli as a model for gram-negative bacteria. J colloid Interf Sci 275:177–182. doi:10.1016/j.

jcis.2004.02.012

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in the toxicity of metal ions. Free Radic Bio

Med 18:321–336. doi:10.1016/0891-5849(94)00159-h

Su W, Wei SS, Hu SQ, Tang JX (2011) Antimicrobial finishing of cotton textile with nanosized

silver colloids synthesized using polyethylene glycol. J Text Inst 102:150–156. doi:0.1080/

00405001003603098

Uyama Y, Kato K, Ikada Y (1998) Surface modification of polymers by grafting. Adv Poly Sci

137:1–39. doi:10.1007/3-540-69685-7_1

Wang C, Flynn NT, Langer R (2004) Controlled structure and properties of thermo responsive

nanoparticle-hydrogel composites. Adv Mater 16:1074–1079. doi: 10.1002/adma.200306516

Williams DN, Ehrman SH, Holoman TRP (2006) Evaluation of the microbial growth response to

inorganic nanoparticles. J Nanobiotechnol 4:3. doi:10.1186/1477-3155-4-3

WHO (2006) Guidelines for drinking water quality, 3rd edn. World Health Organization, Geneva.

Wu Y, Jia W, An Q, Liu Y, Chen J, Li G (2009) Multiaction antibacterial nanofibrous membranes

fabricated by electrospinning: an excellent system for antibacterial applications. Nanotechnol-

ogy 20:245101. doi:10.1088/0957-4484/20/24/245101

Yoon KY, Byeon JH, Park CW, Hwang J (2007) Antimicrobial effect of silver particles on

bacterial contamination of activated carbon fibers, Environ Sci Technol 42: 1251–1255.

doi:10.1021/es0720199

Yu DG, Lin WC, Yang MC (2007) Surface modification of poly(L-lactic acid) membrane via

layer-by-layer assembly of silver nanoparticle-embedded polyelectrolyte multilayers.

Bioconjugate Chem 18:1521–1529. doi:10.1021/bc060098s

YuanW, Ji J, Fu J, Shen J (2007) A facile method to construct hybrid multilayered films as a strong

and multifunctional antibacterial coating. J Biomed Mater Res B: Appl Biomater 16:556–563.

doi:10.1002/jbm.b.30979

Zhao L, Mitomo H, Zhai M, Yoshii F, Nagasawa N, Kume T (2003) Synthesis of antibacterial

PVA/CM-chitosan blend hydrogels with electron beam irradiation. Carbohyd Polym

53:439–446. doi:10.1016/S0144-8617(03)00103-6

8 Antimicrobial Activity of Silver and Copper Nanoparticles 251

http://dx.doi.org/10.1016/j.nano.2009.01.002
http://dx.doi.org/10.1016/j.nano.2009.01.002
http://dx.doi.org/10.1016/j.colsurfb.2010.01.026
http://dx.doi.org/10.1016/j.poly.2007.05.056
http://dx.doi.org/10.1016/j.poly.2007.05.056
http://dx.doi.org/10.1016/j.apsusc.2010.10.110
http://dx.doi.org/10.1016/j.apsusc.2010.10.110
http://dx.doi.org/10.1016/j.molcata.2003.09.047
http://dx.doi.org/10.1016/j.molcata.2003.09.047
http://dx.doi.org/10.1016/S0168-6445(03)00047-0
http://dx.doi.org/10.1016/j.jcis.2004.02.012
http://dx.doi.org/10.1016/j.jcis.2004.02.012
http://dx.doi.org/10.1016/0891-5849(94)00159-h
http://dx.doi.org/10.1007/3-540-69685-7_1
http://dx.doi.org/10.1002/adma.200306516
http://dx.doi.org/10.1186/1477-3155-4-3
http://dx.doi.org/10.1088/0957-4484/20/24/245101
http://dx.doi.org/10.1021/es0720199
http://dx.doi.org/10.1021/bc060098s
http://dx.doi.org/10.1002/jbm.b.30979
http://dx.doi.org/10.1016/S0144-8617(03)00103-6


Chapter 9

Metal-Containing Nano-Antimicrobials:

Differentiating the Impact of Solubilized

Metals and Particles

Angela Ivask, Saji George, Olesja Bondarenko, and Anne Kahru

9.1 Metal-Containing Antimicrobials: Past, Current

and Future

Antiseptics and disinfectants are used extensively in hospitals and other health care

settings for a variety of topical and hard-surface applications. In particular, they are

an essential part of infection control practices and aid in the prevention of nosoco-

mial infections. Increasing concerns over the potential for microbial contamination

and infection risks have led to increased use of antiseptics and disinfectants

in health care premises, food processing facilities, public amenities and in

many general consumer applications. A wide variety of active chemical agents

(or “biocides”) are used in the above-mentioned areas, many of which have been

used for hundreds of years for antisepsis, disinfection, and preservation (for

a review, see McDonnell and Russell 1999).
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Based on the type of biocidal active ingredients, antimicrobial agents can be

broadly divided into two types: organic and inorganic. One of the earliest used

organic antiseptics was phenol (carbolic acid) that Joseph Lister started to use in

operating theatres for sterilization of surgical instruments in 1865, which signifi-

cantly reduced mortality rates associated with surgical procedures. Most of the

currently used antibiotics are also of organic nature as they have originally been

synthesized by various microorganisms (mostly fungi) to fight their competitors.

The inorganic metal-based disinfectants/drugs, however, have an even longer history:

silver has been used to fight infections as far back as the days of ancient Greece and

Egyptian civilizations. In World War I, before the advent of antibiotics, silver

compounds were used to prevent and treat infections. The journal Lancet (May 31,

1919) published information on the drugs used in Paris hospitals at that time

“. . .Certain popular drugs have only recently been inscribed on the official list, e.g.,

novocain in 1908, colloidal silver in 1909, arsenobenzol in 1911, novarsenobenzol in
1912, and galyl in 1915. Other new remedies still on trial in Paris hospitals include

certain colloidal metals and organo-therapeutic extracts prepared for intravenous

medication. . .”.Moreover, coppermaterials have been used since 2200BC to produce

drink and food storage vessels which due to their antimicrobial properties prevented

spoilage (Dollwet and Sorenson 1985). The onset of zinc as antimicrobial is, however,

more recent: since 1977, ZnO has been authorized by US FDA (http://www.fda.gov/)

in externally applied drugs as well as in cosmetics. Currently, ZnO is used, e.g., as an

antiseptic in surgical tapes, deodorants, and soaps, to provide topical relief in skin

irritation, diaper rash, minor burns, and cuts. The increasing interest in the use of

metals and metal oxides as antimicrobials is attributed to their ability to withstand

harsh process conditions, durability and the sustained antimicrobial action which are

often the shortcomings of organic antimicrobial compounds.

Along with the rapid development of nanotechnology witnessed during the past

10 years and due to a vast number of studies showing higher effectiveness of nano-

sized materials than their micro- or macro-sized counterparts, the metal-containing

nano-antimicrobials may present revolutionizing applications in consumer and

patient care products. The higher activity of nano-sized materials compared to

their ‘larger’ analogues has been mainly attributed to the ir relatively higher specific

surface area and, thus, high amount of active molecules/atoms present on the

surface. As an example, a 1-nm nanoparticle would have ~76% of its atoms present

on the surface. Thus, the physical dimensions as well as the chemical composition
and stability determine the reactivity of each nanomaterial and govern their specific

type of nano–bio interaction. In the following paragraphs, we discuss the current

knowledge about the contribution of physical dimensions and chemical

characteristics (including dissolution) of the most widely applied and/or most

promising metal-containing nano-antimicrobials, Ag, ZnO, TiO2, and CuO, in

their antimicrobial activity. We also present and discuss the (bio)analytical methods

that have been developed and/or applied to discriminate between the antimicrobial

effects mediated by metal dissolution and particles per se.
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9.2 Antimicrobial Action of Metal-Containing

Nano-Antimicrobials with Special Emphasis on Their

Dissolution

As previously mentioned, metal-containing antimicrobials have been considered to

bring a revolutionary breakthrough in hygiene as well as in medical applications.

However, while we start to enjoy the primary benefit of nanotechnology-based

improvements in antimicrobial applications, one of the main questions that need to

be answered is: how likely are these nanomaterials to exert their toxic effects on

non-target biological systems? This question can only be answered based on

extensive knowledge about the detailed mechanisms of action of these metallic

nano-antimicrobials. Therefore, it is of utmost importance to understand the key

mechanisms of action of already applied or potential antimicrobial compounds

prior to their large-scale application. Yet, the early studies on metal-containing

nanomaterials toxicity did not address the issue but rather reported empirical

observations on cellular viability. Only since 2007 have major efforts been made

to link the toxicological and antimicrobial potency of nanomaterials to their

physico-chemical properties. The observations have indicated that the potency of

metal-containing nanomaterials is controlled by their physical dimensions and,

most importantly, their chemical stability. Examples of the properties related to

nanomaterials’ (NMs’) physical properties that have been demonstrated to modu-

late their toxicity are: size (Panáček et al. 2006) (Choi and Hu 2008) and shape (Pal
et al. 2007). Examples of toxicologically important properties related to NMs’

chemical composition and stability are: surface coating (El Badawy et al. 2010),

doping (George et al. 2010) and dissolution (Cioffi et al. 2005; Morones et al. 2005;

Franklin et al. 2007; Smetana et al. 2008; Heinlaan et al. 2008; Kahru et al. 2008;

Rai et al. 2009; Jiang et al. 2009; Allaker 2010). Although all these NMs properties

may be observed separately, the final toxicological outcome of a nanomaterial is

usually due to the joint action (that may lead to synergy) between the key physico-

chemical properties. Metal ion dissolution from metal-containing nanomaterials

may be considered as one of the most important key factors in their toxicity. Due to

the fact that bacteria have rigid cell envelopes and do not have internalization

mechanisms for supramolecular and colloidal particles, the effect of nano-sized

materials on bacterial cells is mostly restricted to the effects at or near the cell wall.

Differently from bacteria that are unicellular prokaryotic organisms, most eukary-

otic systems have highly developed molecular machineries for internalization of

nano- and microscale particles. Therefore, in eukaryotic systems, the physical

properties of the NMsmay have amarkedly greater role than in prokaryotes. Specific

examples emphasizing the role of dissolution will follow below for each of the nano-

antimicrobials separately, but at this stage, we wanted to emphasize that the disso-

lution rate of metal oxide NMs has been used in one of the very few nano-QSAR

(quantitative structure–activity relationship) models currently available, as a single

predictor for their toxicity to E scherichia coli in in vitro tests (Puzyn et al. 2011).
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According to that model, the metal oxides (M) that had lower enthalpy (DHM+) to

form a gaseous cation (Mn+) in the reaction:

MðsolidÞ ¼ MnþðgasÞ þ n� �eDHM
þ; (9.1)

are more likely to be transformed to cations and thus exert toxic effects to E. coli.
In the following sections, we give an overview about recent findings on

mechanisms of toxic action of the most widely used and most promising metal

and metal oxide nano-antimicrobials: TiO2, Ag, ZnO and CuO.

9.2.1 Nano-TiO2

9.2.1.1 Importance of Nano-TiO2 as an Antimicrobial

Nano-TiO2 is a semiconductor that shows antimicrobial properties during

photoactivation and is probably the highest production volume nanomaterial (Mueller

and Nowack 2008). The exact current production volumes for TiO2 are relatively

difficult to estimate, however, the current production volume of TiO2 in USA is

estimated to be between 7,800 and 38,000 t/year (Hendren et al. 2011). Robichaud

et al. (2009) have estimated that the annual production of this nano metal oxide will

reach 2.5 million tonnes by 2025.

Theuse ofTiO2 in different consumerproducts including foodhas a long history and as

stated by Dr. Wetter in her presentation on behalf of ETC Group at US FDA Nanotech-

nology Public Meeting on October 10, 2006 (http://www.fda.gov/ScienceResearch/

SpecialTopics/Nanotechnology/NanotechnologyTaskForce/ucm111425.htm): “. . .FDA
approved TiO2 as a food color additive as early as in 1966 with the stipulation that

the additive was not to exceed 1% by weight and TiO2 is also approved as a food

packaging additive. Currently TiO2 is being formulated at the nano-scale and the

transparent particles are being used in clear plastic food wraps for UV protection.

Apparently, this percent-by-weight limit set back in the 1960s for micro-scale TiO2

particles is not relevant to today’s nano-scale formulations since tiny amounts can

produce large effects. And nano-scale TiO2 in food is just one example. . .”. In
addition to the use of TiO2 in coatings for its white color and UV protection of

food, textiles or human skin, the TiO2-coated surface also has a strong antimicrobial

activity when exposed to sunlight. For the first set of applications, TiO2 natural form,

rutile, is used, whereas for antimicrobial applications, a rarer TiO2 polymorph,

anatase, is used (Mueller and Nowack 2008). A large number of studies on the

photocatalytic disinfection efficiency of TiO2 for water purification (Wei et al.

1994), as well as for self-cleaning surfaces (Gelover et al. 2006), has been published.

For example, Chen et al. (2008) showed that when TiO2 particles were attached onto

bacterial surfaces, fast antimicrobial effects were observed after UV illumination.

Such laboratory research findings are being translated into commercial products:

TiO2 is already used in home air purifiers, e.g. 3Q Multistage Air Purifier and
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NanoBreeze Room Air Purifier, to remove volatile organic compounds and kill

bacteria. TiO2 as an antimicrobial is suitable for large-scale antimicrobial

applications because it is stable, relatively non-toxic by incidental ingestion, and

is low-cost.

9.2.1.2 Evidence for Nano-TiO2 Antimicrobial Properties

As reported by Kahru and Dubourguier (2010), toxicity of TiO2 was considerably

lower in comparison to other current and potential nano-antimicrobials: ZnO, Ag and

CuO. However, it must be noted that, due to the requirement for photoactivation, the

available toxicity data for nano-TiO2 are relatively inconsistent. The reason for this

may be varying light exposure conditions and illumination duration, and the test

media, as well as TiO2 concentrations used. Interestingly, our recent data (A. Ivask,

unpublished data) showed that the antibacterial effect of TiO2 is not linearly related to

the applied dose and that addition of highly concentrated (>100 mg/mL) nano-TiO2

aqueous suspension to a photoactivation experiment decreased its antibacterial

effects. This may be the reason why TiO2 exerts its optimal photocatalytic antimicro-

bial activity when immobilized on to a surface (Ireland et al. 1993). Currently, the

inhibitory potential of TiO2 against Escherichia coli, Bacillus subtilis (Ireland et al.

1993; Adams et al. 2006), Staphylococcus aureus (Tsuang et al. 2008), MRSA

(methicillin-resistant Staphylococcus aureus) (Sunada et al. 1998; Wei et al. 1994),

Entercococcus hirae, Pseudomonas aeruginosa, Bacteriodes fragilis (Tsuang et al.

2008) and natural bacterial community (Gelover et al. 2006) has been reported. The

reported concentrations of TiO2 required to affect bacterial viability usually vary

between 100 and 1,000 mg/mL, depending on the size of the particles and the intensity

and wavelength of the light applied for photoactivation (Wei et al. 1994). Gelover

et al. (2006) showed that 15-min exposure to 87 mg/mL of TiO2 was enough to

completely inactivate fecal coliforms. On the other hand, 10,000 mg/mL of TiO2

was reported as an effective concentration to inactivate S. aureus, E. hirae and
P. aeruginosa, B. fragilis and E. coli after 50-min exposure to UV light (Tsuang

et al. 2008). As mentioned above, these differences in effective concentrations may

be due to the differences in exposure conditions and properties of the nanomaterials.

9.2.1.3 Modes of Antimicrobial Action of Nano-TiO2

Toxicity and antimicrobial properties of TiO2 have almost exclusively been linked

to its photoexcitation under UV light. Upon UV light exposure, electrons in the

valence band get excited to a conduction band leaving behind a hole. The conduc-

tion band electron and valence band hole can react with molecular oxygen and

water molecules, respectively, to generate superoxide and hydroxyl radical. Thus,

the most commonly formed ROS include hydroxyl radicals, superoxide and perox-

ide production under UV irradiation (Kikuchi et al. 1997). For a more detailed
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discussion on the mechanisms of antibacterial action of TiO2 nanoparticles, the

reader is directed to the excellent review by Foster et al. (2011). In addition to

bacteria, TiO2 nanoparticles in combination with UV light have been shown to

inactivate microorganisms such as blue-green algae Anabaena, Microcystis, and
Melosira (Kim and Lee 2005) and Chroococcus sp. (Hong et al. 2005) by poten-

tially destroying the algal cell surface. In addition, a specific aggregation of algal

cells with TiO2 particles leading to poorer growth or decreased photosynthetic

ability of the algae have been reported by several groups (Aruoja et al. 2009;

Sadiq et al. 2011). Toxicity data of TiO2 are also available for a number of other

(eco)toxicological model organisms. However, these data are often variable, which

may be the result of different exposure conditions used as well as of different

physico-chemical properties of TiO2 used in the experiments (Menard et al. 2011).

9.2.1.4 The Role of Dissolution in Antimicrobial Action of TiO2

Currently, no reports showing the release of metal ions from TiO2 nanomaterials

and their significant effects in toxicity have been published and, thus, the antimicro-

bial effect of this material may be attributed solely to its photocatalytic and surface

redox properties. However, as TiO2 nanoparticles have also shown toxicity to

Bacillus subtilis and E. coli in dark conditions (Adams et al. 2006), the mechanisms

of action of bactericidal properties of nano-TiO2 warrants further investigations.

9.2.2 Nano-ZnO

9.2.2.1 Importance of Nano-ZnO as an Antimicrobial

ZnO is probably the second highest volume of metal-containing nanomaterials

produced after TiO2. As mentioned above, ZnO is topically used to provide relief

in skin irritation, diaper rash, minor burns and cuts but also in cosmetics such as

deodorants and soaps. Since nano-sized ZnO is believed to exert a higher efficacy

than the micro- or macro-sized ZnO, the applications of nano-ZnO include packag-

ing materials in the food industry (Tayel et al. 2011), dental applications to prevent

biofilm formation (Allaker 2010), antimicrobial wallpaper (Ghule et al. 2006) or in

textiles (Rajendran et al. 2010). ZnO-impregnated textiles have been shown to retain

their antimicrobial properties even after 50 washing cycles (Rajendran et al. 2010).

9.2.2.2 Evidence for Nano-ZnO Antimicrobial Properties

The antibacterial activity of nano-ZnO has been demonstrated towards both Gram-

negative and Gram-positive bacteria although at relatively high concentrations. The

reported effective concentrations of nano-ZnO fall usually between 80 and
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10,000 mg/mL depending on the observed endpoint and test conditions. EC50 values

for nano-ZnO have been reported between 1.8 and 1,000 mg/mL (Adams et al. 2006;

Brayner et al. 2006; Heinlaan et al. 2008; Gajjar et al. 2009; Baek and An 2011)

whereas complete growth inhibition has been observed at higher concentrations

even reaching 10,000 mg/mL (Ren et al. 2009; Applerot et al. 2009; Liu et al. 2009).

The efficacy of nano-ZnO has also been shown towards yeast Saccharomyces
cerevisiae at 120–130 mg/mL (Kasemets et al. 2009).

9.2.2.3 Modes of Antimicrobial Action of Nano-ZnO

Based on the current literature, three mechanisms leading to nano ZnO toxicity

and antimicrobial effects may be pointed out: (1) dissolution, (2) size, and (3)

induction of reactive oxygen species (ROS) (Table 9.1). As mentioned above, these

mechanisms can be related to each other and also combined.

Dissolution of ZnO to Zn ions has been considered as the mechanism for (nano-)

ZnO toxicity in a vast number of papers and these are discussed below

(Sect. 9.2.2.4). Here, we discuss the evidence for size-related and ROS-dependent

toxicity mechanisms of nano-ZnO.

Nanosize has been considered as an important property leading to nano-ZnO

toxicity by Jones et al. (2008) and Applerot et al. (2009). In the first study, it was

demonstrated that 5-nm initial-sized particles were five-fold more toxic than 50–70-

nm particles (Jones et al. 2008), and the second study showed that 6.8-nm ZnO

particles exerted much higher antibacterial activity than 260 or 800-nm particles

(Applerot et al. 2009). In addition to the increased surface area of the smaller particles,

smaller sized nano-ZnO has even been suggested and/or proven to enter the cells of

E. coli and S. aureus (Brayner et al. 2006; Liu et al. 2009; Applerot et al. 2009)

(Fig. 9.1b,c). The internalization of ZnO nanoparticles by bacterial cells is surprising

since the sizes of nanoparticles are approximately 50 times larger than the pore sizes of

the membrane pumps and, according to the available information, bacteria have no

internalization mechanisms for supramolecular and colloidal particles. The authors

suggested that possibly, the de novo formation of respective membrane channels for

small nanoparticles takes place in real time (Applerot et al. 2009). Indeed, bacteria

have shown to internalize <5-nm CdSe and CdSe/ZnS quantum dots, probably by

oxidative damage of the cell membrane potentialized by light (Kloepfer et al. 2005).

The evidence for induction of ROS as one of the toxicity mechanisms of nano-

ZnO has been presented by Sawai (2003), Ghule et al. (2006), Zhang et al. (2007),

Applerot et al. (2009), and Ivask et al. (2010). Sawai (2003) even suggested the

photocatalytic generation of hydrogen peroxide to be one of the primary

mechanisms of ZnO toxicity. Indeed, ZnO is a semiconductor that upon absorbtion

of photons transports its electrons between the valence and conduction band. The

photogenerated electrons and electron holes undergo reactions with dissolved

molecular oxygen, surface hydroxyl groups or adsorbed water molecules to form
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hydroxyl (OH•) and superoxide (O2
•�) radicals, as suggested by (Niazi and Gu

2009):

ZnOþ hv ! hvb
þ þ ecb

�

O2 þ ecb
� ! O2

��

H2Oþ hvb
þ ! OH� þ Hþ; (9.2)

where ecb
� is a conducting band electron and hvb

+ is the valence-band hole. Neal

(2008) has suggested that ZnO-induced ROS may lead to disruption of bacterial

membranes and thereby induce their porosity, which could further result in uptake of

ZnO nanoparticles via the damaged cell wall. Membrane deformations and impaired

morphology of bacterial cells after exposure to nano-ZnO have been demonstrated by

Zhang et al. (2007) and Li et al. (2011) (see also Fig. 9.1). Also, electrochemical

Fig. 9.1 Evidence for surface attachment and internalization of nano-ZnO by bacterial cells.
(a) Attachment of ZnO nanoparticles to E. coli surface (cells were exposed to 100 mg/mL of ZnO)

(Reprinted from Jiang et al. 2009. With permission from Elsevier). (b) Intracellular nano-ZnO

in E. coli cells (ZnO particles are shown with black arrows) (Reprinted from Brayner et al. 2006.

Copyright American Chemical Society). (c) Internalization of nano-ZnO (primary size 6.8 nm)

in S. aureus (upper row) and E. coli (lower row) cells (Reprinted from Applerot et al. 2009.

Copyright Wiley; reproduced with permission)
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measurements using a model 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

lipid monolayer suggest a tight interaction between ZnO nanoparticles and the

bacterial membranes and resulting membrane damage (Zhang et al. 2007).

9.2.2.4 The Role of Dissolution in Antimicrobial Action of Nano-ZnO

ZnO could certainly be suggested as a metal-containing nanomaterial the effect of

which has most often been directly connected with its dissolution and shedding of

the toxic heavy metal ion, Zn2+ (Table 9.1). Hereby, it is interesting to note that the

Material Safety Data Sheets for ZnO and nano ZnO (CAS 1314-13-2) state that this

material is poorly soluble or even insoluble or the solubility data are missing,

leading, thus, to erroneous conclusions and precautions by end-users. Dissolution

of ZnO has been believed to occur during surface hydrolysis of this metal oxide:

ZnOðsolidÞ þ 2Hþ ¼ Zn2þ þ H2O (9.3)

The first paper discussing the dissolution of ZnO as a reason for toxicity was by

Franklin et al. (2007) using freshwater algae. These authors demonstrated that, even

at pH 7.6, a very rapid dissolution of ZnO bulk and nano forms took place, and at

100 mg of ZnO/mL, at least 15 mg/mL was present as Zn ions. They showed that,

if dissolved Zn from ZnO was used as the concentration unit, the obtained EC50

values for nano-ZnO and a soluble Zn salt coincided. Li et al. (2011) showed almost

complete dissolution of ZnO nanomaterials in most commonly used bacteriological

media, LB (rich organic media) and Minimal Davis (mineral media with citrate)

media – at 100 mg of nano-ZnO/mL, 90% and 40% of it was detected as soluble Zn,

respectively. Interestingly, solubility of nano ZnO in other environments – saline,

water and PBS (phosphate-buffered saline) – was markedly lower but still 12%, 7%

and about 1% of nano ZnO was present as dissolved ions, respectively. Li et al.

(2010) showed marked dissolution of Zn ions from nano-ZnO – at 1 mg/mL, the

dissolution rate was 0.3 mg/mL being completely responsible for their observed

antibacterial effects as proven by parallel testing with a soluble Zn salt. Thus,

the authors concluded that no measurable ‘nano effect’ was associated with ZnO

bacterial toxicity. Liberation of Zn ions from ZnO nanoparticles has been shown as

the sole mechanism for their antibacterial (Adams et al. 2006; Heinlaan et al. 2008;

Ivask et al. 2010; Wu et al. 2010), algaecidal (Aruoja et al. 2009) and antifungal

activity (Kasemets et al. 2009). Similarly to antibacterial effects of ZnO, systematic

investigations into the mammalian toxicity of ZnO nanoparticles also pointed

towards the dissolution and release of Zn2+ ion as the principal mechanism of

toxicity (Xia et al. 2008; George et al. 2010). Limiting the dissolution of ZnO in

aqueous media by iron doping reduced the toxicity of ZnO in mammalian cells and

higher organisms (Xia et al. 2008; George et al. 2011). In addition to ZnO dissolution

due to physico-chemical processes in the surrounding environment, cellular

activities (excretion of acids as metabolic by-products, for example) may also lead
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to its dissolution. For example, Fasim et al. (2002) showed that the bacteria P.
aeruginosa can solubilize nano-ZnO and other solid Zn salts, and total dissolution of

14mM (1,140 mg/mL) ZnO in 3 days was achieved. It is interesting to note that along

with ZnO dissolution, pH of bacterial culture decreased to 3.5 which by itself could

be one additional reason for the observed ZnO dissolution. Finally, we want to

emphasize that the solubility of nano-ZnO may not necessarily be solely due to its

nano-property. This is supported by the fact that at least up to a certain concentration

of ZnO, several studies have shown similar dissolution and also toxicological

effects of bulk and nano-ZnO materials (Heinlaan et al. 2008; Kasemets et al.

2009; Aruoja et al. 2009; Ivask et al. 2010; Li et al. 2011). Keeping this finding

in mind, the past consideration of “insolubility” of ZnO is even more surprising.

9.2.3 Nano-Ag

9.2.3.1 Importance of Nano-Ag as an Antimicrobial

Silver has probably the longest application history among all the metal-containing

antimicrobials. Even today, its antimicrobial application is increasing due to its

efficacy, high durability and resistance to high temperature processing. One can

safely say that, among all antimicrobial nanomaterials, nano-Ag is used in the

highest number and variety of consumer products from cosmetic applications,

clothing, shoes, and detergents to dietary supplements, surface coatings, respirators,

water filters, cell phones, laptop keyboards and children’s toys (Maynard 2007).

About 300 of over 1,000 nanomaterial-containing consumer products currently on

the market contain nano-Ag (www.nanotechproject.org). Although the history of

intended use of Ag in consumer products dates back to 2000, nano-Ag-containing

products have been on the market for hundreds of years. Nanoscale silver colloids,

known under different trade names such as Collargol, Argyrol, and Protargol

entered the market in the early part of the twentieth century and over a 50-year

period their use became widespread. These nanosilver products were sold as over-

the-counter medications and also used by medical doctors to treat various diseases

such as syphilis and other bacterial infections. Moreover, after the establishment of

the EPA in 1970, all silver registrations in the next 23 years until 1993 were for

nano-silver (colloidal silver) or for silver nanocomposites (for a review, see

Nowack et al. 2011). Warningly, the increasing use of colloidal silver in over-

the-counter drugs and also in these available the Internet have increased reports in

cases of argyria in people, i.e. skin coloration due to hematogenous spread after

topical application (Sebastian Tomi et al. 2004) or ingestion of argentumproteinatum
(colloidal silver) preparations (White et al. 2003). Nowadays, nano-sized silver

preparations may be used in a number of forms – as metallic silver nanoparticles,

silver-impregnated zeolite powders and activated carbon materials, dendrimer–silver
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complexes, silver–titanium dioxide composite nanopowders, and silver nanoparticles

coated onto polymers like polyurethane (Marambio-Jones and Hoek 2010).

9.2.3.2 Evidence for Nano-Ag Antimicrobial Properties

There are numerous publications showing the toxicity of nano-Ag to microorganisms

(Kahru and Savolainen 2010). The list ofmicrobes that have been reported as sensitive

to nano-Ag consist of but is not limited to bacteria E. coli, Staphylococcus aureus, S
epidermis, Leuconostoc mesenteroides, Bacillus subtilis, Klebsiella mobilis, and K.
pneumoniae, Enterococcus faecalis, and Pseudomonas aeruginosa (Balogh et al.

2001; Sondi and Salopek-Sondi 2004; Kim 2007; Kim et al. 2007; Benn and

Westerhoff 2008; Chen and Chiang 2008; Falletta et al. 2008; Jung et al. 2008;

Roe et al. 2008; Ruparelia et al. 2008; Smetana et al. 2008; Vertelov et al. 2008; Yoon

et al. 2008; Zhang et al. 2008; Kim et al. 2009a; El-Rafie et al. 2010), yeastsCandida
albicans and Saccharomyces cerevisiae, fungi Aspergillus niger and Penicillium
citrinum (Kim et al. 2007; Roe et al. 2008; Vertelov et al. 2008; Zhang et al. 2008;

Kim et al. 2009b). Given that nano-Ag is effective towards such a wide range of

microbes, it is highly likely that nano-Ag would also adversely affect useful micro-

flora, e.g., present in soil, human skin and gut. Although the variety of nano-Ag

materials that have been tested for antimicrobial effects is high; ranging from

uncoated to coating-stabilized and polymer-embedded nanoparticles, generally the

toxicity of nano-Ag as measured by bacterial growth inhibition falls between 0.2 and

300 mg/mL. Gajjar et al. (2009) showed a decrease in CFU (colony-forming units) of

Pseudomonas putida at 0.2 mg of nano-Ag/mL, while Vertelov et al. (2008) showed

growth inhibition of E. coli and S. aureus cells by 5 mg of differentially coated Ag

nanomaterials/mL. Kvitek et al. (2008) showed that the MIC (minimal inhibitory

concentration) for non-coated nano-Ag aqueous suspension for S. aureus, E. faecalis,
E. coli, and P. aeruginosa ranged from 1.6 to 13.5 mg/mL. Smetana et al. (2008)

showed a decreasing effect of 30 mg/mL aqueous dispersion of Ag nanomaterials to

E. coli, CFU after 10 min of exposure. Raffi et al. (2008) showed that E. coli cells
were completely inhibited by 60 mg of nano-Ag/mL, Sambhy et al. (2006)

demonstrated growth inhibition of E. coli and Bacillus cereus by 50 mg of AgBr-

cationic polymer-embedded particles/mL and Ren et al. (2009) reported that 100 mg
of nano-Ag/mL was MIC for S. aureus, E. coli and P. aeruginosa. The only study

reporting very different antimicrobial activity of nano-Ag is byKim et al. (2007) who

showed that 13.4-nm silver nanoparticles prepared by reduction with borohydride

had MIC of 0.00043 mg/mL for E. coli, 0.00356 mg/mL for S. aureus and 0.001 mg/
mL for yeast isolated from bovine mastitis.

9.2.3.3 Modes of Antimicrobial Action of Nano-Ag

Despite the vast number of papers discussing the antimicrobial effects of nano-Ag,

there is still no common agreement concerning the mechanisms of the observed
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effects. Generally, there are three mechanisms that are brought up to explain the

antibacterial mechanism of Ag nanomaterials: (1) release of silver ions by dissolu-

tion (Hwang et al. 2008; Smetana et al. 2008; Rai et al. 2009); (2) generation of
reactive oxygen species (ROS) by reactions taking place on nano-Ag surface with

molecular oxygen (Kim et al. 2007; Hwang et al. 2008) and (3) surface reactivity
due to different crystal defects on nanomaterials surface (Morones et al. 2005; Pal

et al. 2007) (Table 9.1). Whether all these mechanisms function independently or

synergistically, is still unclear. Although there is evidence for the generation of

ROS, and papers are emerging showing the importance of surface reactivity in nano-

Ag toxicity, the final toxic outcome is most likely a joint/additive (or, potentially,

even synergistic) effect of all these factors combined with the ‘nano’ effect of these

particles and dissolution. For example, even when Navarro et al. (2008) observed

that the toxicity of Ag nanoparticles for Chlamydomonas reinhardtii was higher

than what could be predicted based on their dissolution rate, they finally suggested

that the enhanced toxicity of nano-Ag was due to increased dissolution of Ag+ ions

when Ag nanoparticles interacted with H2O2 generated by the algae. Another study

by Lok et al. (2007) showed that Ag nanoparticles exerted 1,000-fold higher

antimicrobial activity than could be predicted from their dissolution rate (0.1% of

nanoparticles were in dissolved form). Again, the authors suggested that the final

cause of the observed toxicity were still dissolved Ag ions released upon internali-

zation of 10 nm nano-Ag. Additional evidence for nano-Ag ‘nano effect’ combined

with dissolution was presented by Choi and Hu (2008). These authors observed an

increased bactericidal activity of 5-nm-sized Ag nanoparticles compared to what

could be expected based on their dissolution and suggested that, upon direct contact

with membranes, local dissolution of nano-Ag occurred and the released Ag ions

acted on membrane-bound enzymes of nitrifying bacteria. Indeed, as also discussed

by Morones et al. (2005) and Sondi and Salopek-Sondi (2004), direct association of

nano-Ag with bacterial membranes and subsequent local release of Ag ions may be

involved in nano-Ag toxicity (Fig. 9.2). Also, Kim et al. (2007) and El Badawy et al.

(2010) have shown that efficient binding of Ag nanomaterials onto bacterial surfaces

is a prerequisite for their toxicity. El Badawy et al. (2010) even presented a clear

decrease in nano-Ag toxicity to E. coli when the surface charge was converted to

negative by certain surface coatings and, thus, the binding efficacy of nanoparticles

onto membranes was decreased. Ruparelia et al. (2008) suggested that the bound Ag

nanomaterials may exert toxic effects due to membrane damage. Liau et al. (1997)

evidenced that this large-scale membrane damage by degrading the cell surfaces and

forming pits as shown by Sondi and Salopek-Sondi (2004) (Fig. 9.2c) could be due to

ROS production by Ag nanomaterials. Production of ROS byAg nanomaterials either

related to the dissolution or surface reaction with molecular oxygen has been

evidenced in a number of papers (Kim 2007; Lok et al. 2007; Ivask et al. 2010).

ROS induction by nano-Ag is indeed a property that has also been observed using

other types of organisms, e.g., in fish cell lines (Carlson et al. 2008; Farkas et al. 2010).

The importance of surface reactivity in nano-Ag toxicity is a relatively less

studied phenomenon. Morones et al. (2005) noticed that, among Ag nanoparticles

with different crystal lattices, the crystal facet with a {111} lattice indices was
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preferred for interactions with the bacterial cell membrane and, in particular,

sulfur-containing membrane proteins. They inferred that the {111} crystal facet,

which has high-atom-density compared to other lattice structures, leads to direct

interaction with the bacterial membrane. Later, studies by Pal et al. (2007) demon-

strated that crystal structure indeed has an influence to the toxicity of Ag nanoparticles

to bacterial cells wherein the rod-shaped and triangular particles were markedly more

toxic for bacteria than the spherical structures. According to their explanation, the

planar nano-Ag structures were more reactive due to the high proportion of crystallo-

graphic faces available for nanoparticle–bacteria contact. Indeed, among different

shapes, particles with a higher proportion of exposed crystallographic faces showed

higher electrocatalytic reactivity (Bansal et al. 2010), which could be due to increased

frequency of crystal defects in these structures. Although these surface reactivities are

not yet discussed in relevance to the toxicity of Ag nanoparticles with different crystal

structures, data emerging from our laboratory suggest the role of crystal defects in

enhanceing the toxicity of plate-shaped Ag nanoparticles.

9.2.3.4 The Role of Dissolution in Antimicrobial Action of Nano-Ag

Regardless of the myriad of different opinions, there is no doubt that the release of

Ag ions either alone or in combination with other, previously discussed mechanisms

is one of the most important factors determining the toxicity of nano-Ag. Differently

from nano-ZnO, the chemical reactions behind the dissolution of Ag involve redox

reactions either in the presence of oxygen (Fan and Bard 2001; Le Pape et al. 2004;

Smetana et al. 2008; Choi et al. 2008):

Fig. 9.2 Association of nano Ag with bacterial cells. (a, b) Transmission electron micrographs

(TEM) of Pseudomonas aeruginosa cells after treatment with 100 mg/mL of nano Ag. Attachment of

nano-Ag on bacterial surface (a, b) and the resulting membrane disruption (b) may be seen

(Reprinted from Morones et al. 2005. Copyright IOP Science). (c) TEM images of Escherichia
coli cells treated with 50 mg/mL of nano Ag. Degraded outer membrane structures (lipopolysac-

charides) may be observed (Reprinted from Sondi and Salopek-Sondi 2004. With permission from

Elsevier)
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4Agþ O2 þ 2H2O ¼ 4Agþ þ 4OH (9.4)

or as suggested by AshaRani et al. (2008) in the presence of hydrogen peroxide

originating from mitochondria of eukaryotic cells:

2Agþ H2O2 þ 2Hþ ¼ 2Agþ þ 2H2O (9.5)

Marambio-Jones and Hoek (2010) hypothesized that a similar process involving

hydrogen peroxide could also occur in bacterial membranes. As the dissolution of

Ag either following reaction in Eqs. 9.4 or 9.5 involves transfer of electrons,

formation of ROS, such as superoxide anions (O2
•�) and hydroxyl radicals (OH•),

in this process is very likely. On the other hand, Park et al. (2009) also showed that

dissolved Ag+ ions could induce O2
•� in bacterial cells. Therefore, the induction of

intracellular ROS by nano-Ag observed in studies by Kim et al. (2007), Lok et al.

(2007) and Ivask et al. (2010) may be due to the combination of these factors.

The summary of selected studies on nano-Ag dissolution and its impacts on its

toxicity is given in Table 9.1. For example, in the case of nano-Ag incorporating

surface coatings, release of ions has been directly related to their antimicrobial

activity, and in order to prolong and control that release of antimicrobial Ag ions,

embedding of Ag nanomaterials, e.g., to cationic polymer poly(4-vinyl-N-
hexylpyridinium bromide), has been used (Sambhy et al. 2006). Shedding of Ag

from Ag nanoparticles is also evidenced by the fact that some ligand-capped silver

nanoparticles – although highly stable and monodisperse in suspension – were less

bioactive, and authors concluded that the capping agent hindered the release of

silver ions (Smetana et al. 2008). By using bacterial Ag sensor cells, Ivask et al.

(2010) showed that all the observed antimicrobial effects of nano-Ag were due to

solubilized ions. Lok et al. (2006) showed that the proteomic response of E. coli to
nano-Ag and AgNO3 was similar. Both compounds showed altered expression

profile of envelope and stress response proteins. This kind of change in protein

expression level could be expected as Ag ions are known to interact with mem-

brane-bound thiol-rich respiratory chain enzymes (Dibrov et al. 2002) leading to

collapse in the transmembrane pH gradient and membrane electric potential (Holt

and Bard 2005). Finally, we want to emphasize that the dissolution of Ag ions from

nano-Ag may take place either in the surrounding environment following the

chemical equilibria or at the particle–cell membrane interface. The latter is espe-

cially likely because of the oxidizing environment on bacterial surface as discussed

with Eq. 9.5. As these processes – abiotic dissolution of nano Ag and its dissolution

after binding to bacterial surfaces or even internalization – may occur simulta-

neously, the separation of Ag dissolution from other factors important in nano Ag

toxicity is a complicated task.
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9.2.4 Nano-CuO

9.2.4.1 Importance of Nano-CuO as an Antimicrobial

Although not yet widely applied in commercial products, Cu nanomaterials are

discussed in this chapter due to their high antimicrobial potential. Cu has long been

known for its antimicrobial effects and was applied, e.g., in antifungal treatments

and antifouling agents. Cu nanomaterials have been proposed as antimicrobials in

polymer nanocomposites (Cioffi et al. 2005) that could serve as antimicrobial

surfaces for packaging and in medicine. Borkow et al. (2010) used nano-CuO in

wound dressings and showed its antimicrobial and antifungal properties by remov-

ing 99.9% of microbial cells even at high microbial loads within minutes. Akhavan

and Ghaderi (2010) immobilized Cu and CuO nanoparticles in silica thin films to

produce antimicrobial surfaces.

9.2.4.2 Evidence for Nano-CuO Antimicrobial Properties

Compared with the previously discussed nano-antimicrobials, CuO has the least

number of toxicity data available (Kahru and Savolainen 2010). However, its

effectiveness towards Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, P. putida, Bacillus subtilis, and Vibrio fischeri has been demonstrated

(Heinlaan et al. 2008; Gajjar et al. 2009; Ren et al. 2009; Baek and An 2011). The

effective concentrations for this nanomaterial towards microbes reported in differ-

ent publications vary from 10 to 5,000 mg/mL, whereas in most of the studies,

toxicity has been observed between 10 and 100 mg/mL. Gajjar et al. (2009) showed

that 10 mg of CuO/mL decreased both the CFU (colony forming unit) and biolumi-

nescence of a recombinant P. putida strain. A similar concentration has been shown

to inhibit bioluminescence in recombinant E. coli strain by Ivask et al. (2010), and

Heinlaan et al. (2008) showing that 80 mg/mL decreased the natural biolumines-

cence of V. fischeri by 50% and at 200 mg/mL, 100% inhibition was observed.

Kasemets et al. (2009) showed that 30 mg/mL of nano-CuO inhibited the growth of

yeast Saccharomyces cerevisiae. And 28–65 mg/mL has been shown as EC50 of

nano-CuO for E. coli, B. subtilis, and S. aureus (Baek and An 2011). Relatively

lower toxicity of nano-CuO for S. aureus, E. coli, and P. aeruginosa ranging from

100 to 5,000 mg/mL was reported by Ren et al. (2009), which, however, may be due

to their experimental setup that involved the observation of inhibition by

nanomaterials only after the transfer of bacteria to fresh growth media.

9.2.4.3 Modes of Antimicrobial Action of Nano-CuO

Based on the currently published articles, it is still disputable whether the observed

antimicrobial effects of CuO nanomaterials are due to specific ‘nano effects’ or due

to the release of Cu ions and their mediated toxicity (Table 9.1). Very few reports
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are available on the mechanism of bactericidal action of copper nanoparticles.

However, based on the current literature, three mechanisms for antimicrobial action

of nano CuO can be proposed: (1) metal dissolution, (2) specific nano-effects and
(3) induction of reactive oxygen species (ROS) (Table 9.1). The effect of dissolu-
tion in toxicity of nano-CuO is discussed in the next section (Sect. 9.2.4.4.). The

‘nano effect’ as a reason for nano-CuO toxicity was exclusively highlighted by

Baek and An who reported that the dissolution rate of nano-CuO did not explain its

toxicity (Baek and An 2011). However, the mechanisms behind this observed ‘nano

effect’ were not proposed. A ‘nano-effect’ combined with solubility as a toxicity

mechanism has been presented by Heinlaan et al. (2008) and Ivask et al. (2010).

Using E. coli and V. fischeri, these authors demonstrated that the nano-size of CuO

resulted in higher solubility and’ thus, toxicity (see Sect. 9.2.4.4). Induction of

intracellular ROS by CuO particles in E. coli bacteria has been observed by Ivask

et al. (2010) and by O. Bondarenko (unpublished data, 2011; see Table 9.1).

However, these authors also proved that the ability of CuO nanoparticles to induce

ROS is again clearly dependent on the dissolution rate of nano CuO; similar results

but for abiotic systems have been shown by Rice et al. (2009).

9.2.4.4 The Role of Dissolution in Antimicrobial Action of Nano-CuO

As already mentioned, the importance of dissolution of Cu nanomaterials in deter-

mining their antibacterial properties has been highlighted in many papers (Trapalis

et al. 2003; Ruparelia et al. 2008; Ren et al. 2009; Akhavan and Ghaderi 2010) (see

summary in Table 9.1) and indirect evidence on this process has been reported.

Cioffi et al. (2005) showed that increasing the load of nano-Cu in polymer

nanocomposites increased the bactericidal activity of the material towards

Saccharomyces cerevisiae, Escherichia coli, Staphylococcus aureus, Listeria
monocytogenes and molds. With increasing nano-Cu load in polyvinylmethyl

ketone, there was a concomitant increase in the solubilized Cu, which apparently

is thought to be the reason for toxicity of these materials. Similarly, decreased

release of Cu ions from polyvinylidenefluoride–nano-Cu composite showed reduced

antimicrobial activity. Thus, the authors concluded that, by using differently con-

trolled Cu release in different nano-CuO–polymer composites, it is possible to

control their antimicrobial properties. The studies on Cu-doped Ti and Se

nanoparticles showed that the antibacterial action of the particles correlated well

with the content of Cu ions in the coating (Trapalis et al. 2003). The addition of 20

mg/L ethylenediaminetetraacetic acid (EDTA) abolished the toxicity of Cu-TiO2,

showing that their toxicity to bacteria Mycobacterium smegmatis and Shewanella
oneidensis was fully caused by Cu ions (Wu et al. 2009). Indirect evidence on

participation of dissolved Cu ions in CuO toxicity has also been shown with

eukaryotic cells. Studer et al. (2010) showed that if the carbon layer preventing

the dissolution of Cu ions was used to coat nano-CuO, it was significantly less toxic.

Only a few studies have been aimed to differentiate the effects of dissolved Cu

ions and the CuO particles per se in detail. Heinlaan et al. (2008) quantified the
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dissolution of Cu ions from nano-CuO and reported that the toxicity of nano-CuO to

V. fischeri was entirely explained by the dissolved Cu ions. In a similar experimen-

tal setup, Ivask et al. (2010) showed that the toxicity of nano-CuO to E. coli cells
was due to solubilized ions. As discussed in Sect. 9.2.3.4, induction of ROS has

been shown as one of the mechanisms of toxicity of nano-CuO. Mostly, this

property of nano-CuO may be attributed to dissolved Cu ions that are well known

for their redox reactive properties (Kimura and Nishioka 1997). The fact that

intracellular ROS induced by nano-CuO were solely the result of solubilized Cu

ions was shown by Ivask et al. (2010) and O. Bondarenko et al. (unpublished data,

2011; see Table 9.1) by the parallel use of biosensor systems that allowed the

detection of dissolved ions and ROS in parallel. The formation of both, superoxide

anions and hydrogen peroxide by nano-CuO was detected. These studies were

supported by Rice et al. (2009) who showed by using cell-free media that the

generation of OH• radicals was solely due to Cu ions solubilized from nano-CuO.

9.3 Environmental Parameters Affecting the Dissolution

of Metal-Containing Nano-Antimicrobials

Although in previous chapters we discussed mainly the inherent properties of

nanoparticles that determine their dissolution, the final dissolution of each of the

nanomaterials depends on the conditions used in the test. Perhaps one of the best

examples on how the test conditions may affect the dissolution of metal-containing

nanoparticles has been given by Li et al. (2011) who studied the dissolution of ZnO

nanomaterials in different test media and observed almost complete dissolution

(90% at 100 mg of nano-ZnO/mL) in LB medium (bacterial medium containing

organics) and very high dissolution rate (40% at 100 mg of nano-ZnO/mL) in

Minimal Davis media (bacterial mineral medium containing citrate). For compari-

son, dissolution of nano-ZnO in saline, water or PBS (phosphate-buffered saline)

was 12%, 7% and about 1%, respectively. The authors suggested that the affinity of

Zn to the ligands present in these media was responsible for nanomaterial dissolu-

tion. The authors suggested that organic ligands in LB media and citrate in Minimal

Davis media were the reasons for high solubility of nano ZnO and the low solubility

of ZnO in PBS was due to the formation and immediate precipitation of Zn-

phosphate complexes. As these complexes were removed when nanoparticles and

dissolved ions were separated (using centrifugation combined with filtration, see

Sect. 9.4), the final dissolved amount of Zn in PBS was very low. Proteins and

organic substances have also been shown to increase the dissolution of

nanoparticles of ZnO, CdSe, iron oxides, aluminium oxides and oxyhydroxides as

well as CuO nanoparticles in earlier studies (Xia et al. 2008; K€akinen et al. 2011),

and also explained by the organic ligand-enhanced dissolution.

Ag ion dissolution is determined by several factors such as nanomaterial surface

functional groups (Liu et al. 2010), level of dissolved oxygen, temperature and
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presence of organics (Liu and Hurt 2010). Differently from Zn2+ ion, which is

relatively soluble, Ag+ easily forms complexes with most of the inorganic anions.

The pK values of Ag complexes with different inorganic ligands are 9.75 for

chloride, 4.9 for sulfate, 49 for sulfide, and 7.8 for hydroxide (Choi et al. 2008;

Gao et al. 2009). Thus, as suggested by Jin et al. (2010), even if Ag ions are

solubilized from nano-Ag material, there is a high possibility that these ions re-

precipitate forming insoluble complexes with inorganic ligands. Therefore,

nanomaterials in aqueous suspensions must be considered as a dynamic system

where the apparent speciation is controlled by the aquatic media pH, redox poten-

tial, and ionic composition as well as exposure to light.

As a final note, we would like to emphasize that in case of nanomaterials the

dissolution is also dependent on the agglomeration/aggregation state of the mate-

rial. Thus, in addition to controlling the dissolution as such, an environmental factor

also determines the dispersion state of the nanomaterial. For example, high salt

concentration that is known to decrease the electrical double layer (Nel et al. 2009)

and thus, cause nanomaterial aggregation, is perhaps acting also as a limitation for

dissolution process due to loss of surface area. pH of the medium close to the

nanomaterials isoelectric point also promotes nanoparticle aggregation but its effect

on dissolution depends on the speciation properties of the respective metal.

9.4 Currently Used Methods to Separate Dissolved Metal Ions

from Metal Containing Nano-Antimicrobials

As discussed above, there is much evidence available that suggests the importance

of dissolved metal ions in the toxicity of metal-containing nano-antimicrobials.

However, often the presented evidence does not allow the clear differentiation

between the roles of dissolved ions and ‘nano-specific’ effects in the observed

toxic properties. Thus, the experimental design is of utmost importance in mecha-

nistic studies of nano-antimicrobials and nanomaterials in general. The suggested

design would include the combination of measurement of dissolved metals by

analytical methods, including parallel experiments with a soluble metal salt, and

experiments with re-engineered materials to deliberately decrease or increase the

solubility of the nanomaterial. Measurement of dissolved metal ions is, however,

a key step in this experimental setup that requires a prior separation of nano-sized

non-dissolved materials and solubilized metal ions. It should be emphasized that

this task is not the most straightforward as the extremely small size of

nanomaterials may cause difficulty in separating particles from solubilized metal

ions and their potential complexes with organics present in the test media. Luckily,

in most aqueous test environments that contain salts (e.g., microbial media),

nanomaterials agglomerate heavily enabling their easier separation. However, the

presence of individual nano-sized particles in these agglomerated samples cannot

be ruled out and care should be taken when using any separation techniques.
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Selection of a method to be used for nanomaterial–dissolved ion separation

depends on the nature of the material. Usually, in cases of polymer/surface

immobilized nanomaterials, no special separation techniques have been used and

the presence of metals in overlaying water or media as analyzed by analytical

techniques has been used to judge the level of metal dissolution. In a study by Roe

et al. (2008), radioactive isotope 110mAg was used instead of common analytical

detection techniques to measure the fraction of solubilized metals from a nano-Ag-

containing polymer. Metal solubilization has also been analyzed based on their

characteristics to form certain complexes. For example, due to its nature to form

(visually opaque) chloride complexes, NaCl at 0.5 g/mL has been used to detect

solubilized Ag ions from Ag nanomaterials (Smetana et al. 2008). A similar

principle was applied by Rice et al. (2009) who used spectrophotometric measure-

ment of Cu chelated by oxalic acid bis(cyclohexylidene hydrazide) to quantify

solubilized Cu ions.

In this section, we introduce in detail some of the most commonly applied and

perhaps most appropriate techniques for separation of dissolved metal ions from

metal nanoparticles: centrifugation and filtration. We also discuss metal ion chela-
tion as a method to determine whether the observed toxicity of nanomaterials was

due to metal dissolution. In addition, we discuss some methods that may be used for

speciation analysis of the dissolved metals: assessment of labile and bioavailable
metal ions and models that may be used for metal speciation analysis.

9.4.1 Separation of Dissolved Metal Ions by Centrifugation

Centrifugal force leads to the sedimentation of particles while leaving the dissolved

ions in the solution which can then be detected using analytical techniques. When

selecting an appropriate condition for centrifugation, both the size and density of

the nanomaterials has to be taken into account. Kaegi et al. (2008) showed that

centrifugation at 330 g for 6 minutes is enough to sediment particles with size up to

1.8 mm if their density is 1.1 g/cm3, particles with size up to 410 nm if their density

is 2.7 g/cm3 and particles with size up to 300 nm if their density is 4.2 g/cm3. Two

hours of centrifugation at 2,700 g was enough to sediment particles of less than

130 nm with a density of 1.1 g/cm3, particles of less than 30 nm with a density of

2.7 g/cm3 and particles of less than 20 nm with a density of 4.2 g/cm3 (Kaegi et al.

2008). Thus, by simple centrifugation at low to moderate speeds, it is possible to

separate particles as small as 20 nm from the nanomaterial suspension. A relatively

low centrifugal speed was also used by Fasim et al. (2002) who isolated Zn

dissolved from ZnO nanomaterials by 20-min centrifugation at 2,000 g. However,

many studies have applied relatively high centrifugal speeds to ensure the sedimen-

tation and separation of nanomaterials. Dimkpa et al. (2011) used a higher speed

and longer duration of centrifugation (15,500 g for 30 min) for ion separation from

commercial CuO and ZnO nanomaterial suspensions. However, they calculated that

the actual time needed to sediment the nanoparticles at that speed was 5 min.
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Midander et al. (2009) and Wu et al. (2010) used centrifugation at 19,000 g

in combination with filtration (200 nm) to ensure the separation of Cu ions from

CuO nano-suspensions. Indeed, as centrifugation could be considered as proce-

durally difficult and a technique with relatively low resolution power for size

separation, the combination of this technique with other separation methods could

be suggested.

9.4.2 Separation of Dissolved Metal Ions by Filtration

Filtration of nanomaterial suspension through membranes with controlled pore size

is another method to separate metal-containing nanomaterials and solubilized ions.

By selecting a filter with an appropriate pore size, it is possible to control the size of

particles that pass the membrane or will be retained. There is a selection of filters

available ranging from micro-sized pores from 0.1 to 1 mm to ultrafiltration (pore

size around 0.01 mm) and nanofiltration (pore size around 0.001 mm). In addition to

pore size, the material used to fabricate the filter is of importance as contamination

or sorptive loss of the metals can become important at low (nanomolar)

concentrations (Handy et al. 2008).

Filtration procedures have been discussed in detail by Behnke (1983) and Buffle

et al. (1992). In most of the published reports on nanomaterial separation, filtration

through 0.2-mm (i.e. 200-nm) filters has been used. There are reports showing the

use of a 200-nm filter to separate nano CuO and Cu ions (Ruparelia et al. 2008; Wu

et al. 2009). Baek and An (2011) used 200-nm nylon material filter to separate

solubilized ions from ZnO, CuO, NiO and Sb2O3 nanomaterials in LB media

without prior centrifugation. Li et al. (2011) used combined centrifugation

(30 min at 10,000 g) and filtration through a 200-nm filter to separate solubilized

Zn ions from ZnO nanomaterials. Heinlaan et al. (2011) used filtration of CuO

suspensions through 100-nm polyethersulfone (PES) filters to separate solubilized

Cu ions from nanomaterials. Interestingly, these authors showed that when filtration

is applied as a single method to separate dissolved metal ions and nanomaterials,

a 100-nm pore size may not be small enough cutoff to eliminate the presence of all

nanomaterials. Indeed, they showed that, in the filtrates, a fraction of nanoparticles

below 100 nm was present. A 100-nm pore-size filter was also used to separate

dissolved Zn from ZnO nanomaterials by Li et al. (2010). These authors showed

that application of a 100-nm pore size produced a similar yield to centrifugation at

15,000 g or dialysis through a 3,000-Da membrane. A similar comparison was done

by Franklin et al. (2007) who showed that dialysis through a 1,000-Da cutoff filter

that should restrict the passage of nanomaterials well below nanometer size yielded

similar results to filtration of a nano-ZnO suspension through a 100-nm pore size

filter. Differential results showing either complete or incomplete separation of

nanomaterials from dissolved ions by using micro-sized filtration may be due to

the differential dispersion state of nanomaterials. If the particles aggregate to

>100 nm before filtration, the filter will certainly set a suitable limit to entrap the
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particles; however, in the case of smaller particles, the cutoff may not be small

enough.

Compared to macro-sized filtration, dialysis may provide a more complete

separation method for small nanoparticles. For example, the molecular weight

cutoff of 7,500 Da in dialysis membranes corresponds to 1-nm particles,

75,000 Da to 10-nm particles and 750,000 Da to 100-nm particles. Although

dialysis offers an accurate degree of separation for particles and solutes, this

procedure often involves scaling up of the test procedure and the dilution of the

sample. This may change the dissolution kinetics of the nanomaterial, and therefore

the results may deviate from the actual situation in the toxicity test. Thus, perhaps

a more accurate method for metal ion separation is centrifugal ultrafiltration where

the sample is centrifuged through a dialysis membrane. For example, Navarro

et al. (2008) used centrifugation of silver nanomaterials suspensions at 3,000 g

for 30 min through a 3,000-Da membrane and considered the filtered concentra-

tion of Ag as thesoluble fraction. Also, 3,000-Da centricon membranes were used

to separate dissolved Ag ions by Lok et al. (2007).

9.4.3 Qualitative Determination of the Presence of Dissolved
Metal Ions by Chelation

Chelation, i.e. complexation of free metal ions in suspensions of metal-containing

nanomaterials has also been used as a method to separate the effects of

nanomaterials and their dissolved metal ions. However, this method only offers

a qualitative proof for the presence of dissolved ions, as the addition of a chelating

agent either removes or does not remove the observed toxic effect of the

nanomaterial. Usually, a chelating compound is added to the nanomaterial suspen-

sion and its biological effects are evaluated in comparison with nanosuspensions

with no chelator added. If addition of a chelating compound removes or decreases

the observed adverse effects, the toxicity of the metal-containing nanomaterial may

at least be partially attributed to its solubility.

The most popular chelating compounds for metallic compounds are sulfur-

containing molecules that have been shown to efficiently bind metal ions. For

example, SH-groups in cysteine (Fig. 9.3) have been used to chelate Ag ions

from Ag nanomaterials. Indeed, the addition of cysteine abolished the toxic effects

a b
Fig. 9.3 Structure of cysteine
(a) and EDTA (b) molecules.
Sulfide group of cysteine

reacting with metal ions is

indicated, in the case of

EDTA metal ions form

coordinative bonds with

nitrogen and oxygen cluster
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of Ag nanomaterials to a green algae (Navarro et al. 2008). In another study,

the effect of inorganic ligands on Ag ion complexation was studied, and it was

shown that of the tested ligands, SO4
2�, S2�, Ci�, PO4

3� and EDTA (ethylenedia-

minetetraacetic acid), only S2� showed efficacy in decreasing nanosilver toxicity.

By adding a small aliquot of sulfide that was stochiometrically complexed with

nano-Ag, the nanosilver toxicity to nitrifying organisms was reduced by up to 80%

(Choi et al. 2009).

While in the case of Ag ions, sulfide anions were the most effective complexing

agents and EDTAdid not prove particularly efficient, Cu ions, including those liberated

from CuO nanomaterials, were effectively chelated by EDTA (Wu et al. 2009).

Actually, every metal may have its specific chelator (‘specific antidote’): for Cu,

a specific chelator is bathocuproine (1,10-dimethyl-4,7-diphenyl 1,10-phenanthroline

disulfonate) which has been used to specifically complex Cu ions from nano-CuO

(Dimkpa et al. 2011).

9.4.4 Speciation of Dissolved Metals by Detection of Free
and Labile Metal Ions

In addition to the determination of total dissolved fraction of metals from metal-

containing nanomaterials, the speciation of dissolved metal ions may be of interest.

This is important because not all (even soluble) metal complexes formed in aqueous

systems are equally toxic. The most reactive and toxic form of the metal is its free

ion. However, when some organic components or even inorganic phosphates are

present in the media, the amount of free ions usually markedly decreases and most of

the dissolved metal in the sample may exist in the form of different organic or

phosphate complexes. Knowledge about free and complexed metal species has been

considered very valuable in environmental risk assessment (International Council on

Mining and Metals 2007). However, as the nano-research is just in its infancy, and

there are serious issues connected with attempts to separate the total solubilized

fraction of metals, the sophisticated models and measurements necessary for gaining

information about metal speciation have not yet been fully applied in the nano-field.

The techniques to separate free and labile metal ions were established for metal

speciation in environmental samples such as soils and sediments decades ago

(Pesavento et al. 2009). Due to the fact that environmental samples usually contain a

range of colloidal or nanosized particles, these samples may be relatively similar to

nanomaterial suspensions (Ivask et al. 2010) and thus, the techniques for free and labile

metal ion detection may also be applicable in case of metal-containing nanomaterials.

Broadly, the techniques used to separate the free and labile metal ions may be

categorized into electrochemical methods such as voltammetric techniques

detecting the current from free/labile metals on the surface of an electrode, and

non-electrochemical methods based on ion exchange, complexing resins or micro-
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extraction. The working principles of some of these methods, stripping voltammetry,

diffusive gradients in thin films (DGT) and ion selective electrode (ISE), are shown in

Fig. 9.4. As stated earlier, the application of these techniques has not yet been

established for nanomaterial suspensions, which may be due to the relatively sophis-

ticated experimental design or low sensitivity of some of the methods. For example,

Ag/AgCl 
filled 
electrode

Internal 
electrolyte

membrane
ion selective 
electrode

reference 
electrode

liquid junction

current

a b

c

Fig. 9.4 Metal speciation techniques commonly used for metal speciation in environmental
studies. (a) Stripping voltammetry is based on binding of the free/labile metals on the working

electrode (usually a mercury film/drop) during a deposition step and a following oxidation of the

deposited metals during a stripping step. The potential at which the stripping occurs indicates the

nature and concentration of the analyte. (b) DGT technique based on passive sampling of free/

labile metal species by a device incorporating hydrogel and a metal-binding resin, e.g., Chelex. As

the resin is selective for free or weakly complexed metal species, analysis of passed metal

concentrations provides a proxy for the labile fraction of metals in solution (Reprinted from

Pesavento et al. 2009. With permission from Elsevier). (c) Ion-selective electrode is based on

the measurement of the potential generated across a metal-specific membrane. The difference in

potential of ion selective electrode and reference electrode upon immersing into a sample indicates

the passage of charged metal ions through the membrane. Differently from stripping voltammetry

and DGT that detect free and labile metal forms, ISEs are capable of detecting only free metal ions
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the detection limits for ISEs fall usually between 10�6–10�8 M that may not be

enough for low-concentration samples (Pesavento et al. 2009).

There are a few papers reporting on the application of voltammetric methods or

micro-extraction methods such as stripping voltammetry, DGT and ISE in the separa-

tion of solubilized metal ions from metal-containing nanomaterials. Navarro et al.

(2008) used both, ISE and DGT to separate Ag ions from Ag nanoparticles. These

authors showed that the results from these two different techniques were comparable

and agreed with the results obtained by membrane dialysis of the samples, all

indicating that 1% of Ag dissolved from 0.006 mg/mLAg nanomaterial was in soluble

form. Choi et al. (2008) used Ag ISE to separate dissolved and immobilized nano Ag

when they synthesized Ag nanomaterials and colloids by AgNO3 reduction. Stripping

voltammetry was used for the specific quantification of Ag ions released from Ag

nanomaterials byMorones et al. (2005). These authors found a relatively low concen-

tration of silver solubilized from nano-Ag suspension with the maximum being less

than 0.5 mg/mL. K€akinen et al. (2011) used Cu-ISE and bacterial Cu-biosensor in

parallel, to study the speciation of Cu in suspensions of CuO nanoparticles. They

showed that the speciation of nano-CuO in toxicological test systems was not only

determined by the complexation of Cu ions but also by differential dissolution of

nano-CuO in different test conditions leading to a new speciation equilibrium.

In addition to separation of free and labile metal ions by electrochemical

techniques and semipermeable membranes or hydrogels, there are specific

chemicals available that bind certain free ions. For example, quantification of Cu

ions released from CuO was quantified by Cu ion binding to bathocuproine

disulfate (Dimkpa et al. 2011). This chemical, a derivative of 1,10-phenantroline,

may be successfully used to bind and colorimetrically detect Cu(I) between 0.1

and 10 mg/mL as it forms a red complex at physiological pH.

9.4.5 Models Used for Speciation of Dissolved Metals

As mentioned above, speciation of metals is an important factor in their apparent

toxicity, but the respective models/calculations are not often used in nano-safety

research. In previous paragraphs, we discussed some of the practical approaches

that could be used to study the speciation of dissolved metal-containing

nanomaterials. Here, we discuss some of the most promising speciation models.

As in the case of speciation techniques, the speciation models have been primarily

developed for environmental risk assessment (International Council on Mining and

Metals 2007). These models are based on the equilibrium between the stability of

free metal ions and of complexes that may be formed between the metal ion and the

potential ligands in the study environment. The most widely used speciation models

in environmental studies are WHAM (Windermere Humic Aqueous Model) (http://

windermere.ceh.ac.uk/Aquatic_Processes/wham/) that allow the modeling of the

aqueous interactions between metal ions and humic substances, and Visual Minteq

(http://www2.lwr.kth.se/English/OurSoftware/vminteq/) that allows the modeling
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of the aqueous interactions between metal ions and selected inorganic and organic

ligands. No widely used speciation model is currently available for soils; for

sediments, the SEM-AVS (Simultaneously Extracted Metal–Acid Volatile

Sulfides) concept (Allen et al. 1991) has been used. Perhaps the most straightfor-

ward of these models is Visual Minteq. Indeed, a recent paper by Li et al. (2011)

has applied this model to calculate the speciation of Zn that was dissolved from

ZnO nanoparticles. In this case, the authors determined the total dissolved amount

of Zn and then determined the speciation of this dissolved fraction in their test

media. The amount of main anions and cations as well as organic ligands (such

as citrate) were fed into the Visual Minteq model. Unfortunately, the results were

not compared with toxicological tests or alternative speciation tests.

9.4.6 Speciation of Dissolved Metals by Detection of Bioavailable
Metals Using Cellular Biosensors

As discussed above, formation of different metal complexes between the dissolved

metal ions released from metal-containing nanomaterials and test media

components may result in a decrease in toxicity due to the formation of non-

bioavailable complexes. To predict the bioavailable fraction of metals, models

like FIAM (Free Ion Activity Model) (Campbell 1995) and BLM (Biotic Ligand

Model) (Paquin et al. 2002) have been applied in environmental risk assessment

studies. These models take into account the chemical speciation as well as the

affinity of certain biological ligands (e.g., on the biological surface, such as fish

gills) that may facilitate the entrance of metal ions into the cells, to calculate the

bioavailable, i.e., potentially toxic, fraction of metals. These models are, however,

relatively sophisticated and have not so far been applied for nanomaterials.

There are very few tools available that allow the direct measurement of bio-

available metals. Here, we describe a novel approach involving recombinant metal-

specific microbial sensors that has been used by Heinlaan et al. (2008), Kasemets

et al. (2009), Aruoja et al. (2009) and Ivask et al. (2010) to quantify the bioavailable

fraction of metals from metal-containing nanomaterials (including Ag, ZnO and

CuO discussed in this chapter). This approach can be used as an analytical tool, and

pre-separation of the particles from the solubilized fraction is not obligatory. As this

methodology is relatively new, the methodological nuances of the approach will be

discussed here. The analytical basis of this method is cellular biosensors that are

recombinant microbes responding specifically towards certain heavy metals by

increased bioluminescence. The bioluminescent response is induced, however,

only if the particular heavy metal crosses the cell biological envelopes and enters

the cytoplasmic space, that is if the metal is accessible or bioavailable to the

sensing system. Mostly, the sensors are based on bacteria (Ivask et al. 2009) but

also on yeast cells (Leskinen et al. 2003). These recombinant constructs contain

genetic elements in which a metal-binding transcriptional regulator and its

regulated promoter originating from microbial precisely regulated resistance

9 Metal-Containing Nano-Antimicrobials 281



systems towards heavy metals, are fused to bioluminescence-encoding (lucFF or

luxCDABE) genes (Fig. 9.5).
Recombinant microbial heavy metal sensors have been developed for Cd, Pb, Hg,

Cr, Ni, Co, Zn, Cu and As (for review, see Daunert et al. 2000) and have been widely

used for heavy metal speciation studies in environmental analysis (Ivask et al. 2004,

2007, 2010; Kahru et al. 2005) offering a unique possibility for the quantification of

bioavailable concentrations of target metals in complex environmental samples. The

analysis scheme that can be used to evaluate the impact of solubilization of metals

frommetal-containing nanoparticles by recombinant metal-specific microbial sensors

was first shown by Heinlaan et al. (2008). Since then, the methodology has been

successfully used to demonstrate the toxic effect of solubilized Zn (using Zn-sensing

bacteria) and Cu (using Cu-sensing bacteria and yeast) from nanoparticles of ZnO

and CuO, respectively, towards algae (Aruoja et al. 2009), crustaceans and bacteria

(Heinlaan et al. 2008; Ivask et al. 2010), protozoa (Mortimer et al. 2010) and yeast

(Kasemets et al. 2009). Heinlaan et al. (2011) and O. Bondarenko et al. (unpublished

data, 2011) have shown that solubilized Cu determined from nano-.CuO suspensions

by these cellular Cu biosensors and filtration combined with analytical detection

methods (AAS) were in good agreement (R2 ¼ 0.88). However, as a rule, the AAS

values on dissolution of nano-CuO exceeded the values obtained by Cu-sensor

bacteria. The difference could be explained by the fact that, after filtering the

nanosuspensions through 100-nm pore-size filters the filtrate contained (<100 nm)

CuO nanoparticles that did not induce the bioluminescence of Cu-sensor bacteria but

were quantified during AAS analysis. Thus, these results indicate that, due to the

complexity of separation of nanoparticles from the dissolved copper, the biosensors

PR

MXNP Mn++X

Mn+ Bioluminescence genes

Bioluminescence

Concentration of Mn+

B
io

lu
m

in
es

ce
nc

e 
lig

ht

Mn++X MXNP

MXNP

a b

Fig. 9.5 Working mechanism of a cellular metal ion biosensor. (a) Metal ions (Mn+), released

from metal-containing nanomaterials extracellularly or by intracellular dissolution bind a protein

functioning as a transcriptional regulator (R). Regulator R binds a promoter (P), which is fused

with bioluminescence encoding genes allowing the expression of the latter. The transcriptional

regulator binds only certain metal ions and, thus, results in metal-specific expression of biolumi-

nescence-encoding genes and resulting bioluminescence production. (b) With increasing metal ion

concentration, the bioluminescence increases until the metal-binding transcriptional regulator is

saturated (stable high bioluminescence is achieved) and/or a toxic concentration for the cell

(bioluminescence decreasing) is reached. As only intracellular metal ions result in increased

bioluminescence, this system may be detecting only bioavailable metals
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seem to be even more relevant tools for the analysis of Cu ions than chemical

methods to distinguish dissolved metal ions and insoluble (nano)materials.

9.5 Final Comments

In this chapter, we have discussed the potential mechanisms of toxicity of metal-

containing nanomaterials keeping the main emphasis on their dissolution. Although

dissolution of metal ions may be among the most important factors determining the

toxicity of discussed nano-antimicrobials Ag, ZnO and Cu/CuO, their actual toxic

outcome is certainly influenced by other physical/chemical properties of the

nanomaterial: size, shape, surface characteristics and reactivity, photochemistry,

etc. Figure 9.6 represents the summary of all potential factors leading to the toxic

and antimicrobial effects of metallic nanomaterials that could be derived from the

current literature. Due to the complexity of the process and inter-dependence of

different physical and chemical properties in orchestrating the resultant reactivity

and potency of nanomaterials, it is a daunting task to identify the contribution from

Fig. 9.6 Properties of metal/metal oxide nanomaterials responsible for their toxic and
antibacterial activities. Lower left corner: dissolution of metal ions (M+) from metal-containing

nanomaterials. This process can take pace either extra- or intracellularly. Upper right corner:
‘nano-specific’ properties such as crystal defects, surface reactivity that lead to reactive free

radical formation resulting in lipid peroxidation and protein deformation. Upper left corner:
activation of nanomaterials by external agents such as UV illumination resulting in reactive

oxygen species formation and their following reactions with biological molecules
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each individual factor separately. Unveiling the functional relationship between

physical/chemical properties of nanomaterials and toxicity may require the use of

specifically designed nanomaterial libraries. Often this level of sophistication

demands inter-disciplinary expertise wherein the key steps for establishing func-

tional relationship between material property and toxicity are (1) synthesis and

characterization of a library of nanomaterials with systematic variation in a critical

nanoscale parameter, (2) identification of an appropriate toxicity endpoint in the

target biological system, and (3) correlation of the toxicity data to the systematically

varied physical/chemical parameter. We believe that only intelligent experimental

planning including parallel testing of soluble metal forms and nanomaterials, mea-

surement of dissolved metals by analytical methods, decreasing of dissolution rates

e.g., by doping, would lead to meaningful information about dissolution as a

separate factor in metallic nanomaterials toxicity. Unfortunately, even if all these

possible controls are taken into account, some effects may remain unexplained. This

may be due to e.g., locally increased dissolution and aggregation/disaggregation of

nanomaterials, taking place in cellular-processes that are difficult if not impossible

to measure by conventional experimental methods. Bearing this in mind, all the

studies discussed in this chapter have a certain degree of simplification, but each of

them provides a piece of information useful in assembling an integral picture about

the behavior of metal-containing nanomaterials in biological systems.
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Chapter 10

Electrosynthesis and Characterisation

of Antimicrobial Modified Protein

Nanoaggregates

Catherine Debiemme-Chouvy

10.1 Introduction

To fight against biofouling, the best way is to avoid the first step of its formation

which consists of macromolecule adsorption or microfouling. Adsorption can be

avoided or at least limited by modifying surface properties. Microfouling can be

hampered through the action of a biocide. To achieve this goal, different strategies

have been considered [1]. One is based on the release of a biocide from a coating.

The oldest example is that of tri-butyl tin (TBT) mixed with marine paints.

However, it is presently prohibited because of its high toxicity leading to environ-

mental damage. Today, TBT is mainly replaced by some metal cations such as Cu2+

and Ag+. These cations are produced by simple release of nanoparticles (see

Chap. 9, for example) or by anodic dissolution of the corresponding metal.

In addition, for water disinfection, biocides such as chlorine or bromine are used in

inorganic form: hypochlorous acid (HOCl), monochloramine (NH2Cl), hypobromous

acid (HOBr) [2]. For these species, halide atoms are in the oxidation state +I, i.e. in an

oxidizing form. In organic compounds, chloramine or bromamine groups (>N-X; X
being Cl or Br) also retains the oxidizing properties of halide atoms, and therefore

these compounds have biocidal properties. Thus, in the 1980s, the study of low

molecular weight organic molecules containing chloramine or bromamine functions

(N-halamine) for water disinfection was developed [3, 4]. Some examples of such

molecules are depicted in Fig. 10.1. Notice that an N-halamine compound can be

defined as a species containing one or more nitrogen–halogen covalent bonds that is

normally formed by the halogenation of imide, amide, or amine groups. Actually,

nitrogen–halogen covalent bonds in organic compounds are in general named
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P. et M. Curie, Paris, France

e-mail: catherine.debiemme-chouvy@upmc.fr

N. Cioffi and M. Rai (eds.), Nano-Antimicrobials,
DOI 10.1007/978-3-642-24428-5_10, # Springer-Verlag Berlin Heidelberg 2012

291

mailto:catherine.debiemme-chouvy@upmc.fr


haloamine (chloramine, bromamine) by biologists and N-halamine by physico-

chemists.

The small halogenated organic molecules (Fig. 10.1) which are soluble in water

suffer from some disadvantages such as toxicity to the environment and short-term

antimicrobial ability [5]. To overcome these problems, antimicrobial functional

groups should be immobilized into insoluble molecules. This has been behind the

origin of the development of organic polymers containing N-halaminemoieties [6, 7].

Some examples of N-halamine polystyrene polymers are depicted in Fig. 10.2. In fact,

several methods of achieving antimicrobial N-halamine organic polymers have been

developed.One is the grafting of the biocidal function to themonomer.Anotherway is

to add the antimicrobial function to the polymer after its synthesis. Themodification of

a natural polymer such as chitin (second-most abundant biopolymer in nature)

modified by deacetylation leading to chitosan has also been developed. Indeed, if

the organic polymer contains amine, amide or imine groups, it can be rendered

biocidal by exposure to dilute bleach [8]. For example, upon chlorine bleach treatment

O

O O O
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Br

Br Br

Br

Cl

Cl

Cl Cl

Cl

Cl

ClCl

N

N

N N

N N N

NN
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Fig. 10.1 Structures of some organic N-halamines tested as compounds for water disinfectant

(Adapted from [4])

Fig. 10.2 Structures of some biocidal N-halamine polystyrene polymers (Adapted from [6])
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some amino groups in chitosan can be transformed into N-halamine structures [9]; the

reaction scheme is shown in Fig. 10.3.

Notice that the polymer could be cyclic, as shown in Fig. 10.2, or acyclic

N-halamine compounds [10–14]. It has been shown that N-halamine polymers

have excellent biocidal functions against a wide range of microorganisms including

bacteria, viruses, fungi, and spores. Therefore, these antimicrobial polymers are

attractive candidates for many applications such as water treatment, biocidal

functional modifications of textiles or paints, and polymeric materials [15–23].

Another original way to obtain organic coatings having antibacterial properties

is to modify protein with chlorine and/or bromine and to use the protein as a

monomer. It is the aim of this chapter to present this new route to designing surfaces

having biocidal properties.

The process is based on local electro-generation of hypochlorous acid and/or

hypobromous acid by oxidation of chloride and/or bromide ions which react with

natural organic compounds: proteins (bovine serum albumin, BSA) present in the

medium. The first condition to implement this process is the adsorption of the

proteins used on the material. The second one is the anodic oxidation of chloride

and/or bromide ions at the material surface (conductive material). Both conditions

are notably satisfied for Sb-doped SnO2 films [24]. Indeed, this transparent and

conductive film (generally deposited on glass) allows chloride and bromide oxida-

tion leading to hypochlorous and hypobromous acid [25, 26]:

2X� ! X2 þ 2 e� (10.1)

in water, Cl2 and Br2 disproportionate into HOCl (at pH > 2.5) and HOBr

(at pH > 5.7):

X2 þ H2O ! HOX þ X� þ Hþ (10.2)

Therefore, in the first part of this chapter, the way to obtain nanoclusters of

modified proteins by electrogenerated hypochlorous and/or hypobromous acid in

the presence of bovine serum albumin (BSA) is described. Then, the chemical

characterization of these aggregates is presented and the reaction mechanism which

leads to their formation is discussed. Finally, the capability of these nano-

aggregates to prevent surface colonization by bacteria (Escherichia coli) is shown.

Fig. 10.3 Synthesis of N-halamine-based chitosan
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10.2 Electrogeneration of N-Halamine-Based Protein

Nanoclusters

First of all, the protein used to form the aggregates has to absorb on the surface to be

protected against biofilm. To verify this point, the quartz crystal microbalance

(QCM) is a powerful means since it allows one to follow the mass of the material

deposited on the quartz. On SnO2 film deposited on quartz, it has been shown that

after addition of BSA in the medium the mass of the SnO2 film slightly increases;

this increase was attributed to protein adsorption (Fig. 10.4) [27]. If the BSA

tertiary structure (three-dimensional structure) is preserved, the mass of the equiv-

alent of one BSA monolayer is between 0.2 and 0.7 mg cm�2 depending on the

orientation of the macromolecules on the surface [28]. Since in the presence of

BSA, at open circuit potential (no applied potential), the SnO2 mass increase is of

0.4 � 0.1 mg cm�2, it has been concluded that the equivalent of one monolayer of

BSA adsorbs on it. Actually, it has been shown that, on hydrophilic surfaces, BSA

adsorbs in a two-step process [29] and that the deposited layer prevents further

protein adsorption. This is in good agreement with the fact that the as-prepared

SnO2 surface is hydrophilic [30].

In addition, if BSA and chloride and/or bromide ions are present in the medium,

under anodic polarization, i.e. when halide anions are oxidized (reactions (10.1) and

(10.2)), the mass of the SnO2 film progressively increases (Fig. 10.4; t > 600 s). This

increase which depends on the polarization time, could be very high indicating that an

important and continuous deposit is formed onto the SnO2 film [27]. This finding has

been verified by SEM observations. The SEM images reported in Fig. 10.5 show that,

after an anodic polarization at 1.5V/SCE for 2 h in the presence of chlorides and BSA,

nanoclusters are present on the SnO2 surface (Fig. 10.5c, d) [31]. The same results,
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i.e. formation of nano-aggregates, have been obtained using BSA-containing NaBr

solution or seawater [32]. In seawater, the concentrations of chloride and bromide

ions are 0.55 and 8 10�4 M, respectively. These anions are both oxidized at a SnO2

electrode polarized at 1.5V/SCE; therefore, at this potential, HOCl and HOBr species

are produced.

Moreover, it has been observed that if BSA molecules are present in the

electrolyte but not halide ions, the anodic current at 1.5V/SCE is lower (due to

water oxidation) and the mass of the SnO2 electrode does not increase. Finally, if

halide ions are present in the solution but there is no BSA, no deposit is formed on

the electrode when it is anodically polarized, i.e. when the halide ions are oxidized.

Therefore, the mass increase of the SnO2 electrode is due to the presence of BSA

and to the electrogeneration of hypohalous acid (HOCl and/or HOBr).

10.3 Chemical Characterization of the Deposit (EDX, XPS,

TNB Reagent): N-Halamine Evidence

After an anodic polarization in the presence of halide ions and BSA, an important

deposit is present on the SnO2 film. The chemical nature of this deposit was

determined by energy dispersive X-ray spectroscopy (EDX). Figure 10.6 shows the

spectra recorded for various SnO2 samples. One without treatment (a, as-deposited

Fig. 10.5 SEM images obtained from SnO2 samples (a, b) as-deposited (c, d) after polarization at

1.5V/SCE for 2 h in 0.5-M NaCl solution containing 1 mg mL�1 BSA (From [31]. With

permission of Elsevier)
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SnO2 film), one after contact with a BSA solution at open circuit potential, i.e.

without applied potential (b) and two after polarization in BSA-containing NaCl

solution (c) or seawater (d). Taking into account spectra (c) and (d), the main features

are the large intensity of the carbon peak (at 0.25 keV), the presence of sulfur (at

2.3 keV), obviously these elements are due to proteins, and finally the presence of

chlorine (at 2.6 keV); in the case of seawater, the contribution of bromine (at 1.5 keV)

was also detected (spectrum d). Moreover, the decrease of the intensity of the tin

signals (in comparison with spectra a and b) confirms that the SnO2 film is covered

with a thick organic deposit: BSA molecules modified with Cl and/or Br.

The environment and the oxidation state of the elements present in the

nanoclusters formed during oxidation of halide ions (chloride and/or bromide) in

the presence of BSA have been determined using X-ray photoelectron spectroscopy

(XPS) which is a surface analysis technique (thickness analyzed: less than 10 nm).

For the SnO2 films anodized in BSA-containing NaCl solution or seawater, the

photopeaks of C, N, O, and S were detected on the survey spectrum [27, 31].

Obviously these elements are characteristic of the BSA molecules. The photopeaks

due to Cl (Br) atoms were also present on the survey spectrum. For most of the
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Fig. 10.6 EDX spectra obtained from SnO2 sample (a) as-deposited, (b) after 54 h at open circuit

potential, (c) and (d) after polarization at 1.5V/SCE for 2 h, in (b, c) 0.5-MNaCl solution containing

1 mg mL�1 BSA, (d) seawater containing 1 mg mL�1 BSA (Adapted from [27] and [32])
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elements detected by XPS (all expected H and He), the high-resolution spectrum

allows one to determine their oxidation state; it is notably the case for C, S, Cl and

Br elements.

For the C1s signal, it has been shown that the shapes of the photopeak obtained

on one hand for the BSA powder and on the other hand for the deposit formed

during electro-oxidation of halide ions in the presence of BSA are the same [27].

This finding is important because it implies that the primary structure of the protein

(amino acid sequence) is preserved in the aggregates.

For the SnO2 film at which halide ions (Cl� and/or Br�) were oxidized in the

presence of BSA, the organic deposit contains sulfur. The S2p peak was well fitted

with two pairs of doublet (Fig. 10.7, spectrum C). The contribution at the lower

binding energy (163.7 eV) which is also observed for BSA powder (spectrum A)

and for SnO2 film after contact with a BSA-containing solution (substrate coated

with a BSA monolayer, spectrum B) is due to S(�II) (amino acid: cysteine and

methionine, structures are depicted in Fig. 10.8) or S(�I) (cystine). The same

values were reported for unbound alkanethiols and dialkyl disulfides i.e. 163 and

164 eV [36, 37]. Taking into account the S2p peak, the main finding is that for the
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BSA + 0.5MNaCl solution (b) at open circuit potential for 2 h, (c) under polarization at 1.5V/SCE

for 2 h.RightCl2pXPS spectrum (top) of a SnO2 film after polarization at 1.5V/SCE for 2 h in 1mg/
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electrochemically treated SnO2 film a second contribution around 168 eV was

observed. It was ascribed to sulfur oxidized at oxidation state +6, i.e.�SO2- groups

present in the organic matter. This means that a part of the sulfur-containing amino

acids of the BSA molecules have been oxidized during the anodic polarization of

SnO2. The S2p3/2 contribution of SO2-N group has also been reported to be located

at 168.6 eV [38].

For the SnO2 films at which the oxidation of chloride ions has been performed in

the presence of BSA, a Cl2p photopeak is detected. The deconvolution of this peak

yields components for the Cl2p3/2 level at 200.6 and 197.8 eV (see Fig. 10.7). These

contributions have been ascribed to sulfonyl chloride groups (�SO2–Cl) and to

chloramine groups (>N–Cl), respectively [31]. This assignment has been verified:

a SnO2 film anodically polarized in BSA-containing NaCl solution was soaked in a

0.1 M methionine solution for 4 h since it is well known that methionine reacts with

the chloramines according to [34], and [39]

n
k2 (HOCl)
k2 (HOBr)

k2 (HOCl)
k2 (HOBr)

Methionine (Met)  
4    

Cysteine (Cys)  
1

3.2 107 M-1 s-14 107 M-1 s-1

3.6 106 M-1 s-1

105 M-1 s-1 104 M-1 s-1 26 M-1 s-1

3 106 M-1 s-1 3.7 106 M-1 s-1
8 103 M-1 s-1

1.8 103 M-1 s-12.9 105 M-1 s-1

1.2 107 M-1 s-1
1.6 105 M-1 s-1

7.2 105 M-1 s-1

cystine  
17

Residue
n

Histidine (His)
17

Tryptophan (Trp) 
2

Lysine (Lys) 
59

Arginine (Arg)  
23 

  

Fig. 10.8 Structure of some amino acids, number of residues (n) in BSA [33] and second-order

rate constant (k2) for the reaction of HOCl and HOBr with amino acid side chain (framed in red)
obtained from [34] and [35], respectively
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>N� Clþ HO2CCHðNH2ÞCH2CH2SCH3 þ H2O

! >N�Hþ HO2CCHðNH2ÞCH2CH2SðOÞCH3 þ Cl� þ Hþ (10.3)

Effectively, after this treatment, the intensity of the photopeak located at

197.8 eV is nearly null [31]. Therefore, the chlorine atoms for which the binding

energy of the 2p3/2 electrons is 197.8 eV are really implied in the chloramine

group.

For the SnO2 films anodically polarized in BSA-containing 0.5 M NaBr solution

or seawater, photopeaks due to bromine (Br3d and Br3p levels) were also detected

on the survey spectrum [30]. As for the Cl2p peak, the peaks due to Br were fitted

with two contributions, the one at the lower binding energy being ascribed to

bromamine and the other one to sulfonyl bromide groups (Fig. 10.7).

The presence of the chloramine and/or bromamine groups in the organic

aggregates formed during oxidation of chloride and/or bromide ions in the presence

of BSA was also confirmed using a chemical reagent. It was shown by reaction with

5-thio-2-nitrobenzoic acid (TNB), by measuring the bleaching of a TNB solution,

at 412 nm (ɛ412 ¼ 14,100 M�1 cm�1) [40].

The yellow-colored TNB reacts with chloramines and bromamines (>N-X, X
being Cl or Br) to regenerate colorless 5,50-dithiobis(2-nitrobenzoic acid) (DTNB),
according to the reaction:

R� HN� X þ 2TNB ! R� NH2 þ DTNBþ X� þ Hþ (10.4)

For this aim, the SnO2 film electrochemical treated in BSA-containing 0.5 M

NaCl/NaBr solution or seawater was soaked in a TNB solution. After polarization,

the SnO2 electrode was rinsed with water and then dipped into the yellow TNB

solution. It was observed that immediately the solution began to bleach. The same

sample was soaked successively for 30 s, 2 and 5 min in a TNB solution. After

5 min of immersion, the TNB solution has become totally bleached. The same

observations were done for SnO2 films anodically polarized in BSA-containing

0.5 M NaBr solution, when the TNB solution bleached [32]. To confirm the

specificity of the electrochemically treated SnO2 surface, the same experiments

were conducted on the one hand with an as-deposited SnO2 film and on the other

hand by adding BSA powder in the TNB solution. In both cases the TNB solution

did not bleach and the solution absorbance remained unchanged [27].

Finally, both methods were coupled (treatment with methionine and TNB

reagent) to confirm that the TNB solution bleaching is really due to the presence

of chloramine (bromamine) groups in the organic nanoclusters. Before immersion

in the TBN solution, a SnO2 film coated with the organic deposit formed during

halide ion oxidation in the presence of BSA was dipped into a 0.1 M methionine

solution. After the methionine treatment, the sample was soaked in the TNB

solution, its absorbance only slightly decreased (Fig. 10.9, sample C, red spectra).

Whereas for other coated film the TNB solution absorbance at 412 nm has

decreased (Fig. 10.9, sample B, blue lines). Therefore, chloramine (bromamine)
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groups are really present in the organic deposit formed during oxidation of chloride

(bromide) ions in the presence of BSA. Thus, it is an effective method to immobi-

lize on a surface such oxidizing functions (N-halamine).

Notice that in general for the N-halamine polymers, the active chlorine (Cl(+I))

content of polymer is determined by iodometric titration [41]. First, iodide ions

reduce the chlorine atoms leading to the release of iodine which is then titrated with

thiosulfate:

>N� Clþ 2 I� þ Hþ ! >N� Hþ I2 þ Cl� (10.5)

I2 þ 2 S2O
2�
3 ! 2 I� þ S4O

2�
6 (10.6)

10.4 Mechanism of N-Halamine and Nanocluster Formation

Obviously, during the oxidation of halide ions in the presence of BSA, two

processes take place: (1) formation of N-halamine groups and (2) protein

aggregation.
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Fig. 10.9 Chemical characterization of chloramines. Left SnO2 films and optical images of

cuvettes (1 cm) containing the TNB solution. (a) Unmodified TNB solution. Top before immersion

of the SnO2 films coated with a very large organic deposit. Bottom sample (b) after a 3-h immersion

of the SnO2 films polarized at 1.5V/SCE in 0.5 M NaCl solution containing 1 mg/mL BSA; sample

(c) as sample (b) but before immersion the SnO2 film was dipped for 4 h in 0.1 M methionine

solution. Right optical absorbance spectra of TNB solutions (cuvette length: 0.2 cm). Black lines
reference (a); blue and red lines correspond to samples (b) and (c), respectively. Full and dotted
lines spectra recorded after 30min and 3 h, respectively, of immersion of the SnO2 films (From [27].

With permission of ACS)
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Since by XPS analysis, the C1s peak obtained from the nanostructured deposit is

identical to the one obtain from the BSA powder, it has been concluded that the

protein primary structure is conserved into the cross-linking [31]. Thus, chlorina-

tion and/or bromination of the BSA occurs on the amino acid side chains.

In addition, to discuss the mechanism, it should be underlined that many studies

of the reactions occurring between proteins and HOCl or HOBr have been

conducted by biologists, since these hypohalous acids which are generated by the

human immune system are implicated in the development of some human inflam-

matory diseases [42–44]. It has been shown that these acids notably react with

proteins [44, 45]. Second-order rate constants for the reaction of HOCl or HOBr

with protein side chains have been estimated [35, 37], some values are reported in

Fig. 10.8. From these values and from Fig. 10.10 which shows the proportion of

HOCl reacting with each amino acid residue (Fig. 10.10a) and the percentage of

each residue remaining in function of the ratio HOCl/HSA (Fig. 10.10b), it is

obvious that the HOCl reactivity for protein residues is Met > Cys >> cystine >
His > R-amino > Trp > Lys >> Tyr > Arg > backbone amides.

Therefore, the chemical modification of the SnO2 surface during halide ion

oxidation (reactions (10.1) and (10.2)) is due to the reaction of hypohalous acid

with the protein side chains. Actually, during the process, two types of reaction

occur: oxidation of sulfur atoms and substitution of H of some amine/imine/amide

functions. The oxidation and the halogenation of the protein side-chain take place

according to the following reactions [43, 46, 47]:

Cystein side chain oxidation :

R� SHþ 3HOX ! R� SO2 � X þ 2X� þ 2Hþ þ H2O (10.7)

Cystine oxidation :

R� S� S� R’þ 5HOX ! R� SO2 � X þ R’� SO2 � X þ 3X�

þ 3Hþ þ H2O

(10.8)

Fig. 10.10 Predicted reactivity of various molar excesses of HOCl with human serum albumin

(HSA) using constants reported in Fig. 10.8 showing (a) the proportion of HOCl reactivity at each

amino acid residue and (b) the percentage of each residue remaining. �SS- cystine, Term terminal

amino group, Back backbone amides (From [34]. With permission of ACS)
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H substituion, N - halamine formation:

R� NH2 þ HOX ! R� NHXþ H2O
(10.9)

Reactions (10.7) and (10.8) yield sulfonyl chloride/bromide groups. These

groups are at the origin of the protein aggregation (polymerisation). Indeed, protein

aggregation has been explained by intermolecular sulphonamide formation from

oxidized thiol (sulfonyl halide) and amine group of proteins [48–50]:

R� SO2 � X þ NH2 � R’ ! R� SO2 � NH � R’þ X� þ Hþ (10.10)

Reaction pathways including this reaction have been proposed by Fu et al. [50].

They are shown in Fig. 10.11.

10.5 Antibacterial Properties

The antibacterial properties of the chlorinated/brominated protein aggregates has

been confirmed by testing the adhesion and growth of bacteria on these surfaces.

Figure 10.12 shows SEM images obtained after incubation of various samples in the

Fig. 10.11 Proposed reaction pathways for thiol oxidation byHOCl and S-N cross-linking (From [50].

With permission of ACS)
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presence of bacteria (Escherichia coli). For the reference substrate (Thermanox)

and SnO2 samples held at open circuit potential in the presence of BSA (surface

coated with a monolayer of BSA, see Part 1), many bacteria are present on the

sample surface (images a–c), whereas on the SnO2 surfaces anodically polarized in

the presence of BSA and chlorides, only a few bacteria were detected [31, 51]. All

the images shown in Fig. 10.12 are corroborated with the average data reported in

a

b c

d e

Fig. 10.12 SEM images after 17 h at 37�C in contact with 5 107 Escherichia coli/mL of

(a) Thermanox (reference substrate), (b–e) treated SnO2. (b, c) At open circuit potential for

54 h. (d, e) Polarized for 2 h in 0.5 M NaCl + BSA solution. BSA concentration: (b, d) 0.5 mg/

mL, (c, e) 1 mg/mL. (d, e) White circles are aids for visualization of bacteria (From [51]. With

permission of Elsevier)
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Fig. 10.13. Clearly, after electrochemical pre-treatment in the presence of BSA and

chlorides, the bacterial density on the SnO2 surface is very low. The number of

bacteria on reference surfaces (Thermanox and SnO2 held at open circuit potential)

is much higher than on the electrochemically pre-treated ones.

These findings were confirmed by fluorescence microscopy performed after

incubation of the substrates in the presence of bacteria. In Fig. 10.14, the fluores-

cence is very low for two specimens (images b and f). Both have been anodically

polarized in the presence of halide ions and BSA before contact with the bacteria

suspension.

Similar antibacterial activity has been demonstrated for many chlorinated

organic polymers or compounds immobilized onto fibrous materials: for example,

for chloromelamine-based cellulosic fibrous material (cotton) [53] or for some

other textiles such as nylon or polyester fibers [11, 54]. Antimicrobial properties

have also been indicated for paints resulting from addition of polymeric

N-halamine latex emulsions into commercial water-based latex paints [22]. Obvi-

ously, in all cases, the antibacterial efficacy is due to the oxidizing properties of

chlorine atoms which are at the oxidation state +I. Finally, it is interesting to note

that the mode of action of the N-halamine polymers is described by some

researchers as direct transfer of oxidative halogen (Cl(+I) or Br(+I)) from the

haloamine groups to the cell wall of the microorganism by direct contact followed

by oxidation, rather than dissociation of Cl(+I) or Br(+I) into water followed by

diffusion over to a microorganism [21, 55–57], whereas for other researchers both

processes take place [22, 53, 58]. In all cases, it is obvious that the process

consumes chlorines or bromines. However, the consumed chlorines/bromines can

be readily recharged by an halogenation treatment performed by exposure of the

polymer to an aqueous solution containing hypochlorite or hypobromite ions.
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Fig. 10.13 Average number of adhered Escherichia coli per square centimeter on thermanox

(TMX) and SnO2 after incubation for 17 h in the presence of 5 � 107 bacteria/mL, at 37�C. SnO2

pre-treatment in BSA + 0.5 M NaCl solution: (a, b) at open circuit potential for 54 h; (c, d) at

1.5 V/SCE for 2 h. BSA concentration: (a, c) 1 mg/mL; (b, d) 0.5 mg/mL (Adapted from [51])
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10.6 Conclusion

In this chapter, the electrode material to be protected against bacteria settlement is a

conductive transparent film of Sb-doped SnO2. However, it is important to notice

that other conductive materials such as a-CNx, boron-doped diamond or stainless

Fig. 10.14 Fluorescence microscopy images of SnO2 films after incubation for 17 h at 37�C in the

presence of Escherichia coli. (a) As-deposited. (b–f) Pre-treated films. Pre-treatments:

(b) polarisation at 1.5V/SCE for 2 h in 0.5 M NaCl + 1 mg/mL BSA, (c) as (b) followed by

immersion in a methionine solution for 5 h, (d) holding for 2 h at open circuit potential (no

polarization) in seawater +1 mg/mL BSA, (e, f) polarisation at 1.5V/SCE for 2 h in seawater (e) in

the absence of BSA, (f) in the presence of 1 mg/mL BSA (From [51] and [52])
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steel also yield the formation of antimicrobial nano-aggregates of protein when

halide ions are electro-oxidized at their surface [59].

As indicated by Worley et al. in their review concerning antimicrobial polymers

[7] “The ideal antimicrobial polymer should possess the following characteristics:

(1) easily and inexpensively synthesized, (2) stable in long-term usage and storage

at the temperature of its intended application, (3) not soluble in water for a water

disinfection application, (4) does not decompose to and/or emit toxic products,

(5) should not be toxic or irritating to those who are handling it, (6) can be

regenerated upon loss of activity, and (7) biocidal to a broad spectrum of pathogenic

microorganisms in brief times of contact.”. It seems reasonable to think that the

process described in this chapter allows one to obtain a polymer which meets all

these criteria.

Finally, it should be underlined that this new process corresponds to a ‘green

chemistry’ process since no organic solvent or toxic products are used for the

synthesis of the polymer. Moreover, the protein polymerization and the halogena-

tion of some amino acid residues lead to a non-toxic and biodegradable compound.

Obviously, this process could only be used to coat conductive substrates at which

halide ion electro-oxidation could be performed. However, a chemical way involv-

ing hypohalous acid and peptides or proteins is currently being developed in order

to treat non-conductive substrates or to obtain an antibacterial powder.
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Section III

Applications of Nano-Antimicrobials



Chapter 11

Engineering Nanostructured Silver Coatings

for Antimicrobial Applications

M. Pollini, F. Paladini, A. Licciulli, A. Maffezzoli, and A. Sannino

11.1 Introduction

The interest in nanotechnologies is growing worldwide thanks to the enormous

number of publications devoted to the fundamental aspects of nanosciences. Physi-

ology, industrial bioprocessing, biology and medicine represent just some examples

of the areas for nanotechnology application [1, 2]. Compared with silver metal,

silver nanoparticles are known for their higher antimicrobial activity, due to their

high specific surface area [3] and the large surface to volume ratio [4], against

a broad spectrum of bacteria and also against drug-resistant bacteria [5], fungi [6],

and viruses [7–9]. The use of silver nanoparticles incorporated into various categories

of consumer products, such as cosmetics, clothes, electronics, aerospace, textiles, and

medicines, is growing thanks to the interesting and unique properties they confer to

the product due to their nanometric size [10, 11]. This is a very important matter

related to the emergence of an increased number of microbial organisms resistant to

multiple antibiotics and the continuing emphasis on health care costs [12].

In hospital practice, the risk of infection associated with the use of indwelling

medical devices is very high [13], and many cases of morbidity and mortality have

been reported [14]. Microorganisms commonly attach to the surface of indwelling

medical devices forming a biofilm [15, 16] that is, by definition, an accumulation of

microorganisms and of their extracellular products forming a structured community

highly resistant to antimicrobial treatment and tenaciously bound to the surface [17].

Many strategies have been employed to reduce this problem, among them one
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approach for prevention is the use of antimicrobials which can be incorporated into,

or used to coat, medical polymeric devices like catheters [18]. Heparin coatings on

catheters and stents [19, 20], the use of chlorhexidine and silver sulfadiazine

coatings [21] and also the use of silver nanoparticles have been demonstrated to be

efficacious against bacterial proliferation [22, 23]. As shown in Fig. 11.1, many uses

of silver and silver nanoparticles can be applied in medicine. Silver can be used to

stop epistaxis and post-traumatic granulomas, to improve skin regeneration and for

its antibacterial and anti-inflammatory effects. The use of silver nanoparticles in

medicine is related to their prophylactic environmental and antibacterial effect in

bone cement and implants, for venous catheters and neurosurgical shunts [24].

In hospitals, in addition to the treatment of medical devices, silver represents

a promising instrument for advanced textile for wound dressing [24–26], antiseptic

bandages [27], for hospital gowns, flax and for surgical masks, in particular when

the replacement cannot always be done immediately [28], in order to prevent

infections and generation of bad odors. Textiles, in fact, can easily become carriers

of fungi and bacteria [29], so the use of silver can also be helpful in treatment of

skin diseases [30] and to ensure a major degree of hygiene and daily welfare. Silver

treatment can be applied according to two different methods: the first is the

insertion of silver nanoparticles as host inside the textile matrix [31], while in the

second silver is applied as a coating on the material [32].

Fig. 11.1 Uses of silver (right) and silver nanoparticles (left) in medicine (Adapted from [24])

314 M. Pollini et al.



The innovative technology presented in this paper is a surface engineering

process, an interesting alternative to more expensive ways of silver deposition

and a very effective technique to treat many different types of substrates. Three

case studies will be explored, that is textile, temporary medical devices and artifi-

cial leather. For each type of substrate, the method of silver deposition chosen for

the specific application will be explored and the characterization of samples will be

discussed.

11.2 Past and Present Uses of Antimicrobial Silver

The antimicrobial spectrum of silver is exceptionally broad against fungi [6],

viruses [7–9] and bacteria [5]. Panacek et al. demonstrated the antifungal activity

of silver nanoparticles against pathogenic Candida [6]; Lu et al. hypothesized that

the direct interaction between silver nanoparticles and Hepatitis B virus double-

stranded DNA or viral particles is responsible for their antiviral mechanism [8];

a study carried out by Feng et al. on Escherichia coli and Staphylococcus aureus
suggested that morphological and structural changes in bacterial cells, the forma-

tion of small electron-dense granules around the cell wall and the inactivation of

bacterial proteins occur after addition of Ag+. DNA loses its replication ability once

the bacteria have been treated with silver ions [24, 33]. Figure 11.2 summarizes

Fig. 11.2 Mechanisms of the antibacterial activity of silver ions (Adapted from [24])
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some possible mechanisms of action of silver ions in a schematic bacterial cell, like

the interactions of silver ions with peptidoglycan cell wall, plasma membrane,

bacterial (cytoplasmic) DNA, and bacterial proteins [24].

Silver and its antimicrobial properties are known since antiquity. Herodotus,

the Greek philosopher and historian, described the use of silver for water purifica-

tion; Pliny the Elder, the famous Roman physician, reported the properties of silver

in 79 AD in his encyclopedia Natural History in which he wrote that silver was

extremely effective in causing wounds to close [34]; Hippocrates, the father of

modern medicine, believed silver powders to have a beneficial healing effect for

ulcers [35].

Since the nineteenth century, many studies have been carried out and many

applications of silver have been employed in different fields of medical research [36].

In 1884, in Germany, Carl Siegmund Franz Credé introduced an eye prophylaxis to

prevent ocular infection by using silver nitrate solution on neonates [25]. In the 1920s,

colloidal silver was accepted by the US Food andDrug Administration (FDA) as being

effective for woundmanagement [37] and through the first half of the twentieth century

it was used in controlling infection in burn wounds [25]. In the 1940s, penicillin was

introduced as a healing method and antibiotics became the standard treatment for

bacterial infections, so the use of silver diminished [37, 38]. The resistance of patho-

genic bacteria to many antibiotics and the growing interest in nanotechnologies and

nano-sized materials have led to many technological advances of nano-sized silver and

to the development of many applications, such as coatings for medical devices, silver

dressings, silver coatings on textile fabrics [36, 39], water sanitization [40] and so on.

Today, also NASA uses silver to purify drink water in space flights [25].

11.3 Review of Nanosilver Coating Deposition Methods

and Properties

Many procedures have been developed for the synthesis of Ag nanoparticles (NPs)

[41] and several methods have been described in order to obtain thin silver coatings.

The biological activity and the interaction of silver nanoparticles with bacteria

depend on their size [22] and shape [42]. Morones et al. studied the interaction of

silver nanoparticles with different types of Gram-negative bacteria. Their results

demonstrated the dependence of the antibacterial capability both on concentration

of particles and on their size [22]. Pal et al. investigated the antibacterial capability of

silver nanoparticles synthesized in different shapes (truncated triangular, spherical,

rods) against Escherichia coli. They demonstrated that the reactivity of silver

particles changes as a function of their shapes, probably due to the really effective

surface area in terms of active facets [42]. The results of their research are shown in

Figs. 11.3 and 11.4. Images obtained by energy-filtering transmission electron

microscopy (EFTEM) of silver NPs with different shapes are shown in Fig. 11.3.
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The effect obtained against a bacterial cell of Escherichia coli after treatments with

AgNO3, triangular and spherical silver nanoparticles are shown in Fig. 11.4, where

both the partial (Fig. 11.4b) and multiple (Fig. 11.4e) damages on bacterial membrane

Fig. 11.3 EFTEM images of silver nanoparticles. (a) Spherical nanoparticles synthesized by

citrate reduction. (b) Silver nanoparticles of different shapes. (c) Purified rod-shaped nanoparticles

(From [42])

Fig. 11.4 EFTEM images of E. coli cells. (a) Untreated E. coli. (b) E. coli grown on agar plates

supplemented with AgNO3. (c) E. coli treated with triangular silver nanoplates. (d) E. coli treated
with spherical silver nanoparticles. (e) Enlarged image of part of the bacterial cell membrane

treated with triangular silver nanoparticles (Adapted from [42])
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and also the presence of dark irregular pits on the cell surface are visible, compared

with untreated E. coli.
Nanostructured materials incorporated into larger mesoscopic and macroscopic

systems and the enhancing of coating functionality and coating process represent

a crucial key in the success of nanotechnology in many different applications [43].

Surface modification is very effective in the interactions with biological systems.

A relevant strategy widely used in biomedical research consists in modifying the

material surface by plasma treatment, such as plasma etching, plasma deposition,

plasma polymerization and so on, in order to modify material surfaces without

altering bulk properties of the material [44]. Plasma processes can also be combined

with colloidal lithography, a patterning technique used to texture surfaces with

nanofeatures and some recent research on plasma-aided micro- and nanostructuring

processes for biomedical applications have been reported by Sardella et al. [45].

Gomathi et al. provided an overview of recent advances in biomedical applications

of plasma surface-modified polymers [46]. Korner et al. described the combination

of deposition of plasma polymer coatings with embedded Ag nanoparticles and the

sputtering of Ag atoms from an Ag target, with incorporation of Ag nanoparticles

in the growing polymer matrix [47]. The deposition of plasma coatings using

combined deposition/etching/sputtering processes enabled the formation of multi-

functional surfaces [48].

Among techniques for the deposition of silver coatings, the use of magnetron

sputtering combined with atom beam source has been demonstrated to be effective

for coatings on thermally sensitive polymeric substrates [49]. Magnetron sputtering,

already tried on substrates like SiO2, polypropylene and nonwoven fabrics to fix Ag

nanoparticles has also been used by Mej{a et al. to produce cotton–Ag composites

[50]. Nanostructured silver films were deposited at room temperature on polypro-

pylene non-woven by radio frequency magnetron sputter coating to obtain the

antibacterial properties. The relationship between sputter parameters and anti-

bacterial properties were investigated by Wang [51, 52]. He found that both the

antibacterial capability and the grain size depend on the deposition time, while no

effect of sputtering power and argon pressure have been discovered during his

experiments.

Another method for textile modification is the sol–gel technique for preparing

bioactive materials for biomedical applications [53]. Antimicrobial coatings for

textile based on silver-containing silica have been developed by Mahltig et al. The

release of biocides from these coatings and the biocidal effect can be controlled by

modifying the content of the biocide in the silica sol [54]. An alternative method to

constrain silver in nanodimensions reported in the literature is the loading of zeolite

with silver ions [55].

In addition to the most commonly applied dip-coating methods, sonochemical

coating using ultrasound irradiation as well as the sputter deposition of Ag NPs onto

textile surfaces were performed [44]. The sonochemical irradiation of wool fibers in

an aqueous solution of silver nitrate containing ethylene glycol under a reducing

atmosphere of an argon/hydrogen gas mixture resulted in the coating of the

neat wool fibers with silver nanoparticles [56]. Perelshtein et al. have described
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a process carried out by ultrasound radiation in a one-step reaction procedure to

obtain nylon, polyester and cotton with antibacterial properties [57]. The chemical

reduction method involves the reduction of AgNO3 by a reducing agent in the

presence of a suitable stabilizer, which is necessary in protecting the growth of

silver particles through aggregation. In the formation of silver nanoparticles by the

chemical reduction method, the size and aggregation of silver nanoparticles are

affected by various parameters, such as initial AgNO3 concentrations, reducing

agent/AgNO3 molar ratios, and stabilizer concentrations [58]. Nair and Laurencin

provided an overview about the synthesis of silver nanoparticles by the reduction of

a silver salt and their stabilization, both in solution and on surfaces, with particular

attention to biomedical applications [59].

Microwave irradiation [60], electrochemical synthesis [61] and photo-reduction

[62] have also been proposed to obtain silver nanoparticles.

11.4 In Situ Photoreduction and Deposition of Silver

Metal Clusters

The researchers of University of Salento (Lecce, Italy) have developed, and pat-

ented in 2004, a new technique based on the photo-reduction of silver ions in the

form of nanoparticles directly on the substrate [63]. A spin-off company, Silvertech

Ltd, has been started in 2008 to promote the technology transfer. The technique is

suitable for many different substrates, natural or synthetic, from textile to medical

devices, making them antibacterial with a very cheap process. The antibacterial

treatment of the substrate is obtained by impregnating natural or synthetic

substrates with an alcoholic solution, a photo-reducing agent and a silver salt, and

afterwards by exposing them to UV rays until the silver ions are reduced to metal

silver. Methanol is not only the solvent but also the reducing agent that activates the

photo-reduction process on the surface. The amount of methanol used for this

purpose is strictly related to the amount of silver used for the treatment. The solution

can be prepared also using different solvents such as water or ethanol. The only

requirement is that the molar ratio methanol/silver nitrate is more than one. The

effect of the in situ reduction of silver ions consists of a strong antibacterial coating

made of neat silver clusters. Silver nanoparticles do not form inside the solution

after the mixing of precursor and solvent; they form as a consequence of UV

exposure directly on the substrate to which they bond strongly, independently of

the nature of the substrates and of the way of deposition.

The photochemical reaction on which the process is based is the following:

Agn þ Agþ þ CH3 � OH þ hn ) Agnþ1 þ Hþ þ CH2O

In order to obtain information about the size of silver nanoparticles and about the

lattice parameters of silver, transmission electron microscopy, TEM, has been
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performed. Images obtained by TEM analysis of coatings made of a solution of

silver salt and alcohol deposited onto a carbon-covered copper grid are reported in

Fig. 11.5. They show the presence of both extensive crystal structures and very

small silver particles with a size of about 2–3 nm; the identified lattice parameters

(lattice fringes of 2.36 Å) correspond to metallic silver and in particular to atomic

planes {111}.

According to the specific application to which the substrate is destined, it is

possible to modify the composition of the silver solution and the mechanism of

deposition, according to costs and to the degree of antibacterial effect to be

achieved. For example, silver-coated textiles for daily use realized to improve the

degree of hygiene and for personal care do not require a very high degree of

antimicrobial activity; silver-coated medical devices instead need a very high

antibacterial capacity to reduce the risk of infections.

In this chapter, some examples of applications joined by the common needs of

hygiene and control of the bacterial proliferation and the results obtained by the

characterization of the treated substrates will be shown and discussed. The applica-

tion fields of Silvertech technology chosen to be exposed as case studies are textiles,

temporary medical devices and artificial leather.

11.4.1 Silver Deposition on Fibers and Textile

The deposition of silver on textile fibers and fabrics represents a very interesting

way to confer antibacterial properties to textile materials that can be used in fields

of application that require a high degree of hygiene and the control of bacterial

proliferation. For example, the introduction of silver in hospital textiles, such as

cotton or flax used for sheets of patients or gowns for nurses and doctors, can

represent an effective instrument to contain the diffusion of diseases. In addition,

50 nm 5 nm

a b

Fig. 11.5 TEM images obtained from silver solution deposited on carbon-covered copper grid,

showing an extensive crystal structure (a) and a good distribution of small nanoparticles (b)
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there are many other applications of silver-treated textiles in the sector of daily

comfort. Textile with antimicrobial properties used for the production of common

knitwear or underwear can guarantee to customers a major welfare benefit by

reducing unpleasant odors caused by bacterial proliferation in corporeal areas

most exposed to perspiration. Cotton textile was selected for silver deposition

because it is a substrate suitable both for medical field and common clothing.

Cotton is made up of many short fibers (1–3 cm) with flattened and irregular

sections. Their extension and contraction occurring by the absorption of humidity

can irritate the skin [64] and an excellent environment for microorganisms to grow

can develop owing to their ability to retain moisture [65]. Colonization of several

types of bacteria, especially Staphylococcus aureus, represents the most common

complication in patients affected by atopic dermatitis (AD) [66], a chronic disease of

pruritus and eczematous lesions [67]. In the treatment of AD, various solutions have

been tried, among them antibacterial drugs or topical steroids, or the use of special

textiles with the antimicrobial capability to contain bacterial colonization [68].

Daeschlein et al. investigated in patients affected by AD the bacterial contamination

in textiles containing silver versus placebo and in particular the effect of silver

textiles on S. aureus and total bacteria colonizing the skin of AD patients. The

obtained data were in agreement with those of Gauger et al. [69], who found a

significant decrease in S. aureus on the skin of AD patients when they wore a silver

textile [70].

Various methods, depending on the particular active agent and fiber type, have

been developed to confer antimicrobial activity to textiles. For synthetic fibers, the

antimicrobial active agents can be incorporated into the polymer prior to extrusion

or blended into the fibers during their formation [71] and during the melt spinning.

There are numerous ways by which antimicrobial properties can be accomplished

in textiles: incorporation of volatile and non-volatile antimicrobial agents directly

into fibers, coating or adsorbing antimicrobials onto fiber surfaces, immobilization

of antimicrobials to fibers by ion or covalent linkages, and the use of fibers that are

inherently antimicrobial [72]. To produce commercial silver-coated nylon fabrics,

12% by weight of silver is added during manufacturing by an electroless plating

process [73], while the antimicrobial capability of nylon substrates coated with

metallic silver has been checked against Pseudomonas aeruginosa, Staphylococcus
aureus and Candida albicans [74].

Silvertech technology, cheap and effective because it implies the treatment of

only the surface of the material, has been adopted both for synthetic yarn and

natural yarn [32]. Different deposition methods, like impregnation, dipping or

spraying, related to the nature of the substrate and the amount of silver solution

required have been developed. As provided by the technology, after the deposition

of the solution on the substrate, the UV irradiation occurs with consequent synthesis

of silver nanoparticles firmly bonded to the substrate, so the wet yarns are exposed

to strong lamps in special containers for this treatment. Here, mild reducing

conditions are applied for the treatment of cotton, all involving a silver salt and a

reducing agent. In some cases, fiber pretreatment after improved silver adhesion is

also proposed. The comparison between a silver-treated textile substrate and an
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untreated one is shown in Fig. 11.6, in which the turning brown color of the treated

sample due to the presence of silver nanoparticles is clearly visible.

The method of deposition chosen to deposit silver on textile was nebulization.

As explained above, all samples have been washed before testing in order to remove

unreacted silver salt. In textile, furthermore, this is not the only reason. In fact, it is

necessary to ensure the presence of silver also after many washings, to check that

silver nanoparticles exert their benefits for a very long time despite the user

conditions. For this purpose, samples of cotton have been subjected to washing

up to 20 times and they have been tested before and after washings with respect

both to microscopy and the antibacterial activity. Images obtained by scanning

electron microscopy (SEM) are shown in Fig. 11.7. The presence of nanometric

particles on the surface of the treated sample that are not present on the untreated

sample is clearly visible. The treated sample reveals a quite uniform distribution of

silver on the surface and the very small size of the particles that sometimes

aggregate in clusters of larger dimensions, even after 20 industrial washings.

The antibacterial activity of silver-treated cotton was checked before and after

washings according to standard ‘SNV 195920-1992’, which is an agar diffusion test

that relates the antibacterial capability to the dimension of the bacterial inhibition

zone around the treated samples. The results of the Agar diffusion tests are shown in

Fig. 11.8, in which the differences between the untreated sample and the silver-

treated one are clearly visible. It is possible to assert that there are no great

differences between the unwashed treated sample and the washed treated one

because the bacterial inhibition growth area is very similar in the two cases. This

confirms that washings do not reduce the benefits induced by treatment thanks to

the very firmly bonded silver coating.

Another confirmation of this matter lies in the quantitative study of the amount

of silver on the surface of the sample, carried out by thermogravimetric analysis

(TGA) on unwashed and washed silver-treated samples. TGA is a testing that

records the change in the weight of the sample as a function of the increasing

Fig. 11.6 Visual comparison of untreated cotton (a) and silver-treated cotton (b)
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temperature. The comparison between the TGA data of an untreated sample and

a silver-treated sample leads to the quantification of silver as the incombustible

solid residue at 900�C, the temperature to which all the substrate has burnt. These

Fig. 11.7 SEM images

obtained from untreated

cotton fibers (a), silver-treated

cotton fibers (b) and silver-

treated cotton fibers after 20

industrial washings (c)
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results are shown in Table 11.1, in which the calculated amount of silver is reported

for each substrate used in the case studies. The results have not revealed any

significant differences between washed and unwashed cotton samples, being

2.72 wt% the amount of silver for the unwashed sample and 2.42 wt% for the

sample washed 20 times. That means that washings do not remove silver

nanoparticles from the substrate.

11.4.2 Silver Deposition on Catheters

The risk of infections associated with the use of indwelling medical devices is

very high. In particular, bloodstream infections deriving from catheterization are

Fig. 11.8 Test of Escherichia coli growth on the sample of silver-treated cotton before washings

(b) and after washings (c) in comparison with the untreated one (a)
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reported as one of the major cause of morbidity and mortality in hospitalized

patients [75]. This happens because of the formation of bacterial biofilm growing

on the surface of the device with consequent proliferation of infection [76]. So, it is

very important to avoid the growth of bacteria on the surface of the device. For this

purpose many strategies have been employed to reduce dialysis catheter-related

infections, such as the impregnation in antibiotic and antiseptics, or the use of

substances containing silver [77].

Biological responses to polymeric materials depend basically on surface chem-

istry and structure. So the surface modification of biomaterials is carried out to

retain the key physical properties with modification of the outermost surface to

influence bio-interaction. The surface modification techniques include physical/

chemical methods, such as physical deposition of coatings, grafting or chemical

modification, and biological methods, such as protein adsorption or immobilization

of biomolecules [78]. A technology developed at the University of Erlangen

provides for the impregnation of the entire catheter with a distribution of billions

of silver nanoparticles (0.8–1.5 wt%) in the catheter matrix (polyurethane, silicone)

on a carrier, preferably barium sulphate [40, 79].

The silver nanoparticles distributed on the carrier surfaces can be dispersed in

a polymer matrix by thermoplastic processing [80]. Serghini-Monim et al. reported

the results of adsorption of a silver complex on plasma-modified polyurethane

surface performed to confer antibacterial properties to catheters. The purpose of

the plasma modification treatment was to increase the concentration of adsorption

sites for a chemical vapor deposition (CVD) reaction and to increase the surface

biomedical compatibility through the incorporation of amine groups to mimic

amino acids [81].

The method of silver deposition developed by Silvertech and the University of

Salento for these medical devices consists of the treatment of the inner and outer

surface of the catheter because it is subjected to the risk of contamination on both

sides. Temporary double lumen polyurethane “Carbothane” catheters 30 cm long

and with an outer diameter of 4 mm were coated. They penetrate into the jugular

vein with a length of 10–15 cm and remain in contact with the blood stream inside

and outside the lumina for about 30 days for acute dialysis and blood filtration.

To ensure a good deposition of silver coating on the polymeric surface of catheters,

the method of deposition chosen for this particular purpose is the dipping of the

Table 11.1 Data collected

by TGA analysis reporting

the amount of silver for

each type of silver-treated

substrate

Substrate Silver content

(wt%)

Untreated cotton yarn –

Silver-treated cotton yarn 2.72

Silver-treated cotton yarn after 20 washings 2.42

Untreated catheter –

Silver-treated catheter 0.51

Untreated synthetic leather –

Silver-treated synthetic leather 3.08

11 Engineering Nanostructured Silver Coatings for Antimicrobial Applications 325



device into the silver solution, made for this application only by silver salt and

alcohol. The reason for these choices, about the deposition technique and the

composition of the solution, derives from visual considerations about the color.

That must be more uniform as possible in the final product. The treatment in this

case consists of dipping the catheters in the silver solution followed by UV irradia-

tion in a special box containing strong UV lamps. In order to ensure the treatment of

the internal surface of the catheter, after dipping the catheters, the solution is forced

by a syringe to flow inside the device and then it is expelled. The result after silver

treatment is shown in Fig. 11.9 and, like the previous example of substrate, the

polyurethane substrate also shows the typical browning due to the presence of silver

on the surface.

After the silver deposition and an initial vigorous wash, scanning electron

microscopy was carried on in order to verified the occurred photo-reduction of

the salt and the uniformity of the coating on this type of substrate. SEM images are

reported in Fig. 11.10 for the treated catheter, on the outer and inner surfaces, and

for an untreated one. Due to the presence of small white inclusions in the untreated

sample, an EDX analysis was combined with the SEM analysis in order to identify

which particles were definitely silver. EDX has revealed the presence of elements

belonging to the substrate and of barium, as expected, which is added in form of

barium sulfate into the polymeric matrix to make it radio-opaque.

The amount of silver identified by EDS analysis on the treated catheter is slightly

different between the internal and the external surface. The values obtained are 0.54

and 0.51 wt%, respectively for the external and the internal surface of the device.

The reason for this result is the different superficial roughness of the polyurethane

and the major difficulty of the UV irradiation to reach the internal surface of the

catheter. This hypothesis is confirmed by SEM images in which a good coverage of

the polyurethane surface and a quite good distribution of small particles are visible

on the external surface, compared with the smaller coverage of the internal surface.

As expected, no silver traces were revealed in the untreated sample by EDX.

Fig. 11.9 Visual comparison of untreated catheter (a) and silver-treated catheter (b)

326 M. Pollini et al.



Fig. 11.10 SEM-EDX analysis on an untreated catheter (a) and a silver-treated catheter, on outer (b)

and inner surfaces (c)
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The antibacterial activity of silver-coated catheters was confirmed by an Agar

diffusion test and a great inhibition zone to bacterial proliferation was observed,

as shown in Fig. 11.11.

For this specific application, a strong antibacterial activity is required, so it is

important to obtain a good compromise between the antibacterial capability and the

amount of silver used for the treatment. The results of antibacterial test carried out

on E. coli confirm that the small amount of silver used for the deposition is enough

to ensure the inhibition of bacterial growth.

In order to evaluate the amount of silver, thermogravimetric analysis was

also carried out and the data obtained are reported in Table 11.1. The value obtained

is similar to the percentage of silver obtained by EDS and, in particular, it is

0.51 wt% for the treated catheter.

11.4.3 Silver Deposition on Leather Substrates

Public places and the public transport system represent an important field for the

application of antibacterial technologies. The high number of users of trains, buses

or taxies cannot guarantee a good degree of hygiene and welfare, causing allergies,

dermatitis or skin irritation due to the proliferation of bacteria inside chairs or

carpets. For this purpose, antibacterial coatings based on deposition of silver

nanoparticles could represent an interesting solution to reduce such unpleasant

consequences.

Substrates for public transport treated with Silvertech technology can be natural,

such as the leather of chairs in trains and cars, and synthetic, such as polyurethane

substrates for bus seats. For this work, synthetic substrates have been chosen and

the adopted deposition process provides a roll coating in order to coat plain

substrates of material more uniformly as possible. Moreover, this method makes

Fig. 11.11 Test of Escherichia coli growth on the silver-treated catheter (b) in comparison with

the untreated one (a)
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it possible to treat just one side of the sample, that is the one in direct contact with

people, with consequent reduction in costs. Synthetic leather simulates the micro-

structure of natural leather because the superfine fiber is similar to the fineness and

structure of the fibril. The natural leather has a stereoscopic structure with the

continuously changing degree of fiber cross-linking. The synthetic leather has

a three-dimensional structure of superfine fiber non-wovens and microporous poly-

urethane. The uniform braiding structure of the synthetic leather is its advantage,

but it is restricted technically by the lack of a grain layer. The chemical composition

of the silver solution used for this application is made of a small percentage of silver

salt dissolved in a mixture of water and alcohol. It is enough to be effective against

bacteria and cheap at the same time. The amount of alcohol in the solution has to be

directly proportional to the amount of silver salt, because alcohol represents the

reducing agent that activates the photo-reduction, so the presence of at least a

minimum percentage of it is necessary to guarantee the synthesis of the silver

nanoparticles on the treated surface. The capacity to absorb the solution depends on

the porosity of the substrates and, hence, changes of the colors of substrates also

depends on it, being related to the amount of solution used for the treatment.

Figure 11.12 shows images of a silver-treated sample and an untreated one, in

which the difference in colors between them is not so great, due to the small amount

of silver used for the deposition and to the nature of the substrate.

As for catheters, SEM analysis of synthetic leather has also revealed the pres-

ence of many inclusions on the surface of the sample, so EDS analysis was carried

out during the scanning electron microscopy session in order to identify silver

particles. The SEM images in Fig. 11.13 of the treated sample, carried at the low

magnification of �500, show a great porosity of the substrate and pores with

different sizes and depths that influence the distribution of the coating. Some

particles are visible on the side walls of pores and some larger aggregates are

visible on the surface of the sample. The greater aggregates are not identified as

silver, but they are more likely due to inclusions of other elements inside the

synthetic leather, probably derived from the processing of the material.

Fig. 11.12 Visual comparison of untreated synthetic leather (a) and a silver-treated one (b)
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Fig. 11.13 SEM images on synthetic leather on an untreated sample (a) and on a silver-treated

one (b) at low magnification and SEM-EDS analysis on a silver-treated sample (c)

Fig. 11.14 Test of Escherichia coli growth on the sample of silver-treated synthetic leather (b) in

comparison with the untreated one (a)
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The antibacterial capability of silver-treated artificial leather was checked

against Escherichia coli and the results are shown in Fig. 11.14. It was confirmed

that silver particles on the surface reduce the bacterial growth on the sample, as

visible from the comparison of the dimension of the bacterial growth inhibition area

between the untreated sample and the silver-treated sample.

For this specific application of Silvertech technology, it is very important to satisfy

both the antibacterial capability of the material and the necessity to limit costs. In

fact, these substrates are intended to be used for a large number of external coverings

for seats and chairs in public places, so the amount of silver has to be reduced in order

to avoid increasing costs and ensuring at the same time a good reduction of bacterial

proliferation. The amount of silver used in this example satisfies both the

requirements. It has been calculated by thermogravimetric analysis, and the experi-

mental data, reported in Table 11.1, show a percentage of silver corresponding to

3.08 wt%.

11.5 Conclusions and Future Trends

In this chapter, various properties and applications of antibacterial silver coatings

have been reviewed.

In particular, an innovative and cheap technique to obtain antibacterial silver

nanoparticles in situ developed in the University of Salento (Lecce, Southern Italy)

has been described and discussed. The technology, suitable for many different

types of substrates, consists of the photo-reduction of a silver salt in the presence

of a reducing agent by UV illumination occurring directly on the substrate.

According to the specific application of the substrate, the chemical composition

of the silver solution (percentages of silver salt, alcohol, and water) and the method

of depositing it on the material can be chosen in order to obtain the required

antibacterial capability.

Three applications have been described in detail: antimicrobial textile, tempo-

rary implantable devices and artificial leather. For each of them, the silver deposi-

tion treatment and the experimental results obtained by the characterization of the

treated substrates have been demonstrated. Despite the different natures of the

treated substrates, it is possible to assert that the degree of coverage is good enough

for each case and that there is a good distribution of silver nanoparticles on the

materials. The small percentages of silver used for the treatment are enough to

ensure a good antibacterial capability, as shown by the results of antibacterial tests

carried out against Escherichia coli.
Experimental data revealed in this paper derive from many extensive studies

carried out in applications in which this silver deposition technology can be

considered ready for an industrial scale-up. One can expect that many other fields

will be explored in order to extend the use of silver as an antimicrobial agent and to

use it to improve health and welfare.
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Chapter 12

Biotechnological Routes to Metallic

Nanoparticles Production: Mechanistic Aspects,

Antimicrobial Activity, Toxicity and Industrial

Applications

Nelson Durán and Priscyla D. Marcato

12.1 Introduction

This chapter will describe the biogenic metallic nanoparticles synthesis and their

mechanistic aspects in the syntheses and in their antimicrobial activities.

12.1.1 General Aspects of Biotechnological Processes Applied
to Biogenic Synthesis of Nanoparticles

Nanobiotechnology has appeared as one of the most promising areas in nanotech-

nology, since nanoparticles, specifically in special nanometals, as carriers of drugs

to treat and diagnose important diseases, form a major topic in nanomedicine.

Among the metal nanoparticles, silver nanoparticles have been extensively studied

The most common synthetic methods of silver nanoparticle production are chemi-

cal reduction, photochemical methods, ultrasonic-assisted reduction, electrochemi-

cal methods, templates, and irradiating reduction (Zhang et al. 2007).

As indicated previously, there are many processes for metallic nanoparticle

production, but the biological one is playing an important role in order to minimize

the environmental pollution caused by physical and chemical procedures. In this
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regard, fungi, bacteria, algae, yeasts, and plants have inherent capacities to reduce

metal through their specific metabolic pathway. In fact, some biomimetic (peptides)

procedures are also used in their study. Different types of metallic nanoparticles

like copper, zinc, titanium, gold, and silver, among others, have been produced by

biological methods. However, the interest in silver nanoparticles has been increas-

ing due to their high antimicrobial activity against bacteria, viruses and eukaryotic

microorganisms (Rai et al. 2009). The synthesis of metallic nanoparticles using

a green procedure is of great interest in terms of introducing environmentally

friendly synthesis procedures (Durán et al. 2010a; Marcato and Durán 2011). The

importance of these nanoparticles is testified by the publication of many reviews

on the biosynthesis and properties of metallic nanoparticles in the last 4 years

(Rai et al. 2008; Mohanpuria et al. 2008; Bhattacharya and Mukherjee 2008; Chen

and Schluesener 2008; Sharma et al. 2009; Singh et al. 2009; Sinha et al. 2009;

Korbekandi et al. 2009; Hennebel et al. 2009; Krumov et al. 2009; Kumar and

Yadav 2009; Das et al. 2009; Durán et al. 2010b, 2011; Narayanan and Sakthivel

2010; Popescu et al. 2010; Gade et al. 2010a; Thakkar et al. 2010; Marambio-Jones

and Hoek. 2010; Arya 2010; Blanco-Andujar et al. 2010; Zhang et al. 2011). For

example, Sinha et al. (2009) reviewed the knowledge and production by

bioreductive approaches of Ag, Au, Cd, Pt, and Pd nanoparticles and oxides by

bacteria, actinomycetes, yeasts, algae, fungi, higher angiospermic plants and their

perspectives. Biosynthesis of Au, Ag, Au–Ag alloy, Se, Te, Pt, oxides and quantum

dots by bacteria, actinomycetes, fungi, yeasts and viruses have been discussed

as well as the current status of microbial synthesis and applications of metals

(Narayanan and Sakthivel 2010).

The new uses of metallic nanoparticles require techniques to synthesize

nanoparticles that are both cost-effective and environmentally benign. As discussed

before, many processes for metallic nanoparticle synthesis have been reported;

however, the synthesis of nanoparticles with precise control over size distribution,

shape selectivity, and stability remains a challenge. Why is it important to synthe-

size these metallic nanoparticles? The small size and large surface area of metallic

nanoparticles makes them useful for many different applications. The importance

of these nanoparticles has been described as follows:

• Ago. The small size and large surface area makes it useful for applications in non-

linear optics, spectrally selective coatings for solar energy absorption, optical

receptors, catalysts in chemical reactions, biolabeling, antistatic materials, cryo-

genic superconducting materials, and biosensor materials, and as antibacterials.

• Auo. Gold nanoparticles are used in opto-electronic devices, catalysis, biomedicals

including DNA labeling and drug delivery, cell imaging, immunostaining, and

biosensors.

• Cdo. Cadmium is extremely toxic to the reproductive system of humans

(accumulating in the body, particularly in the kidneys and the liver). Cadmium

is widely used in alloys, pigments, solid-state batteries, metal coatings for

protective coatings on steel, plastics and fertilizers.
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• Cuo. Due to copper toxicity as ions, the biological system attempts to prevent

copper toxicity by its reduction. Common plants can transform copper into

metallic nanoparticles inside and near roots, with evidence of assistance by

endomycorrhizal fungi when grown in contaminated soil in the natural

environment.

• Feo. Nano-scale zero-valent iron (nZVI) is of increasing interest for use in

a variety of environmental remediations. In comparison to larger-sized ZVI

particles, nZVI has a greater reactivity due to a greater surface area to volume

ratio.

• Pdo. Palladium in terms of market prices is both economically and environmen-

tally important due to their high global level. Palladium nanoparticles possess

higher catalytic properties than their macro-scale counterparts.

• Pto. Platinum exhibits excellent catalytic properties. The traditional methods are

environmentally negative, and now the development of non-toxic, clean, eco-

friendly and inexpensive synthetic protocols is needed (‘green’ processes).

• Seo. The reduction of the soluble oxyanions selenate [Se(VI)] or selenite

[Se(IV)] to the elemental state [Se(0)] represents a method of removing elements

from wastewaters.

• Teo. Nano-scale tellurium compounds, such as CdTe, have significant potential

as solar-cell materials and are currently under intensive research scrutiny.

• Tio. Titanium, by weight, is one of the strongest metals readily available with

a wide range of practical applications. Titanium is suggested for use in desalini-

zation plants because of its strong resistance to corrosion from sea water. In

medical applications, titanium pins are used because of their non-reactive nature

when contacting bone and flesh.

12.2 Biogenic Synthesis of Metallic Nanoparticles

In this section of the chapter, selected cases of biogenic synthesis will be discussed

in which some types of mechanism was proposed.

12.2.1 Silver Nanoparticles

12.2.1.1 Amino Acids and Peptides

In a biomimetic synthesis of silver nanoparticles through silver-binding peptides

were incubated in an silver nitrate solution and, after a few hours, the solution

turned reddish and a reddish-colored precipitate was obtained by centrifugation. No

change in the color or precipitate was observed with non-specific peptides

(Naik et al. 2002).
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The silver-binding peptides (selected from the PhD-12C phage display peptide

library) interact with preformed nanoclusters of silver metal present in the aqueous

silver nitrate solution and this cluster gives the reducing moiety to obtain the silver

nanoparticles. It has been demonstrated that the selected peptides containing

specific amino acids permits the recognition and reduction of silver ions (Asn-

Pro-Ser-Ser-Leu-Phe-Arg-Tyr-Leu-Pro-Ser-Asp), since the pure amino acids

(e.g., proline, arginine or serine) or other non-silver binding peptides were unable

to reduce the silver ion to silver nanoparticles. The amino acids, which are probably

important in this process, are arginine, cysteine, lysine, and methionine, all known

to interact with silver ions (Naik et al. 2002).

Aqueous silver sulfate solution and aqueous solution of tyrosine in basic medium

at boiling temperature changed into a yellow solution, indicating the formation of

silver nanoparticles. Under neutral and acidic pH conditions, this reaction did not

occur. This result indicated the crucial role of tyrosine as a pH-dependent reducing

agent (Selvakannan et al. 2004a). Silver–peptide nanoconjugate (peptide–SNPs)

was formed from an aqueous solution of silver nitrate and a mixture of peptide

NH2-Leu-a-aminoisobutyric acid {Aib}-Trp-OMe). In this case, a color change

from colorless to yellow was observed at pH 11. Similarly, peptide Tert-butyloxy-

carbonyl {Boc}-Leu-Aib-Trp-OH) was used for synthesizing silver nanoparticles.

The tryptophan residue was responsible for the reduction of metal ions to the

respective metal atoms by donation of an electron to the metal ion and is itself

converted to a transient tryptophyl radical, and then finally to finishing in a native

tryptophan or in a ditryptophan/kynurenine form of the peptide (Si and Mandal

2007).

12.2.1.2 Fungi

Many of the Fusarium oxysporum strains studied were able to produce silver

nanoparticles; however, this reduction was dependent on the nitrate reductase/

2-acetyl-3,8-dihydroxy-6-methoxy anthraquinone or its isomers at 2-acetyl-2,8-

dihydroxy-6-methoxy anthraquinone (Durán et al. 2005).

Silver nanoparticles were obtained from the fungal mycelia of Trichoderma
asperellum that was resuspended in water in order to obtain a fungal filtrate in

which aqueous solution of silver nitrate was added. The possible mechanism of

the biosynthesis of silver nanoparticles was studied by FTIR. The b-carbon in

cysteine loses one hydrogen radical and one electron in a concerted step, or two

consecutive steps, and reduces Ag + ion to Ag nanoparticles, probably through

NADPH-dependent dehydrogenase. During the process, other changes show that

this process follows the hypothetical mechanisms shown in Fig. 12.1.

FTIR analysis showed that there is a decrease of the amide linkage in the

aqueous solution after the formation of silver nanoparticles, suggesting that the

peptide linkage undergoes a hydrolysis to generate free carboxylic acid and amino

groups which can act as capping agent to the silver nanoparticles and not the –SH

group as in other fungi. The surface-enhanced resonance Raman spectroscopy
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showed this clearly since a very strong chemical bond between silver nanoparticles

and nitrogen of the amino group in the amino acid appeared (Ag-N bond)

(Mukherjee et al. 2008).

12.2.1.3 Bacteria

Lactic acid bacteria, such as Lactobacillus spp., Pediococcus pentosaceus, Entero-
coccus faecium, and Lactococcus garvieae, were able to reduce silver ions to silver
nanoparticles (Sintubin et al. 2009). The mechanism of silver ions biosorption by

resting cells of Lactobacillus sp. strain A09 and reduction to silver nanoparticles

was studied at the molecular level using spectroscopic techniques. The silver ions in

the presence of Lactobacillus sp biomass were rapidly absorbed and reduced by the

free aldehyde group of the hemiacetalic hydroxyl group from glucose that was

oxidized to the carboxyl group. Assays with free glucose demonstrated this process.

The redox reaction of glucose on silver ions was proposed as follows (Lin et al.

2005):

HOCH2 CHOHð Þ4CHOþ 2Agþ þH2O! HOCH2 CHOHð Þ4COOHþ 2Ag0 þ 2Hþ

In an other study, different lactic acid bacteria (Lactobacillus spp., Pediococcus
pentosaceus, Enterococcus faecium, and Lactococcus garvieae) were studied to

produce silver nanoparticles. Mainly the size distribution was species dependent

and the final yields of nanoparticles were pH dependent (Sintubin et al. 2009). The

authors suggest that exopolysaccharides from lactic acid bacteria (glucose, galac-

tose and rhamnose) might serve in the reduction of silver ions to silver

nanoparticles. Similar results were also reported by Lin et al. (2005). A reduction

mechanism for these results is demonstrated in Fig. 12.2. The observation that the

bisorption of silver nanoparticles decrease the pH is a good indication that silver

ions compete with protons (Fig. 12.2a, �RH). At high pH, the aldehyde form

(Fig. 12.2c) exerts its reducing power forming silver nanoparticles (Fig.12.2c).

It has been suggested that the enzyme involved in the intracellular synthesis of

silver nanoparticles from B. licheniformis (Kalimuthu et al. 2008) could be NADH-

nitrate reductase dependent and mediated by an electron shuttle, in a similar way as

has been suggested in fungi (Durán et al. 2005). B. licheniformis is known to secrete

HS HS HS

NH2

OH
-H.,-e.

Cysteine

OH OH

Ag+ Ag

Catalyst??

O O
O

+

NH2 NH2

Fig. 12.1 Schematic representation of the mechanism for the formation of silver nanoparticles

(Modified from Mukherjee et al. 2008)
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the cofactor NADH and NADH-dependent enzymes, especially nitrate reductase,

present in the membrane. The purified nitrate reductase was shown to have these

properties confirming the possible mechanism (Kumar et al. 2007a).

A possible mechanism of silver nanoparticle production by Morganella sp., via

extracellular synthesis, has been studied. In order to understand the silver resis-

tance, it was studied at phenotypic and genotypic levels. In this case, three gene

homologues, silE, silP and silS, were identified. The homologue of silE from

Morganella sp. showed similarity with the gene which encodes a periplasmic

silver-binding protein (Gupta et al. 1999). It was a good indication that silver-

resistance machinery might have a similar role to play inMorganella sp. and could
be associated with silver nanoparticle synthesis. A mechanistic speculation was

proposed whereby an extracellular microenvironment created by the bacterium

with several silver-specific proteins is secreted outside the cell during the growth.

These proteins might specifically interact with silver ions and reduce it to silver

nanoparticles stabilized by these proteins (Parikh et al. 2008).

12.2.1.4 Plants

Silver nanoparticles were efficiently synthesized by reacting silver ions with

Capsicum annuum L. extract. In order to explain the mechanisms of the

nanoparticles formation, Li et al. (2007) applied the model of recognition–reduc-

tion–limited nucleation and growth in the reaction solutions. In the first stage of the

recognition process, the silver ions were trapped on the surface of proteins through

electrostatic interactions. In the second stage, silver ions were reduced by proteins

from the extract, and the secondary structures of the proteins changed with

subsequent formation of silver nuclei. In the third stage, the silver nuclei grew by

continuous reduction of silver ions and accumulation on these nuclei. The final stage

is where the flexible linkage of the proteins and the large numbers of biomolecules

coexist in the reaction solutions leading to an isotropic growth and the formation of

the spherical silver nanoparticles. In the fifth stage, with an increase in aging time,

large-sized silver nanoparticles formed and the crystalline phase changed from

polycrystalline to single crystalline through Ostwald ripening (Li et al. 2007).

In another work, silver nanoparticles were prepared by reacting an aqueous

solution containing silver ions, geraniol oil from Geranium leaves (Pelargonium

Fig. 12.2 Hypothetical mechanisms of bacterial reduction of silver ions to silver nanoparticles

(From Sintubin et al. 2009. By permission of Springer)
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graveolens) and an aqueous solution of polyethylene glycol 4,000 at pH >10 in

a microwave for 40 s (Safaepour et al. 2009). The hypothetical mechanism of this

reduction is illustrated in Fig. 12.3, with the genera Pelargonium exhibiting

NADPH-dehydrogenases. The conversion of geraniol into geranial is catalyzed

by NADP+-geraniol dehydrogenase in Polygonum minus (Maarof et al. 2010).

Tannic acid, a polyphenolic compound derived from tea or oak wood extracts,

was used as the reducing agent for silver nanoparticles synthesis (Fig. 12.4). Silver

nanoparticle sizes were controlled by molar ratio variation of tannic acid to silver

nitrate. Tannic acid were used as a reducing and stabilizing agent to synthesize

silver nanoparticles for an extremely short period of time (seconds). An increase in

particle size with increasing molar ratio of tannic acid/silver nitrate indicates that

tannic acid acts as an organizer for facilitating nucleation (Sivaraman et al. 2009).

Isolation of phyllanthin from leaf powder of the plant Phyllanthus amarus has
been used in the synthesis of silver nanoparticles. After the addition of phyllanthin

extract to the aqueous silver nitrate, the solution changed from colorless to pale

orange which is indicative of the formation of silver nanoparticles. At different

concentrations of phyllanthin, different silver nanoparticle morphologies were

obtained. At low concentration, quasispherical forms were exhibited, and at high

concentration, ellipsoidal nanoparticles were formed. On the basis of UV-vis

spectroscopy, transmission electron microscopy, FT-IR spectrometry, cyclic

voltametry and thermogravimetric analyses, a mechanism was proposed as shown

in Fig. 12.5 (Kasthuri et al. 2009).

Green synthesis of silver nanoparticles using silver nitrate and different volume

fractions of latex from Jatropha curcas has been studied (Bar et al. 2009a). The TEM
analysis showed two broad size distributions of particle, one having diameter in the

range 20–30 nm and otherswith some larger diameters and uneven shapes. It is known

Ag+ AgoFig. 12.3 Hypothetical

mechanisms of silver

nanoparticles prepared from

geraniol (Modified from

Safaepour et al. 2009)
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Fig. 12.4 Oxidation of

phenolic group to quinones

(Modified from Sivaraman

et al. 2009)
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that major components of J. curcas latex are curcacycline A (an octapeptide),

curcacycline B (a nonapeptide) and curcain (an enzyme) (Bar et al. 2009a and

references therein). Calculations on curcacycline A and curcacycline B using

a semi-empirical AM1 method suggested that there are a number of different size

pockets within the cavity in both structures having radii in the range ~20–35 nm.

The authors suggested that silver ions were first entrapped into the core structure of

the cyclic protein, and then reduced and stabilized in situ by the amide group of the

host peptide under the present experimental conditions. This results in the forma-

tion of silver nanoparticles having a radius similar to that of the cavity of cyclic

peptides, and probably, the enzyme, curcain, in the latex with its large folded

structure helps to stabilize the silver nanoparticles with a larger size and having

irregular shapes. Then, the most probable mechanisms in this case might be as

shown in Fig. 12.6.

In a similar way, Bar et al. (2009b) synthesized silver nanoparticles using

the aqueous seed extract of J. curcas. The particles were spherical and the size of

the particles was controlled by varying the silver nitrate concentration. These

nanoparticles were stable for several months due to protein capping.

Silver nanoparticles were synthesized in a short period of time (30 min) using

leaf extract of Acalypha indica. Probably, quercetin and polysaccharides present in
A. indica may be responsible for the nanoparticles synthesis. These molecules

belong to a group of plant pigments called flavonoids, indicating that the plants

with these compounds are able to reduce silver ions to silver nanoparticles

(Krishnaraj et al. 2010).

Medicago sativa seeds were used to obtain silver nanoparticles from silver nitrate

solution. The silver ion concentration, amount of exudate and pH determined the

Ag+ Ag+ 

OCH3
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Fig. 12.5 Schematic diagram of the formation of phyllanthin-stabilized silver nanoparticles

(Modified from Kasthuri et al. 2009)
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particle size and morphology. At low silver ion concentration, largely spherical

nanoparticles were produced, and at high concentration, flower-like clusters were

observed. Pre-dilution of the exudate induced the formation of silver nanoplates,

forming hexagonal particles and nanotriangles. These data are indicative that the

formation of particles appears to follow a clear pathway, and the authors hypothesized

that there were different primary growth mechanisms and combinations of these

mechanisms, by which the particles (in particular, the nanotriangles) self-assembled

in the silver exudate system. This exudate contained a large amount of quercetin, and

the proposed oxidized structure for quercetin is that of a ketone, as quercetin possesses

the readily oxidized hydroxyl group in the C ring next to the carbonyl group

(Fig. 12.7). This further supports that this oxidized form of quercetin may dictate

the growth of the Ag nanotriangles along the {111} direction and cap the Ag

nanoparticles in theM. sativa seed exudate system.

This biogenic synthesis by M. sativa was mimicked by commercial quercetin

and showed similar results to those observed in the biological systems (Fig. 12.8)

(Lukman et al. 2011). These facts showed that the quercetin acts as an intermediate

compound in the biosynthesis of metallic nanoparticles in plants (Egorova and

Revina 2000; Materska 2008).

It is known that plants growing under different ecological conditions

(e.g., xerophytes, mesophytes, and hydrophytes) are able to metabolize metallic

nanoparticles (Jha et al. 2009). In the case of xerophytes (e.g., Bryophyllum sp.),

during night-time CO2 enters the leaf tissue and then the cells, CO2 reacts with

Fig. 12.6 Schematic representation of silver ion stabilization and reduction by curcacycline B.

(a) Stabilization of silver ions in the curcacycline B pocket (Modified from Bar et al. 2009a) and

(b) possible redox mechanism of the silver nanoparticles production, as suggested by Durán et al.

2011. By permission of Springer
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phosphoenol pyruvate (PEP) under PEP carboxylase to form oxalo-acetic acid

which is reduced by Malate dehydrogenase/NADH to malic acid (by night). During

the day, malic acid is oxidized to pyruvaye, regenerating PEP by PEP carboxykinase

at pH variations (pool of organic acids). These redox reactions indicate that the

changes must be due to redial transformation of silver. The authors suggested that

emodin (anthraquinones, similar to Durán et al. 2005) can undergo a redial

tautomerization producing the silver nanoparticles (Fig. 12.9).

In mesophytes. it appeared that nano-transformation is produced by the

tautomerization of quinones. The candidate mesophytic genera, Cyperus sp.,

contained three types of benzoquinones, e.g., cyperoquinone (type I), dietchequinone

(type II) and remirin (type III) were able to produced silver nanoparticles via redial

tautomerization (Fig. 12.10).

Hydrophytes (Potamogeton sp.) exhibit a translocation of ammonia and this is

dissolved in water to give its hydroxide. This plant due to high salinity must be

protected from the levels of reactive oxygen species (ROS), since an excessive level

of ROS leads to oxidative damage to cellular molecules, aging and cell death. Due

to this fact, the antioxidative species must be kept at appropriate levels (ascorbic

acid). Dehydroascorbate (DHA) reductase (DHAR) catalyze the re-reduction of

DHA to ascorbate. In addition, this presence of catechol and protocatecheuic acid

have also been reported along with other important phytochemicals in Hydrilla. In
both the cases, reactive hydrogen gets liberated which participates in the synthesis

of silver nanoparticles (Fig. 12.11).
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However, another intermediate for biosynthesis of silver nanoparticles has been

proposed using xerophytic plant O. ficus-indica, commonly known as Opuntia.

In this mechanism, quercetin was proposed as intermediate. This compound is the

main bioactive products in this plant, thus probably this metabolite plays a major
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role in the reduction of silver ions and formation of an intermediate complex which

is further responsible for the formation of silver nanoparticles (Fig. 12.12) (Gade

et al. 2010b).
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Finally, the silver nanoparticle production by plants depends on their metabo-

lism where different metabolites such as organic acids or quinones or flavonoids

such as quercetin, or metabolic fluxes and other redox systems such as ascorbates or

catechol/protocatacheuic acid play important roles in the mechanism of silver

nanoparticle formation (Jha et al. 2009).

12.2.2 Gold Nanoparticles

There are very few publications on the mechanistic aspect of gold biosynthesis.

12.2.2.1 Aminoacids and Peptides

Gold nanoparticles can be produced by using peptide and aminoacid. It has been

reported that some short model peptides can be self-assembled into fibrous

structures under appropriate conditions (this was not observed in peptide–silver

ions interaction). Bhattacharjee et al. (2005) used the capacity of self-assembly of

surface-adsorbed fibril-forming peptides. The authors mentioned that similar kinds

of large aggregated structures have also been prepared by the self-assembly of gold

nanoparticles using other biological interactions (e.g., Brown 2001). Previously, it

was reported that tyrosine was redox active and the probable mechanism suggested

was spin delocalization that was in agreement with a role for the peptide bond

in tyrosyl radical-based electron-transfer reactions (Pujols-Ayala et al. 2003).

Bhattacharjee et al. (2005) showed that the tripeptide (H2N-Leu-a-aminoisobutyric

acid {Aib}-Tyr-OMe-1) containing a C-terminally located tyrosine residue reduced

gold salt to metallic gold nanoparticles in situ (Fig. 12.13). Stable nanoparticles

were obtained due to the presence of tripeptide on the gold nanoparticles surface as

self-assembled into three-dimensional structures.

In 2005, analyses were carried out of the reduction potential of cowpea chlorotic

mottle viruses of unmodified SubE (plasmid expressed in yeast), (HRE)-SubE

engineered with interior HRE peptide epitopes (Ala-His-His-Ala-His-His-Ala-

Ala-Asp) and wild-type as viral templates for synthesis of gold nanoparticles

(Slocik et al. 2005). SubE, (HRE)-SubE, and wild-type were added to water with

O
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Fig. 12.13 Structure of tripeptide-1 and the self-assembled process for gold nanoparticles

(Modified from Bhattacharjee et al. 2005 and from Durán et al. 2011. By permission from

Springer)
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AuClP(CH3)3 leading to the rapid reduction to form gold nanoparticles (either

aerobically or anaerobically). Tyrosine played an important role in the gold reduc-

tion and it was demonstrated by the decay of the tyrosine fluorescence and

correlated with an increase of the plasmon absorbance of gold nanoparticles. In

addition, a sequence analysis of cowpea chlorotic mottle virus demonstrated that

there were four tyrosine residues in close proximity to the C-terminus of each

subunit that presented multiple reduction sites. This research showed a unique

surface chemistry of viruses with a large potential in many nanomaterials (Slocik

et al. 2005).

In another work (Selvakannan et al. 2004b), it was demonstrated that tryptophan

is a reductant agent of gold ions and that the temperature can impact on the

synthesis process by increasing the reduction rate and favoring the formation of

gold nanoparticles in anisotropic shapes (triangles and hexagons). Through surface-

enhanced Raman scattering (SERS), it was demonstrated how tryptophan caps

the gold nanoparticles after the reduction process, stabilizing the nanoparticles.

Figure 12.14 shows the SERS spectra from the tryptophan-reduced gold

nanoparticles synthesis (tryptophan alone did not exhibit Raman signal). Further-

more, the influence of temperature in the SERS spectra can be seen in this figure.

Gold nanoparticles synthesized at 60�C and 80�C (spectra b and c) provide higher

Raman enhancement compared to the particles synthesized at 20�C (spectrum a).

The SERS is expected to be higher for anisotropic nanoparticles, because symmetry

breaking allows for plasmon localization and more intense electromagnetic field

generation at the edge and tips of nanoparticles. The SERS spectrum also

demonstrated that the band at 1,123 cm�1, which corresponded to NH2 twisting

vibration mode, is relating to the positive charge of the secondary amino group

(glycine moiety of tryptophan), interacting with the negative charge of the gold

nanoparticles surface by electrostatic interaction. Another observation by SERS

Fig. 12.14 SERS spectra of

tryptophan-protected gold

nanoparticles as synthesized

at (a) 22�C, (b) 60�C, and
(c) 80�C. The inset shows
the molecular structure of

tryptophan (From Iosin

et al. 2010. By permission

from Springer)
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spectrum shows an enhancement of the band at 1,612 cm�1 (asymmetric stretching

of the COO– group). The authors concluded that the indole ring did not interact

with the gold nanoparticles surface, while both amino and carboxy groups of

tryptophan were the preferential terminal groups to attach onto the surface of

the gold nanoparticles (Iosin et al. 2010).

12.2.2.2 Fungi

Biosynthesis of size-controlled gold nanoparticles using the fungus Penicillium sp.

was carried out by bioreduction of AuCl�4 ions, and led to the assembly and formation

of intracellular gold nanoparticles with spherical morphology and monodispersity

index. Temperature was an important physiological parameter for growth of Penici-
llium sp., and to control the size of the biosynthesized gold nanoparticles. FTIR

spectra analysis of the fungus exposed to gold ions solution indicated that the

intracellular reducing sugar played an important role in the occurrence of intracellular

gold ions reduction and in the gold nanoparticle growth (Zhang et al. 2009).

12.2.2.3 Bacteria

An intracellular biosynthesis of gold nanoparticles by Stenotrophomonas
maltophilia isolated from soil samples was reported by Nangia et al. (2009).

This study suggested that biosynthesis and stabilization of gold nanoparticles via

charge capping involved a NADPH-dependent reductase enzyme through electron

shuttle process. The reduction of gold ions solution was probably processed in two

steps. At the first step, AuCl�4 ions were reduced to Au+ species, and in a second

step, the latter product was then reduced by NADPH to metallic gold and subse-

quently followed by the encapsulation of gold nanoparticles by charged NADP+

species as shown in the equations below.

AuCl�4 þ NADPH ! Auþ þ 4Cl� þ NADPþ þ Hþ

2Auþ þ NADPH ! 2Au0 þ NADPþ þ Hþ

All the data in this study suggested a potential mechanism of gold nano-

particles synthesis by Stenotrophomonas maltophilia based on enzymatic reduction

(Fig. 12.15).

12.2.2.4 Plants

A bioreductive approach of anisotropic gold using the phyllanthin extract with

tunable optical properties has been studied (Kasthuri et al. 2009). The presence of
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a small amount of phyllanthin extract led to a slow reduction of AuCl�4 ions

favoring the formation of triangular- or hexagonal-shaped nanoparticles. However,

a large amount of phyllanthin extract leads to a higher population of spherical

nanoparticles. As in the case of silver nanoparticles (see Fig. 12.5), the electron-

donating nature of the –OCH3 group of the phyllanthin extract plays an important

role in this process (Kasthuri et al. 2009).

12.2.2.5 Algae

Shewanella algae cell extract produced spherical, triangular, truncated triangular,

and hexagonal nanoplates with an edge length of 100–200 nm. Through the FTIR

technique, it was shown that there was no difference in the FTIR spectra between

the S. algae extract and the spherical gold particle suspension in a short period,

indicating that the components of the S. algae extract did not participate in the

formation of spherical gold nanoparticles. The FTIR spectra of the gold particle

suspension after longer periods of interaction showed a different peak shape for

the carbonyl group (C¼O) centered at 1,645 cm�1 as the gold particle morphology

changed from spherical nanoparticles to nanoplates. This result indicates that the

carbonyl group in the S. algae extract contributes to the formation of gold

nanoplates (Ogi et al. 2010).

12.2.3 Cadmium Nanoparticles

In this specific case of cadmium nanoparticles, no mechanistic aspects were found

with fungi, yeast or plants.
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Fig. 12.15 Proposed synthesis mechanism of GNPs by Stenotrophomonas maltophilia through

enzymatic reduction (From Nangia et al. 2009. By permission of American Institute of Physics)
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12.2.3.1 Bacteria

NAD-independent lactate dehydrogenases (iLDHs) are commonly responsible for

lactate utilization during the stationary phase of aerobic growth in Lactobacillus
plantarum. In L. plantarum, two stereospecific nLDHs are present (LdhD, respon-

sible for D-lactate; and LdhL, responsible for L-lactate). Under the experimental

conditions used, the NAD-independent lactate dehydrogenase activities do not

seem to be involved in this process (Goffin et al. 2004). Then, cadmium

nanoparticles were prepared using L. plantarum from Lactobacillus strains found
in buttermilk using the procedure adopted by Nair and Pradeep (2002) with slight

modifications (Jha and Prassada 2010). The filtrate from buttermilk was diluted and

a suitable sugar solution was added to the culture solution and this was allowed to

incubate overnight. Then, to each culture, cadmium carbonate solution was added.

After 3–4 days, the culture solution was observed to have distinctly marked deposits

at the bottom of the conical flask. A remarkable change in pH was observed at this

stage, which is currently under standardization. A possible synthetic mechanism

was suggested as follows:

CdCO3 þ 2HCl ) CdCl2 þ H2CO3

CdCl2 , Cd2þ þ 2Cl�

H2CO3 , 2Hþ þ CO 2�
3

Cd2þ þ 2e� , Cd0 #
Although the authors do not say which part was the reductant, the reduction

agents should be lactate (oxidation to acetate). The mechanistic aspect in lactate to

acetate as suggested by Goffin et al. (2004) is the following. Lactate is oxidized to

acetate by the bacteria by requiring transfer of four electrons to an exogenous

electron acceptor (Marsili et al. 2008). Then, the final equation summing up both

semi-reductions should be:

Lactate� þ 2H2O! Acetate� þ HCO �
3 þ 5 Hþ þ 4 e�

2Cdþ2 þ 4 e�! 2 Cdo

Lactate� þ 2H2Oþ 2 Cdþ2! Acetate� þ HCO �
3 þ 5 Hþ þ 2 Cdo

12.2.4 Copper Nanoparticles

No mechanistic aspects with fungi or other biological systems were found.

12.2.4.1 Bacteria

Synthesis for copper nanoparticles using Pseudomonas stutzeri biomass in an

aqueous CuSO4 solution has been studied (Varshney et al. 2010). High resolution
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transmission electron microscopy analysis showed that the particles produced were

almost spherical, a thin coating layer can be observed on all particles and

the thickness is a few nanometers. This was an indication that the bacterial surface

acts both as a reducing as well as capping agent and that these micrographs also

demonstrate that Cu nanoparticles were well dispersed and stable for months.

12.2.4.2 Yeast

Biocatalytic reduction and removal of copper ions was observed in the aqueous–

organic phase by induction of copper reductase in yeast grown in catabolic repression

conditions by addition of inducer (copper ions) during the initial growth phase of

Saccharomyces cerevisiae. Excess of glucose under catabolic repression conditions

was used to induce the Cyt P450 in the yeast cells. The harvested biomass was

lysed using cell disrupter and the microsomes were obtained. The most important

parameters in the biocatalytic reduction were initial substrate concentration, time of

reaction, initial pH of the reaction mixture (optimization of the enzyme) and concen-

tration and time of addition of the inducer (yeast growth) (Chandran et al. 2001).

12.2.5 Iron Nanoparticles

The biosyntheis and mechanistic views were only found with plant extracts.

12.2.5.1 Plants

A green single-step synthesis of iron nanoparticles using tea (Camellia sinensis)
polyphenols has been described (Hoag et al. 2009). The rapid reaction between

polyphenols and ferric nitrate occurred at room temperature. As was previously

discussed (Fig. 12.4), the plant polyphenols act as a reducing and a capping agent,

resulting in green synthesized nano-scale-sized zero-valent iron particles.

12.2.6 Palladium Nanoparticles

In this biosynthesis, no mechanistic data with fungi or other organisms were found.

12.2.6.1 Bacteria

Desulfovibrio fructosivorans mutants were constructed using marker exchange

mutagenesis, and the D. fructosivorans wild-type strain and mutant strains with

deletions of NiFe hydrogenase, Fe hydrogenase, and Fe and NiFe hydrogenases
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were grown anaerobically. Pdo was visible within the periplasmic spaces of the

parent strain and the Fe hydrogenase mutants; however, Pd clusters (in wild-type

and Fe hydrogenase-negative cells) were distributed randomly throughout

the whole width of the periplasmic space, but Pd nanoparticles were localized on

the cytoplasmic membrane in NiFe hydrogenase-negative and double-mutant cells.

In both treated cells – double-mutant and wild-type periplasmically – or intact ones,

Pd clusters were associated only with the inner cytoplasmic membrane. This result

and the hydrogenase localization suggested that the enzyme serves as a nucleation

site and assists initial Pd nanoparticle growth by supplying the electrons for Pd+2

reduction (Mikheenko et al. 2008). However, in another study using Cupriavidus
necator, Pseudomonas putida, and Paracoccus denitrificans in palladium nanopar-

ticle biosynthesis, no evidence was for the involvement of active hydrogenases or

the participation of other active enzymes in nucleating Pd+2 reduction (Bunge et al.

2010). Pdo was located in the periplasmic space, and the size of the nanoparticles

was defined by the distance of inner and outer membranes. From this, the authors

postulated a hydrogenase-independent mechanism, contrary to findings with

Desulfovibrio spp (Mikheenko et al. 2008). Although active enzymes appear not

to be required, it is possible that the coordination of Pd+2 to chemical groups on the

cell surface contributes to nucleating the reduction process. This is an indication

that the microbial surface operates as a scaffold for binding Pd+2 before reduction to

Pdo, with the cell surface acting as a type of biological stabilizer that prevents

agglomeration (Bunge et al. 2010).

12.2.6.2 Plant

Palladium nanoparticles were obtained by a simple procedure using broth of

Cinnamomum camphora leaf extract (Yang et al. 2010). According to the size

distribution of the Pd nanoparticles, it was found that a higher concentration of

Pd+2 in the solution produces smaller Pd nanoparticles. Polyols such as flavones,

terpenoids, and polysaccharides in the broth played a critical role in reduction of

Pd+2 ions. FTIR spectra of the reaction were indicative that polyols were oxidized

to aldehydes or ketones confirming that the water-soluble fractions in the leaf broth

played a leading role in bioreduction of the precursors. The proposed mechanism by

Yang et al. (2010), in function of FTIR, was:

nPdþ2 þ 2R - ðOHÞn ! nPdo þ 2nR ¼ Oþ 2nHþ

Where 2R-(OH)n cold be polyol and R¼O could be an aldehyde or ketone.

12.2.7 Platinum Nanoparticles

In this case, only themechanistic aspects with bacteria, fungi and plants are discussed.
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12.2.7.1 Bacteria

Platinum nanoparticles were produced using a consortium of sulfate-reducing

bacteria (SRB) cells that were suspended in a buffer (pH 7.6) under both anaerobic

and aerobic environments with platinum salt [Pt(IV)-H2PtCl6] or [(Pt(II)-Na2PtCl4].

On the basis of the results obtained, a probable mechanism for the platinum

nanoparticles was proposed (Fig. 12.16) (Riddin et al. 2009). The endogenous

production of hydrogen/electrons via the oxidation of organic compounds, evolved

by the cytoplasmic hydrogenase, would be rapid (Fig. 12.16, step 1). The periplas-

mic hydrogenase (Fig. 12.16, step 2) acting as an electron donor for the Pt (II) ion

(Fig. 12.16, step 2). No inhibition of copper ions exerted on the bioreduction of the

Pt(IV) ion was observed, while the rate limiting step was that of Pt(II) to Pt(0)

further supporting the hypothesis that a periplasmic hydrogenase was involved

using endogenously produced hydrogen during the reduction of Pt(II). Thus,

a mixed consortium of SRB was capable of reducing Pt(IV) to Pt(0) via the inter-

mediate cation Pt(II) in a two-step process: (1) A cytoplasmic hydrogenase, that

was oxygen sensitive and not inhibited by Cu(II), required no exogenous electron

donors and produced hydrogen (and excess electrons) from metabolite oxidation

and/or Pt(IV) reduction, and (2) a periplasmic hydrogenase that was oxygen-

tolerant/protected, was inhibited by Cu(II) and used the endogenously formed

hydrogen donors [and Pt(II) ions] to form Pt(0) nanoparticles (Fig. 12.16).

Later on, in a study with cell-free and cell-soluble protein extract, it was

demonstrated that in order to form stable platinum nanoparticles the ratio of the

initial concentration of the platinum salt and total protein were also critical to

control the shape and size (Riddin et al. 2010).

Fig. 12.16 Suggested mechanism for the double two-electron bioreduction of Pt(IV) into

nanoparticles via an intermediary Pt(II) (From Riddin et al. 2009. By permission from Elsevier)
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12.2.7.2 Fungi

The biosynthesis of platinum nanoparticles was obtained from cell-free extract of

Fusarium oxysporum containing hydrogenase or purified enzyme and exposed to

aqueous solutions of H2PtCl6 at the appropriate pH and temperature under an

atmosphere of hydrogen (Govender et al. 2010). Experiments with cell-free extract

from F. oxysporum with the platinum salts showed that there was a decrease in the

concentration of the platinum salt after 1–3 h. Thereafter, there was a gradual

increase in platinum salt concentration after 8 h incubation. This increase could

have been as a result of, first, the bioreduction of H2PtCl6 to produce platinum with

the release of HCl ions, followed by a reverse reaction and the in situ formation of

PtCl2�4 . By analogy, these authors with other results by Duff et al. (1995) proposed

a two-stage reaction:

H2PtCl
2�
6 ! PtCl2�4 þ 2Cl� þ 2Hþ

PtCl2��
4 $ Ptþ 4Cl�

However, the study with purified hydrogenase enzyme under conditions at its

optimum pH and temperature, showed no bioreduction. The cell-free extract

contained other factors that were contributing to the bioreduction at the same

conditions. The authors pointed out that a continuing study must be necessary to

identify this intermediate and understand more about the mechanism of the plati-

num bioreduction (Govender et al. 2010).

12.2.7.3 Plants

AQ leaf extract of Diopyros kaki was used as a reducing agent in the extracellular

synthesis of platinum nanoparticles from an aqueous H2PtCl6 � 6H2O solution.

Results of this biosynthesis showed that platinum nanoparticles synthesized with

D. kaki extract were surrounded by some metabolites like terpenoids, that have

functional groups of amines, alcohols, ketones, aldehydes, and carboxylic acids,

and not by proteins. The platinum nanoparticle synthesis using D. kaki is not an
enzyme-mediated process because the rate of platinum nanoparticle synthesis was

greatest at temperatures over 95�C and there were no peaks associated with

proteins/enzymes on FTIR analysis. It appears more likely that the reduction of

platinum ions and stabilization of synthesized platinum nanoparticles was the

responsibility of many functional groups, which are present in various metabolites

such as terpenoids and reducing sugars (Song et al. 2010).

12.2.8 Selenium Nanoparticles

The selenium nanoparticle biosynthesis and mechanistic views were only found

with bacteria.
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12.2.8.1 Bacteria

Bacillus arsenicoselenatis (strain E1H) and Bacillus selenitireducens (strain MLS10)

isolated from a lake sediment were able to reduce oxyanions selenate-Se(VI) to

selenite-Se(IV) and selenite-Se(IV) to selenium nanoparticles-Se(0), respectively,

by a dissimilatory reduction with a concomitant of lactate to acetate and CO2 (Blum

et al. 1998). Growth of strain E1H in the oxidation of lactate to acetate consumed two

electrons for reduction of Se(VI) to Se(IV); however,MLS10 consumed four electrons

in the lactate oxidation for the Se(IV) reduction to Se(0). The co-culture of these two

isolates was in agreement with the six-electron stoichiometry of complete selenate

reduction to the elemental state as given by the equation (Oremland et al. 1994):

3 Lactate� þ 2 SeO 2�
4 þ Hþ! 3 Acetate� þ 2 Seð0Þ þ 3 HCO �

3 þ 2 H20

Selenate SeO 2�
4

� �
; Selenite SeO 2�

3

� �

Species of selenate- and selenite-respiring bacteria, Sulfurospirillum barnesii,
Bacillus selenitireducens, and Selenihalanaerobacter shriftii, growing with sele-

nium oxyanions as the electron acceptor, formed extracellular granules of stable,

uniform nanospheres of Seo. Intracellular packets of Seo were also noted, but the

extracellular Seo accumulation was more common than the intracellular one.

Because the Seo nanospheres eventually migrate from the individual cells, the Seo

particles correspond to all the Se(VI) added at the initial incubation time. This also

suggests that the external and internal Seo nanospheres arise independently of each

other and by different mechanisms. The external nanosphere accumulation is

probably directly tied to the respiratory Se reductases (Oremland et al. 2004).

The reduction of Se (IV) by Klebsiella. pneumoniae and the formation of

intracellular selenium nanoparticles were investigated. The appearance of a red

color in the culture flasks suggested the formation of elemental selenium.

K. pneumoniae cells containing the red selenium particles which were disrupted

using a wet heat sterilization process (Fesharaki et al. 2010). Probably, a similar

mechanism as described for Bacillus selenitireducens (Oremland et al. 1994) is also

applied.

Bacillus cereus generated selenium nanoparticles by transformation of toxic

selenite SeO2�
3

� �
anions into red elemental selenium (Seo) under aerobic conditions.

Microscopic analysis showed spherical Seo nanospheres adhering to bacterial bio-

mass (intracellular) as well as free particles (extracellular). Data suggested a hypo-

thetical mechanism for the biogenesis of selenium nanoparticles involving

membrane-associated reductase enzyme(s) that reduces selenite SeO 2�
3

� �
to Seo

through an electron shuttle enzymatic metal reduction process as shown in

Fig. 12.17 (Dhanjal and Cameotra 2010).
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12.2.9 Tellurium Nanoparticles

In the case of tellurium nanoparticles, biosynthesis was only found the mechanistic

aspect involving bacteria.

12.2.9.1 Bacteria

Tellurium occurs in nature in four oxidation states: 6, 4, 0, and 2. The first two form

the partially soluble oxyanions tellurate [TeO 2�
4 , or Te(VI)] and tellurite [TeO 2�

3 ,

or Te(IV)], and with respect to the latter two, the occurrence of native tellurium [Te

(0)] is rare. Two anaerobes previously shown to be capable of respiring oxyanions

of selenium also achieve growth by reduction of either tellurate [Te(VI)] or tellurite

[Te(IV)] to elemental tellurium [Te(0)]. Those tellurium nanoparticles formed by

Bacillus selenitireducens were initially nanorods, which cluster together forming

larger rosettes composed of numerous individual shards. In contrast, Sulfuros-
pirillum barnesii forms extremely small, irregularly shaped nanospheres that coa-

lesce into larger composite aggregates (Baesman et al. 2007). The linkage of lactate

oxidation to these reductions demonstrated that these Te derivatives served as

terminal electron acceptors for anaerobic respiration. The biological oxidation of

organic matter using Te(IV) as an electron acceptor support the growth of

B. selenitireducens, and following the stoichiometry:

Lactate� þ TeO 2�
3 þ Hþ !Acetate�1 þ Teð0Þ

þ HCO �
3 þ H2O

Fig. 12.17 Schematic representation of proposed mechanism of biogenesis of Selenium (Se0)

nanospheres. (a) Selenite reduction at 0 h. (b) Formation of red elemental selenium in membrane

fraction after 3–4 h of incubation. (c) Prolonged incubation of 12 h resulted also in formation of red

elemental selenium in soluble fraction (From Dhanjal and Cameotra 2010. By permission from

BioMed Central)
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Growth of S. barnesii on lactate and Te(VI) also following the stoichiometry:

3 Lactate� þ 2 TeO 2�
4 þ Hþ !3 Acetate� þ 2 Teð0Þ

þ 3 HCO �
3 þ 2 H2O

12.2.10 Titanium Nanoparticles

The biosynthesis and mechanistic aspect for titanium nanoparticles synthesis were

only found with bacteria.

12.2.10.1 Bacteria

Titanium dioxide was added to curdled milk and whey from boiled milk that

contained lactic acid bacteria, and with extra sugar after a few days the titanium

nanoparticles were deposited in the flask. Nanoparticles containing the culture

solution was filtered under the laminar flow through filter paper (Prasad et al.

2007). The nanotransformation from Lactobacillus sporogens was found superior

to the Lactobacilli and was less expensive, more reproducible, emphatically least

time-consuming and a truly green approach, and probably follows the same type of

mechanisms as other metallic nanoparticles (Jha and Prasad 2010).

12.3 Antibacterial Potential of Metallic Nanoparticles

Silver nanoparticles exhibit special chemical and physical properties and have been

appearing in the recent years as a possible new antibiotic or with other biological

activities, since is possible to use them in wound dressing, medical tools, textiles,

etc., and escape from antibiotic resistance (Durán et al. 2005, 2010a, b, c, 2011;

Nair and Laurencin 2007; Singh et al. 2009; Rai et al. 2009; Dastjerdi and Montazer

2010; Vijayaraghavan and Nalini 2010; Marcato and Durán 2011). One important

fact is that silver nanoparticles with different shapes and sizes exhibit variable

antimicrobial activity. However, the mechanisms of antimicrobial activity of silver

ions and silver nanoparticles, and their toxicity to human tissues, are not fully

characterized. A recent review evaluated the potential use of silver nanoparticles to

control pathogens with emphasis on their action against pathogenic bacteria, their

toxicity and possible mechanisms of action (Durán et al. 2010b). In the last 3 years,

many important results with silver nanoparticles on antibacterial activities have

been published. Now we will discuss the most recent results on biogenic metallic

nanoparticles and their antimicrobial activities.
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Many aspects of the inhibitory effect of silver ions have been discussed previ-

ously, but silver nanoparticles also have inhibitory and lethal effects on bacterial

species such as E. coli, S. aureus and even against yeast (Durán et al. 2010b and

references therein).

Raffi et al. (2008) observed that silver nanoparticles were completely cytotoxic

to E. coli at a low concentration. Gade et al. (2008) produced silver nanoparticles by

extracellular biosynthesis using Aspergillus niger isolated from soil and these were

cytotoxic to E. coli. A recent synthesis of silver nanoparticles using a reduction of

aqueous silver ions with the culture supernatants of Staphylococcus aureus found
them to be active against a methicillin-resistant Staphylococcus aureus (MRSA)

followed by methicillin-resistant Staphylococcus epidermidis (MRSE) and Strepto-
coccus pyogenes. However, when Salmonella typhi and Klebsiella pneumoniae
were treated with silver nanoparticles, a moderate antimicrobial activity was

observed (Nanda and Saravanan 2009). The synthesis of silver nanocrystals

encapsulated in mesoporous silica nanoparticles showed a complete inhibition of

bacterial growth (Liong et al. 2009).

The effect of shape on the antibacterial activity of silver nanoparticles was

recently discussed studying the different synthesis of the silver nanoparticles

(Sharma et al. 2009 and references therein). Silver nanoparticles with different

shapes (triangular, spherical and rod) were tested against E. coli. The truncated

triangular silver nanoplates displayed the strongest biocidal action when compared

with spherical, rod-shaped nanoparticles and with silver ions. Furthermore, the

antibacterial activity was also particle size-dependent (Sharma et al. 2009 and

references therein). The influence of size was also related to the total surface area

of the nanoparticles. Smaller particles with larger surface to volume ratios have

greater antibacterial activity (Choi and Hu 2008).

The chemically synthesized silver nanoparticles exhibited high antibacterial

activity against both Gram-negative E. coli and Gram-positive S. aureus bacteria.
TEM images showed the interaction and bactericidal mechanism of silver

nanoparticles. After interacting with bacteria, silver nanoparticles had adhered to

the cell wall and penetrated the cell membrane, resulting in the inhibition of bacterial

cell growth and multiplication due to their well-developed surface (Le et al. 2010).

In this direction, on the basis of new research by Li et al. (2010), the action model of

silver nanoparticles on E. coli was described as first making a break through

the permeability of the outer membrane by lysis of cellular components. Then,

second, the silver nanoparticles enter the inner membrane and inactivate respiratory

chain dehydrogenases inhibiting respiration and growth of cells. Probably, silver

nanoparticles could also affect some proteins and lipids and induce a collapse of the

membrane, resulting in cell death (Le et al. 2010). This is very similar to that

observed in biogenic silver nanoparticles acting as antimicrobial agents.

The availability of biosynthetically produced silver nanoparticles opened the

possibility to investigate the association of these biological particles with

antibiotics (Basavaraja et al. 2008; Parikh et al. 2008). A recent study was carried

out with clindamycin associated to silver nanoparticles produced chemically or

biosynthetically (Durán et al. 2008). Results with methicillin-resistant S. aureus
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strains (MRSA) and Staphylococcus epidemidis showed a significant bactericidal

activity of both formulations with slightly lower MIC values observed with the

biosynthetic nanoparticles. In addition, a study on the effect of silver nanoparticles

associated with clindamycin on leishmaniasis was published (Marcato et al. 2008).

The effect of a combination of silver nanoparticles with different antibiotics

was investigated against several bacterial strains. Silver nanoparticles were

associated with penicillin G, amoxicillin, erythromycin, clindamycin, and vanco-

mycin, etc. The association of antibiotics with silver nanoparticles increased the

antibacterial activity against all bacteria strains studied (Durán et al. 2010b and

references therein). Ampicillin, gentamycin, kanamycin, streptomycin and vanco-

mycin were tested with silver nanoparticles produced from Phoma glomerata, and
a synergistic activity was observed with E. coli and Pseudiomonas aeruginosa
(Birla et al. 2009).

In another study, silver nanoparticles as active carriers for chloramphenicol in

polyvinylpyrrolidone showed substantially enhanced activity against clinically

isolated S. typhi (Patil et al. 2009).
Silver ions exposed to a filtrate of T. viride produced silver nanoparticles and the

antibacterial activities of a combination of these nanoparticles with ampicillin,

kanamycin, erythromycin, and chloramphenicol showed an increase of the antibi-

otic effect. A mechanistic suggestion on the function of the synergistic effect

between silver nanoparticles and ampicillim has been proposed (Fig. 12.18).

First, the antimicrobial groups came into contact with silver nanoparticles forming

a core with ampicillin molecules. The ampicillin molecules act on the cell wall

producing a lysis increasing the penetration of the silver nanoparticles into the

bacterium. Finally, the silver nanoparticles–ampicillin complex interacts with DNA

which produced serious damage to the bacterial cells (Fayaz et al. 2010).

Revision of all the data published suggests possible mechanisms of the silver

nanoparticles as antimicrobial activity, and a recent review discussed the three most

common mechanisms of toxicity proposed to date which are: (1) the uptake of free

silver ions followed by disruption of ATP production and DNA replication, (2) the

silver nanoparticle and silver ion generation of reactive oxygen species (ROS), and

(3) silver nanoparticle direct damage to cell membranes (Marambio-Jones and

Hoek 2010 and references therein). Figure 12.19 summarizes all these hypotheses

in one scheme.

Recently, a review focuses on the work done in the last few years developing

gold nanoparticles as therapeutics and diagnostic agents (Arvizo et al. 2010). These

particles also exhibit antibacterial activity. Das et al. (2009) studied the antimicro-

bial activity of gold nanoparticles, produced by a native Rhizopus oryzae strain,

against P. aeruginosa, E. coli, B. subtilis, S. aureus, Salmonella sp., S. cerevesiae,
and C. albicans by the cup-plate method. Exposure of microbial cells to gold

nanoparticles resulted in a significant decrease in cell viability compared to the

control cells. The SEM images of cells exposed to gold nanoparticles showed

morphological changes compared to that of the control. After incubation with the

nanoparticles, the integrity of most of the microbial cells was lost, indicating

irreversible cell damage and ultimate cell death.
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The antimicrobial activity of silver nanoparticles and platinum nanoparticles,

stabilized with sodium dodecyl sulfate and poly-(N-vinyl-2-pyrrolidone), against
S. aureus and E. coli was studied. The growth of Gram-positive (S. aureus) and
Gram-negative (E. coli) bacteria wase inhibited by silver nanoparticles, but the

silver nanoparticles either stabilized with sodium dodecyl sulfate or the platinum

nanoparticles with any stabilizer did not show antimicrobial activity (Cho et al.

2005).

The selenium nanoparticles prepared by Klebsiella pneumoniae exhibited a good
antimicrobial effect on fungi such as Aspergilluis terreus, A. niger, A. flavus,
A. fumigatus, Malassezia sympodialis and M. furfur, with a MIC ranging from

10 to 260 mg mL�1 for all isolate microorganisms (Shakibaie et al. 2010).

The antibacterial activity of silver and copper nanoparticles (both synthesized

chemically) was compared for various strains of microorganisms (Escherichia coli,
Bacillus subtilis, and Staphylococcus aureus). The effectiveness of silver nano-

particles was higher than those observed with copper nanoparticles for all E. coli
and S. aureus strains selected for this study. However, copper nanoparticles showed

a significantly higher activity than silver nanoparticles against B. subtilis (Ruparelia
et al. 2008).
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Fig. 12.18 Synergistic activity of silver nanoparticles with ampicillin (Amp) against bacteria.
(a) Formation of core silver nanoparticles with ampicillin. (b) Interaction of silver nanoparticles

complex over the cell wall of bacteria. (c) Silver nanoparticles–Amp complex inhibits the

formation of cross-links in the peptidoglycan layer (which provides rigidity to the cell wall),

leading to cell wall lysis. (d) Silver nanoparticles–Amp complex prevents the DNA unwinding

(From Fayaz et al. 2010.. By permission from Elsevier)
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The effective E. coli inactivation by Feo nanoparticles (chemically synthesized)

was compared with several iron compounds. No significant inactivation of E. coli
was achieved with iron oxide (magnetite) nanoparticles and microscale Feo powder.

In contrast, Feo nanoparticles showed strong activity. These results suggest that the

biocidal effect of Feo nanoparticles originates from both a size-related physical

property of the nanoparticles and a chemical interaction of elemental iron with

E. coli. Furthermore, Feo nanoparticles showed a higher bactericidal activity than

silver nanoparticles (Lee et al. 2008).

12.4 Cytotoxicity and Toxicity of Metallic Nanoparticles

As described in the previous section, the beneficial effect on human health of

metallic nanoparticles is clear but it does not mean that they are risk-free

(El-Ansary and Al-Daihan 2009; Hussain and Schlager 2009) The small particle

size possibly leads them to penetrate easily by inhalation, by oral ingestion and

probably by contact with the skin, and disseminate throughout the body. In many

cases, the cytotoxicity will depend on the support of the nanoparticles matrix or the

concentration (Durán et al. 2010b).

Recently, ActicoatTM (commercial silver support) was used in post-cardiac

surgery for mediastinitis, and in all four patients, negative cultures were obtained

within a maximum of 72 h (Totaro and Rambaldini 2009). Acute toxicity of

Fig.12.19 Diagram summarizing nano-scaled silver interaction with bacterial cells. Nano-scaled

silver may (1) release silver ions and generate ROS; (2) interact with membrane proteins affecting

their correct function; (3) accumulate in the cell membrane affecting membrane permeability; and

(4) enter into the cell where it can generate ROS, release silver ions, and affect DNA. Generated

ROS may also affect DNA, cell membrane, and membrane proteins, and silver ion release will

likely affect DNA and membrane proteins (From Marambio-Jones and Hoek 2010. By permission

from Springer)
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different metallic nanoparticles in vitro using a rat liver-derived cell line or neural

cells treated with different silver nanoparticle sizes resulted in dose-dependent

cytotoxicity. The toxicity on the C18-4 cells of a mouse cell line with spermatogo-

nial stem cell characteristics showed that silver nanoparticles were the most toxic

among other metallic (molybdenum, and aluminum) nanoparticles tested. Toxicity

and biocompatibility of silver nanoparticles were evaluated in vivo using zebrafish

embryos, and the results showed the same as before, that is dose-dependence of

silver nanoparticles. Another important fact was observed in an alga where it was

found that silver nanoparticle toxicity was mediated by silver ions (Durán et al.

2010b and references therein). Some reports have summarized the hazardous

effects of silver nanoparticles to human health through biodistribution, organ

accumulation, degradation and possible adverse effects and toxicity (Panyala

et al. 2008; Chen and Schluesener 2008).

A possible mechanism of toxicity using human lung fibloblast and glioblas-

tomacells of silver nanoparticles has been proposed. The mechanism involves

disruption of the mitochondrial respiratory chain leading to production of reactive

oxygen species (ROS) and interruption of ATP synthesis, which in turn cause DNA

damage (Fig. 12.20) (AshaRani et al. 2009).

The immunological response of macrophages to gold and silver nanoparticles

showed that both nanoparticles enter the cells but only gold nanoparticles up-regulate

the expressions of pro-inflammatory genes interlukin-1 (IL-1), interlukin-6 (IL-6),

and tumor necrosis factor (TNF-a). Probably, the gold nanoparticles might adsorb

serum protein due to partial negative charge and enter cells via a complex endocytotic

pathway, resulting in higher cytotoxicity and immunological activity for gold rather

than silver nanoparticles (Yen et al. 2009). Using of gene expression data, it was

suggested that silver nanoparticles may produce neurotoxicity by generating free

radical-induced oxidative stress (Rahman et al. 2009).

Fig.12.20 A possible

mechanism of toxicity which

involves disruption of the

mitochondrial respiratory

chain by silver nanoparticles

leading to production of ROS

and interruption of ATP

synthesis, which in turn

cause DNA damage (From

AshaRani et al. 2009.

By permission from ACS

Publications)
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Histopathological examinations of inflammatory response and pulmonary func-

tion changes in rats treated by inhalation exposure to silver nanoparticles indicated

dose-dependent increases in lesions related to silver nanoparticle exposure, such as

infiltrated mixed cell and chronic alveolar inflammation, including thickened alve-

olar walls and small granulomatous lesions (Sung et al. 2008, 2009).

In vitro interactions of 7–20 nm spherical silver nanoparticles with primary

fibroblasts and primary liver cells remained unaltered up to 25 and 100 mg mL�1

silver nanoparticles, respectively. Many biological processes and morphological

transformations have been suggested to the effect that, although silver nanoparticles

seem to enter the eukaryotic cells, cellular antioxidant mechanisms protect the cells

from possible oxidative damage (Carlson et al. 2008; Arora, et al. 2009).

Silver nanoparticles prepared by dispersing them in fetal bovine serum showed

cytotoxicity to cultured RAW264.7 cells by cellular apoptosis, decreasing intracel-

lular glutathione level, increasing NO secretion, increasing TNF-a in protein and

gene levels, and increasing gene expression of matrix metalloproteinases. All the

data suggested that silver nanoparticles were ionized in the cells to cause cytotox-

icity by a Trojan-horse type mechanism (Park et al. 2010).

Investigations on the in vitro cytotoxicity of gold nanoparticles showed that they

induced cytotoxicity in Cos-1 cells and in human dermal fibroblasts, but not in

human leukemic cells or murine macrophages, where particles were taken up and

stored in intracellular perinuclear vesicles. Gold nanoparticles induced a mild

cytotoxicity in human alveolar type-II (ATII)-like cell lines A549 and NCIH441

(Uboldi et al. 2009, and references therein).

The cytotoxicity of the selenium nanoparticles prepared by Bacillus sp. MSh-1

was evaluated in vitro against the fibrosarcoma cell line (HT-1080), and the

cytotoxicity analysis showed a direct dose–response effect; the higher the concen-

tration, the higher the toxicity. The presence of a low dose level (10 mg ml�1)

showed a small cytotoxicity with a viability percentage of more than 80%

(Shakibaie et al. 2010). Apoptosis had been shown previously with selenium

nanoparticles (Chen et al. 2008).

Previous data of copper nanoparticles (chemically synthesized) showed, in vivo,

a potent toxic effect (cytotoxic and genotoxic) (Chen et al. 2006). Earlier, the effect

of copper nanoparticles inducing single-stranded breaks in cultured human lung

cells was reported (Midander et al. 2009), and also, recently, in cultured cancer cell

lines (Studer et al. 2010). The DNA degradation potential and anti-cancer activities

of copper nanoparticles through singlet oxygen have been reported. The same

authors observed that the copper nanoparticles exhibited a cytotoxic effect towards

human histiocytic lymphoma cell (U937) and human cervical cancer (Hela cells) by

inducing apoptosis (Jose et al. 2011).

As far as we know, no cytotoxic or toxic studies with nanoparticles of cadmium,

copper, iron, palladium, platinum, tellurium or titanium have been found in the

literature.
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12.5 Industrial Applications

The strong antibacterial activity of silver nanoparticles discussed in this chapter can

be as coatings and on certain implants and other applications such as treatment of

wounds and burns, in contraception and also marketed as a water disinfectant and

a room spray. Thus, the use of silver nanopaonicles appears to be an important

issue in medicine and related fields. Many aspects related to biodistribution, organ

accumulation, degradation, possible adverse effects and toxicity have been

reviewed focusing on major questions associated with the increased medical use

of silver nanoparticles and related nanomaterials (Chen and Schluesener 2008).

Metal nanoparticles have many physicochemical and opto-electronic properties.

Due to all these diverse properties, nanoparticles have multiple applications in

various fields like electronics, agriculture, and medicine. Some of the nanoparticles

that can be produced by fungi may be of particular relevance to new and emerging

technologies. The use of silver coatings in solar absorption systems has already

been mentioned (Durán et al. 2010c). Other applications in such areas include the

use of gold nanoparticles as precursors to coatings for electronic applications

(Mukherjee et al. 2001) and platinum nanoparticles in the production of fuel cells

(Riddin et al. 2006). Applications in the field of medicine includes the formulations

of many potential antimicrobial agents, which are effective against many human

pathogens including multidrug-resistant bacteria (Ingle et al. 2008).

Most studies in the literature on the production of sterile materials (fabrics,

textiles), using metal nanoparticles involve production by chemical methods (Gao

and Cranston 2008; Gupta et al. 2010). One which was biogenic produced silver

nanoparticles (from F.oxysporum) for sterilized fabrics (Durán et al. 2007) by the

impregnation of biogenic silver nanoparticles in cotton and polyester fabrics. The

padding method appeared to yield more homogeneous impregnations than the

centrifugation process (Huber et al. 2009) with high resistance to washing with

maintainance of the antibacterial activity, demonstrating the large adhesion of these

particles in the fabric fibers probably due to the fungal protein capping the silver

nanoparticles (Durán et al. 2005). Many fabric materials having silver nanoparticles

are commercially available but they release the silver nanoparticles to the environ-

ment at the first washing.

Silver nanoparticle applications in fabrics, cosmetics and agriculture were

recently discussed by Rai et al. (2011).

12.6 Conclusions

This chapter has described biogenic metallic nanoparticle synthesis and their

mechanistic aspects in the syntheses and in their antimicrobial activities. Although

many aspects have already been studied with silver and gold nanoparticles, many

questions are still open to discussion related to the final consequence of the other
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metallic nanoparticles such as cadmium, copper, iron, palladium, platinum, tellu-

rium or titanium.

In the applications dealt with, the use of silver nanoparticles appears to be

an important issue in medicine and related fields, such as coatings on certain

implants, treatment of wounds and burns, in contraception and as a water disinfec-

tant and a room spray. Many aspects related to biodistribution, organ accumulation,

degradation and adverse effects were reviewed focusing on major questions

associated with the medical use of silver nanoparticles and related nanomaterials.

The physicochemical and opto-electronic properties of metal nanoparticles have

multiple applications in various fields like electronics, agriculture and medicine.

The uses of metallic nanoparticles in coating in solar absorption systems, or for

electronic applications and production of fuel cells were also discussed. Their

applications as antimicrobials against multidrug-resistant bacteria, and production

of sterile materials are no less important than the previous issues mentioned.
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Chapter 13

Antimicrobial Activity of Nanomaterials

for Food Packaging Applications

Henriette Monteiro Cordeiro de Azeredo

13.1 Introduction

The main function of food packaging systems is to protect food against environ-

mental factors such as microorganisms, chemical contaminants, oxygen and water

vapor, extending food shelf stability and improving food safety. Conventional food

packaging systems are designed to protect the food in a passive way, that is to say,

they are supposed not to interact with the food, but rather to act exclusively

as a barrier between the food and the surrounding environment.

On the other hand, active food packaging systems are supposed to perform some

role other than providing an inert barrier to external conditions (Rooney 1995). The

most common active packaging systems are the antimicrobial ones, which release

antimicrobial agents into the food surface, where microbial growth predominates,

inhibiting or retarding microbial growth and spoilage.

Nanocomposite antimicrobial systems are particularly effective, because of the

high surface-to-volume ratio and enhanced surface reactivity of the nano-sized

antimicrobial agents, making them able to inactivate more microbial molecules

and cells when compared to larger-scale counterparts (Luo and Stutzenberger

2008). Nanoscale materials have been investigated for antimicrobial activity

as growth inhibitors (Cioffi et al. 2005), killing agents (Stoimenov et al. 2002;

Qi et al. 2004; Huang et al. 2005; Kumar and M€unstedt 2005; Lin et al. 2005),

or as antimicrobial carriers (Gu et al. 2003; Bi et al. 2011).

Antimicrobial food packaging systems are extremely useful to minimize the

growth of post-processing contaminant microorganisms, extending food shelf life

and improving food safety.

In this review, the main types of antimicrobial nanomaterials as they are applied

in food packaging are discussed. The discussion has been focused on antimicrobial
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mechanisms and effectivity, as well as applications in food packaging systems,

including not only conventional food packaging but also edible coatings used

as primary packages which can be consumed with the food product.

13.2 Nano-Antimicrobials Materials and Applications

13.2.1 Silver Nanoparticles

Silver has long been known to have a broad spectrum of antimicrobial activities

(Liau et al. 1997), besides having some processing advantages such as high

temperature stability and low volatility (Kumar and M€unstedt 2005).
Most nanocomposites used as antimicrobial food packaging are based on silver

nanoparticles (AgNP), which are effective antimicrobials (Aymonier et al. 2002;

Sondi and Salopek-Sondi 2004; Son et al. 2006; Yu et al. 2007; Tankhiwale and

Bajpai 2009), even more than larger silver particles, thanks to their larger surface

area available for interaction with microbial cells (An et al. 2008; Kvı́tek et al.

2008). Damm et al. (2008) observed that polyamide 6 filled with 0.06 wt% AgNP

was able to completely eliminate a bacterial population within 24 h, while

a polyamide 6/silver-microcomposite incorporated with 1.9 wt% of silver killed

only about 80% of the bacteria within the same time.

The antimicrobial activity of AgNPs seems to be dependent on release of Ag+

ions (Morones et al. 2005; Kumar and M€unstedt 2005). According to findings by

Kumar and M€unstedt (2005), Ag+ binds to electron donor groups in biological

molecules containing sulfur, oxygen or nitrogen. Feng et al. (2000) suggested that

interactions of Ag+ ions with thiol groups in proteins may induce inactivation of

bacterial enzymes; as a reaction to the protein denaturation effects of Ag+ ions,

DNA molecules may become condensed and unable to replicate. An other mecha-

nism proposed for the antimicrobial activity of AgNP was based on adhesion to

the cell surface, degradation of lipopolysaccharides and formation of “pits” in the

membranes, largely increasing permeability (Sondi and Salopek-Sondi 2004).

Tankhiwale and Bajpai (2009) demonstrated that grafting of acrylamide onto

filter paper, followed by incorporation of AgNPs, results in a biomaterial effective

against Escherichia coli (E. coli), which can be used as an antibacterial packaging

material.

Yoksan and Chirachanchai (2010) produced AgNPs by g-ray irradiation

reduction of silver nitrate in a chitosan solution, and incorporated them into

chitosan–starch-based films. The AgNP-loaded films were active against both

Gram-positive and Gram-negative bacteria. Gottesman et al. (2011) developed

a method to coat paper with nano-sized coatings (90–150 nm in thickness) of

AgNPs by using ultrasonic radiation. AgNPs penetrated the paper to more than

1 mm in depth, resulting in high stability of the coatings. The coated paper was
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effective against Escherichia coli and Staphylococcus aureus, suggesting its

potential application as an active food packaging material.

Tankhiwale and Bajpai (2010) loaded AgNPs into a lactic acid grafted chitosan

film. The nanocomposite film showed strong antibacterial properties against

Escherichia coli and thus has potential as an antibacterial food packaging material.

Fayaz et al. (2009) biosynthesized highly stable AgNPs using Trichoderma
viride and incorporated them into sodium alginate for vegetable and fruit preserva-

tion. The nanobiocomposite film showed good antibacterial activity against test

strains, and increased shelf life of carrot and pear when compared to uncoated

controls.

An et al. (2008) coated green asparagus with a nanocomposite coating based on

polyvinylpyrrolidone (PVP) incorporated with silver nanoparticles, and compared

their microbial stability with that of uncoated asparagus. The coating significantly

hindered the growth of total aerobic psychrotrophics, yeasts and molds, and reduced

the visual changes in asparagus throughout a 25-day storage.

Emamifar et al. (2010) demonstrated the effectiveness of the application of

a low-density polyethylene (LDPE) nanocomposite packaging film containing

AgNP on reducing microbial growth in fresh orange juice at 4�C. The authors

stated that the resulting concentration of Ag+ ions in orange juice (migrated from

the film) was less than its allowable concentration (10 ppm).

In addition to their antimicrobial activity, AgNP have been reported to absorb

and decompose ethylene, which may contribute to their effects on extending shelf

life of fruits and vegetables (Hu and Fu 2003; Fernández et al. 2010). Moreover,

AgNP have been reported to improve thermal properties and tensile properties of

polymers used for food packaging. The incorporation of AgNPs into polyvinyl

alcohol (PVOH) films resulted in improved thermal stability, higher glass transition

temperature, and better tensile properties (Young’s modulus and tensile strength)

(Mbhele et al. 2003).

13.2.1.1 Nanostructured Calcium Silicate–Ag Complexes

Nanostructured calcium silicate (NCS) was used by Johnston et al. (2008) to adsorb

Ag+ ions from a solution. The resulting NCS-Ag complex exhibited effective

antimicrobial activity at desirably low levels of silver down to 10 mg kg�1, and

could be incorporated into food packaging as an antimicrobial agent.

13.2.1.2 AgNPs Synthesized in Polymer Matrices

Ex situ AgNP synthesis consists on synthesizing AgNPs beforehand (by chemical

reduction) and then dispersing them into a polymerizable formulation. Besides the

hazards related to handling dry nanoparticules, this method often involves contam-

ination of AgNP surfaces with chemicals which raise their toxicity. Moreover,

it is limited by the difficulty to control the monodispersity of the nanoparticles
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(Balan and Burget 2006; Vimala et al. 2010). In the in situ approach, on the other

hand, the nanoparticles are generated in a polymerizable medium from cationic

precursors which exhibit better dispersion ability (Balan et al. 2010).

In situ synthesis methods involving a stabilization process by reducing Ag+ ions

in water soluble polymers have been suggested and proved efficient (Fernández

et al. 2010; Valodkar et al. 2010; Vimala et al. 2010). The AgNPs become attached

to the polymer, and the method provides a single-step synthesis and stabilization of

AgNPs (Sanpui et al. 2008).

Cellulose is able to bind electropositive transition metal atoms such as silver by

electrostatic interactions. Consequently, Ag+ ions are adsorbed by cellulose during

immersion in silver nitrate (Fernández et al. 2010). Afterwards, the nanoporous

structure and the high oxygen density of cellulose fibers make them effective

nanoreactors for in situ synthesis of AgNP (He et al. 2003). Fernández et al.

(2010) stored fresh-cut melon pieces under modified atmosphere packaging

containing cellulose absorbent pads loaded with AgNP. The lag phases of the

microorganisms were incremented by the pads, and microbial loads remained

about 3 log CFU/g below the control (melon cuts packed without the pads) during

storage time.

Chitosan has strong affinity towards silver ions, thanks to the presence of amine

and hydroxyl groups (Varma et al. 2004), and is able to reduce Ag+ ions to AgNPs

under alkaline conditions (Murugadoss and Chattopadhyay 2008). Sanpui et al.

(2008) reported that the presence of a low concentration (2.15%, w/w) of AgNPs in

a chitosan composite was enough to significantly enhance inactivation of E. coli
as compared with unchanged chitosan.

13.2.2 Metal Oxides

Metal oxide materials such as TiO2, ZnO and MgO have been recognized as

antibacterial agents. Generation of reactive oxygen species (ROS) seems to be

one of the mechanisms of their antibacterial activity (Dong et al. 2010b). A great

advantage of metal oxides over organic-based antimicrobial agents is their much

higher stability (Zhang et al. 2010).

13.2.2.1 Titanium Dioxide (TiO2)

TiO2 has been widely applied as a photocatalytic disinfecting material for surface

coatings (Fujishima et al. 2000). TiO2 photocatalysis, which promotes peroxidation

of the phospholipids present in microbial cell membranes (Maness et al. 1999),

has been used to inactivate food-related pathogenic bacteria (Kim et al. 2005;

Robertson et al. 2005). Chawengkijwanich and Hayata (2008) developed a TiO2

powder-coated packaging film able to reduce E. coli contamination on food
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surfaces. Gelover et al. (2006) demonstrated the efficacy of TiO2-coated films

exposed to sunlight to inactivate fecal coliforms in water.

Metal doping improves visible light absorbance of TiO2 (Anpo et al. 2001), and

increases its photocatalytic activity under UV irradiation (Choi et al. 1994). It has

been demonstrated that doping TiO2 with silver greatly improved photocatalytic

bacterial inactivation (Page et al. 2007; Reddy et al. 2007). This combination was

explored by Cheng et al. (2006), who have obtained effective antibacterial activity

from a polyvinyl chloride (PVC) nanocomposite with TiO2/Ag
+ nanoparticles.

Li et al. (2009) observed that the same combination was effective in reducing

physicochemical and sensory changes in Chinese jujubes.

However, TiO2 nanoparticles, combined or not to Ag+, are incompatible with

organic matrices, and may agglomerate. Although such drawbacks decrease their

antimicrobial properties, they can be suppressed by surface modification of the

nanoparticles. Cheng et al. (2006) modified TiO2/Ag
+ nanoparticles by grafting

g-aminopropyltriethoxy-silane (APS), which resulted in improved dispersion of the

nanoparticles in a PVC matrix.

13.2.2.2 Zinc Oxide (ZnO)

ZnO has been reported to present antibacterial activity against bacteria, including

thermo-resistant spores (Sawai et al. 1996), which has been at least partly attributed

to generation of hydrogen peroxide (H2O2) (Sawai et al. 1998). The antibacterial

activity of ZnO powder has been reported to increase with decreasing particle size

(Sawai et al. 1996; Yamamoto 2001).

ZnO nanoparticles deposited on a glass surface exhibited antibacterial activities

against both E. coli (Gram-negative) and S. aureus (Gram-positive) cultures

(Applerot et al. 2009b).

Emamifar et al. (2010) demonstrated that the application of LDPE packages

containing nano-ZnO prolonged the microbial shelf life of fresh orange juice,

without any negative effects on sensory attributes, although nano-ZnO had

presented a lower antimicrobial activity on yeast and molds when compared to

AgNPs. In another study, the same authors (Emamifar et al. 2011) observed that

orange juice sterilized and inoculated with Lactobacillus plantarum presented

reduced numbers of the inoculated bacteria when packed in LDPE films containing

silver or ZnO nanoparticles.

Li et al. (2011a) reported that PVC films coated with ZnO nanoparticles

presented excellent bacteriostatic and bactericidal effects against E. coli. In an

in vitro test, the efficiency of ZnO-coated film was proved to be relatively constant

within the pH range of 4.5–8.0. In an actual test, the number of E. coli cells from cut

apple stored in a ZnO-coated bag was reduced in about 30% in 1 day. Moreover,

fruit decay was reduced in nano-coated apples, the growth of aerobic psychrophilic

microorganisms was inhibited, and the yeast and mold growth was lower than

in uncoated fruit (Li et al. 2011b).
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Li et al. (2010) produced chitosan/Ag/ZnO blend films via sol-cast transforma-

tion. Ag and ZnO nanoparticles were uniformly distributed within the chitosan

polymer. Chitosan/Ag/ZnO blend films presented higher antimicrobial activities

than nanocomposite films containing only Ag or ZnO nanoparticles. The blend

films showed a wide spectrum of effective antimicrobial activities.

ZnO nanoparticles in aqueous media tend to agglomerate into large flocculates,

due to their hydrophobicity, and thus do not interact effectively with micro-

organisms (Applerot et al. 2009a). Gordon et al. (2011) combined ZnO with FeO

to produce magnetic composite nanoparticles with improved colloidal stability. The

effectivity of the nanoparticles was reported to be increased by higher Zn/Fe weight

ratios; moreover, the antibacterial activity was higher for Gram-positive than for

Gram-negative bacteria.

13.2.3 Metal Hydroxides

Ca(OH)2 has been reported as an effective antibacterial agent (Mendonça et al.

1994), its efficiency being highly dependent on the release of OH� ions (Beltes

et al. 1997).

Mg(OH)2 is an approved drug and food additive (Dong et al. 2010b). Dong et al.

(2010a, b) demonstrated the effectiveness of Mg(OH)2 nanoparticles and nano-

platelets against E. Coli. Their antibacterial effect was attributed to two possible

mechanisms (Dong et al. 2010a). The first is related to a direct penetration of

Mg(OH)2 nanoparticles into cell walls and damages to membrane proteins, leading

to cell death. The second is adsorption of water on the nanoparticle surfaces,

forming a thin layer of highly concentrated in OH� ions, which, in contact with

bacteria, could damage the membranes.

13.2.4 Chitosan Nanostructures

Chitosan is a linear polysaccharide consisting of (1,4)-linked 2-amino-deoxy-

b-D-glucan units, prepared by alkali deacetylation of chitin. Since the deacetylation
is usually incomplete, chitosan is a copolymer comprised of deacetylated and acety-

lated units (Dutta et al. 2009; Aranaz et al. 2010), as shown in Fig. 13.1. It is

a polycation whose charge density depends on the degree of deacetylation and pH

Fig. 13.1 Scheme of the chemical structure of chitosan
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(Aranaz et al. 2010). Chitosan has long been reported as an antibacterial agent

against a wide variety of microorganisms (Tsai and Su 1999; Entsar et al. 2003;

Wu et al. 2005).

Nano-scale chitosan and its derivatives have antimicrobial effects towards

bacteria (No et al. 2002; Qi et al. 2004), viruses (Chirkov 2002) and fungi (Badawy

et al. 2005). The minimum inhibitory concentrations (MIC) depend on the organ-

ism, pH, molecular weight, degree of polymerization, and the presence of lipids and

proteins (No et al. 2002). Antimicrobial activity of chitosan may be attributed to

interactions between the positively charged chitosan and the negatively charged

cell membranes, increasing membrane permeability and eventually causing rupture

and leakage of the intracellular material. Indeed, it has been reported that both bulk

chitosan and its nanoparticles are ineffective at pH lower than six, probably because

of the absence of protonated amino groups (Qi et al. 2004). According to Shi

et al. (2006), chitosan nanoparticles (CSN) exhibit higher antibacterial activity

than bulk chitosan because of their higher surface area and charge density, favoring

a higher interaction with the negatively charged surfaces of bacterial cells. Results

by Xing et al. (2009) indicate that oleoyl–chitosan nanoparticles act by damaging

cell membrane and putative binding to extracellular (such as phosphate groups) or

intracellular (such as DNA and RNA) targets.

Keawchaoon and Yoksan (2011) produced carvacrol-loaded CSN, which

presented higher antibacterial activity when compared to unloaded chitosan

nanoparticles. Carvacrol is a major component of essential oil fractions of oregano

and thyme, which has been known for its bactericidal effects (Ultee et al. 1999).

Ali et al. (2011) synthesized CSN by ionic gelation with sodium tripolyphosphate

(TPP) and loaded them with Ag+ ions to produce silver loaded chitosan nanoparticles

(Ag-CSN). The minimum inhibitory concentrations of CSN and Ag-CSN against

S. aureus were reported to be respectively 50 and 500 times lower than that of bulk

chitosan.

Chitosan nanostructures have been demonstrated to disperse well in biopolymers

such as starch (Chang et al. 2010) and hydroxypropyl methylcellulose (De Moura

et al. 2009), having the potential to be used as antimicrobial agents in edible or

biodegradable food packaging systems.

Watthanaphanit et al. (2010) observed that the incorporation of chitosan

whiskers into alginate imparted antibacterial activity against both Gram-positive

and Gram-negative bacteria to the nanocomposite material.

13.2.5 Carbon Nanotubes

Carbon nanotubes (CNTs) are arrangements of carbon hexagons into tube-like

fullerenes, having diameters of a few nanometers with lengths up to centimeters.

They may consist of a one-atom-thick single-wall nanotube (SWNT), or a number

of concentric tubes called multi-walled nanotubes (MWNT) (Zhou et al. 2004).

They have received much attention because of their very interesting mechanical,
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electrical and thermal properties (Mi et al. 2007), and have been incorporated into

polymer matrices such as PVOH (Chen et al. 2005), polypropylene (López

Manchado et al. 2005; Prashantha et al. 2009), polyamide (Zeng et al. 2006), and

PLA (Brody 2006).

CNTs have also been reported to have antibacterial properties. Direct contact

with aggregates of CNTs have been demonstrated to kill E. coli (Kang et al. 2007).

The antibacterial activity of CNTs has been related not only to their adsorption

ability (Upadhyayula et al. 2009) but mainly to puncture of microbial cells by their

needle-like structure, causing irreversible damage and leakage of intracellular

material (Narayan et al. 2005; Kang et al. 2007). Indeed, Kang et al. (2008) have

demonstrated that single-walled carbon nanotubes (SWNTs) are much more toxic

to bacteria than multi-walled carbon nanotubes (MWNTs), thus providing evidence

that the diameter of CNTs is a key factor governing their antibacterial effects.

13.2.6 Nanoclays

Layered silicates or nanoclays typically have a stacked arrangement of negatively

charged silicate layers (nanoplatelets) which are 1 nm thick and several microns

long depending on the particular silicate (Sorrentino et al. 2007). Layered silicates

have been incorporated into polymer matrices in order to enhance polymer mechan-

ical and barrier properties (Bharadwaj et al. 2002; Uyama et al. 2003).

13.2.6.1 Organically Modified Nanoclays as Antimicrobials

Hong and Rhim (2008) have reported antibacterial activity from two organically

modifiedmontmorillonites (OMMT), namely Cloisite 30B andClosite 20A, while an

unmodified montmorillonite (Cloisite Na+) has not shown any antibacterial activity,

even though the three nanoclays have the same basic montmorillonite (MMT)

structure. The OMMT ruptured cell membranes and inactivated both Gram-positive

and -negative bacteria. The contrast between the antimicrobial activity of the OMMT

and the inefficacy of the unmodified MMT may be attributed to the presence of

quaternary ammonium groups in the OMMT (Rhim et al. 2006; Hong and Rhim

2008). When comparing the effects of the two organoclays, the authors of the study

(Hong and Rhim 2008) reported that Cloisite 30B showed significantly higher

antimicrobial activity than Cloisite 20A, which were partly attributed to their degrees

of hydrophobicity. Since Cloisite 20A is more hydrophobic, it may keep bacteria

from being adsorbed into the clay surface, thus reducing clay antimicrobial activity.

Other studies (Rhim et al. 2009; Sothornvit et al. 2009) reported Cloisite 20A

not to present any antibacterial activity, and Closite 30B to provide films only with

some bacteriostatic activity. However, even those results were not very consis-

tent with one another. While Sothornvit et al. (2009) observed that Cloisite

30B provided whey protein isolate (WPI) films with bacteriostatic effects against
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Gram-negative bacteria, Rhim et al. (2009) observed that poly-(lactic acid)

(PLA) films with Cloisite 30B presented bacteriostatic effect against Listeria
monocytogenes, a Gram-positive bacteria, but not against the Gram-negative

bacteria tested.

13.2.6.2 Nanoclays in Chitosan Films

Although unmodified nanoclays themselves do not have antimicrobial activity, they

may adsorb bacteria from a solution enabling a better interaction with antimicrobial

polymers such as chitosan (Wang et al. 2006). Indeed, some studies reported

antimicrobial properties from the combination between chitosan and unmodified

nanoclays.

Han et al. (2010) observed that chitosan–MMT nanocomposites exhibited

significantly higher antimicrobial activity against S. aureus and E. coli than pure

chitosan and Na-MMT. Since the antimicrobial activity of chitosan has been

ascribed to its cationic character, the increased antimicrobial activity of the

nanocomposites seems contradictory, because the positive charges of chitosan are

neutralized via electrostatic interactions with anionic silicate layers. The authors

concluded that the nanocomposites exhibited synergistic effects between the

components, because the chitosan molecules were evenly distributed through the

inorganic matrix.

Wang et al. (2006, 2007, 2009) have carried out a series of studies on chitosan/

rectorite intercalated nanocomposites with antimicrobial properties. In their first

study (Wang et al. 2006), using unmodified Ca2+-rectorite and organic rectorite,

they observed that, although pristine rectorite by itself had not inhibited bacterial

growth, the chitosan/rectorite nanocomposites presented stronger antibacterial

activity than pure chitosan, particularly against Gram-positive bacteria. In a further

study (Wang et al. 2007), the authors suggested that the antibacterial mechanism of

the nanocomposites were divided into two stages: the first being the adsorption of

the bacteria from solution and immobilization on the clay surface, and the second

being related to chitosan accumulation on the clay surface, inhibiting bacterial

growth. Finally, in a more recent study, the authors (Wang et al. 2009) prepared

nanocomposites of quaternized chitosan and OREC, which presented strong inhi-

bition against bacteria (both Gram-positive and -negative) and fungi, but mainly

against Gram-positive bacteria. The excellent antimicrobial activity of the nano-

composites was attributed to the high affinity and strong interaction between

quaternized chitosan and OREC, combining the adsorption and immobilization

capacity of OREC with the antimicrobial activity of quaternized chitosan. In the

three studies of the group (Wang et al. 2006, 2007, 2009), the authors observed that

the antimicrobial activity was directly proportional to the amount or the interlayer

distance of the nanoclay, thanks to an increase in effective layers per unit weight,

causing more bacteria to be adsorbed and immobilized on the clay surface.
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13.2.6.3 Nanoclays with Ag+ Ions

Incoronato et al. (2010) obtained Ag-MMT antimicrobial nanoparticles by bringing

Na-MMT in contact with AgNO3 solutions at various concentrations in order to

replace exchangeable Na+ ions of Na-MMT with Ag+ ions. The nanoparticles

were incorporated into three different polymeric matrices (agar, zein, and poly-

caprolactone), but only the agar nanocomposites presented antimicrobial activity,

which was ascribed to the highest water content (and thus the highest level of

macromolecular mobility) of the agar hydrogel. The release kinetics of Ag+ ions

was controlled because of the weak electrostatic interactions established with

surface platelets of MMT. In a further study (Incoronato et al. 2011), the authors

evaluated the effectiveness of an active packaging system of agar with Ag-MMT

nanoparticles on the stability of Fior di Latte cheese. The nanocomposite packaging

system markedly increased the shelf life of the cheese, without affecting the

functional dairy microbiota and the sensory quality of the product.

Costa et al. (2011) obtained Ag-MMT nanoparticles by replacing the Na+ ions of

natural MMT by Ag+ ions from nitrate solutions. The nanoparticles were used to

extend stability of a fruit salad. Sensory and microbiological tests indicated that the

Ag-MMT nanoparticles were effective in inhibiting microbial growth.

Busolo et al. (2010) studied the antimicrobial performance of polylactic acid

(PLA) containing a silver-based nanoclay for use in food packaging applications.

The nanobiocomposite showed strong activity against Salmonella spp. In addition

to the strong biocidal properties, the films exhibited enhanced water vapour barrier.

A silver migration study using a slightly acidified water medium as a food simulant

suggested that migration levels were within levels specified by the European Food

Safety Agency (EFSA).

13.2.6.4 Effects of Nanoclays on Solubility, Release and Stability

of Antimicrobials

Besides the direct or indirect antimicrobial effects of some nanoclays by them-

selves, Sánchez-Garcı́a et al. (2008) reported that mica clay has been reported to

enhance the solubility of the antimicrobial thymol in a polycaprolactone (PCL)

matrix, by retention of the apolar thymol on the surface of the clay nanoplatelets.

On the other hand, the thymol diffusion coefficient has decreased with the addition

of mica clay to the biocomposite, probably because of the increased tortuosity

effect (Fig. 13.2) imposed to thymol diffusion by the dispersed nanoclay. Thus,

it was possible to control the release of thymol from the matrix.

Tunç and Duman (2011) observed that the release of the antimicrobial carvacrol

from cellulose/carvacrol/MMT nanocomposite films was controlled by MMT con-

centration in the films.

An OMMT was reported by Konwar et al. (2010) to act as a supporting material

for the stabilization of AgNPs in polyester/clay silver nanocomposites, preventing

their aggregation.
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13.2.7 Tourmaline Nanocrystals

Tourmaline is a naturally complex group of hydrous silicate minerals containing

Li, Al, B, and Si and various quantities of alkalis (K and Na) and metals (Fe, Mg,

and Mn) (Rhim and Ng 2007). Nanoparticles like tourmaline are classified

as isodimensional nanoparticles, since their three dimensions are nanometric,

while the layered silicate nanoplatelets have only one dimension in the nanometer

range (Rhim and Ng 2007; Sorrentino et al. 2007).

Ruan et al. (2003) incorporated tourmaline nanocrystals into cellulose films

and the resulting material presented antimicrobial action against S. aureus.

13.2.8 Nano-Hybrid Systems with Antimicrobial Properties

Hybrid organic–inorganic systems have aroused great attention, particularly those

in which fillers are dispersed at a nanometric level in a polymeric matrix, forming

nano-hybrid composite systems.

Marini et al. (2007) coated polyethylene (PE) films with antibacterial nano-

hybrid coatings prepared by a sol–gel process from tetraethoxysilane (TEOS),

triethoxysilane terminated poly(ethylene glycol)-block-poly(ethylene) (PE-PEG-Si),

and triethoxysilane terminated quaternary ammonium salt (QAS-Si). The objective of

bonding the quaternary ammonium salt (QAS) to the organic–inorganic network was

to reduce QAS diffusivity and to enhance its stability. The coated PE films showed

good activity against both Gram-negative and Gram-positive bacteria.

Layered double hydroxides (LDHs), also known as “anionic clays”, act as ion

delivery vehicles, because of their anion exchange properties. They are cheap, eco-

friendly, and can be organically modified with several organic anions, generally

much more numerous than organic cations commonly involved in modification of

cationic clays (Bugatti et al. 2010). Intercalation compounds of ZnAl-LDH with

benzoate and derivatives (antimicrobial agents) were elaborated by Bugatti et al.

(2010), and the resulting nano-hybrids were incorporated into polycaprolactone

Fig. 13.2 Tortuosity effect

imposed by a nanoclay to

diffusion of a permeant such

as thymol through a polymer

matrix (Adapted from Ray

and Okamoto 2003)
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(PCL) films. The benzoate anions in the nano-hybrids exhibited much slower and

controlled release when compared to those directly dispersed in PCL. According

to Bugatti et al. (2011), the release of active molecules directly dispersed into

a polymeric matrix (Fig. 13.3a) is only driven by diffusion, whereas when they are

fixed on the inorganic lamellae of a clay by ionic bonds (Fig. 13.3b) the release

depends on many factors, such as diffusion of water molecules carrying counter-

anions inside the matrix.

13.3 Nanocarriers of Antimicrobials

Some nanoparticles, although not having antimicrobial properties themselves, may

be used as carriers of antimicrobials, deserve mentioning in this review.

Bi et al. (2011) elaborated phytoglycogen-based nanoparticles to prolong the

efficacy of an antimicrobial peptide (nisin) against Listeria monocytogenes, a food-
related pathogen, in order to minimize nisin loss during storage and meanwhile

provide an effective release in the presence of bacteria. Phytoglycogen was

subjected to b-amylolysis as well as subsequent succinate or octenyl succinate

substitutions. Nisin loading and retention were favored by nanoparticles, especially

by those subjected to b-amylolysis, with a high degree of substitution with hydro-

phobic octenyl succinate moieties.

13.4 Toxicological Aspects and Final Considerations

The food packaging sector can benefit from antimicrobial nanocomposites, which

can be used to reduce microbial growth on food surfaces. However, safety concerns

have to be considered, since nano-sized materials frequently exhibit different

properties than those of the corresponding starting materials. The much larger

surface area of nanoparticles allows a greater contact with cell membranes,

Fig. 13.3 Schematic picture of active molecules into a polymeric matrix: (a) free dispersed;

(b) fixed on inorganic lamellae and dispersed as exfoliated filler (Source: Bugatti et al. 2011)
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as well as a greater capacity for absorption and migration (Li and Huang 2008).

Hence, their toxicity profiles cannot be extrapolated from those of their non-nano-

sized counterparts (Restuccia et al. 2010). Moreover, nanostructures can have more

free movement through the body when compared to their larger-scale counterparts

(Brayner 2008).

Exposure to nanoparticles present in food packaging can occur through dermal

contact, inhalation, or ingestion of nanoparticles which have migrated to food

(Carlson et al. 2008; Li and Huang 2008; Restuccia et al. 2010). Moreover,

nanoparticles may eventually be released into the environment and enter the food

chain indirectly (Hoet et al. 2004).

Several studies have already been conducted on toxicological aspects of the

nano-antimicrobial materials indicated in this study. Carbon nanotubes may be

cytotoxic to human cells, at least when in contact to skin (Shvedova et al. 2003;

Monteiro-Riviere et al. 2005) or lungs (Warheit et al. 2004), which would affect

people manipulating the nanotubes in processing stages rather than consumers.

Although bulk ZnO is non-toxic (Li et al. 2011a), Sharma et al. (2009) demon-

strated that ZnO nanoparticles have a genotoxic potential in human epidermal cells.

Some nanoparticles cause more inflammation than larger respirable particles

elaborated from the same material at the same mass dose (Brayner 2008).

Although there are limited scientific data available about the migration of

nanostructures from packaging materials into food, it is prudent to consider that,

once present in the food packaging material, nanoparticles might eventually

migrate into food. Thus, it is mandatory to know about any eventual health effects

from ingestion of nanoparticles. The toxicity issue is even more important

when edible coatings are concerned, since edible coatings must be considered as

part of the food itself, and not just as a food contact material. Hence, actual

applications of nanocomposite packaging requires further studies focused on the

potential toxicity of nanotechnology products.
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Gelover, S., Gómez, L. A., Reyes, K., & Leal, M. T. (2006). A practical demonstration of water

disinfection using TiO2 films and sunlight. Water Research, 40, 3274–3280.

Gordon, T., Perlstein, B., Houbara, O., Felner, I., Banin, E., & Margel, S. (2011). Synthesis and

characterization of zinc/iron oxide composite nanoparticles and their antibacterial properties.

Colloids and Surfaces A: Physicochenical and Engineering Aspects, 374, 1–8.

Gottesman, R., Shukla, S., Perkast, N., Solovyov, L. A., Nitzan, Y., & Gedanken, A. (2011).

Sonochemical coating of paper by microbiocidal silver nanoparticles. Langmuir, 27(2),

720–726.

Gu, H. W., Ho, P. L., Tong, E., Wang, L., & Xu, B. (2003). Presenting vancomycin on

nanoparticles to enhance antimicrobial activities. Nano Letters, 3, 1261–1263.

13 Antimicrobial Activity of Nanomaterials for Food Packaging Applications 389



Han, Y. S., Lee, S. H., Choi, K. H., & Park, I. (2010). Preparation and characterization of chitosan-

clay nanocomposites with antimicrobial activity. Journal of Physics and Chemistry of Solids,

71, 464–467.

He, J., Kunitake, T., & Nakao, A. (2003). Facile in situ synthesis of noble metal nanoparticles in

porous cellulose fibers. Chemistry of Materials, 15, 4401–4406.

Hoet, P. H., Br€uske-Hohlfeld, I., & Salata, O. V. (2004). Nanoparticles - known and unknown

health risks. Journal of Nanobiotechnology, 2(1), 12.

Hong, S. I., & Rhim, J. W. (2008). Antimicrobial activity of organically modified nano-clays.

Journal of Nanoscience and Nanotechnology, 8(11), 5818–5824.

Hu, A. W., & Fu, Z. H. (2003). Nanotechnology and its application in packaging and packaging

machinery. Packaging Engineering, 24, 22–24.

Huang, L., Li, D. Q., Lin, Y. J., Wei, M., Evans, D. G., & Duan, X. (2005). Controllable

preparation of nano-MgO and investigation of its bactericidal properties. Journal of Inorganic

Biochemistry, 99, 986–993.

Incoronato, A. L., Buonocore, G. G., Conte, A., Lavorgna, M., & Del Nobile, M. A. (2010). Active

systems based on silver-montmorillonite nanoparticles embedded into bio-based polymer

matrices for packaging applications. Journal of Food Protection, 73(12), 2256–2262.

Incoronato, A. L., Conte, A., Buonocore, G. G., & Del Nobile, M. A. (2011). Agar hydrogel with

silver nanoparticles to prolong shelf life of Fior di Latte cheese. Journal of Dairy Science,

94(4), 1697–1704.

Johnston, J. H., Borrmann, T., Rankin, D., Cairns, M., Grindrod, J. E., & McFarlane, A. (2008).

Nano-structured composite calcium silicate and some novel applications. Current Applied

Physics, 8(3–4), 504–507.

Kang, S., Herzberg, M., Rodrigues, D. F., & Elimelech, M. (2008). Antibacterial effects of carbon

nanotubes: Size does matter! Langmuir, 24(13), 6409–6413.

Kang, S., Pinault, M., Pfefferle, L. D., & Elimelech, M. (2007). Single-walled carbon nanotubes

exhibit strong antimicrobial activity. Langmuir, 23, 8670–8673.

Keawchaoon, L., & Yoksan, R. (2011). Preparation, characterization and in vitro release study of

carvacrol-loaded chitosan nanoparticles. Colloids and Surfaces B: Biointerfaces, 84, 163–171.

Kim, T. Y. Lee, Y. H. Park, K. H. Kim, S. J., & Cho, S. Y. (2005). A study of photocatalysis of

TiO2 coated onto chitosan beads and activated carbon. Research on Chemical Intermediates, 31

(4–6), 343–358.

Konwar, U., Karak, N., & Mandal, M. (2010). Vegetable iol based highly branched polyester/clay

silver nanocomposites as antimicrobial surface coating materials. Progress in Organic

Coatings, 68, 265–273.

Kumar, R., & M€unstedt, H. (2005). Silver ion release from antimicrobial polyamide/silver

composites. Biomaterials, 26, 2081–2088.
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Zbořil, R. (2008). Effect of surfactants and polymers on stability and antibacterial activity of

silver nanoparticles (NPs). The Journal of Physical Chemistry C, 112(15), 5825–5834.

Li, S. D., & Huang, L. (2008). Pharmacokinetics and biodistribution of nanoparticles. Molecular

Pharmaceutics, 5(4), 496–504.

Li, H., Li, F., Wang, L., Sheng, J., Xin, Z., Zhao, L., Xiao, H., Zheng, Y., & Hu, Q. (2009). Effect

of nano-packing on preservation quality of Chinese jujube (Ziziphus jujuba Mill. var. inermis

(Bunge) Rehd). Food Chemistry, 114(2), 547–552.

Li, L. H., Deng, J. C., Deng, H. R., Liu, Z. L., & Li, X. L. (2010). Preparation, characterization

and antimicrobial activities of chitosan/Ag/ZnO blend films. Chemical Engineering Journal,

160, 378–382.

Li, W., Li, X., Zhang, P., & Xing, Y. (2011a). Development of nano-ZnO coated food packaging

film and its inhibitory effect on Escherichia coli in vitro and in actual tests. Advanced Materials

Research, 152–153, 489–492.

390 H.M.C. de Azeredo



Li, X., Li, W., Xing, Y., & Jiang, Y. (2011b). Effects of nano-ZnO powder-coated PVC film on the

physiological properties and microbiological changes of fresh-cut ’Fuji’ apple. Advanced

Materials Research, 152–153, 450–453.

Liau, S. Y., Read, D. C., Pugh, W. J., Furr, J. R., & Russell, A. D. (1997). Interaction of silver

nitrate with readily identifiable groups: Relationship to the antibacterial action of silver ions.

Letters in Applied Microbiology, 25, 279–283.

Lin, Y. J., Li, D. Q., Wang, G., Huang, L., & Duan, X. (2005). Preparation and bactericidal

property of MgO nanoparticles on g-Al2O3. Journal of Materials Science: Materials in

Medicine, 16, 53–56.
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Chapter 14

The Use of Antimicrobial Nanoparticles

to Control Oral Infections

R.P. Allaker

14.1 Introduction

Nanotechnology represents the ability to image, manipulate and model function-

alities on the nanometer scale. Nanoparticles can be classified as particles of a size

no greater than 100 nm, and their unique attributes to combat infection have

received considerable attention. Nanomaterials are increasingly finding uses in

products such as antimicrobial surface coatings and semiconductors. Such

nanoparticulate materials include spherical, cubic and needle-like nanoscaled particles

(approximately 5–100 nm) and near-nanoscaled devices (up to micrometers) (Cushing

et al. 2004). The properties of nanoparticles, for example hardness, active surface area,

chemical reactivity and biological activity, can be dramatically different from those of

micrometer-sized particles (Allaker and Ren 2008), and indeed the biocidal effective-

ness of metallic nanoparticles has been suggested to be due to both their size and their

high surface-to-volume ratio. Such characteristics should allow them to closely interact

with microbial membranes, the effect not being solely due to the release of metal ions

(Morones et al. 2005). Metallic and other nanoparticles are now being combined with

polymers or coated onto surfaces which may have a variety of potential antimicrobial

applications within the oral cavity (Monteiro et al. 2009; Hannig et al. 2007).

The mouth supports the growth of a wide diversity of micro-organisms including

bacteria, yeasts, viruses, and (on occasions) protozoa. Bacteria are the predominant

components of this resident microflora, and the high species diversity found reflects

the wide range of endogenously derived nutrients, the varied types of habitat for

colonisation, and the opportunity to survive on surfaces provided by a biofilm.

Within this context, a biofilm can be classed as an aggregate of microorganisms in

which cells adhere to each other and to a surface (Marsh and Martin 2009).
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However, perhaps more commonly than elsewhere in the body, the relationship

between this flora and the host in the oral cavity can be disrupted in a number of

ways, resulting in the development of disease of the oral structures.

Potential habitats suitable for attachment within the oral cavity include either

non-shedding, hard tooth surfaces or soft, constantly replaced epithelial surfaces,

and conditions vary with respect to oxygen levels and anaerobiosis, availability of

nutrients, exposure to salivary secretions or gingival crevicular fluid, masticatory

forces and other variables such as oral hygiene procedures. As a result, the compo-

sition of the microbial flora of the mouth varies considerably from site to site and at

different times. The composition of the oral microflora, in addition to being

variable, is highly complex. Up to 1,000 different species of bacteria at 108–109

bacteria per mL saliva or mg dental plaque are known to be associated with the oral

cavity, and it has been suggested that only 50% of the bacteria found at this site can

be cultured (Marsh and Martin 2009).

In the majority of cases, infections of the oral cavity are bacterial, fungal or viral.

Most bacterial infections within the oral cavity are polymicrobial in nature, and it is

quite unusual to find any that are clearly due to a single species. The relative

contribution of different bacterial components in such infections is thus difficult

to determine. Oral infections may arise either from an endogenous source, i.e. one

yielding microorganisms normally found in the mouth, such as plaque-related

dental caries (‘tooth decay’) and periodontal disease (‘gum disease’), or an exoge-

nous source yielding micro-organisms not normally found as part of the oral

microflora. Dental caries and periodontal disease involve the adherence of bacteria

and development of biofilms on both the natural and restored tooth surface. The use

of nano-sized antimicrobials offers the possibility to control the formation of these

and other oral biofilms through the use of nanoparticles with biocidal, anti-adhesive

and delivery capabilities.

14.2 Biofilms and Oral Infections

Biofilms of oral bacteria and yeasts can cause a number of localised diseases in the

oral cavity, including dental caries, periodontal disease, candidosis (‘oral thrush’),

endodontic (‘tooth root and pulp disease’), orthodontic (‘dental braces’) and dental

implant (‘titanium root’) infections (Marsh and Martin 2009).

14.2.1 Formation and Properties

The survival of microorganisms within the oral cavity is dependent on their ability

to adhere to surfaces and subsequently develop into a biofilm, a process influenced

by the physical and chemical properties of the underlying surface (Hannig and

Hannig 2009). On the tooth surface, the initial colonisers adhere to the acquired
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pellicle, a salivary-/dietary-derived proteinaceous layer, which can then influence

the subsequent sequence of colonisation by microorganisms (Marsh and Bradshaw

1995). The acquired pellicle also contains several antibacterial components

such as secretory immunoglobulin A (IgA) and lysozyme, and provides both barrier

and buffering functions (Hannig and Joiner 2006). Both de- and remineralisation

processes of the teeth are also mediated by the pellicle. In terms of bacterial

colonisation, many of the proteins that make up the pellicle act as receptors for

the specific interaction with adhesins on the surface of pioneer bacterial species

(Hannig and Joiner 2006). This layer is therefore of particular relevance as regards

the interactions of both bacteria and nanoparticles with the tooth surface.

The strength of the forces involved in the initial attachment of bacteria is critical

to their survival and the subsequent growth of the biofilm. The major growth of

dental plaque mass then occurs by bacterial cell division within the biofilm rather

than by co-aggregation at the surface of the developing biofilm (Kolenbrander et al.

2006). The initial communities of bacteria found within the supragingival plaque

(above the gum margin) biofilm are of a relatively low diversity in comparison

to those present in the mature communities of both supragingival and subgingival

(below the gum margin) plaque. Initial colonisers include Streptococcus oralis,
S. sanguinis and S. mitis. The coaggregating partners with these bacteria would

then include predominantly Gram-negative species, for example Eikenella
corrodens, Veillonella atypica and Prevotella loescheii. Coaggregation bridges

between these early colonisers and Fusobacterium nucleatum, are common and

the latter then co-aggregates with numerous late colonisers. Late colonisers include

Aggregatibacter actinomycetemcomitans,Prevotella intermedia,Treponema denticola
and Porphyromonas gingivalis (Kolenbrander et al. 2006). The interactions between
oral bacteria are integral to the development and maturation of the biofilm. Such

interactions occur at a number of levels and include physical contact, metabolic

exchange, molecular communication and genetic material exchange.

Oral biofilms will accumulate on both the hard and soft tissues, and this

community of microbial species is embedded in a matrix of bacterial components,

salivary proteins/peptides and food debris (Marsh and Bradshaw 1995). Extracel-

lular polymeric substances, produced by bacteria in a mature biofilm, contain large

amounts of polysaccharides, proteins, nucleic acids and lipids. These maintain the

structural integrity of the biofilm and provide an ideal matrix for bacterial cell

growth and survival (Sutherland 2001). The biofilm mode of growth is thus clearly

distinguished from planktonic growth by a number of features, which includes the

resistance to antimicrobial agents at concentrations that approach 1,000 times

greater than that required to kill planktonic microorganisms (Jenkinson and Lamont

2005; Lewis 2001). This is of major significance in the development of nano-

antimicrobials and the extrapolation of in vitro findings.
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14.2.2 Oral Biofilms and Disease

14.2.2.1 Dental Caries and Periodontal Disease

Dental caries is a destructive condition of the dental hard tissues that can progress

to inflammation and death of vital pulp tissue, and if untreated it may lead to the

eventual spread of infection to the periapical area of the tooth and beyond. The

disease process involves acidogenic plaque bacteria, including Streptococcus
mutans, S. sobrinus and Lactobacillus spp. (Hardie 1992), whereas periodontal

diseases can involve both the soft and hard tissues and are initiated by components

of the plaque biofilm that develop on the hard root surface adjacent to the soft

tissues of the supporting periodontium. Periodontal disease may be confined to the

gingiva (gingivitis) or extend to the deeper supporting structures with destruction of

the periodontal ligament and the alveolar bone that supports the teeth (periodonti-

tis). This loss of attachment, with associated periodontal pocket formation, may

ultimately lead to loosening and loss of the affected teeth. Porphyromonas
gingivalis, Tannerella forsythia and Treponema denticola are now regarded as the

major pathogens in advancing periodontitis (Ximenez-Fyvie et al. 2000).

The prevention of dental caries and periodontal diseases is traditionally targeted

at mechanical or non-specific control of the plaque biofilm because this is the

precipitating factor. The use of antimicrobial agents represents a valuable comple-

ment to mechanical plaque control (Baehni and Takeuchi 2003). Such strategies

should ideally control plaque biofilm formation without significantly affecting the

biological equilibrium within the oral cavity. However, actual periods of exposure

to antimicrobial agents during tooth brushing and mouth rinsing can be very short,

and may amount to about 30 s, rather than the recommended 2 min (van der

Ouderaa 1991).

14.2.2.2 Peri-implantitis

Implant systems are increasingly being used to replace missing teeth, and most

integrate with bone without complications. Small amounts of plaque consisting

mainly of streptococci and Actinomyces spp. will accumulate on successful implants.

However, in peri-implantitis, anaerobic Gram-negative organisms predominate

(Allaker and Hardie 1998). This infection is a key cause of dental implant failure

whereby the induced inflammatory changes in the soft tissues surrounding oral

implants lead to a progressive destruction of the supporting bone (classified as

peri-implantitis and seen in up to 43% of implant-treated subjects) or soft tissues

(classified as peri-implantitis mucositis and seen in up to 50% of implant-treated

subjects) (Zitzmann and Berglundh 2008). Current forms of treatment are often

inadequate and may result in chronic infection requiring implant removal and costly

resective and regenerative procedures in an attempt to restore and reshape the implant

support (Zitzmann and Berglundh 2008). The incorporation of nanoparticles into
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implant coatings may well offer useful osteoconductive and antimicrobial function-

alities to prevent dental implant failure.

14.2.2.3 Candidosis

The development of candidosis, including denture stomatitis (chronic atrophic

candidosis), which can affect up to 65% of edentulous individuals (Chandra et al.

2001), involves the formation of a biofilm. Despite the use of antifungal drugs to

treat denture stomatitis, infection can often become re-established. Chandra et al.

(2001), using a poly (methyl methacrylate) (PMMA) biofilm model, demonstrated,

that C. albicans biofilms are potentially highly resistant to the currently used

antifungal agents, with resistance developing with time and showing a correlation

with biofilm maturation.

14.2.3 Control of Oral Biofilms

Issues surrounding the uptake and penetration of antimicrobial agents into biofilms

are key considerations in the administration of therapeutics (Stewart 2003). This

is of particular importance within the oral cavity when these agents have to

reach fewer accessible stagnation sites or through plaque to the enamel. Thus,

there remains an interest in the development of plaque control measures that require

a minimum of public compliance and professional health care intervention (Wilson

1996). Within this context, antimicrobial nanoparticles may be of particular value if

retained at approximal teeth surfaces and below the gum margin. The anti-caries

potential of fluoride and other more conventional antimicrobial/antiplaque agents,

which are mostly deployed in mouthwashes and toothpastes, have been well

characterised (Baehni and Takeuchi 2003). However, the potential of nanoparticles

as constituents of topical agents to control oral biofilms through either their biocidal

or anti-adhesive capabilities is now emerging as an area worthy of serious consid-

eration. The studies by Robinson and co-workers using the ‘Leeds in situ model’,

a device that allows dental plaque to develop in situ on a removable human enamel

surface, have helped in the assessment of novel antimicrobial agents and take

into account the very complex microbial composition and architecture of plaque

biofilms (Watson et al. 2005). The use of such intact biofilms on natural tooth

surfaces would be of particular value to a study of the penetration of nanoparticles

and released ions in situ. This model has indicated that plaque contains voids and

channels, sometimes extending completely through the biomass to the underlying

enamel (Wood et al. 2000). The presence of channels may have considerable

influence on the transfer of nanoparticles through biofilms. The main considerations

are the physico-chemical characteristics of the particular nanoparticles used, includ-

ing the surface charge and degree of hydrophobicity, the surface area-to-mass ratio

of the plaque biofilm and the ability of the particles to adsorb to/be taken up at the
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biofilm surface. Within this context, nanoparticles are potentially useful because

it is possible to alter their surface charge, hydrophobicity, and other physical and

chemical characteristics (Nel et al. 2009).

14.3 Nanometals and the Control of Oral Infections

14.3.1 Nanometals as Antimicrobial Agents

Metals have been used for centuries as antimicrobial agents. Silver, copper,

gold, titanium and zinc have attracted particular attention, each having different

properties and spectra of activity. Many oral products, including toothpastes, now

incorporate powdered (micron-sized) zinc citrate or acetate to control the formation

of dental plaque (Giersten 2004). Powdered titanium dioxide is also commonly

used as a whitener in toothpastes.

With respect to nanoparticles, the antimicrobial properties of silver (Sondi and

Salopek-Sondi 2004) and copper (Cioffi et al. 2005a) have received the most

attention. Both of these have been coated onto or incorporated into various materials

(Li et al. 2006), including PMMA (Boldyryeva et al. 2005) and hydrogels (Lee and

Tsao 2006). An inverse relationship between nanoparticle size and antimicrobial

activity has been clearly demonstrated, where nanoparticles in the size range of

1–10 nm have been shown to have the greatest biocidal activity against bacteria

(Morones et al. 2005; Verran et al. 2007). Indeed, it has been shown that smaller

silver nanoparticles are more toxic than larger particles, more so when oxidised

(Lok et al. 2007). At the nanoscale, Ag+ ions are known to be released (leached)

from the surface (Benn andWesterhoff 2008). Sotiriou and Pratsinis (2010) propose

that the antimicrobial activity of small (<10 nm) nanosilver particles is dominated

by Ag+ ions, while for larger particles (>15 nm), the contributions of Agþ ions

and particles to the antibacterial activity are comparable, the Agþ ion release being

proportional to the exposed nanosilver surface area.

As a result of their small size, particular nanoparticles may be able to offer other

advantages to the biomedical field through improved biocompatibility (Kim et al.

2007). Also, it appears that bacteria are far less likely to acquire resistance to metal

nanoparticles than they are to other conventional and narrow-target antibiotics

(Pal et al. 2007). This is thought to occur because metals may act on a broad

range of microbial targets, and many mutations would have to occur in order for

microorganisms to resist their antimicrobial activity. Shape may also affect the

activity of nanoparticles. Indeed, it has been demonstrated that the shape of silver

nanoparticles can influence antimicrobial activity, as has been shown in the case of

Escherichia coli (Pal et al. 2007). Truncated triangular silver nanoplates with a

{111} lattice plane as the basal plane showed the greatest biocidal activity compared

with spherical and rod-shaped nanoparticles. The differences appear to be explained

by the proportion of active facets present in nanoparticles of different shapes.
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Exploitation of the toxic properties of nanoparticulate metals and metal oxides,

in particular those that produce reactive oxygen species under UV light, such as

titanium dioxide (TiO2; Fig. 14.1b) and zinc oxide (ZnO; Fig. 14.1c), are finding

increasing use in antimicrobial formulations, with silver metal nanoparticles

(5–40 nm) having been reported to inactivate most microorganisms, including

HIV-1 (Elechiguerra et al. 2005). The high reactivity of nano-titanium dioxide

and nano-silicon dioxide (SiO2) is exploited extensively for their bacteriocidal

properties in filters and coatings on substrates such as polymers, ceramics, glasses

and alumina (Han et al. 2005). Significant activity using nanoparticles and their

compound clusters (as produced by thermal plasma technology) against fungal and

bacterial pathogens such as meticillin-resistant Staphylococcus aureus (MRSA)

and E. coli has recently been demonstrated. These have also shown the capability

to inactivate viruses, including SARS, H1N1 Influenza and H5N1 Bird Flu. For

Fig. 14.1 Transmission electron microscopy images of agglomerated silver (a), titanium dioxide

(b), zinc oxide (c) and copper oxide (d) nanoparticles
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example, new broad-spectrum materials (5–60 nm) can reduce virus levels by

80–100% through direct or indirect contact. Nanoparticle preparations, including

those based on nickel (Ni, NiO), zirconium (ZrO2), copper (Cu, CuO, and Cu2O),

titanium (TiO2), zinc (ZnO), aluminum (Al2O3), silicon(IV) nitride (Si3N4), silver

(Ag), and tungsten carbide (WC) have been compared as regards their antimicrobial

potential. Significant activity with Ag, ZnO, TiO2 (in the presence of UV light),

SiO2, Cu, Cu2O, and CuO against bacterial pathogens, including MRSA and

Pseudomonas aeruginosa, has been demonstrated. Minimum bacteriocidal

concentrations (MBC) were found to be in the range of 0.1–5 mg mL�1. In

comparison, traditional antibiotics are effective at concentrations 1,000-fold

lower. NiO, Ni, Al2O3, TiO2 (in the absence of UV light), Si3N4, WC, and ZrO2

were found to lack antimicrobial activity at the concentrations tested. The oral

pathogens Streptococcus intermedius, Porphyromonas gingivalis, Fusobacterium
nucleatum, Prevotella intermedia and Aggregatibacter actinomycetemcomitans
were also found to be susceptible to Ag and CuO nanoparticles (Ren et al. 2009)

with MBC values in the range 0.025–2.5 mg mL�1 (R.P. Allaker and M.A. Vargas-

Reus, 2011).

14.3.1.1 Silver (Ag)

The antibacterial and antiviral actions of elemental silver, Ag+ ions, and silver

compounds have been extensively investigated (Monteiro et al. 2009). In compari-

son to other metals, silver is relatively less toxic to human cells, albeit at very low

concentrations. Ag+ ions have been considered for a range of biomedical

applications, including their use within the dental field as an antibacterial com-

ponent in dental resin composites (Herrera et al. 2001). Silver also exhibits

a strong affinity for zeolite, a porous crystalline material of hydrated aluminosili-

cate which can bind up to 40% Ag+ ions within its structure. Silver zeolite has been

incorporated into tissue conditioners, acrylic resins, and mouth rinses within the

dental field (Casemiro et al. 2008; Kawahara et al. 2000; Matsuura et al. 1997;

Morishita et al. 1998). Silver nanoparticles (Fig. 14.1a), either alone or together

with other antimicrobial agents, have shown particularly encouraging results (Sondi

and Salopek-Sondi 2004; Li et al. 2005; Rai et al. 2009). The use of silver salt

nanoparticles instead of elemental silver or complex silver compounds to prevent

biofilm formation on surfaces for both biomedical and more general use has been

investigated. Using silver bromide precipitation to synthesise polymer–nano-

composites, surfaces were shown to resist biofilm formation. It was also shown to

be possible, through controlling the size of the embedded AgBr, to modify the

release of biocidal Ag+ ions (Sambhy et al. 2006).

In comparison to conventional antimicrobials, surprisingly little is known about

how nanoparticles behave in relation to microorganisms, particularly at the cellular

level. The mechanism of the antimicrobial activity of silver is not completely

understood, but is likely to involvemultiple targets in comparison to themore defined

targets of antibiotics. Studies have shown that the positive charge on the Ag+ ion is
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critical for antimicrobial activity, allowing the electrostatic attraction between the

negative charge of the bacterial cell membrane and positively charged nanoparticles

(Kim et al. 2007). In terms of the molecular mechanisms of inhibitory action of Ag+

ions on microorganisms, it has been shown that DNA loses its ability to replicate

(Feng et al. 2000), and the expression of ribosomal subunit proteins and other cellular

proteins and enzymes necessary forATPproduction becomes inactivated (Yamanaka

et al. 2005). It has also been hypothesised that Ag+ ions affect membrane-bound

respiratory enzymes (Bragg and Rainnie 1974). However, the precise mechanism(s)

of biocidal activity of silver nanoparticles against bacteria remains to be fully

elucidated. The work of Sondi and Salopek-Sondi (2004) demonstrated structural

changes and damage to bacterial membranes resulting in cell death. These particular

studies suggest that sulphur-containing proteins in the membrane or inside the cells

and phosphorus-containing elements, such as DNA, are likely to be the preferential

binding sites for silver nanoparticles. The contribution of Ag+ ion release from

nanoparticles to the overall antimicrobial activity remains unclear. It is suggested

that a bacterial cell in contact with silver nanoparticles will take up Ag+ ions, which

possibly in turn will inhibit respiratory enzymes and so help to generate free radicals,

and subsequent free radical-induced damage to the cell membrane. In order to

determine the relationship between free radical formation and antimicrobial activity,

the use of antioxidants does suggest that free radicals may be derived from the surface

of silver nanoparticles (Kim et al. 2007).

14.3.1.2 Copper (Cu)

Alongside silver, copper is a traditionally well-known antimicrobial material. In

comparison to silver, relatively few studies have reported the antimicrobial

properties of copper. It is suggested that copper may well have a similar mode of

action to that of silver. However, it remains unclear as to the precise mechanism by

which copper nanoparticles exert their antimicrobial activity. As with silver, it is

thought that copper partly elicits its antimicrobial activity by combining with the

–SH groups of key enzymes. Yoon et al. (2007) demonstrated superior antimicro-

bial activity with copper nanoparticles against E. coli and Bacillus subtilis when
compared to silver nanoparticles. However, in the author’s laboratory, silver con-

sistently demonstrated superior activity to copper with a wide range of different

species and strains (Ren et al. 2009).

The antimicrobial properties of both silver and copper nanoparticles were also

investigated by Ruparelia et al. (2008) using strains of E. coli, B. subtilis, and
S. aureus. The bacteriocidal effect of the nanoparticles was compared using disc

diffusion tests, and minimum inhibitory concentration (MIC) and minimum bacte-

riocidal concentration (MBC) determinations in batch cultures. Bacterial sensitivity

was found to differ according to the species tested and the test system employed.

For all strains of S. aureus and E. coli, the action of silver nanoparticles was found

to be superior. Strain-specific variation for S. aureus was negligible, while some

strain-specific variation was observed for E. coli. A higher sensitivity, as shown
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with B. subtilis, may be attributed to more amine and carboxyl groups (in compari-

son to other species) on the cell surface, these groups having a greater affinity for

copper (Beveridge and Murray 1980). Released copper ions within the cell may

then disrupt nucleic acid and key enzymes (Stohs and Bagchi 1995). In theory,

a combination of silver and copper nanoparticles may give rise to a more complete

bacteriocidal effect, especially against a mixed population of bacteria. Indeed, the

studies of Ren et al. (2009) demonstrated that populations of Gram-positive and

Gram-negative bacteria could be reduced by 68% and 65%, respectively, in the

presence of 1.0 mg mL�1 nano-copper oxide within 2 h. This was significantly

increased to 88% and 100%, respectively, with the addition of a relatively low

concentration (0.05 mg mL�1) of nano-silver.

14.3.1.3 Gold (Au)

In comparison to silver and copper, gold generally shows a weak antimicrobial

effect. However, gold nanoparticles are employed in multiple applications involv-

ing biological systems. The binding properties of gold are exceptional, and this

makes it particularly suitable for attaching ligands to enhance biomolecular

interactions. Gold nanoparticles also exhibit an intense colour in the visible range

and contrast strongly for imaging by electron microscopy (Lin et al. 2002). Despite

all the current and potential applications for gold nanoparticles, there remains little

information as to how these particles affect microorganisms. Growth inhibition

studies, to measure the effect of gold nanoparticles (polyethylene glycol-coated to

allow dispersion) on E. coli at various concentrations, demonstrated no significant

activity (Williams et al. 2006). Studies in the author’s laboratory with PEG-coated

gold nanoparticles also showed no activity against E. coli. However, the growth of

the Gram-negative species Proteus and Pseudomonas aeruginosa was inhibited at

a concentration of 1.0 mg mL�1.

14.3.2 Nanoparticulate Metal Oxides as Antimicrobial Agents

Nanoparticulate metal oxides have been of particular interest as antimicrobial

agents as they can be prepared with extremely high surface areas and unusual

crystal morphologies that have a high number of edges, corners and other poten-

tially reactive sites (Stoimenov et al. 2002). However, certain metal oxides are now

coming under close scrutiny because of their potential toxic effects (Karlsson et al.

2008). Oxides under consideration as antimicrobial agents include those of copper,

zinc oxide, titanium dioxide (titania) and tungsten oxide (WO3).

14.3.2.1 Copper Oxide (CuO)

Copper oxide (CuO) is a semi-conducting compound with a monoclinic structure.

CuO has attracted particular attention because it is the simplest member of the
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family of copper compounds and exhibits a range of potentially useful physical

properties, such as high temperature superconductivity, electron correlation effects

and spin dynamics (Cava, 1990; Tranquada et al. 1995). Limited information on the

possible antimicrobial activity of nano CuO is available. Copper oxide is relatively

cheap, easily mixed with polarised liquids (i.e. water) and polymers, and relatively

stable in terms of both chemical and physical properties. Highly ionic nanoparticulate

metal oxides, such as CuO, may be particularly valuable antimicrobial agents as they

can be prepared with extremely high surface areas and unusual crystal morphologies

(Stoimenov et al. 2002).

Copper oxide nanoparticles have been characterised, both physically and chem-

ically, and investigated with respect to potential antimicrobial applications (Ren

et al. 2009). It was found that nano-scaled CuO, as generated by thermal plasma

technology, demonstrated particle sizes in the range 20–95 nm with a mean surface

area of 15.7 m2 g�1 (Fig. 14.1d). CuO nanoparticles in suspension showed activity

against a range of bacterial pathogens, including MRSA and E. coli, with minimum

bacteriocidal concentrations ranging from 0.1 to 5.0 mg mL�1. As with silver,

studies of CuO nanoparticles incorporated into polymers suggest that release of ions

may be required for optimum killing (Ren et al. 2009). Incorporation of nano CuO

into porous elastomeric polyurethane films has demonstrated potential for a number

of applications. Studies have shown this approach to be effective against MRSA

within 4 h of contact (Z. Ahmad and R.P. Allaker, unpublished observations).

14.3.2.2 Zinc Oxide (ZnO)

The antimicrobial mechanisms of zinc are not completely understood. In recent

years, nano-zinc oxide has received increasing attention, partly because it is stable

under harsh processing conditions but also because it is generally regarded as safe

to man (Stoimenov et al. 2002). Studies have shown that some nanoparticulate

metal oxides, such as ZnO, have a degree of selective toxicity to bacteria with

a minimal effect on human cells (Brayner et al. 2006; Reddy et al. 2007; Zhang

et al. 2007). The proposed mechanisms of antibacterial activity include induction of

reactive oxygen species (Sawai, 2003; Jones et al. 2008) and damage to the cell

membrane with subsequent interaction of the nanoparticle with the intracellular

contents (Brayner et al. 2006).

In a study by Liu et al. (2009) the antimicrobial properties of ZnO nanoparticles

were investigated against E. coli O157:H7. This strain was significantly inhibited

as shown using SEM and TEM analyses to assess the morphological changes of

bacterial cells. Leakage of intracellular contents and a degree of membrane

disorganisation was observed. Using Raman spectroscopy, the intensities of lipid

and protein bands were shown to increase after exposure to ZnO nanoparticles,

whereas no significant change to nucleic acid was indicated. In comparison to silver

nanoparticles (0.1 mg mL�1), a higher concentration of zinc oxide (particle size:

approx. 15–20 nm; surface area: 47 m2 g�1) is required to have growth-inhibitory

(0.5–2.5 mgmL�1) and killing effects (>2.5 mgmL�1) against a range of pathogens
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including E. coli and MRSA. While with those organisms implicated in oral

infections, including A. actinomycetemcomitans, P. gingivalis, Prev. intermedia
and F. nucleatum, greater sensitivity was demonstrated, with growth inhibitory

and killing concentrations of 0.25–2.5 and 0.25–2.5 mg mL�1, respectively

(R.P. Allaker, M.A. Vargas-Reus and K. Memarzadeh, 2011).

14.3.2.3 Titanium Dioxide (TiO2)

Titanium dioxide (TiO2) is the commonest titanium compound, and its ability to act as

a photocatalytic antimicrobial compound is well established (Blake et al. 1999). TiO2

is widely used in a number of applications, as a powder and increasingly in

a nanoparticulate form, and is generally considered to be non-toxic at the concen-

trations normally employed. However, there are recent concerns that nano-titanium

oxide may present a hazard to health through inflammation as generated by release of

IL-1a (Yazdi et al. 2010). The anatase form of nano TiO2 and UV light excitation are

required to ensure maximum antimicrobial activity. Such TiO2 photocatalysis is able

to promote the peroxidation of the polyunsaturated phospholipid component of the

microbial lipid membrane, induce loss of respiratory activity, and elicit cell death

(Maness et al. 1999). In comparison to silver and copper nanoparticles, there have

been relatively few studies on nano-titanium/-titanium dioxide. The study of Tsuang

et al. (2008) demonstrated TiO2-mediated photocatalytic and bacteriocidal activities

against obligate aerobes (Pseudomonas aeruginosa), facultative anaerobes (S. aureus,
E. coli and Enterococcus hirae) and obligate anaerobes (Bacteroides fragilis).
Concentrations of titanium oxide (predominantly anatase phase; in the absence of

UV light; particle size: approx. 18 nm; surface area: 87 m2 g�1) required to have

a growth inhibitory and killing effect against a range of pathogens including E. coli
and MRSA. have been shown to be 1.0–2.5 and >2.5 mg mL�1 respectively, while

with those organisms implicated in oral infections, including A. actinomycetem-
comitans, P. gingivalis, Prev. intermedia and F. nucleatum, growth inhibitory and

killing concentrations are in the same order at 0.25–2.5 and >2.5 mg mL�1, respec-

tively (R.P. Allaker, M.A. Vargas-Reus and K. Memarzadeh, 2011).

14.3.3 Oral Applications of Nanoparticulate Metals
and Metal Oxides

In order to reduce bacterial and fungal adhesion to oral materials and devices, silver

nanoparticles are being investigated for a range of possible applications, for example,

incorporation into denture materials (Fig. 14.2) (Monteiro et al. 2009) and orthodon-

tic adhesives (Ahn et al. 2009). The optimum amount of silver nanoparticles used

within such polymer materials will be of critical importance to avoid an adverse

effect upon their physical properties. The study of Ahn et al. (2009) clearly
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demonstrated that experimental composite adhesives (ECAs) had rougher surfaces

than conventional adhesives due to the addition of silver nanoparticles, although

bacterial adhesion to ECAs was shown to be less than that to conventional adhesives

Fig. 14.2 Scanning electron micrograph of a fractured polymethyl methacrylate PMMA/Ag

nanocomposite containing approximately 0.04% w/w silver. Distribution of silver particles in

the PMMA acrylic resin shown. (a)White areas are agglomerated silver nanoparticles distributed

in the PMMA (�828 magnification). (b) Silver nanoparticles (white dots) with approximate mean

size 88 nm distributed in the PMMAmatrix. (�50,000 magnification) (With permission; Monteiro

et al. 2009)
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and was not influenced by saliva coating. However, no significant difference between

ECAs and conventional adhesives was shown as regards bond shear strength.

Biofilm growth is known to contribute to secondary caries and the failure of

resin-based dental composites. Within this context, zinc oxide nanoparticles have

undergone in vitro testing using biofilm culture test systems (Aydin Sevnic and

Hanley 2010). ZnO nanoparticles blended into a variety of composites were shown

to significantly inhibit S. sobrinus biofilm growth at concentrations not less than

10% w/w over a 3-day test period. However, at this concentration, the impact on the

structural characteristics of composites would need to be carefully assessed.

As regards dental implants, numerous companies currently market novel syn-

thetic hydroxyapatite (HA) materials, as the optimal osteoconductive implant

coating available, and some companies have developed nanoscaled varieties.

Some have employed coatings and application methods different from the conven-

tional coating techniques, including an HA material available in nanophase and

a nanocrystalline silver-based antimicrobial coating that in theory should reduce the

potential for bacterial colonisation. The antibacterial properties of an amorphous

carbon film (Almaguer-Flores et al. 2010) incorporating silver nanoparticles in

a 40- to 60-nm size range and deposited onto a standard titanium material have

been evaluated. A significant reduction in mixed biofilm counts compared to the

standard titanium material was observed after 7 days using the coating with silver

nanoparticles.

14.3.4 Other Nano-Based Antimicrobials

14.3.4.1 Quaternary Ammonium Nanoparticles

Quaternary ammonium poly (ethylene imine) (QA-PEI) nanoparticles as an antimi-

crobial to incorporate into restorative composite resins have been developed by

Yudovin-Faber et al. (2008). These may have distinct advantages over the currently

used composite resins employed to restore hard tissues, which are known to have

several disadvantages including development of biofilms on both teeth and the

restorative material (Monteiro et al. 2009). The traditional methods for preparing

antibacterial composite materials have been to impregnate them with low-molecular-

weight agents, such asAg+ ions or iodine, that are then released slowly.Apart from the

possible adverse effects on the mechanical properties of the composite, difficulties in

controlling the release of such agents may be a potential drawback.

The use of QA-PEI nanoparticles at a concentration of 1% w/w enabled com-

plete in vitro growth inhibition of Streptococcus mutans to be achieved for

a duration of at least 3 months (Yudovin-Farber et al. 2008). The proposed

mechanism of action of QA-PEI is suggested to be as a result of transfusion across,

and damage to, the bacterial cell wall. The hydrophobic nature and positive charge

of these nanoparticles are also thought to further enhance the antimicrobial activity.

Surface chemical analysis of the restorative composite embedded with QA-PEI
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demonstrated a surface modification of higher hydrophobicity and the presence of

quaternary amines when compared to the unmodified material. Further studies to

optimise the release characteristics of QA-PEI and other potentially useful nano-

particulates from dental materials will be required.

14.4 Anti-adhesive Nanoparticles and Oral Biofilm Control

14.4.1 Chitosan Nano- and Microparticles

Chitosan is a biopolymer derived by the deacetylation of chitin, a natural polymer

occurring in the exoskeleton of crustaceans. Chitosan is positively charged and

soluble in acidic to neutral solution, enabling it to bind to mucosal surfaces. Both

chitosan nano- and microparticles have been investigated as a potential platform for

local delivery of drugs (Wu et al. 2005). Although the currently used antimicrobial

irrigants (without chitosan incorporation), employed to disinfect root canals in the

treatment of endodontic infections, are capable of killing Enterococcus faecalis, the
bacterium frequently associated with this condition, endodontic restorations often

fail (Lin et al. 1992). The in vitro study of Kishen et al. (2008) demonstrated that

root canal surfaces treated with cationic antibacterial nanoparticulates such as zinc

oxide alone and a combination of zinc oxide and chitosan nanoparticulates are able

to significantly reduce E. faecalis adherence to dentine. In theory such surface

treatment could prevent bacterial recolonisation and biofilm formation in vivo.

14.4.2 Silica and Silicon Nanoparticles

Particles of a nano- and micro-size based upon the element silicon to rapidly deliver

antimicrobial and anti-adhesive capabilities to the desired site within the oral cavity

have received much attention (Stephen, 1993). Companies have used silica (silicon

dioxide ‘SiO2’ and often classed as ‘microfine’, but with a particle size within the

definition of nanoparticles) in toothpastes for many years, and some are now

actively seeking new directions in this area through the use of porous silicon

and nanocrystalline silicon technology to carry and deliver antimicrobials, for

example triclosan. These would offer advantages over some of the slower and

more prolonged delivery systems under investigation.

The use of silica nanoparticles to polish the tooth surface may help protect against

damage by cariogenic bacteria, presumably because the bacteria can more easily be

removed. This has been investigated on human teeth ex vivo (Gaikwaad and

Sokolov, 2008). Atomic force microscopy demonstrated lower nanometer-scale

roughness obtained when silica nanoparticles were used to polish the surface of

teeth as compared with conventional polishing pastes. It was also shown that
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adherent S. mutans could be more easily removed. However, concerns remain as to

the longevity of the effect, and whether the polished surface will inhibit minerali-

sation and plaque formation in vivo.

Spherical silica nanoparticles (up to 21 nm) deposited onto polystyrene surfaces

by polycationic binding have been investigated with respect to the development of

C. albicans biofilms and invasive filament formation (Cousins et al. 2007).

Modified surfaces were shown to reduce attachment and growth of C. albicans,
with the greatest effect observed with 7- and 14-nm particles. Such effects could

possibly be attributed to the surface topography or slow dissolution of the bound

silica. Such treatment has the advantages of being non-toxic, simple to apply and

adaptable to 3-dimensional surfaces.

Other novel systems based upon silica have been investigated with respect to the

control of oral biofilms. The use of nitric oxide (NO)-releasing silica nanoparticles

to kill biofilm-based microbial cells has been described (Hetrick et al. 2009). The

rapid diffusion of NO may well result in enhanced penetration into the biofilm

matrix and therefore improved efficacy against biofilm-embedded bacteria. In vitro-

grown biofilms of Pseudomonas aeruginosa, E. coli, Staphylococcus aureus,
Staphylococcus epidermidis and Candida albicans were exposed to NO-releasing

silica nanoparticles. Over 99% of cells from each type of biofilm were killed via NO

release. In comparison to small-molecule NO donors, the physicochemical

properties, for example hydrophobicity, charge and size, of nanoparticles can be

altered to increase anti-biofilm efficacy (Nel et al. 2009).

Bioactive glasses of the SiO2–Na2O–CaO–P2O5 system have been shown to

possess antimicrobial activity through the release of ionic alkaline species over

time and are under consideration as dentine disinfectants to offer an alternative to

calcium hydroxide (Waltimo et al. 2007). Those in the form of amorphous

nanoparticles with a size of 20–60 nm may show an advantage over micron-sized

material as the decrease in glass particle size should increase, by more than tenfold,

the active exchange surface of glass and surrounding liquid. In turn, this would

substantially increase ionic release into suspension and enhance antimicrobial

efficacy. Waltimo et al. (2007) monitored ionic dissolution profiles in simulated

body fluid. Antimicrobial activity was assessed against Enterococcus faecalis as

a pathogen often isolated from root canal infections. They found that a shift from

a micron- to a nano-size increased the release of silica by a factor of 10 and elicited

a pH elevation of at least 3 units. The killing efficacy was also significantly higher.

14.4.3 Hydroxyapatite and Other Calcium Phosphate-Based
Systems

The application of nano-scaled hydroxyapatite particles has been shown to impact

on oral biofilm formation and provides a re-mineralisation capability (Roveri et al.

2008; Cross et al. 2007). Biomimetic approaches, based upon hydroxyapatite

nanocrystals which resemble the structure at the nano-scale of abraded dental
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enamel crystallites, should allow adsorbed particles to interact with bacterial

adhesins and reduce bacterial adherence, and hence impact on biofilm formation

(Venegas et al. 2006).

A number of oral health care products, including dentrifices and mouth rinses,

have been developed containing nano-sized apatite particles with and without

protein-based additives (Rahiotis et al. 2008; Reynolds et al. 2003). It is suggested

that the efficacy of these compounds can be attributed to the size-specific effects of

the apatite nanoparticulates. Casein phosphopeptide (CPP) – amorphous calcium

phosphate (ACP) nanocomplex (Recaldent™) – is a particular technology based

upon ACP and stabilised by casein phosphopeptide (CPP) (Reynolds 2008). Use of

this technology has demonstrated anticariogenic activity under both in vitro and

in vivo conditions. The levels of calcium and phosphate ions in supragingival plaque

have been shown to increase upon delivery of CPP-ACP in a mouth rinse form and

promote remineralisation of enamel subsurface lesions (Reynolds et al. 2003).

Analysis of plaque samples demonstrated CPP-ACP nanocomplexes to be localised

in plaque on the surface of bacterial cells and essentially confirm the studies by Rose

(Rose 2000a; Rose 2000b) who demonstrated tight binding to Streptococcus mutans
and the intercellular plaque matrix to provide a calcium ion reservoir. As a result of

interaction with calcium binding sites and the masking of bacterial receptors on

salivary molecules, CPP-ACP is thought to reduce bacterial colonisation as shown

with CPP-ACP germanium-treated surfaces. (Rahiotis et al. 2008).

14.5 Incorporation of Nanoparticles into Polymeric Materials

for Possible Oral Use

14.5.1 Properties of Polymer Matrix Nanocomposites

Nanocomposites are usually solid combinations of a bulk matrix and a nano-

dimensional phase(s), which differ in structural and chemical properties. The

physical properties of the nanocomposite will thus differ markedly from those of

the component materials. In mechanical terms, this is attributed to the high surface-

to-volume ratio of the nanoconstituents. With polymer-nanocomposites, properties

related to local chemistry, thermoset cure, polymer chain mobility, conformation,

and ordering can all vary markedly and continuously from the interface with the

nanophase into the bulk of the matrix.

Polymer–matrix nanocomposites (nanofilled polymer composites) are, in their

simplest case, made by appropriately adding nanoparticulates to a polymer matrix

to enhance its functionality (Manias 2007). This can be particularly effective

in producing high-performance composites when optimum dispersion of the nano-

filler is achieved, and the properties of such a filler can markedly enhance those of

the matrix, for example by reinforcement of a polymer matrix with more

rigid nanoparticles of ceramics or carbon nanotubes. The high aspect ratio and/or
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the high surface area-to-volume ratio of nanoparticulates provide such superior

properties.

Silver nanoparticles have been investigated with a view to improving both the

physical and the antimicrobial properties of dental polymeric materials, for exam-

ple, in denture materials (Fig. 14.2) (Monteiro et al. 2009) and orthodontic

adhesives (Ahn et al. 2009). K.P. Lackovic et al. (2008) investigated the use of

silver nanoparticles in an attempt to improve the physical and antimicrobial

properties of orthodontic bracket-bonding cement. Incorporation of silver

nanoparticles at a concentration of less than 1% w/v was found not to decrease

the modulus of the cement tested. However, no significant effect on either the

attachment or growth of the cariogenic bacterium Streptococcus mutans was

observed. Thus, an optimum amount of silver nanoparticles used within polymer

materials may well be of critical importance to avoid an adverse effect upon the

physical properties. The study of Ahn et al. (2009) clearly demonstrated that

experimental composite adhesives (ECAs) had rougher surfaces than conventional

adhesives owing to the addition of silver nanoparticles. Bacterial adhesion to ECAs

was shown to be less than that of conventional adhesives and was not influenced by

saliva coating. No significant difference between ECAs and conventional adhesives

was shown as regards bond shear strength.

14.5.2 Methods of Combining Nanometals with Polymers

Combining nanoparticulate metals with a polymer matrix such that they remain

adequately dispersed is a process that has presented some problems. Three general

methods to formulate polymer–matrix nanocomposites have been utilised:

1. In situ synthesis of nanoparticles in the polymer matrix by reduction of a metal

salt in the matrix or evaporation of the metal at the heated surface of the matrix.

2. Polymerisation of the matrix around the nanoparticles.

3. Incorporation of pre-synthesised nanoparticles into a pre-synthesised polymer

matrix with the aid of a blending solvent (Corbierre et al. 2005).

However, the first and second methods have a tendency to produce undesirable

nanospecies and polydisperse (range of particle sizes) polymer matrices. An

approach involving the impregnation of silicone (as used in a wide variety of

devices) with nanoparticulate silver, using supercritical carbon dioxide, has been

investigated (Furno et al. 2004). This may be particularly applicable as regards

implantable devices, as their use is a major risk factor for hospital-acquired

infection. The initiation of infection involving biomaterials requires an initial

adhesion event to the device or more often to the patient-derived glycoprotein

coating (conditioning film) which is deposited from the time of implantation

(Green et al. 1999). Following adhesion, microbial proliferation leads to the

development of a biofilm which is more resistant to the effect of antimicrobials.

Although approaches to prevent this type of infection, including the use of coatings
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with nanoparticulate silver, have been proposed, unsatisfactory clinical results and

on occasion further complications, have occurred (Riley et al. 2002). Possible

reasons for the lack of activity include the inactivation of the antimicrobial coating

by plasma components and a lack of inherent durability of the coatings used.

Impregnation of polymers may well be more beneficial than the use of coatings

or addition into the mix. A significant level of surface- or near-surface-deposited

silver nanoparticles should provide an initial “burst” effect. However, Furno et al.

(2004) showed that the majority of the antimicrobial activity, against both biofilms

and planktonic cells, was simply removed by washing the polymer discs

impregnated with silver nanoparticles. Further sustained release with significant

antimicrobial activity would need to be carefully evaluated. The protection of both

inner and outer surfaces against bacterial colonisation by impregnation of an

antimicrobial agent is advantageous (Wilcox et al. 1988) and has been demonstrated

in the clinical setting (Darouiche et al. 1999). The continued release of Ag+ ions at

antimicrobial concentrations even in the presence of a plasma protein conditioning

film, and the ability to offer protection to both the inner and outer surfaces of

a catheter, are two distinct potential advantages of polymer impregnation (Furno

et al. 2004).

14.5.3 Polymeric Films Incorporating Nanometals

It is possible to enhance the properties of certain materials by encapsulation in

a polymeric film, for example by encapsulating and modifying the surface pro-

perties of denture acrylic polymers with an inorganic silicone polymeric film

(Thorne and Vittori 1997) to prevent diffusion of food contaminates, bacteria and

the ingrowth and adherence of Candida spp. hyphae that may lead to failure. The

use of hydrophobic polymer-based materials as occlusive thin films for the prophy-

laxis of dental caries, dental erosion and dentine hypersensitivity has more recently

been explored in vitro (Nielsen et al. 2011).

Nanotechnology is now beginning to be able to provide the tools required to

synthesise films or layerswith embeddedmetal nanoparticles. For copper nanoparticles

embedded in an inert, Teflon (polytetrafluoroethylene)-likematrix, Cioffi et al. (2005b)

demonstrated significant antimicrobial activity in vitro as a result of ion release. It is

suggested that in such an experimental situation a bacterial growth medium facilitates

the release of metallic ions, possibly as a consequence of a reaction with the nutrient

media constituents. A greater release of copper ions into a liquidmedium could well be

due to the presence of an oxide layer on the copper nanoparticles and reaction with

chloride ions in the medium. The copper–fluoropolymer (Cu-CFx) nano-composite

films in this study were deposited by dual ion-beam sputtering, a technique to deposit

different polymeric and inorganic materials in a very controlled manner. Analysis of

the layers revealed that the inorganic Cu(II) nanoparticles were evenly dispersed in the

branched fluoropolymer matrix. Through the use of electrochemical atomic absorption

spectroscopy, copper release kinetics in solutions was measured. A correlation was
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shown between the chemical composition (copper loading) of the material surface, the

concentration of copper ions released into the microbial culture broths, and the

bioactivity of the Cu-CFx coating. The Cu-CFx layers, used as coatings, were shown

to inhibit the yeast Saccharomyces cerevisiae and the bacterial species E. coli,
S. aureus and Listeria spp. Such use of Cu-CFx coatings, which allow variable metal

loading, demonstrate good stability upon storage and microbial inhibitory activity, is

being explored in a variety of applied fields, including food chemistry andbiomedicine.

Sacrificial-anode electrochemical synthesis of metal nanoparticles in the pres-

ence of tetraoctylammonium (TAO) salts have allowed Cioffi et al. (2005c) to

prepare copper- and silver-containing coatings by combining the metal colloid with

a polymer-dispersing matrix. The surfactants used were capable of providing

physical and chemical stabilisation of the metal nanoparticles through the for-

mation of a protective organic shell. These materials were then able to show

a significant inhibitory effect on the growth of E. coli and Saccharomyces
cerevisiae. The marked effects of such nanocomposites can be attributed to the

synergistic effect of the antimicrobial metal and the TAO salts. This study has

provided further support for the use of metal nanoparticles in disinfecting/antifoul-

ing paint and other coating formulations.

To determine whether the localisation of controlled loadings of silver

nanoparticles within nanometer-thick polymeric films could kill bacteria yet sup-

port the growth of mammalian cells, poly(allylamine hydrochloride) and poly

(acrylic acid) were prepared using layer-by-layer deposition and were then loaded

with silver nanoparticles in the range 0.4–23.6 mg cm�2 (Agarwal et al. 2010).

Suspensions of Staphylococcus epidermidis in contact with the film were reduced

6-log-fold with only 0.4 mg nanoparticles cm�2. Polymeric films containing this

concentration of silver nanoparticles were also shown to be non-toxic to mamma-

lian fibroblast cells, allowing both growth and attachment.

14.6 Photodynamic Therapy and the Use of Nanoparticles

to Control Oral Infections

Photodynamic therapy (PDT) is very well suited for the control of bacteria in oral

plaque biofilms where there is relatively easy access for the application of the

photosensitising agent and light sources to areas requiring treatment (Allaker and

Douglas 2009). This approach is now being utilised within the clinical setting in

some countries. The killing of microorganisms with light depends upon cytotoxic

singlet oxygen and free radical generation by the excitation of a photo-activatable

agent or sensitiser. The result of excitation is that the sensitiser moves from an

electronic ground state to a triplet state that then interacts with microbial

components to generate cytotoxic species (MacRobert et al. 1989). One of the

advantages of light-activated killing is that resistance to the action of singlet oxygen

is unlikely to become widespread in comparison to that experienced with more
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traditional chemical antimicrobial agents. A sensitiser ideally should absorb light at

red to near-infrared wavelengths because these wavelengths are able to penetrate

more. The most commonly tested sensitisers on bacteria have been tricyclic dyes

(for example methylene blue, erythrosine), tetrapyrroles (for example porphyrins)

and furocoumarins (for example psoralen). The use of nanoparticles within this area

is now under investigation. For example, a complex of biodegradable and biocom-

patible poly(lactic-co-glycolic acid) (PLGA) and colloidal gold nanoparticles,

loaded with methylene blue and exposed to red light at 665 nm, have been tested

against planktonic E. faecalis and in experimentally infected root canals (Pagonis

et al. 2010). In theory, gold nanoparticle conjugates should have improved binding

and cell wall penetration properties, and so should deliver a higher concentration of

photoactive molecules. It remains to be fully established whether such conjugates

will show an increased antibacterial activity when compared to more conventional

treatments.

Most work on light-activated killing has been performed using suspensions

of planktonic bacteria, with relatively few studies observing biofilm-grown micro-

organisms. In vitro biofilm-grown Streptococcus mutans cells demonstrated a 3-log

reduction when treated with erythrosine and white light (500–650 nm) (Wood et al.

2006), while an approach using antibody- and erythrosine-labelled nanoparticles has

shown the potential for targeting specific bacterial species in oral plaque biofilms (S.R.

Wood, 2006). These in vitro studies, employing constant-depth film fermenters with

gold nanoparticles conjugated to erythrosine and antibody to either Streptococcus
mutans or Lactobacillus casei, have shown specific killing of target organisms in

mixed-biofilm cultures.

Considerations in relation to the therapeutic use of light-activated killing of

biofilms on host surfaces include: (1) direct toxicity of the sensitiser, (2) indirect

toxicity of the sensitiser in terms of ‘by-stander’ damage to adjacent host cells,

(3) penetration into the biofilm, (4) light exposure time required to kill bacteria

within in vivo biofilms and (5) widespread relatively non-specific bacterial killing

(Allaker and Douglas 2009). The photosensitiser erythrosine has an advantage over

some other dyes because it is currently used in dentistry to visualise dental plaque

in vivo, and so its lack of toxicity in the host is well established. For use in

periodontitis, the dye needs to be applied subgingivally prior to fiber-optic laser

light activation. However, when disease is present, the periodontal site has

a marked flow of gingival crevicular fluid into the pocket, and most photosensitisers

lose some activity in the presence of extraneous protein. Also, some have virtually

no effect in the presence of saliva and other body fluids. This is because the agents

complex with proteins and host cells in the gingival crevicular fluid and effectively

compete for binding to bacteria. The use of nanoparticles as applied to PDT may

help to overcome some of the issues associated with serum constituents.
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14.7 Biocompatibility of Nano-Antimicrobials Within

the Oral Cavity

Although the development and application of nanotechnology are of major impor-

tance in both industrial and consumer areas, knowledge regarding the possible

toxicity of nanotechnology products to humans is limited. Whereas it is well

known that copper in a non-nanoparticulate form is actively excreted from the

normal body, non-nanoparticulate silver can accumulate within it. However the

threat posed by these metals in a nanoparticulate form is far from clear (Seetharam

and Sridhar 2006). In order to understand the mechanism of toxicity, a thorough

knowledge of the toxico-kinetic properties of nanoparticles is required. This

includes information on the absorption, distribution, metabolism and excretion

(ADME) of nanoparticles (Hagens et al. 2007). In theory, certain nanoparticles

may be retained within the body for longer than is desirable, and thus the safety

profile becomes a matter of overriding significance. Nanomaterials are able to cross

biological membranes and access cells, tissues and organs that larger-sized particles

normally cannot. Nanomaterials can enter the blood stream following inhalation or

ingestion, and some can even penetrate the skin. In vitro studies with lung epithelial

cells, enterocytes and skin keratinocytes indicate marked differences in susceptibil-

ity to metallic nanoparticles according to cell type tested (R.P. Allaker and M.A.

Vargas-Reus, 2010). However, a particle’s surface chemistry, which in some cases

can be modified, can govern whether it should be considered further for biomedical

applications (Nel et al. 2009).

14.7.1 Toxicity to Cells in the Oral Cavity

Toxicology and biodynamic studies suggest that silica, silicon, and chitosan

nanoparticles are relatively safe if introduced via the oral route (Seetharam and

Sridhar 2006). Testing of NO-releasing silica nanoparticles (at the highest concen-

tration tested of 8 mg mL�1) with fibroblasts demonstrated that cell proliferation

was inhibited to a lesser degree than with chlorhexidine (Hetrick et al. 2009).

Likewise, quaternary ammonium poly(ethylene imine) (QA-PEI) nanoparticles

incorporated into composite resins to restore teeth at 1% w/w demonstrate no

additional toxic effects on cultured cells or experimental animal tissue in compari-

son to unmodified composites (Yudovin-Farber et al. 2008). In comparison to other

metals, silver is less toxic to human cells, and is only ever used at very low

concentrations in vivo (Sondi and Salopek-Sondi 2004). For example, silver

nanoparticles have been shown to inhibit Candida spp. at a concentration of

0.2 mg mL�1, which is markedly less than the concentration (30 mg mL�1) required

to demonstrate a toxic effect against human fibroblasts (Panacek et al. 2009).
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14.7.2 Alteration of Biocompatibility and Desired Function

The safe use of nanotechnology and the design of nanomaterials for biological

applications, including the control of oral biofilms, involve a complete understand-

ing of the interface between these materials and biological systems (Nel et al.

2009). The interface comprises three interacting components: (1) the surface of the

nanoparticle, (2) the solid–liquid interface and the effects of the surrounding

medium and (3) the contact zone with biological substrates (Fig. 14.3; Table 14.1).

The nanoparticle characteristics of most importance as regards interaction with

biological systems, whether mammalian or microbial, are chemical compo-

sition, surface function, shape and number of sides, porosity and surface crystallin-

ity, heterogeneity, roughness, and hydrophobicity or hydrophilicity (Nel et al.

2006). For example, it has been shown that titanium dioxide nanoparticles

(Luo et al. 2005) act to resist the formation of surface biofilms through increased

hydrophilicity in comparison to an unmodified surface.

Fig. 14.3 Representation of the interface between nanoparticle and lipid bilayer. The properties of

the material, modification of the surface properties of the material through interactions with the

suspending medium, and the interactions of the solid–liquid interface with bio-molecules all

impact on the interaction. See Table 14.1 for details (With permission; Nel et al. 2009)
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The characteristics of the surface layer, such as zeta potential (surface charge),

nanoparticle aggregation, dispersion state, stability and hydration as influenced by the

characteristics of the surrounding medium (including ionic strength, pH, temperature

and presence of organic molecules or detergents) are of critical importance. The

contribution of surface charge to both mammalian and microbial interactions has

been clearly illustrated using surfactant-coated nanoparticles (McCarron et al. 2007).

Both anti-adherent and antifungal effects were shown using buccal epithelial cells

treated with non-drug-loaded poly (ethylcyanoacrylate) nanoparticles. Nanoparticles

were prepared using emulsion polymerisation and stabilised with cationic, anionic or

non-ionic surfactants. Cationic surfactants, for example cetrimide, which are known

antimicrobial agents, were the most effective in reducing Candida albicans

Table 14.1 Biological, physical and chemical influences on the interface between nanomaterials

and biological systems in man (Adapted with permission; Nel et al. 2009)

Nanoparticle

Size, shape and surface area

Surface charge, energy, roughness and porosity

Valence and conductance states

Functional groups

Ligands

Crystallinity and defects

Hydrophobicity and hydrophilicity

Suspending media

Water molecules

Acids and bases

Salt and multivalent ions

Natural organic matter (proteins, lipids)

Surfactants

Polymers

Polyelectrolytes

Solid–liquid interface

Surface hydration and dehydration

Surface reconstruction and release of free surface energy

Ion adsorption and charge neutralisation

Electrical double-layer formation, zeta potential, isoelectric point

Sorption of steric molecules and toxins

Electrostatic, steric and electrosteric interactions

Aggregation, dispersion and dissolution

Hydrophilic and hydrophobic interactions

Nano-bio interface

Membrane interactions: specific and non-specific forces

Receptor-ligand binding interactions

Membrane wrapping: resistive and promotive forces

Biomolecule interactions (lipids, proteins, DNA) leading to structural and functional effects

Free energy transfer to biomolecules

Conformational change in biomolecules

Oxidant injury to biomolecules

Mitochondrial and lysosomal damage, decrease in ATP
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blastospore adhesion, and showed a growth inhibitory and biocidal effect against the

yeast. Production of nanoparticles with an anionic surfactant gave lower yields and

wide particle size distributions. No evidence of killing againstC. albicanswas shown.
Non-ionic surfactant-coated nanoparticles produced intermediate kill rates. These

studies clearly demonstrate the importance of surface charge on the nanoparticle

surface. It is envisaged that the buccal epithelium could possibly be treated using

polymeric-type nanoparticles in a mouthwash-type formulation; effectively this

would prime the potential target cells against adhesion and infection.

The in vivo screening of around 130 nanoparticles intended for therapeutic use

has allowed detailed assessments as regards biocompatibility (Nel et al. 2009). It

was shown that the main independent particle variables which determine compati-

bility are size, surface charge and dispersibility (particularly the effect of

hydrophobicity). Cationic particles or particles with a high surface reactivity are

more likely to be toxic (both to eukaryotes and prokaryotes). Larger, more hydro-

phobic or poorly dispersed particles, which are rapidly removed by the reticuloen-

dothelial system, were shown to be less toxic. Karlsson et al. (2008) have recently

shown that metal oxide nanoparticles are more toxic than at first envisaged at

concentrations down to 40 mg mL�1 and show a high variation as regards different

nanoparticle species to cause cytotoxicity, DNA damage and oxidative DNA

lesions. Toxic effects on cultured cells were assessed using trypan blue staining

together with the comet assay to measure DNA damage and an oxidation-sensitive

fluoroprobe to quantify the production of reactive oxygen species (Karlsson et al.

2008). Copper oxide was found to be the most toxic and therefore may pose the

greatest health risk. Nanoparticulate ZnO and TiO2, both ingredients in sunscreens

and cosmetics, showed cytotoxic and DNA-damaging effects. The potential

mechanisms of toxicity for selected nanoparticles are listed in Table 14.2.

Table 14.2 Nanoparticle cytotoxicity to mammalian cells (Adapted with permission; Nel et al.

2009)

Nanoparticle Cytotoxicity mechanism

TiO2 ROS (reactive oxygen species) production

Glutathione depletion and toxic oxidative stress

Cell membrane disruption

ZnO ROS production

Dissolution and release of toxic cations

Lysosomal damage

Inflammation

Ag Dissolution and Ag+ ion release inhibits respiratory enzymes

and ATP production

ROS production

Disruption of membrane integrity and transport processes

Gold Disruption of protein conformation

SiO2 ROS production

Protein unfolding

Membrane disruption

Cu/CuO DNA damage and oxidative stress
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In order to help prevent aggregation of nanoparticles, stabilising (capping)

agents that bind to the entire nanoparticle surface can be used; these include

water-soluble polymers, oligo- and poly-saccharides, sodium dodecyl sulfate,

polyethylene glycol and glycolipids. The specific roles of surface capping, size

scale and aspect ratio of ZnO particles towards antimicrobial activity and cytotox-

icity have been investigated (Nair et al. 2009). Polyethylene glycol-capped ZnO

nanoparticles demonstrated an increase in antimicrobial efficacy with a reduction in

particle size. Again, gram negative bacteria were more affected than gram positive,

which suggests that a membrane damage mechanism of action rather than one

involving the production of reactive oxygen species (ROS) is of overriding signifi-

cance. Polyethylene glycol-capped nanoparticles were highly toxic to human cells

with a very low concentration (100 mM) threshold for cytotoxic action, whereas the

concentration for antibacterial activitywas 50 times greater (5mM). It is hypothesised

that the toxicity to eukaryotic cells is related to nanoparticle-enhanced apoptosis by up

regulation of the Fas ligand on the cell membrane.

An understanding of the interface between biological systems and nanomaterials

should enable design features to be used to control the exposure, bioavailabilty and

biocatalytic activities. A number of possible approaches are starting to be identified

(Nel et al. 2009) including changing ability to aggregate, application of surface

coatings, and altering charge density and oxidative state. However this may well

compromise the intended selective toxicity of antimicrobial nanoparticles. It

remains to be determined how potential mammalian toxicity issues will fully

impact on the use of nanotechnology in the control of oral biofilms.

14.8 Concluding Remarks

The application of nano-antimicrobials to control oral infections, as a function of

their biocidal, anti-adhesive and delivery capabilities, is of increasing interest.

Their use as constituents of prosthetic device coatings, topically applied agents

and within dental materials is currently being explored. Future developments are

likely to concentrate on those nanoparticles with maximal antimicrobial activity

and minimal host toxicity. Antimicrobial nanoparticulate metals have received

particular attention as a result of their durability. Although certain nanoparticles

may be toxic to oral and other tissues, the surface characteristics of a given particle

will determine whether or not it will have potential for oral applications.

Approaches to alter biocompatibility and desired function are now being identified

and include changing the ability to aggregate, application of surface coatings, and

altering oxidative state and charge density.
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Chapter 15

Nanomaterial-Based Antibacterial Paper

Wenbing Hu, Qing Huang, and Chunhai Fan

15.1 Synthesis and Characterization of Nanomaterial-Based

Films

The nanomaterial-based film with antibacterial property can be fabricated by physi-

cal and chemical methods. Physical methods include spin-coating, dip-coating,

vacuum filtration, electrospinning, and magnetron sputtering.

15.1.1 Spin-Coating

Spin-coating is applied to prepare uniform thin film by spreading the solution

placed on the flat substrates at a constant rate. The thickness of the film is

determined by centrifugal forces controlled by spin speed, solution viscosity, and

spin time. TiO2 film and silver nanoparticles (AgNPs)/TiO2 composite film have

been prepared by spin-coating technology.

TiO2 nanoparticles have been synthesized using the sol–gel method [2]. In

a typical experiment, TiO2 sol was prepared from the hydrolysis of Ti(OC4H9)4:

0.01 mol of Ti(OC4H9)4 stirred in ice incubation was mixed with 0.15 mol of

ethanol. The ethanol/H2O/acetylacetone solution (0.1 mol ethanol, 0.02 mol

deionized water, 0.01 mol acetylacetone) was added to the Ti(OC4H9)4/ethanol

solution under stirring in ice incubation, then the mixture was stirred for 2 h. The

TiO2 sol was matured for about 48 h before coating. TiO2 thin films were coated on

titanium plate by the sol–gel spin-coating method with a rotating speed of

2,000 rpm. The resulting films were subjected to heat treatment at 200�C for
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15 min. By repeating this process, TiO2 thin films with different thicknesses were

obtained. Finally, the films were annealed at 500�C for 3 h in air for crystallization.

The crystal structure and thickness of TiO2 film were characterized by scanning

electron microscopy (SEM) (Fig. 15.1) [3].

Zhang’s [4] and Yang’s [5] groups synthesized AgNPs/TiO2 composite film

according to the sol–gel spin-coating method. The SEM images and XRD

suggested that the crystallinity and growth of AgNPs were improved by increasing

the annealing temperature. Furthermore, the morphology of the AgNPs/TiO2 com-

posite film could be controlled by simply tuning the molar ratio of the silver nitrate,

implying the morphology of composite film became rougher and rougher with the

increase in the concentration of silver nitrate, while the diameter of AgNPs

decreased. When the molar ratio of Ti4+ to Ag+ reached 5:1, the composite films

were mesoporous. However, the AgNPs attached to the surface of TiO2

nanoparticles by forming Ag-O-Ti bonds, rather than entering the lattice of the

TiO2 anatase phase [6].

15.1.2 Dip-Coating

The dip-coating method is a simple way to deposit thin film on the substrate. During

the process, completely automated by computerized control system, the substrate is

slowly dipped into and withdrawn from a tank containing the sol, with a uniform

velocity, in order to obtain a uniform film. The film thickness is sensitive to flow

conditions in the liquid bath and gas overhead, and is determined by the competi-

tion among viscous force, surface tension force and gravity. The faster the substrate

was withdrawn, the thicker the film deposited. Many silver nanoparticles (AgNPs)-

based films have been fabricated on glass and silica substrates with this procedure

[7–10].

Zhang and co-workers [8] have reported a facile two-step method for the

preparation of surface-silvered polymer films. The commercial polyimide (PI)

film was functionalized by simply dipping the film into dopamine (DOPA) aqueous

solution for a period of time. Poly (dopamine) was deposited on the surface of PI

Fig. 15.1 The SEM images of TiO2 film prepared by spin-coating technology cross-section

(a) and surface structure (b) [3]. Immobilized TiO2 nanoparticles were ~15.2 � 0.6 nm
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films and formed PI-DOPA films. Then, PI–DOPA films were immersed into an

aqueous silver nitrate solution and subjected to UV irradiation in a self-made

photochemical reactor for 15 min. The PI-DOPA films deposited with silver were

washed thoroughly with doubly distilled water and then dried in a vacuum oven.

The distribution and size of the silver nanoparticles could be controlled by changing

the reaction time. In the SEM images of films, the surface of PI-DOPA film was

much rougher than that of the pristine PI film (Fig. 15.2), resulting from the

formation of the distinctive poly (dopamine) layer on the PI film, which facilitated

the interlocking with the reduced silver nanoparticles. The silver nanoparticles with

the diameter of ~20 nm were uniformly distributed on the surface of PI-DOPA film

(Fig. 15.2).

15.1.3 Vacuum Filtration

Graphene oxide (GO) and reduced graphene oxide (rGO) papers were prepared by

filtration of the suspension [11]. GO colloidal suspension was prepared from

graphite by the modified Hummers method [12]. The GO was reduced to rGO

with the aid of hydrazine hydrate [13]. The suspension was filtrated through a

PVDF filter membrane (47 mm in diameter, 220 nm pore size) by vacuum at room

temperature. The paper could be easily peeled off from the filter paper. The

thickness of the paper was controlled by adjusting the volume of the colloidal

suspension.

The thickness of GO sheets was ~1.1 nm as measured by atomic force micro-

scope (AFM), suggesting the formation of a single-layer 2-D nanomaterial

(Fig. 15.3a), while the thickness of rGO reduced to ~1.0 nm (Fig. 15.3b). The

size of GO and rGO varied from nanometers to micrometers. The resulting GO

paper was of ~1.5 mm thickness, and the rGO paper was ~4.6 mm as characterized

by scanning electron microscope (SEM). Interestingly, the GO paper looked lack-

luster while the rGO paper was lustrous (Fig. 15.3c, d).

The carbon nanotubes-deposited film or filter were fabricated by vacuum filtra-

tion, as described by the Elimelech group [14]. In a typical experiment, multi-walled

carbon nanotubes (MWNTs) suspension with the concentration of 0.5 mg/mL in the

Fig. 15.2 SEM images of (a) the pristine PI film, (b) the PI-DOPA film, and (c) the AgNPs-

immobilized PI film [8]
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dimethyl sulfoxide (DMSO) was sonicated for 15 min at a power output of 50 W to

achieve a more uniform dispersion. Bath sonication of the MWNTs suspension was

also performed for 10 s immediately prior to filter deposition to disrupt any

aggregates. Deposition of MWNTs from a 5-mL solution was achieved by vacuum

filtration through the PTFE membrane (5 mm pore size; Omnipore filters) to attain

a loading of 0.27 mg/cm2 MWNTs on the base filter. The filter was rinsed with

50 mL of ethanol followed by 50 mL of deionized water to remove residual DMSO.

And the single-walled carbon nanotubes (SWNTs) filter was made from the suspen-

sion with the concentration of 0.1 mg/mL. The MWNTs-SWNTs hybrid filter was

made by deposition of SWNTs on the MWNTs filter. As shown in Fig. 15.4, the

surface of the MWNTs-SWNTs filter appeared similar to that of the SWNTs filter,

Fig. 15.3 Characterization of GO and rGO nanosheets and paper [11]. (a, b) AFM images of

(a) GO and (b) rGO sheets. (c) Photographs of free-standing and flexible GO (upper) and rGO

paper (lower) (inset of (c), the photos of GO (upper) and rGO (lower) paper penetrated by white

light). (d) The thickness of GO (upper) and rGO (lower) paper as measured by SEM

Fig. 15.4 FE-SEM images of the CNTs filters [14]. Aerial views of MWNT-SWNT filter

(a), MWNT filter (c), and SWNT filter (e). The cross-section view of MWNT-SWNT filter

(b), MWNT filter (d), and SWNT filter (f)
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and both filters showed increased bundling of the SWNTs in comparison with the

MWNTs filter.

15.1.4 Electrospinning

Schiffman et al. [15] prepared the polysulphone (PSf)/single-walled carbon

nanotubes (SWNTs) composite film on the commercial filter by electrospinning

technology. In the experimental process, a solution of 4 g PSf and 20 mL DMF was

mixed for 24 h. Various amounts of SWNTs (0, 0.4, 20, and 40 mg, corresponding

to 0, 0.1, 0.5, and 1.0 wt%, respectively) were added, followed continuous strong

ultrasonication for 1 h. The PSf/DMF solution containing SWNTs was loaded into

a BD Luer-Lok tip syringe (Becton, Dickinson, Franklin Lakes, NJ, USA).

A Precision Glide 21-gauge needle (Becton, Dickinson) was attached to the syringe

prior to securing it to an advancement pump (Harvard Apparatus, Plymouth

Meeting, PA, USA). Alligator clips were used to connect the positive anode of

a high-voltage supply (Gamma High Voltage Research, Ormond Beach, FL, USA)

to the needle and the negative anode to a copper plate wrapped in aluminum foil.

The speed of the advancement pump, separation distance between the needle and

collection plate, and applied voltage were held constant at 0.8 mL/h, 7 cm, and

20 kV, respectively.

The images displayed that PSf mats electrospun with 0, 0.1, 0.5, and 1.0 wt%

SWNT loadings appear white, off-white, light ash gray, and deep gray, respectively

(Fig. 15.5a), and the TEM images showed that the diameter of electrospun fiber

increased with the enhancement of SWNTs contain (Fig. 15.5b–e), owing to

incorporation of SWNTs into the electro-spinning solution increasing its

conductivity.

15.1.5 Magnetron Sputtering (MS)

Weng’s group [16] fabricated AgNPs/polyethylene oxide (PEO) composite film

using magnetron sputtering. The fabrication process was accomplished in a bell jar

vacuum chamber fed with Ar gas. Before the deposition on the p-silicon (100)

wafers, the chamber was initially evacuated to a pressure below 1.3 � 10�3 Pa,

refilled with Ar gas three times, and evacuated back to 1.3 � 10�3 Pa. In order to

avoid poisoning, the sputtered target was mounted above the substrate, and the gas

flowed directly to the pump after diffusing through the substrate. The silver target

sputtering with 50 mm diameter, and monomer ethylene glycol dimethyl ether

(EGDME) were the sources for AgNPs and PEO polymerization, respectively.

DC electric power at 20 W and a suitable working pressure were employed in the

MS. For the organic matrix polymerization, EGDME vapor was fed, which kept the

constant flow rate by Ar (2 sccm) through the mass flow controller.
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The TEM images and the selected area electron diffraction (SAED) presented

the morphology of AgNPs embedded into PEO film. The pattern of discontinuous

concentric rings showing in the SAED was characteristic of the silver, suggesting

AgNPs in the matrix were of atomic status with preferential crystal orientation.

When the working pressure was 0.2 Pa, the diameter of AgNPs with spherical shape

was varied ranging from 5 to 10 nm (Fig. 15.6b), while the AgNPs were more than

20 nm when the working pressure was increased to 2.0 Pa (Fig. 15.6a), and the

AgNPs shapes appeared spherical, triangular and elliptical, suggesting that the

AgNPs diffused on the substrate had aggregated.

The peaks at 2y ¼ 38.1�, 44.2�, 64.4�, and 77.3� that were assigned to {111},

{200}, {220}, and {311} crystalline planes of silver, respectively, also demonstrated

Fig. 15.5 Characterization of PSf/SWNTs films [15]. (a) Photographs of PSf films containing 0,

0.1, 0.5, 1.0 wt% loading of SWNTs. (b–e) The overall fiber SEM images of PSf films containing

0 (b), 0.1 (c), 0.5 (d), 1.0 wt% (e) loading of SWNTs
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that AgNPs in the composite film were still crystal (Fig. 15.6c). Based on this pattern,

the size of AgNPs could be calculated using the Scherer Formula D ¼ Kl/bcosy,
where K depending on crystallite shape is constant (0.89), l is the X-ray wavelength,

b is the full width at half-max, and y is the Bragg angle. The sizes of AgNPs were

calculated as 7, 11 and 22 nm corresponding to 0.2, 1.0 and 2.0 Pa, respectively,

which was in agreement with the TEM results that the AgNPs were grown with the

increased working pressure.

15.1.6 Chemical Vapor Deposition

Chemical vapor deposition (CVD), as the most compatible approach to industrial

scale production methods, could produce strongly adhesive, robust, durable, and

highly active transparent thin films [17]. These film properties contrast with those

produced by the coating approach that typically results in thicker films, which are

less mechanically robust and often require post-coating annealing. A great many

forms of CVD were developed and are frequently referenced in the literature with

the different initiating means of chemical reactions and process conditions, such as

atmospheric pressure CVD (APCVD), flame-assisted CVD (FACVD), thermal

CVD, and so on.

Yates et al. [18] described the deposition of films of titania and copper oxide by

atmospheric pressure CVD on pre-coated silica-coated barrier glass substrates. The

precursor for TiO2 filmgrowthwas titanium tetraisopropoxide (7.79 � 10�4mol/min),

transported to the reactor byN2 via a bubbler. The substrate temperature for growthwas

set to 500�C. The CuO films were grown using an atmospheric pressure flame-assisted

CVD coater with a propane/oxygen flame, previously described in detail [19]. The

substrate temperature was set at 400�C. An aqueous solution of 0.5 M Cu(NO3)2 was

nebulized into a carrier of N2, through the flame and onto the substrate. The resulting

films were shown to be polycrystalline. The XRD and AFM studies demonstrated that

both growth of TiO2 above and below CuO film was in the form of anatase, and CuO

Fig. 15.6 Characterization of AgNPs/polyethylene oxide composite films [16]. (a, b) TEM

images of AgNPs embedded into polyethylene oxide with the working pressure (a) 2.0 Pa and

(b) 0.2 Pa. Inset at (a) displays the electron diffraction pattern of the AgNPs/polyethylene oxide

composite films. (c) XRD patterns of AgNPs embedded in AgNPs/polyethylene oxide composite

films with different working pressures
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film deposited above the TiO2 film was in the form of copper II oxide, and Cu I oxide

when CuO film was deposited on the TiO2 film with over 61 nm thickness. Further-

more, CuO film deposited over TiO2 film by FACVD consisted of an island growth-

type structure of packed spherical nanoparticles, with size of ~100 nm (Fig. 15.7a),

which was very similar in appearance to that of a single TiO2 layer (Fig. 15.7d), rather

than that of a single CuOfilm (Fig. 15.7c), suggesting the CuOfilmdepositionwas very

much influenced by the underlying structure, in this case the change from amorphous

smooth silica to crystalline titania. However, the TiO2 film over thick CuO film had

a much more pronounced particulate structure than the other surfaces, due to the

existence of Cu2O within this TiO2 film (Fig. 15.7b).

15.2 Antibacterial Activity of Nanomaterial-Based Films

The antibacterial activity of nanomaterial-based films, including metal oxide

nanoparticles (e.g., TiO2 and ZnO), AgNPs, graphene, and carbon nanotubes,

were determined against the model bacterium E. coli.

Fig. 15.7 SEM images of (a) CuO film over TiO2, (b) TiO2 film over CuO, (c) CuO film and

(d) TiO2 on the glass substrates [18]
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15.2.1 TiO2-Based Film

TiO2 nanoparticles were in the forms of anatase, brookite and rutile [20], where

anatase TiO2 was the most studied semiconductor after the discovery of its

photocatalytic behavior [21]. So far, much attention has been focus on the

photocatalysis and photo-induced hydrophilic effect mechanisms, improvement

of photocatalytic activity by advancement of the microstructure, and applications

including antimicrobial, and self-cleaning behaviors [22]. The biocidal activity of

TiO2 was first demonstrated by Matsunaga and co-workers [23]. Subsequently,

a great deal of the considerable literature has shown that TiO2 nanoparticles can kill

cancer cells, bacteria, viruses, and algae under UV illumination [24–28], resulting

in important applications in the disinfection of air, water, and surfaces. But most of

these early work involved TiO2 suspension and planktonic organisms. Recently,

researchers had focused on the biocidal activity of the thin films of TiO2 deposited

on the substrate surfaces [29–32].

15.2.1.1 Comparison of the Test Methods

In order to compare the antibacterial activity of TiO2 film prepared from different

approaches, Yates’ group [33] firstly compared the two-test methods, BS ISO

27447:2009 and in house standard (BS EN 13697). In a typical experiment,

bacterial cells were collected by centrifugation at 12,000 rpm for 5 min, and washed

three times with physiological saline solution. The cells were resuspended in

a 1:500 dilution of Nutrient Broth and adjusted to OD 0.1 ~ 0.2 at 600 nm in

a spectrophotometer to give approximately 2 � 108 colony-forming units (CFU)

per milliliter. In the BS ISO 27447:2009 method, 50 mL of cells suspension was

inoculated onto each 20-mm2 test sample and covered with a square of 1-mm2

borosilicate glass to ensure close contact between the culture and the film. The

samples were placed in 50-mm-diameter Petri dishes containing moistened filter

paper to prevent drying out of the suspensions. The samples were irradiated with

Blacklight Blue lamps with a maximum UV light intensity of 0.26 mW/cm2. Plain

borosilicate glass was used for a control experiment. Samples were removed after

incubation time and immersed in 20 mL of sterile physiological saline solution,

following vortexed for 60 s to resuspend the bacteria. The viability count was

performed by serial dilution and plating on nutrient agar in triplicate and incubation

at 37�C for 48 h. However, in the house standard method, the cells were

resuspended in sterile water, and the samples were not covered with glass, but

incubated in 55-mm-diameter Petri dishes kept humid by adding 2 mL sterile water

under UVA lamp irradiation of 2.24 mW/cm2. They found the control experiment

remained viable after 24 h irradiation with only a 1-log reduction, while there was

a 2-log reduction in the house standard method after 6 h irradiation. This difference

could be attributed to the low concentration of Nutrient Broth in the resuspension

medium in the BS ISO 27447:2009 method which meant that the bacterial cells
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were less stressed and remained viable for longer. Also, the number of the viable

cells in the BS ISO 27447:2009 method was much larger that of the viable cells in

the house standard method, owing to the reduced illumination levels by approxi-

mately tenfold, and the existence of oxidizable material in the resuspension

medium (1/500 dilution of Nutrient Broth rather than distilled water) competing

with the bacteria for reactive oxygen species (ROS).

15.2.1.2 Antibacterial Activity of TiO2 Films

Kikuchi et al. [34] found that the survival ratio of Escherichia coli on the TiO2 film

under black light illumination (1.0 mW/cm2) decreased to a negligible level within

1 h (Fig. 15.8a), while the UV light only caused ~50% sterilization within 4 h. And

the TiO2 film in the dark did not affect the survival ratio, indicating that the film

itself was not toxic for E. coli, which was also demonstrated by Sunada et al. [29]:

when the initial cell concentration was 2 � 105 CFU/mL (Fig. 15.8b), bacterial

cells on the TiO2 film was killed within only ~90 min under the UV light illumina-

tion (1.0 mW/cm2). And they emphasized that the survival curve did not follow

a simple single exponential decay process with the increasing of illumination time, but

appeared to consist of two steps, a very low rate photokilling step, followed by a higher

one, which was observed regardless of the initial cell concentration in the range of

2 � 105–2 � 108. In the case of an initial cell concentration of 2 � 105 CFU/mL, the

rate constants of the first and second steps were 0.015 and 0.085 min�1, respectively,

which was close to those obtained in the powder systems [35, 36]. Further studies

Fig. 15.8 (a) Survival ratio of E. coli with and without a TiO2 thin film under black light

illumination (1.0 mW/cm2) and with a TiO2 thin film in the dark [29]. (b) The log plot of the

survival of E. coli cells versus illumination time. The cell suspension was incubated on TiO2 film

under UV illumination (1.0 mW/cm2). The initial cell concentrations were 2 � 105 CFU/mL (■),

2 � 106 CFU/mL (○), 2 � 107 CFU/mL (♦), 2 � 108 CFU/mL (□), respectively. Survival was

also determined for cells (2 � 105 CFU/ml) on the TiO2 film in the dark (●), and on normal glass

(soda-lime glass, SLG) without TiO2 film under UV illumination (~) (1.0 mW/cm2)
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showed that various bacteria, E. coli, Staphylococcus aureus, and Pseudomonas aeru-
ginosa, etc., were killed rapidly on TiO2 film under UV illumination (320–380 nm,

1.0 mW/cm2) [37].

15.2.1.3 Antibacterial Activity of TiO2-Based Composite Films

In order to overcome the disadvantages that the antibacterial activity of TiO2 film

was strongly weakened under the dark conditions and very low UV intensity, TiO2

film deposited with the selected metal (and metal oxide) nanoparticles has been

developed, such as silver and copper, which presented intrinsic antibacterial

activity.

Zhang et al. [38] found AgNP-doped TiO2 film exhibited much stronger

antibacterial abilities toward both Gram-negative E. coli and Gram-positive

S. aureus than that of pure anatase TiO2 nanoparticles films. When the films were

illuminated under 365 nm UV light (0.1 mW/cm2), almost all the bacteria

were killed by AgNP-doped TiO2 films (>99.9%), while the antimicrobial value

only reached 77.0% and 72.9% for E. coli and S. aureus on pure anatase TiO2

nanoparticle film, respectively. More importantly, the antimicrobial activities of the

AgNP-doped TiO2 film were still maintained even without exposure to UV light,

such that the sterilizing rate reached 99.1% and 99.4% to E. coli and S. aureus,
respectively. These results indicated that AgNPs promoted the antibacterial activity

of TiO2. Mai et al. [4] also synthesized AgNP-doped TiO2 film on titanium plates by

the sol–gel process. They found AgNPs deposited on TiO2 film were of metallic

nature and could grow to larger ones with an increase in the annealed temperature

(Fig. 15.9a–c), and that the smaller the size of AgNPs, the better was the

antibacterial ability whether in the dark or under visible light (Fig. 15.9d, e).

Sunada et al. [30] prepared the copper-deposited TiO2 film, and demonstrated

that the resulting film could inhibit the growth of copper-resistant E. coli not under
dark conditions, but with a very weak UV intensity of 1 mW/cm2, which corres-

ponds to the typical UV intensity of indoor light (Fig. 15.10a). However, the

copper-deposited TiO2 film could represent photocatalytic antibacterial activity

toward the normal E. coli (Fig. 15.10b). Foster et al. [33] also found CuO-doped

TiO2 film and CuO-TiO2 co-deposited film gave a 2-log reduction after 4 h in the

dark, and when the incubation time increased, the antibacterial activity of CuO-

doped TiO2 film was higher than that of CuO-TiO2 co-deposited film, resulting

from the reduced availability of CuO surface on the co-deposited film. However,

under the UV illumination, the antibacterial activity of both CuO-doped TiO2 and

co-deposited film was greatly enhanced, giving a >6-log reduction after 2 h.

Furthermore, Ondok et al. [39] and Sato et al. [40] reported that the antibacterial

ability of CuO-doped TiO2 film was enhanced when either the content of Cu or the

UV intensity increased.

Recently, Dai et al. [31] reported photocatalytic hydrogen generation using a

TiO2 nanoparticle/MWNTs nanocomposite under visible light irradiation, which

suggests that the photocatalytic activity of the MWNTs-doped TiO2 nanoparticle
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Fig. 15.9 (a–c) SEM images of the AgNPs-doped TiO2 films annealed at different temperature.

The sizes of AgNPs in the films were 20 ~ 30 nm (a), 60 ~ 80 nm (b) and >100 nm (c). (d, e)

Survival curves of E. coli for the films (d) in the dark and (e) at visible light irradiation. The smaller

size of AgNPs have the better antibacterial ability whether in the dark or under visible light [4]

Fig. 15.10 (a) Changes in the survival of normal E. coli cells under the different illumination

intensity. Cells (2 � 105 CFU/mL) were incubated on the TiO2 film (O) and on the copper-

deposited TiO2 film (□) under dark conditions, respectively. The suspension was also incubated on

the copper-deposited TiO2 film under UV illumination at a UV light intensity of 40 mW/cm2 (■)

and 1 mW/cm2 (●). (b) Changes in survival of copper-resistant E. coli cells on the copper-

deposited TiO2 film under dark condition (●) and under UV illumination at light intensity of

7 mW/cm2 (■) and 1 mW/cm2 (~) [30]

438 W. Hu et al.



was excited by visible light irradiation, rather than UV irradiation. Akhavan et al.

[41] and Oh et al. [42] have shown that the MWNTs/TiO2 nanocomposite could

inactivate bacteria under the visible light irradiation and in the dark. Further,

Akhavan et al. [32] tested the antibacterial property of MWNTs-doped TiO2 film

by varying the content of MWNTs and the post-annealing temperature. They found

that the antibacterial activity of the MWNT-doped TiO2 films in the dark gradually

increased by increasing the MWNTs content of the films, independent from the

post-annealing temperature (Fig. 15.18a). Especially, when the MWNTs contain

reached 20 wt%, the MWNTs-doped TiO2 films annealed at 450�C showing an

ability of complete inactivation of the bacteria under the visible light irradiation for

1 h, while the corresponding film annealed at 100�C could kill 93% of the bacteria

under the same conditions.

15.2.1.4 Durability and Regenerate Ability of TiO2 Films

Book and co-workers [43] demonstrated the durability and regenerate ability of

TiO2 film prepared by CVD. TiO2 films were repeatedly cycled through the biocidal

test procedure followed with a cleaning process (film was sonicated in methanol

and then chloroform for 30 min), and then characterized the film photoactivity by

the stearic acid test. They found no measurable reduction in maintained

photoactivity, within the accuracy of the test, over three test cycles (Fig. 15.11b).
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Fig. 15.11 (a) SEM image of TiO2 over AgNPs films. (b) An example sample showing the

retention of photoactivity after bioactivity testing. (c) Photoactivity after bio-contamination and

(d) photoactivity after UV “self-regeneration” [43]

15 Nanomaterial-Based Antibacterial Paper 439



Additionally, it was known that TiO2 film was mechanically durable, owing to the

TiO2 was hard and scratch resistant and had the longest term stability.

The TiO2 surface can decompose organic contamination with the aid of UV

light, suggesting the application of TiO2 photocatalysis to novel “self-cleaning”

techniques, which was first demonstrated by Watanabe et al. in 1992 [44]. And

water could penetrate the molecular-level space between the stain and the

superhydrophilic TiO2 surface, so the surface was maintained clean with the supply

of water current even though the photons excited by UV light may be insufficient to

decompose the adsorbed stain [45]. After the biocidal test procedure, the TiO2 film

was visibly contaminated with dead bacteria residues, leading to significant reduc-

tion of photocatalytic activity (Fig. 15.11c). However, after the film contaminated

with dead bacteria residues was treated with an additional UV irradiation, the film

recovered a significant percentage of the original activity (Fig. 15.11d).

15.2.2 ZnO-Based Films

Owing to low cost, easy availability and unique chemical and physical properties,

ZnO nanoparticles has sparked much interest. Jones et al. [46] reported that ZnO

nanoparticles presented higher antibacterial activity on S. aureus than other metal

oxide nanoparticles. Padmawathy et al. [46] demonstrated that nano-ZnO showed

enhanced antibacterial activity as compared with bulk ZnO. And Zhang et al. [47]

reported that the antibacterial activity of ZnO nanoparticles increased with decreas-

ing particle size, and the dispersants (Polyethylene Glycol and Polyvinyl-

pyrolidone) did not much affect the antibacterial activity of ZnO nanoparticles

but enhanced the stability of the suspensions. Thus, Bajpai et al. [48] prepared ZnO/

chitosan film, and revealed that the film showed excellent antibacterial action

against E. coli. And Chandramouleeswaran et al. [48] demonstrated that nano-

ZnO/polypropylene film could kill almost all Staphylococcus aureus and Klebsiella
pneumoniae with just nano-ZnO filler at a 3% level of loading. Shalumon et al. [49]

demonstrated that sodium alginate/poly(vinyl alcohol)/nano-ZnO composite

nanofiber mats could suppress the growth of Staphylococcus aureus and

Escherichia coli.

15.2.3 AgNPs-Based Films

The antimicrobial properties of silver were well known to the ancient Egyptians and

Greeks. Since then, silver has been used in different fields in medicine and surface

coating for many years [50], due to a strong cytotoxic effect toward a broad range of

microorganisms and remarkably low human toxicity compared to other heavy metal

ions. Silver nanoparticles (AgNPs) also show efficient antimicrobial properties,

because of their extremely large surface area which provides better contact with
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microorganisms. Recently, not only silver ions or a silver nanoparticle colloid but

also all kinds of silver-based films have attracted more and more attention.

Akhavan et al. [51] synthesized AgNPs film on the SiO2 thin film, and found that

the AgNPs film presented strong antibacterial activities against E. coli and S. aureus
bacteria with relative rates of reduction of the viable bacteria of 1.05 and 0.73 h�1

for initial concentration of ~105 CFU/mL, respectively, and the difference was

attributed to amount of peptidoglycan in the cell wall structure. The antibacterial

activity of the AgNPs films was dependent on the AgNPs size corresponding to the

surface-to-volume ratio. The smaller AgNPs with larger surface area could lead to a

much greater bactericidal effect [52].

However, AgNPs were not stable and readily aggregated, and AgNP oxidation

was accelerated by illumination with white lamps in air [53], resulting in the

reduction of antibacterial activity. Therefore, the AgNP-based composite films,

such as AgNP/TiO2 film [54], AgNP/chitosan film [55–57], AgNP/polyethylene

oxide film [16], AgNP/hyaluronan/poly (dimethyldiallylammonium chloride) film

[58], AgNP/sodium alginate film [59], AgNP/polyvinyl alcohol [60], AgNP/poly-

ester film [61], AgNP/poly (ethylenimine) film [7], AgNP/polyvinyl sulphonate

film [62], AgNP/poly (vinyl alcohol)/ploy (L-lactic acid) film [63], and AgNP/N-

(2-aminoethyl)-3-aminopropyl-trimethoxysilane (DIAMO) film [64] were consid-

ered to overcome those challenges. Akhavan et al. [65] found the antibacterial

activity of TiO2-capped silver nanorods film in the dark was stronger than that of

TiO2-capped AgNPs film, with 2.34 h�1 for the relative rate of reduction of the

number of viable bacteria. Vimala et al. [66] successfully fabricated the AgNP/

chitosan film by a three-step process: silver ion-poly (ethylene glycol) matrix

preparation, addition of chitosan matrix, and removal of poly (ethylene glycol)

from the film matrix. The AgNP/chitosan film can inhibit the growth of E. coli,
Bacillus, and K. pneumoniae, and especially, after 350 min of incubation,

AgNPschitosan film can killed ~75% of E. coli.

15.2.4 CNTs-Based Films

Carbon nanotubes are pseudo-one-dimensional carbon allotropes of high aspect

ratio, high surface area, and excellent material properties, such as ultimate electrical

and thermal conductivities and mechanical strength, which offer a wide range of

opportunities and application potential in biology and also antibacterial nonmaterial

[67]. Narayan et al. [68] showed that nanotube films formed via high temperature

laser ablation of graphite on silicon completely inhibited bacterial colony forma-

tion. However, the nanotube structure was not well controlled and the process may

not be amenable to many biomedical materials. Kang et al. [69], Rodrigues et al.

[70] and Brady-Estévez et al. [71] tested the antibacterial activity of SWNTs filter

against E. coli, showing inactivation of ~80% of E. coli after only 20 min incuba-

tion (Fig. 15.12) [71]. And then Kang et al. [69, 72] has revealed that the SWNTs

filter presented higher antimicrobial activity than a MWNTs-coated filter, and the
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SWNT-coated filter could inactivate >60% of microorganisms in river water and

wastewater treatment plant samples, while natural organic matter did not influence

its antimicrobial activity [72]. Brady-Estévez et al. [14] prepared a novel

SWNTsMWNTs hybrid filter which was composed of a thin SWNTs layer on top

of a thicker MWNTs layer supported by the PTFE membrane, and found that the

hybrid filter not only exhibited high log removal of several model viruses (MS2,

PRD1, T4) by depth filtration but also provided high levels of inactivation of model

bacteria (E. coli K12 and Staphylococcus epidermidis), as well as microbes from

river water and treated wastewater effluent.

They found the physicochemical properties (e.g., diameter, length, aspect ratio,

sample purity, structural defects) determined the antimicrobial activity of MWNTs-

coated filter, and functionalized [sonication in a mixture of H2SO4 and HNO3

(3:1 v/v) for 1 h] and short MWNTs-coated filters represented excellent

antibacterial activity, possibly due to increased density of the open tube ends

[73]. However, Yang et al. [74] considered that longer SWNTs filters exhibited

stronger antibacterial activity. Vecitis et al. [75] demonstrated for the first time that

SWNTs electronic structure was a key factor regulating SWNTs antibacterial

activity, and found that antibacterial activity of the high percent metallic (>95%)

SWNTs filter was higher than that of the low percent metallic (<5%) SWNTs one,

owing to the high percent metallic SWNTs-induced oxidative stress after

SWNTs–bacteria contact and physical perturbation of the cell membrane.

In order to improve the antibacterial property of CNTs filter, large amounts of

CNTs-based composite filterswere introduced. Simmons et al. [76] prepared a flexible

composite film by depositing SWNTs coated with polyvinylpyrrolidone-iodine

(PVPI) in water, and found that the PVPI-coated SWNTs film could slowly release

antiseptic iodine, resulting in the effective antibacterial property over 48 h incubation.

Aslan et al. [77] found that E. coli and S. epidermidis viability and metabolic activity

were significantly diminished on the SWNTs/polymer poly(lactic-co-glycolic acid)

Fig. 15.12 (a) SEM image of the cross-section of a layer of SWNTs filtrated onto the PVDF

membrane. The SWNTs film displayed highly porous structures. (b) Inactivation (left row) and
metabolic activity (right row) of E. coli cells retained on the SWNTs film and on the control PVDF

membrane. Inactivation test results based on the Live/Dead test showing the percent of E. coli cells
that were not viable. Metabolic activity results based on CTC staining indicated the percent of

metabolically active E. coli cells [71]
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(PLGA) film, and were correlated with SWNTs length and concentration (<2 wt%).

Schiffman et al. [15] observed that the loss of viability of E. coli on the electrospun

polysulphone/SWNTs mats was directly correlated to increased SWNTs

incorporation within the mat, ranging from 18% for 0.1 wt% SWNTs to 76% for

1.0 wt% SWNTs, and the antimicrobial action of the polysulphone/SWNTs mats

occurred after a short contact time of 15 min or less. Pangule et al. [78] incorporated

conjugates of MWNTs with lysostaphin (Fig. 15.13a), a cell wall degrading enzyme,

into films to impart bactericidal properties against methicillin-resistant S. aureus
(MRSA) and S. epidermidis, and found that these enzyme–MWNTs films were highly

efficient in killing MRSA (>99% within 2 h) without release of the enzyme into

solution (Fig. 15.13b), and these films were reusable and stable under dry storage

conditions for a month (Fig. 15.13c). Zhou and Qi [79] synthesized a novel

epilson–polylysine–MWNTs nanocomposite by covalent attachment of epilson-

polylysine on MWNTs with hexamethylene diisocyanate as the coupling agent,

Fig. 15.13 (a) Scheme of antimicrobial nanocomposite films containing lysostaphin-MWNTs.

(b) Comparison of bactericidal effect of Lst-MWNTs film (■) and Lst-PEG-MWNT film (~) with

the native enzyme (♦). These enzyme-MWNTs films were highly efficient in killing MRSA

without release of the enzyme into solution. (c) Operational (●) and storage stability (■) of

films containing 4% w/w Lst in the form of Lst-PEG-MWNT. The films were stored in dry

conditions and at room temperature in between the two use cycles [78]
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and found that the epilson–polylysine–MWNTs film showed improved antibacterial

activities and excellent anti-adhesive efficacy against P. aeruginosa and S. aureus.
Additionally, owing to outstanding electron transmitting property of CNTs, the

antibacterial activity of CNTs films was enhanced by the aid of applied potential.

Vecitis et al. [80] prepared an electrochemical MWNTs microfilter by depositing

MWNTs on the PTFE membrane, and demonstrated that the MWNTs filter was

effective for complete removal of bacteria by sieving and multilog removal of

viruses by depth filtration in the absence of electrolysis, while concomitant elec-

trolysis during filtration resulted in significantly increased inactivation of influent

bacteria and viruses; especially, application of 2 and 3 V for 30-s post-filtration

inactivated >75% of the sieved bacteria and >99.6% of the adsorbed viruses,

leading to the number of bacteria and viruses in the effluent reaching below the

limit of detection.

15.2.5 Graphene-Based Films

Graphene consisted of a monolayer of carbon atoms which were tightly packed into

a two-dimensional crystal. Since the seminal work of Geim and coworkers on free-

standing graphene in 2004 [81], many potential applications of graphene were

actively pursued owing to its outstanding mechanical stiffness and electronic

transport property [82, 83], such as nano-electronic devices [84], sensors [85],

solar cells [86], and nanocomposite materials [82].

Hu et al. [11] demonstrated that the two water-dispersible graphene derivatives,

graphene oxide (GO) and reduced graphene oxide (rGO) nanosheets, could effec-

tively suppress the growth of E. coli cells, and the free-standing GO and rGO papers

also presented antibacterial activity. And Akhavan et al. [87] further demonstrated

that GO and rGO nanowalls could kill Gram-positive S. aureus bacteria. Park et al.

[88] fabricated the Tween/rGO paper by simple filtration of a homogeneous aque-

ous colloidal suspension of a Tween/rGO hybrid, and found that the tween/rGO

paper could inhibit nonspecific binding of Gram-positive bacteria Bacillus cereus,
while rGO paper without tween showed nonspecific bacteria binding (Fig. 15.14).

15.3 Mechanism of Nanomaterial-Based Films Antibacterial

Activity

15.3.1 TiO2-Based Films

As we know, the antibacterial activity of TiO2 film was attributed to its

photocatalysis property. In order to reveal the important molecules directly

interacting with bacterial cells, Kikichi et al. [34] designed the membrane-separated
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system to fence out TiO2 film and E. coli suspension by the PTFE membrane

(50 mm thickness, 0.4 mm pore size). They found the survival ratio of bacteria on

the film surface improved with the increase in both mannitol concentration and pH

value which could suppress the activity of radical molecules (•OH and •O2
�), and

that the existence of catalase in the suspension could enhance the bacterial survival

ratio, suggesting the formation of radical molecules and H2O2 in the suspension

under the UV illumination. So, it was clear that various reactive species (e.g., •OH,

HO2
•, H2O2) were produced by UV illumination of TiO2 in the presence of water

and air by the following reactions [89, 90]

TiO2 þ hn ! e� þ hþ (15.1)

<Reduction reaction>

O2 þ e� ! O2
�

O2
� þ Hþ ! HO2

�

HO2
� þ HO2

� ! H2O2 þ O2

H2O2 þ e� ! OH� þ �OH (15.2)

Fig. 15.14 (a, b) Optical microscopy image of the tween/rGO paper before and after the treatment

with a DI-water suspension of the mature Bacillus cereus cells. The tween/rGO paper shows no

bacterial attachment. (c, d) Optical microscopy image of the rGO paper before and after the

bacterial treatment. The rGO paper shows bacterial attachment (marked by arrows) [88]. All scale
bars 10 mm
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<Oxidation reaction>

H2Oþ hþ ! �OHþ Hþ
�OHþ �OH ! H2O2

H2O2 þ 2hþ ! 2Hþ þ O2 (15.3)

These reactive oxygen species (ROS) can decompose organic compounds and

extinguish cellular activity.

Sunada et al. [29] studied the photokilling process of E. coli on the TiO2 film by

means of AFM, which suggested that bacterial cells decomposed from the outside of

the cell, resulting from the TiO2 film photocatalysis (Fig. 15.15a–c). Additionally,

K€uhn et al. [91] observed that the killing rates of bacteria were dependent on the

thickness and structure of cell walls. Based on these observations, they found that the

photokilling of bacteria on the illuminated TiO2 surface could be divided into three

stages (Fig. 15.15d). First, disordering of the outer membrane of bacterial cells by

reactive species (•OH, •O2
�, H2O2). The outer membranes of E. coli cells were

decomposed partially by the reactive species produced by the TiO2 photocatalyst,

while the bacteria cell viability was not lost very efficiently. Second, disordering of

the inner membrane (the cytoplasmic membrane) and killing of the cell. Owing to the

change of the permeability to reactive species when the partial outer membrane was

decomposed, reactive species easily reached and attacked the inner membrane,

Fig. 15.15 (a–c) AFM images of E. coli cells on the TiO2 film: (a) no illumination, (b) illumina-

tion for 1 day, (c) illumination for 6 days. Light intensity was 1.0 mW/cm2. (d) Schematic

illustration of the process of E. coli photokilling on TiO2 film; in the lower row, the part of cell

envelope was magnified [29]
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leading to the peroxidation of the membrane lipid. The structural and functional

disordering of the cytoplasmic membrane due to lipid peroxidation led to the loss of

cell viability and cell death. And third, decomposition of the dead cell. If the

illumination continued for a sufficiently long time, the dead cells were found to be

decomposed completely.

As to the CuO-doped TiO2 film, Sunada et al. [30] presumed that the valence

state of the copper played the key role in the bactericidal process both in the dark

and under the very weak UV illumination. It has been reported that the copper ions

and metallic copper could be transformed into each other by the following redox

reaction by the help of photo-generated electrons and holes [92–98].

<Reduction reaction>

Cu2þ þ e� ! Cuþ

Cuþ þ e� ! Cu (15.4)

<Oxidation reaction>

Cuþ hþ ! Cuþ

Cuþ þ hþ ! Cu2þ (15.5)

Litter et al. [99] and Cieśla et al. [100] reported that the photocatalytic activity of

TiO2 was enhanced through converting photo-generated H2O2 into more reactive
·OH by the following copper-mediated Fenton-type reactions.

H2O2 þ Cuþ ! �OHþ OH� þ Cu2þ

Cu2þ þ e� ! Cuþ

or

Cu2þ þ O2
� ! Cuþ þ O2

(15.6)

Sato et al. [40] surmised a possible mechanism of the enhanced antibacterial

activity of CuO-doped TiO2 film, which was associated with photocatalysis under

the weak UV illumination (Fig. 15.16). Through a series of photoreactions as

expressed above, reactive oxygen species (ROS) such as •OH, •O2
� and H2O2,

were generated by TiO2 photo-excitation on the CuO-doped TiO2 film surface.

Because H2O2 was more stable than •OH and •O2
�, it could diffuse from the CuO-

doped TiO2 film surface into the suspension. As shown in Fig. 15.16a, a small

amount of copper ion could leach out of the CuO-doped TiO2 solid phase into the

suspension and was reduced into Cu + by receiving electrons from photo-excited

TiO2 nanoparticles. Then, the free Cu + reacted with H2O2 to produce •OH via

Fenton-type reactions, contributing to the deactivation of microbial cells in the

suspension. On the other hand, the following reactions are supposed to occur in

solid phase (CuO-doped TiO2 film) (Fig. 15.16b). Cu2+ could be reduced into

Cu + by electron from photo-excited TiO2, and in turn Cu + converted H2O2 into
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�OH, while being oxidized into Cu2+ again, leading to much more deactivated

bacterial cells. However, Sunada et al. [30] proposed that copper ions could

penetrate the damaged membrane into cytoplasm, resulting in a direct disturbance

in intracellular metabolic systems, and thus the bactericidal process for the bacterial

cells on the CuO-doped TiO2 film under weak UV illumination consisted of two

steps (Fig. 15.17). First, the outer membrane was attacked by the reactive oxygen

species produced by TiO2 photocatalysis and the transformation between Cu2þ and

Cu+ (Fig. 15.17b, c). And then copper ions (maybe and Cuþ) were effectively taken
into the cytoplasmic membrane (Fig. 15.17c, e). In this case, the photocatalytic

reaction mainly played a critical role in assisting the intrusion of copper ions into

the cells.

Therefore, the metal nanoparticles may play three roles in killing bacteria: (1) it

could prevent photo-generated electrons and holes from surface recombination by

trapping of photo-generated electrons with positive metal ions; (2) it increased the

yield of hydroxyl radical through the Fenton-type process by reaction with photo-

generated H2O2, and (3) it diffused into the cytoplasmic membrane of the bacteria

and accelerated the lethal effect after the outer membrane of the bacteria was

destroyed by oxidizing oxygen species. In addition, the metal ions can kill bacteria

directly, which could explain the antibacterial activity of CuO-doped TiO2 film in

the dark.

On the other hand, Akhavan et al. [42] considered that the improved antibacterial

property of the MWNTs-doped TiO2 film could be assigned to the formation of

Ti–C and Ti–O–C carbonaceous bonds at 450�C, which was confirmed by the their

XPS results. So a possible mechanism of the improvement in the photo-inactivation

was proposed (Fig. 15.18b). First, the electrons generated by the photo-excited

MWNTs were transmitted to the conduction band of the TiO2 through the Ti–C

bonds, leading to the formation of the positively charged MWNTs, which could

capture electrons from the valence band of TiO2 to generate the holes in the TiO2

[101, 102]. And the electrons and holes induced the generation of ROS by a series

Fig. 15.16 Schematic illustration showing possible mechanism of deactivation on CuO-doped

TiO2 film in the liquid phase (a) and on the solid surface (b) [40]
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Fig. 15.17 Schematic illustration of the bactericidal process for the copper-resistant E. coli cell on
the normal TiO2 film and on the CuO-doped TiO2 film: (a) illustration of E. coli cell, (b–e)
enlarged illustration of cell envelope parts [30]

Fig. 15.18 (a) Percentage of survival ratio of E. coli bacteria on the surface of the MWNTs-doped

TiO2 film annealed at 100�C and 450�C with various MWNTs contents in the dark and under

visible light irradiation for 1 h. (b) Schematic illustration of photocatalytic mechanism of the

MWNTs-doped TiO2 film under visible light irradiation [42]

15 Nanomaterial-Based Antibacterial Paper 449



of reactions as above described. And second, the formation of the heterojunction

between TiO2 and MWNTs resulted in giving rise to a charge space near the

junction to equalize Fermi levels, ranging from several tens to hundreds of

nanometres. Not only was the band gap energy within the MWNTs-TiO2

heterojunction smaller than the band gap energy of the TiO2 located out of the

junction but also a driving force originated from interior electric field of the charge

space could separate the photo-generated pairs which resulted in reduction of the

recombination rate of the pairs. Additionally, the natural bactericidal activity of

MWNTs also contributed to this property in the dark.

15.3.2 ZnO-Based Films

Premanathan et al. [103] suggested that ZnO nanoparticles killed HL 60 cells by

generation of ROS and induction of apoptosis. The mechanism of antibacterial

activity of ZnO nanoparticles was not well understood although the ZnO

nanoparticles could effectively inhibit both Gram-positive and Gram-negative

bacteria [104–107].

Antibacterial activity of ZnO nanoparticles may be attributed to several

mechanisms. First, by induction of oxidative stress which led to interaction with

proteins, DNA, and lipids causing death [108–110]. In 1996, Sawai et al. [107]

discovered that H2O2 was produced in ZnO slurry and the concentration of H2O2

was linearly proportional to the ZnO particles, which confirmed by Yamamoto et al.

[111]. It is known that ZnO possesses photocatalytic activity under the UV light

[112]. However, most of the antibacterial tests were done under the dark conditions,

so it was still not clear how the ROS species were produced and how to improve the

active oxygen production in the dark. Second, by membrane destruction due to

accumulation of ZnO nanoparticles in the bacterial membrane and also their

cellular internalization [113]. Zhang et al. [47] showed that the ZnO nanoparticles

damages the membrane of the bacterial cells by the aid of TEM studies, and the

electrochemical measurements via a model DOPC monolayer further confirmed the

direct interaction between ZnO nanoparticles and the bacterial membrane. And

third, by the release of Zn ions that may be responsible for antimicrobial activity by

contracting with the membrane of microorganisms [114]. However, the toxicity of

ZnO nanoparticles was not directly related to their entering into the cell, rather their

intimate contact onto the cell causes changes in the microenvironment in the

vicinity of the organism–particle contact area to either increase metal solubilization

or to generate ROS [115], which may ultimately damage the cell membrane [116].

15.3.3 AgNPs-Based Films

Although AgNP-based films represented excellent antibacterial activity, the

antibacterial mechanism was not completely understood. Generally, it was clear
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that the antimicrobial property of silver was related to the amount of silver and the

rate of silver released. Silver in its metallic state was inert, but it reacted with

moisture, and become ionized. The ionized silver was highly reactive. Silver ions

interacted with thiol groups of membrane-bound enzymes and proteins, resulting in

membrane structure and permeability changes [117–119]. After penetrating

through the cell membrane, silver ions could uncouple the respiratory chain from

oxidative phosphorylation [120], and bind to DNA and RNA by denaturing and

inhibiting bacterial replication [121].

The antibacterial property of AgNPs-based films was attributed to silver ions

generation and unique nanostructure of AgNPs. On the one hand, Akhavan et al.

[51] demonstrated that silver ions were released over long periods from the film

surface, even from TiO2-capped AuNPs and silver nanorods films (Fig. 15.19) [65].

Agarwal et al. [122] also found that localization of AgNPs on the AgNPs/poly

(allylamine hydrochloride)/poly (acrylic acid) film generated the concentrations of

silver ions required for antibacterial activity at the surface, without requiring the

high loading of silver AgNPs. On the other hand, free AgNPs released from films

could directly interact with the microorganism by disrupting/penetrating the cell

envelope, and generating reactive oxygen species (ROS) [108, 109] that caused

deadly damage. Moreover, free AgNPs preferentially attacked the respiratory

chain, cell division finally leading to cell death [123, 124]. So, compared to silver

ions, the effective concentration of AgNPs was ~103-fold lower, being at the

nanomolar level [125]. In the AgNPs-based composite film, the improvement of

antibacterial activity also partly arose from the action of the other components, such

as AgNPs/TiO2 films [126] and AgNPs/ZnO film [127].

Fig. 15.19 (a) CFU of E. coli cultured for various periods in the medium containing different

films. (b) The silver ion release curves of the TiO2-capped AgNPa and silver nanorods films.

(a) TiO2-capped Ag film in the dark. (b) TiO2-capped AgNPs film in the dark. (c) TiO2-capped

silver nanorods film in the dark. (d) Silver nanorods film in the dark. In the inset of (a): TiO2-

capped silver nanorods film in the dark (c) and under UV irradiation (d); (e) blank sample [65]
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15.3.4 CNTs-Based Films

Despite agreement about the potential toxicity of CNTs on mammalian cells, the

mechanism of CNTs toxicity is still elusive. Previous studies have proposed three

hypothesized mechanisms: oxidative stress [128, 129], metal toxicity [130, 131],

and physical piercing causing rupture [68, 132]. where the generation of reactive

oxygen species (ROS) and oxidative stress are the most developed paradigms for

the mechanism of CNTs cytotoxicity. However, how do CNTs exert their antimi-

crobial activity? Two possible mechanisms have been proposed, i.e. mechanical

disruption, where nanotubes act to physically pierce or otherwise perturb the

bacterial membrane, and oxidative stress, where the high reductive potential of

nanoscale carbon induced the generation of ROS to damage cell membranes and to

disturb the metabolic pathway.

Kang et al. [69] and Brady-Estévez et al. [71] studied the scanning electron

microscopic (SEM) images of CNTs-treated E. coli, and found that the treated

E. coli cells became flattened, and lost their cellular integrity, suggesting irrevers-

ible cell membrane damage and cell death (Fig. 15.20), which confirmed that the

antibacterial activity of CNTs was related to the surface characteristics of the

bacteria [14]. The toxicity of CNTs against Gram-positive bacteria was smaller

than that of CNTs against Gram-negative bacteria, owing to the thicker peptidogly-

can in Gram-positive bacterial cell walls [133]. In 2008, Kang et al. [134] further

found that the cytoplasmic nucleic acids were presented in the culture medium by

DNA and RNA assays, and that genes related to the cell envelope integrity,

including fatty acid biosynthesis, Tol/Pal system [135–137], and PhoPQ two-

component system [138], were up-regulated in the SWNTs-treated E. coli,
confirming the cell membrane damage. However, another kind of gene related to

oxidative stress (e.g. soxRS, oxyR) was up-regulated in the DNA micro-array

analysis, suggesting that oxidative stress was also responsible for the antibacterial

property of CNTs.

Therefore, a three-step interaction process between CNTs and bacteria was

proposed. First, by initial CNTs–bacteria contact. The bacteria were deposited

Fig. 15.20 SEM images of E. coli incubated for 60 min without (a) and with (b) SWNTs. The cell

membrane of treated E. coli was damaged, leading to cell death [69]
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onto CNTs resulting in direct bacteria–CNTs contact which could be mediated by

the exposed CNTs surface area, bacteria concentration, and solution composition.

Second, by perturbation of the cell membrane. The mechanism of this step could be

clarified according to the toxicity of various classes of hydrocarbons against aquatic

microorganisms [139]. The toxicity of hydrocarbons involved two parts: the non-

specific and specific toxicity. The nonspecific toxicity was the disruption of the cell

membrane, and dependent on the hydrophobicity of hydrocarbon. And the specific

toxicity was described as how the hydrocarbons affected membrane proton trans-

port, disrupted specific proteins, or chemically oxidized biomolecules (i.e. proteins,

lipids, and DNA), which was attributed to the electrophilicity of hydrocarbon [140,

141]. Furthermore, Kang et al. [73] demonstrated that the perturbation of cell

membrane was related to diameter and hydrophobicity of CNTs, the intensity of

the open tube ends. And third, by bacterial oxidation. The cell death resulted from

the ROS oxidation and regulation of cellular metabolic pathway (Fig. 15.21). The

ROS were generated by the cell membrane damage and the interactions between

CNTs and biomolecules (e.g., GSH [75]).

Vecitis et al. [80] proposed two primary mechanisms of electrochemical inactiva-

tion of E. coli and MS2: the direct oxidation of pathogen in contact with the MWNTs

anode, and the indirect oxidation of pathogen via anodic production of an aqueous

oxidant (e.g., Cl2
� �, HO�, or SO4

� 2�). During the process, MWNTs provided positive

holes (h+). The oxidation reaction of pathogen with MWNTs and anodic one-electron

oxidant resulted in the cell membrane damage and cell death, further confirmed by

the SEM images of different potential-treated E. coli.

Fig. 15.21 Schematic summary of E. coliK12 gene expression stress responses under exposure to
SWNTs and MWNTs, suggesting the mechanism of CNTs-induced anbacterial activity [73]
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15.3.5 Graphene-Based Films

The antibacterial mechanism of graphene-based paper was attributed to graphene-

induced cell membrane damage after interactions between graphene derivatives and

bacterial cells. Akhavan et al. [87] reported that concentrations of RNA in the

solutions of the bacteria exposed to the both GO nano-walls and rGO nano-walls

were meaningfully higher than that of the control sample (Fig. 15.22a, b),

suggesting the bacteria membrane damage. And the SEM images of E. coli attached
on the surfaces of GO and rGO papers showed that treated E. coli cells on the paper
lost the integrity of membranes (Fig. 15.22c, d) [11], further confirming this

hypothesis. Additionally, in the tween/rGO composite paper, the tween-20 could

prevent bacteria from adhering on the paper owing to its amphiphilic property [88].

15.4 Toxicity of Nanomaterial-Based Films

With the development of nanotechnology, artificial nanomaterials meeting different

requirements were designed and applied. As a result, the biological effects of these

artificial nanomaterials on humans and the environment became more and more

Fig. 15.22 (a, b) Cytotoxicity of GO nanowalls and rGO nanowalls to E. coli (a) and S. aureus
(b), and concentrations of RNA in the PBS of the bacteria exposed to the nanowalls [87]. (c, d)

Photographs of E. coli growth on GO (c) and rGO (d) paper (overnight incubation at 37�C) [11]

454 W. Hu et al.



important. Owing to differences in test methods, the biological effect of the same

nanomaterial was not always in agreement. However, it was known that high

concentration of nanomaterials was toxic to mammalian cells.

Lagopati et al. [26] reported that TiO2 nanoparticles could kill the mammalian

cells via reactive oxygen species generated by photocatalysis, while Kommireddy

et al. [142] revealed that TiO2 thin film could speed the spread of mouse mesen-

chymal stem cells owing to the rough surface. The published literature shows that

ZnO nanoparticles have been applied to drug delivery and cosmetics with non-

toxicity [143], while Hanley et al. [144] demonstrated that ZnO nanoparticles could

kill cancerous T cells owing to the generation of ROS. Huang et al. [145] also

reported the cytotoxicity of ZnO nanoparticles with the size of 20 nm against human

bronchial epithelial cells (BEAS-2B) was concentration- and time-dependent,

resulting from elevating oxidative stress, disturbing calcium homeostasis and causing

membrane damage. However, ZnO nanoparticles were considered and generally

recognized as safe (GRAS) material by FDA [146].

Although silver could effectively suppress the growth of microorganisms, it

also led to dose-related toxicity in tissue. It has been reported that silver ions

accumulated in epithelial cells, macrophages, fibroblasts, and connective tissue

[147, 148] and caused tissue toxicity and impaired wound healing [149, 150].

In vitro studies have also demonstrated that the concentrations of silver released

from AgNPs-based film could be cytotoxic to mammalian cells involved in wound

healing, including fibroblasts [151, 152], keratinocytes [151], and lymphocytes

[153]. However, it was found that human osteoblast attached and grew well on

the surface containing AgNPs [154, 155]. Agarwal et al. [122] employed molecu-

larly thin polymeric films [poly (allylamine hydrochloride) and poly (acrylic acid)]

prepared by layer-by-layer deposition to localize AgNPs on surfaces, and found that

the resulting composite film could release silver ions, leading to antibacterial

activity without cytotoxicity. Also, Zan et al. [63] considered that the high resis-

tance of AgNPs/poly (vinyl alcohol)/ploy (L-lactic acid) film to HeLa cells is not

due to the embedded AgNPs, but to its high water content, hydrophilicity, and low

interfacial tension between the hydrogel surface and the surrounding fluids.

Generally speaking, carbon-based nanomaterials were regarded as “safe” since

the carbon element was inherently compatible with living systems. However, the

high concentrations of CNTs and graphene derivatives were cytotoxic to the

mammalian cells [132, 133], and the cytotoxicity could be mitigated by chemical

modification [156–158]. Agarwal et al. [159] demonstrated that SWNTs thin film

inhibits the proliferation, viability, and neurogenesis of PC 12 cells, and the

proliferation of osteoblasts. The CNTs films can improve neural signal transfer

[160]. The tendency of graphene oxide cytotoxicity was similar to that of CNTs

cytotoxicity [161]. Agarwal et al. [159] and Chen et al. [162] showed that graphene-

based paper displayed good biocompatibility against neuroendocrine PC 12 cells,

osteoblast, and mouse fibroblast cell line L-929. Park et al. [88] also demonstrated

that tween/rGO paper showed no cytotoxicity against African green monkey kidney

cells, embryonic bovine cells, and Crandell Rees feline kidney cells.
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15.5 Applications of Nanomaterial-Based Films

Despite the considerable concerns on public health and food safety, antibacterial

materials have become more and more important in everyday use. However,

traditional antibacterial materials have raised significant concerns on antibiotic

resistance, environmental pollution, relatively complex processing and high cost

[163, 164]. Owing to their excellent antibacterial property, nanomaterials-based

films can inactivate bacteria attached on the surface, and thus nanomaterial-based

films have been extensively applied to self-sterilizing surfaces of materials in public

locations, food storage and clinical facilities, such as hospitals, elderly care

facilities, wound care dressings, and orthopedic implants, where it was critical to

control the surface and airborne bacteria.

Antimicrobial food packaging materials have been used to extend the lag phase

and reduce the growth rate of microorganisms in order to extend shelf life and to

maintain product quality and safety. Emamifar et al. [95] used AgNPs/LDPE

and ZnO/LDPE films to store orange juice at 4 �C for 112 days, and found that

the films could significantly suppress the growth of Lactobacillus plantarum in the

orange juice, suggesting promising applications of nanomaterial-based film in food

packaging.

Fujishima et al. [37] developed antibacterial tiles by covering ordinary tiles with

TiO2-Cu composite film, and tested such tiles on the floor and walls of the hospital

operating room. The results showed that the bacterial counts decreased to negligible

levels in a period of 1 h, and surprisingly, the bacterial counts in the surrounding air

also significantly decreased, leading to commercial applications of such tiles in

hospitals, hotels, and restaurants, among others [22]. Ohko et al. [121] fabricated

TiO2 film-coated silicone catheters, with repeated bending and resistibility to

scratching. Further clinical studies showed TiO2 film-coated silicone catheters pre-

sented better antibacterial activity compared to conventional catheters, suggesting

the promising clinical application as an alternative to conventional catheters [165].

15.6 Conclusions

Recently, microorganism safety has attracted increasing attention. Particularly,

the Severe Acute Respiratory Syndromes (SARS) virus, H1N1 flu virus and super-

bacteria are seriously endangering people’s health. The development of new

nanomaterial-based antibacterial paper may provide a unique solution. In this chapter,

we have summarized the preparation, antibacterial activity, and mechanisms, as well

as potential applications, of nanomaterial-based paper. Although there still exist many

challenges, such as the high cost, complex synthesis process, and environmental

impact, we have witnessed significant advances toward the design and fabrication of

novel antibacterial materials that may eventually find real-world applications.
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98. Brezová V, Blažková Ab, Borošová E, Čeppan M, Fiala R (1995) The influence of dissolved

metal ions on the photocatalytic degradation of phenol in aqueous TiO2 suspensions. J Mol

Catal Chem 98:109–116

99. Litter MI (1999) Heterogeneous photocatalysis: Transition metal ions in photocatalytic

systems. Appl Catal B Environ 23:89–114
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Chapter 16

Antimicrobial Nanomaterials for Water

Disinfection

Chong Liu, Xing Xie, and Yi Cui

16.1 Introduction

To date, outbreaks of water-borne diseases, caused by pathogens, still occur at

unexpectedly high levels, and they remain the leading cause of death in many

developing countries. Worldwide, over one billion people lack reliable access to

clean water, and water contamination causes two million deaths annually [1–3]. In

addition, many people in the world live in water-stressed areas, and this number has

kept on increasing over the last few years, which makes natural water disinfection

and wastewater recycling and purification technologies urgently needed. Water

disinfection and purification, the last procedure is to remove contaminated

pathogens from drinking water, is critical for ensuring public health, and its

importance can never be overemphasized.

Commonly, water treatment methods are based on two strategies, removing

contaminated pathogens or inactivating them. Traditionally used water treatment

methods include: size exclusion, chlorine disinfection, ozone disinfection, and UV

disinfection. The use of size-exclusion membranes to remove bacteria is very

effective and is not limited to certain kinds of pathogens. Even when the sizes of

the microorganisms are very small, like some viruses, membrane filtration can also

be quite effective by decreasing the pore sizes. However, the low treatment speed

and high energy consumptions by using high pressures, limit its application.

Chlorine disinfection is the most popular method for water treatment. However,

research has revealed that, while increasing the efficiency of disinfection, the

amount of harmful disinfection by-products (BDPs) is also increasing. Chemical
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disinfectants such as free chlorine, chloramines and ozone can react with various

content in natural water to form carcinogenic DBPs [4]. In addition, chlorine

disinfection can cause unpleasant tastes and odors. UV disinfection has drawn

more attention in recent decades because of its high efficiency and ease of use.

However, the disinfection set-up is very expensive and the UV lamp needs to be

changed frequently. Hence, there is an urgent need for innovative, low cost and high

efficiency water treatment methods.

Recently, nanotechnology has opened an alternative way for water disinfection.

Nanomaterials’ high surface-to-volume ratios, crystallographic structure, and adapt-

ability to various substrates increase their contact efficiency with contaminated

pathogens and hence result in more effective inactivation [5]. Several natural and

engineered nanomaterials have been demonstrated to have strong antimicrobial

properties through diverse mechanisms. In this chapter, we will discuss some of the

most popular nanomaterials used for disinfection. And based on recent work in this

area, we will further discuss the disinfection mechanisms of these nanomaterials.

16.2 Antimicrobial Nanomaterials

Nanomaterials are usually defined as any materials smaller than one-tenth of

a micrometer in at least one dimension. To date, several antimicrobial nano-

materials have been applied to water disinfection. They can be classified into

three main categories: (1) oligodynamic metals, including silver (Ag), copper

(Cu), zinc (Zn), titanium (Ti), and cobalt (Co) [6]; (2) photocatalytic semi-

conductors, including TiO2, ZnO, and WO3 [7, 8]; and (3) carbon nanomaterials,

including carbon nanotubes and fullerenes [9–11]. These nanomaterials can poten-

tially be used as alternative disinfectants or coupled with current technologies to

enhance the inactivation efficacy. In the following part of this section, we will

briefly introduce the mechanisms of these nanomaterials used for water disinfec-

tion, and then mainly discuss how these nanomaterials are currently applied for

water disinfection and what the advantages and disadvantages are of using these

antimicrobial nanoparticles.

16.2.1 nAg

Silver is the most widely used oligodynamic metal for water disinfection, due to its

wide range of antimicrobial effect, low toxicity to humans, and ease of operation

[6]. The antimicrobial properties of silver have been known for centuries. Many

examples of using silver to kill pathogens or prevent microbial growth can be found

in history all over the world. To prevent water-borne diseases, people have used

silver vessels to store water or have put silver coins in their barrels [12].
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The antimicrobial effect of silver ions has been published many time in the

literature and may include the following mechanisms: (1) interact with thiol groups

and inactivate critical enzymes; (2) interact with DNA and prevent DNA replica-

tion; (3) catalyze the generation of reactive oxygen species (ROS); (4) change the

permeability of the cell membrane; and (5) interrupt the electron transport [4, 6,

13–16]. Silver nanomaterials can disrupt the cell wall and penetrate through the cell

membranes themselves, or they can kill the pathogens by releasing silver ions [4].

A schematic summarizing the possible mechanisms is shown in Fig. 16.1 [4].

Smaller silver particles, less than 10 nm, are more toxic, because smaller particles

are able to more easily penetrate the cell membranes [16–18]. Furthermore, trian-

gular silver nanoplates containing more {111} surface were found to be more toxic

than nanorods, nanospheres, or silver ions [16, 17].

Silver disinfection is very promising for point-of-use (POU) application. One

example, which has actually been commercialized and is widely used in many

developing countries, is the silver nanoparticle-embedded ceramic filter, as shown

in Fig. 16.2 [19–24]. Silver disinfectant products can also be found online when you

are preparing an emergency package, such as the one called ASAP Silver Solution

shown in Fig. 16.3. Large-scale applications are still under study. The most

common idea is immobilizing silver nanomaterials on some porous substrate,

such as various membranes and even paper [25–30]. Figure 16.4 shows a section

of fiberglass impregnated with silver nanoparticles used for water filters [25].

Several issues need to be considered for water disinfection using silver

nanomaterials. First, the antimicrobial effect of silver nanomaterials is caused by

both direct contact and irreversibly releasing silver ions. Small particle size with big

surface–volume ratio will enhance the inactivation efficacy, but it will also increase

the rate of loss of silver. Therefore, it is very challenging to control the releasing

rate of silver ions to have both a long life time and a sufficient killing effect.

Secondly, a high concentration of silver in the treated water is also harmful to

Fig. 16.1 A schematic of the possible mechanisms of antimicrobial activity of silver [4]
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human health [31]. The U.S. Environmental Protection Agency (EPA) mean con-

tamination level (MCL) for silver in drinking water is 0.1 mg/L [32]. Lastly, it has

been reported that some microbes have been shown to be resistant to silver [33].

16.2.2 TiO2

TiO2 is the most commonly used photocatalyst. It is the most studied nanomaterial

for water disinfection, although it has only been used for killing microbes for about

30 years [34]. The mechanisms of the antimicrobial effect of TiO2 are mainly

Fig. 16.2 A schematic of the silver nanoparticle-embedded ceramic pot [21]

Fig. 16.3 A bottle of ASAP

silver solution (beprepared.

com)
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related to the generation of ROS, especially hydroxyl free radicals and peroxide,

under UV-A irradiation (300 nm < l < 390 nm) [7, 35]. Antimicrobial effect was

also reported in the dark condition, indicating other non-photo-related mechanisms

[36]. It has been reported that anatase phase TiO2 showed higher photocatalytic

activity than the rutile phase [37]. Doping with noble metals, especially silver, can

increase the photocatalytic activity and extend the active absorption to visible light

[38, 39]. Depending on the particle size and the intensity of the light, the normally

used concentration of TiO2 varies between 100 and 1,000 mg/L [40].

TiO2 also has potential to be used in POU disinfection, because its photocatalytic

activity can enhance solar disinfection [41, 42]. Figure 16.5 shows a photograph of

a POU TiO2-assisted solar disinfection system called the SOLWATER and

AQUACAT system [42]. Water from the feed tank is pumped through illuminated

tubes connected in series in a compound parabolic concentrator solar collector.

Electricity is provided by a solar panel on the right, as shown in the figure.

However, solar disinfection usually requires long reaction times. In these

applications, doping is critical to enhance the absorption of visible light to shorten

the reaction time [4].

Many TiO2-based photocatalytic reactors have been studied, such as the annular

slurry photoreactor (Fig. 16.6) [43], flow-through photoreactor (Fig. 16.7) [44],

cascade photoreactor (Fig. 16.8) [45], etc. Although some of these reactors have

been applied for treating organic contaminants, they can also be used for water

disinfection. These reactors can be classified into two main configurations: (1) TiO2

catalysts are suspended in the reactor; and (2) TiO2 catalysts are immobilized onto

a inert substrate [7].

To date, type 1 reactors are still preferred, due to the high total surface area of thye

TiO2 per unit volume and the ease of the photocatalyst reactivation [7]. However, an

additional downstream separation unit to recover the TiO2 nanoparticles is required

Fig. 16.4 SEM image of a silver nanoparticle impregnated fiberglass [25]
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for continuous operation. This can be achieved by conventional sedimentation [46],

cross-flow filtration [47], or membrane filtrations [48, 49]. But the optimal operating

parameters are still under investigation [7]. For the type 2 reactors, varies

immobilizers have been tried as revealed in the literature, such as activated carbon

[50, 51], mesoporous clays [52], fibers [53], or membranes [54]. Figure 16.9 shows

that anatase TiO2 nanoparticles with diameters around 10–20 nm are immobilized on

titanate fibers with diameters around 100 nm [53].

Fig. 16.5 SOLWATER and AQUACAT solar disinfection system [42]

Fig. 16.6 The schematic of the annular photocatalytic reactor system: (1) UV light, (2) recir-
culation water line, (3) fresh cool water line, (4) cooling water vessel, (5) cooling water

pump, (6) temperature meter, (7) compressed air supply line, (8) compressed air regulation

valve, (9) sampling ports, (10) pH meter, (11) dissolved oxygen meter, and (12) photoreactor [43]
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Advantages of using TiO2 for water disinfection include that TiO2 is very stable

in water and ingestion of TiO2 has low toxicity to human health [4]. One of the most

important issues for TiO2 disinfection is the impact from the water turbidity caused

by the insoluble particles. On the one hand, these particles impede the penetration of

UV light due to scattering and absorption [55]. On the other hand, they will also

shield target pathogens from inactivation [7]. Normally, the turbidity of the water

should be lower than five nephelometric turbidity units (NTU) to ensure the UV

light utilization and photocatalytic reaction [56]. This limit could be achieved by

prior treatment processes like screening, filtration, sedimentation, coagulation, and

flocculation [7].

16.2.3 Carbon Nanotubes and Fullerenes

Carbon nanotubes (CNTs) and Fullerenes are two of the most typical carbon-based

nanomaterials. They have been known to have cytotoxicity to mammalian cells

with the toxicity decreasing from single-walled CNTs to multi-walled CNTs, and to

Fullerenes [11, 57]. Recently, a few studies have also shown that these carbon

nanomaterials also have antimicrobial capability [10]. Figure 16.10 shows the

different cell morphologies of E. coli inoculated with or without single-walled

carbon nanotubes (~1 nm diameter) [10]. The antimicrobial effect of CNTs are

related to both physical interaction and changing the oxidative stress of the envi-

ronment [10, 58, 59]. It is also reported that direct contact between CNTs and target

microorganisms is required to have an inactivation effect [10]. The antimicrobial

effect of Fullerenes may be attributed to ROS production [4, 60], but the under-

standing of the detailed mechanisms is still very limited.

It is very difficult to dispense CNTs in water without functionalizing or

adding surfactants like sodium dodecyl benzenesulfate (SDBS), polyvinyl-

pyrolidone (PVP), or Triton-X [61]. Most of the current studies apply CNTs by

coating them on a porous substrate, like a filter, textile or membrane [10, 62–64].

Fig. 16.7 The schematic of

the flow-through photoreactor

system. C container, P pump,

V venturi tube, UV UV lamps,

d distance between the lamps

and the plate, TiO2 glass plate

with immobilized

photocatalyst, a declination

angle [44]
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Fullerenes are also highly insoluble in water [65], but their derivatives can be

soluble and still show antimicrobial effects [66]. Fullerenes can also form stable

aqueous suspensions as nanoparticles with various particle sizes (Fig. 16.11)

[67, 68].

Fig. 16.8 (a) The schematic of the cascade photoreactor system. A TiO2-coated plates; B tank

with drain valve; C control; D centrifugal pump; E cooling coil in water bath; F flowmeter;

G liquid reservoir. (b) Photograph of the pilot scale cascade photoreactor [45]
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16.3 Case Studies

Since nanotechnology has introduced new pathways for water disinfection, more

and more researchers are investigating new methods for water disinfection using

nanomaterials. As introduced in Sect. 16.2, oligodynamic metals, photocatalytic

Fig. 16.9 TEM image of

TiO2 nanoparticles decorated

titanate fibers [53]

Fig. 16.10 SEM images of E. coli. (a) Cells incubated without SWNTs for 60 min. Cells were

filtered and observed via SEM on the filter. (b) Cells incubated with SWNTs for 60 min [10]
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semiconductors and some carbon-based materials all have antimicrobial effect.

However, their disinfection efficiency depends on a number of factors regarding

nanomaterials’ unique properties, such as nanomaterial synthesis methods, mor-

phology difference, size difference and how they are used in real treatment devices.

Therefore, in terms of large-scale application or commercialization, these

nanomaterials need to be used more efficiently and effectively to save materials

from synthesis, enhance disinfection efficiency and have lower cost and energy

consumption.
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Fig. 16.11 (a) TEM image of dried (left) and flash-frozen (right) samples of nano-C60.

(b) Particle size and shape distribution. Small aggregates are typically circular in cross-section,

intermediate and large ones tending to be rectangular, together with a small fraction of triangular

larger particles [68]
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In this chapter, we choose six studies carried out by different research groups

using antimicrobial material for water disinfection. These studies include the three

types of antimicrobial nanomaterials introduced in Chap. 2. Based on these cases,

we want to introduce how these nanomaterials are designed and used for water

treatment and how nanotechnology is involved in the water disinfection area.

16.3.1 Case-1: “TiO2 Nanotube/CdS Hybrid Electrodes:
Extraordinary Enhancement in the Inactivation
of Escherichia coli”

Semiconducting materials are of great interest in wastewater treatment and among

them TiO2 is the most promising [69]. Under UV light, TiO2 enhances the genera-

tion of hydroxyl free radicals, with hydrogen ion as a side product. This reaction is

useful for bacteria inactivation in water treatment systems because hydroxyl

radicals can inactivate bacteria as they will rapidly decimate the organic

components of bacteria cells. However, the use of TiO2 for photocatalytic inactiva-

tion of bacteria is limited by its relatively low efficiency of light utilization due to

its wide band gap of 3.0–3.2 eV and its poor charge-transfer properties. Hence, the

work done by the El-Sayed group introduced a complex system (CdS/TiO2) to solve

the above two limiting problems in order to increase bacteria inactivation efficiency

[70]. And this system lowered the cost of a more complex Pt/CdS/TiO2 system

developed earlier by Kang Q. et al. by removing the high-cost Pt component [71].

They inherited the use of a TiO2 nanotube (NT) structure developed by Baram

et al. [72] for bacteria inactivation. TiO2 NT arrays were synthesized using

immobilized, anodic fabrication [73]. These TiO2 NT arrays were aligned porous,

crystallized, and oriented which made them attractive electron percolation

pathways for vectorial charge transfer between interfaces. Moreover, to increase

the utilization of visible light, small-band-gap nanocrystal CdS was anchored to this

semiconducting metal oxide. CdS nanocrystals was deposited on the crystallized

NT surfaces by the successive chemical bath deposition (CBD) method and resulted

in enhancement of the charge carrier separation process [74]. SEM images of the

materials were shown in Fig. 16.12.

By using this complex CdS/TiO2 system, they have achieved a better bacteria

inactivation in water solution. Two sets of experiments were performed to explore

the inactivation efficiency of E. coli: one with light only—photochemical, and one

with light and applied bias—photoelectrochemical. And to compare the perfor-

mance of TiO2/CdS electrodes, they also used TiO2 thin films and TiO2 NT arrays.

The schematic diagram of the set-up used for the photochemical and photoelec-

trochemical is shown in Fig. 16.13. In the photochemical study, electrodes were

immersed in separate solutions containing E. coli in sulfate buffer under stirring and
illumination from a xenon lamp, with a water filter to cut off the IR effect, and

samples were collected every 10 min. For the photoelectrochemical study, a two-

electrode electrochemical cell was used with the semiconductor material as the
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working electrode and a Pt foil as the counter electrode under a constant applied

potential of 0.5 V. Illumination conditions were the same.

They also measured the diffuse reflectance spectroscopy (DRS)-UV-vis spectra

of the three electrodes mentioned above (Fig. 16.14). The TiO2/CdS electrode

showed an absorption edge red-shifted to 570 nm while the other two electrodes’

absorption edges were around 340–380 nm. This shifted absorption edge gave the

TiO2/CdS electrode a band-gap of 2.17 eV, which means that this hybrid array can

harvest visible light.

The results of inactivation were shown as survivability with respect to time

(Fig. 16.15). In the photochemical case, the hybrid electrode led to an almost

complete inactivation of E. coli in only 10 min without any applied bias, which

was much higher than both thin film and the pure NT arrays which led to the

inactivation of only 40% and 45% of the bacteria, respectively. While with 0.5 V

bias to help separate the charge carriers, the hybrid electrode showed an inactiva-

tion of E. coli in only 3 min.

This disinfection method is very attractive. The complex system of TiO2 NT/

CdS shows a lower band-gap, a higher absorption of visible light and a good charge

Fig. 16.13 Schematic

diagram of the set-up used for

the photochemical and

photoelectrochemical

disinfection of E. coli [70]

Fig. 16.12 FESEM images of (a) titania thin film, (b) titanium dioxide nanotubes, and (c) TiO2/

CdS hybrid electrode [70]
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transport compared to other TiO2-based water disinfection devices. Moreover, the

main energy source to support this system is visible light which makes this method

clean and of low cost. However, the fabrication process of the hybrid electrode is

still relatively complicated compared to other innovative disinfection methods, and

the toxicity of cadmium is a big concern. The mechanism of disinfection of this

device is by generating hydroxyl free radicals which have high oxidation ability.

This method would be more promising in terms of commercialization if the

fabrication cost could be further lowered and the cadmium element could be

replaced by another non-toxic element.

16.3.2 Case-2: “High Speed Water Sterilization Using
One-Dimensional Nanostructures”

This work was done by the Cui group at Stanford University [62]. This water

treatment device involves both silver nanowires (AgNWs) and carbon nanotubes

Fig. 16.15 Inactivation of E. coli in photochemical (a) and photoelectrochemical (b) experiments

for TiO2 thin film (red), TiO2 nanotube array (green), and the hybrid CdS/TiO2 nanotube array

(blue) [70]
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Fig. 16.14 DRS-UV-vis

spectra of the three electrodes

used to inactivate E. coli. CdS
greatly increases the visible

light absorption capability of

the TiO2 [70]
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(CNTs); however, the disinfection mechanism is claimed not to be just silver

disinfection or CNT disinfection. They have developed a high speed electrical

assist disinfection device based on a conducting nanotextile. Though the

conducting nanotextile is acting like a filter, the disinfection mechanism is not by

size exclusion, because the nanotextile has pore sizes of several hundreds of

microns which is much larger than the size of bacteria. This device is made through

very simple processes and shows a high throughput and low energy consumption

for bacteria inactivation in water.

The illustration of filtration set-up and filter fabrication is shown in Fig. 16.16.

The filter was made of three components: cotton, CNT and AgNW. Cotton acted as

the backbone of the filter since it is cheap, widely available, and chemically and

mechanically robust. The conductivity was provided by CNT which was coated

onto textile fibers by a simple dipping–drying process. AgNW, which is known to

have antimicrobial property, was coated using the same method. AgNWs could

form an efficient electrical transport network in filters and they have advantages

over Ag nanoparticles (AgNP) in terms of disinfection since they significantly

reduce the number of electron hopping times as compared to nanoparticles.

The disinfection idea was based on the fact that noble metal electrodes are

known to exhibit antibacterial action under moderate currents, and the enhancement

of a sheet of silver nanorods’ antibacterial action when placed in an electric field

has recently been observed [75, 76]. The experiment set-up was very simple.

An external electric field was applied between a nanotextile filter and a counter

electrode of copper mesh. Water flowed through the nanotextile filter by gravity

force. Bacteria were inactivated while flowing through the nanotextile filter and

with the presence of a moderate voltage. Disinfected water was collected from end

of the funnel.

Fig. 16.16 Schematic, fabrication, and structure of cotton, AgNW/CNT device. (a) Schematic of

active membrane device proposed. (b) Treatment of cotton with carbon nanotubes (CNTs).

(c) Treatment of device with silver nanowires (AgNWs). (d) Integration of treated cotton into

funnel. (e) SEM image showing large scale structure of cotton fibers. (f) SEM image showing

AgNWs. (g) SEM image showing CNTs on cotton fibers [62]
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The efficiency of this water disinfection method was studied using E. coli. And
the results were calculated by counting colonies of both the original bacteria

solution and treated water solution cultured on agar plates. From the results, we

can see that the AgNW coating can increase disinfection efficiency compared to the

filter only with the CNT coating. And with an increased value of external voltage,

a higher inactivation efficiency was achieved (Fig. 16.17). The flow rate of this

device was 1 L/h and retention time was about 1 s. Moreover, this disinfection

method was proved to be effective to different original bacteria concentration from

104 to 107 bacteria/mL. The best efficiency of this method reported by the paper was

98% by three times of filtration.

The authors put forward three possible hypotheses which could lead to bacteria

inactivation, although the disinfection mechanism was not fully understood yet.

The first factor is silver, in this device AgNW. Silver ion and AgNP are known to

have antimicrobial properties and are used as coatings in other disinfection

applications. In this case, the inactivation effect could be either from Ag+ released

from oxidized nanomaterial or nanomaterial itself without Ag+. However, the effect

of silver cannot alone account for the dramatic improvement of killing efficiency

observed when the AgNWs were placed at relatively moderate biases of 20 V.

The second hypothesis is that the bacteria were inactivated by the strong external

electric field which would cause irreversible electroporation to bacteria cells. By

simulation, the electric field near AgNW surface could be as high as tens to

hundreds of kilovolts per centimeter (Fig. 16.18). It is known that when electric

fields exceeding 105 V/cm it will adversely affect cell viability by breaking down

cell membranes in a process known as electroporation [77]. The third hypothesis is

that changes to the solution chemistry during current flow are involved, including

pH changes as well as in situ production of chemicals like chlorine, which have also

been investigated as a route to sterilizing fluid [78]. Finally, it is also quite possible

that two or more of these processes may work together and enhance the inactivation

of bacteria.

This electrical assist water disinfection method is very attractive because of

its short retention time, low cost of materials used and low energy consumption.

And by introducing an external electric field, inactivation efficiency is significantly

Fig. 16.17 Inactivation

efficiency at five biases for

AgNW/CNT cotton as well as

CNT-only cotton [62]
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improved which reveals that the electric field plays an important role in the bacteria

inactivation mechanism. However, there is a health concern when using materials

in the nano-sized range. In this chapter, it has been shown that the flow conditions

studied did not result in mass material release over the time scales reported. Further

work to accurately quantify the amount of material released should be carried out to

make this disinfection more promising and capable of being commercialized.

16.3.3 Case-3: “Bactericidal Paper Impregnated with Silver
Nanoparticles for Point-of-Use Water Treatment”

This work done by the Gray group at McGill University and was aimed to develop

a cheap point-of-use water purification device [30]. This filter uses cheap and robust

paper as substrate and embed silver nanoparticles in it. The inactivation mechanism

of this filter is silver disinfection and the system for water filtration is really simple.

Most of the bacteria were in effluent solution after percolation and they were

inactivated by AgNPs during percolation as shown in Fig. 16.19.

The paper they used was absorbent blotting paper 0.5 mm thick and weighing

250 g/m2 (Domtar). AgNPs were deposited by the in situ reduction of silver nitrate

on the cellulose fibers of paper. The detailed synthesis process can be found

publications by J. He et al. and T. Maneerung et al. [79, 80]. The characterization

of the AgNPs on the paper was established by measuring the reflectance spectra of

the AgNP with a diffuse reflectance attachment using a UV-vis reflectance spec-

trum. The shape and size distribution of AgNPs were characterized by electron

microscopy (Fig. 16.20). The AgNPs’ size did not relate much to the precursor

concentration and all samples of different mass loading of silver showed an average

size of 7.1 � 3.7 nm. With the increase of the precursor silver ion concentration,

the silver content on the paper increased, which was also shown by the color change

of the sheets. The paper turned darker with response to a higher silver concentra-

tion. And a comparison with paper made by soaking into AgNP suspension showed

the lowest silver loading on the paper and displayed a gray color (Fig. 16.20).

Fig. 16.18 Simulation of

e-field near NW surface in

solution. Log plot of the

electric field near a NW in

solution at experimental

anodic conditions [62]
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Fig. 16.19 Schematic

illustration of bacteria

percolation through AgNP

paper [30]

Fig. 16.20 (a) The distribution of silver nanoparticle diameters, as measured from a TEM image

of AgNP on unstained paper fibers removed from sheet (inset, scale bar 20 nm). (b) Blotter papers

(a) untreated and with silver nanoparticles, (b) 0.2 mg Ag/g paper, (c) 5.8 mg Ag/g paper, and

(d) sheet soaked in preformed nanoparticle suspension, 0.06 mg Ag/g paper (each sheet is

6.5 � 6.5 cm) [30]
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The bactericidal effectiveness of AgNP paper was evaluated by adding isolated

effluent bacteria to agar plates and counting colonies. Two kinds of bacteria E. coli
(Gram-negative) and Enterococcus faecalis (Gram-positive) were tested. The

results are shown in Fig. 16.21. Paper prepared with AgNP suspensions showed

a lower efficiency than in situ AgNP paper which achieved log-7.6 and log-3.4

removal efficiency of E. coli and E. faecalis bacteria. And for all the cases, Gram-

positive bacteria E. faecalis constantly showed a lower efficiency of inactivation.

Considering potential health issue from AgNPs, the authors have analyzed the

silver concentration in the effluent water. Graphite furnace atomic absorption was

used to measure the total silver concentration including both silver ions and AgNP.

The average content of silver was 0.048 (�0.018) ppm in the effluent water which

meets the US EPA guideline for drinking water of less than 0.1 ppm. However,

AgNP suspension-soaked paper showed a higher concentration of silver content in

the effluent water.

The mechanism of this method of water purification was silver inactivation of

bacteria during percolation. Though the difference of inactivation effect by silver

ions or by AgNP can hardly be analyzed, the TEM images of bacteria cells after

inactivation showed some morphology changes which are similar to that of bacteria

treated with AgNO3 solution (Fig. 16.22).

This in situ synthesized AgNP paper shows great potential of easily trasnported

and deployed use for emergency or outdoor activities. The bacteria removal effi-

ciency is quite promising. However, the flow rate of 10 mL/min is not high enough

comparea to other treatment methods such as a ceramic/AgNP filter which has

a flow rate of around 25 mL/min. And because of the natural properties of paper, the

life time of this filter would not be very long which makes the in situ synthesis seem

Fig. 16.21 Log reduction of E. coli and E. faecalis bacterial count after permeation through the

silver nanoparticle paper, at different silver contents in paper. Initial bacterial concentration,

109 CFU/mL (log 9). Error bars standard deviation [30]
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a little bit complicated if this paper filter is designed for one-time use. But if the life

time of this paper-based filter could be increased, this would be very attractive for

commercialization.

16.3.4 Case-4: “Electrochemical Multiwalled Carbon Nanotube
Filter for Viral and Bacterial Removal and Inactivation”

Carbon nanotubes have been reported to have an inherent antimicrobial activity [10].

Both single-walled carbon nanotube (SWNT)- and multiwalled carbon nanotube

(MWNT)-based microfilters have been used for water disinfection to remove bacte-

ria by a sieving mechanism. In addition, the conductive nature of carbon nanotubes

allows the introduction of electrochemistry during filtration which could enhance the

inactivation efficiency of pathogens in water. The work shown below was done by

the Elimelech group at Yale Univerisity [63]. They took the advantages of porous and

conductive properties of MWNT andmade a filter functioning both by size screening

and electrochemical disinfection with a small applied bias.

Fig. 16.22 Internal structure of E. coli bacteria imaging by TEM, following percolation

experiments. (a, b) control paper (no silver). After exposure to Ag NP paper (c) low electron

density region (arrow) in the centers of the cells. (d) Condensed form of DNA (arrow) in the center
of the low electron density region. (e) A gap between the cytoplasm membrane and the cell wall

(arrow); the cell wall shows serious damage. Black dots are not AgNP, but electron dense granules
typical of E. coli [30]
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The filter design and operation is shown in Fig. 16.23. The MWNT filter was

made by filtering MWNT solution onto a 5-mm PTFE membrane and the mass

loading was 0.31 mg/cm2. The average pore diameter was 93 � 38 nm and the

thickness of the MWNT filter was 22 � 2 mm. The cathode was stainless steel

which was on top of the anode CNT filter. An external voltage of 1–3 V was applied

during filtration. Both inactivation of viruses (MS2) and of bacteria (E. coli) were
studied.

The inactivation results showed that, after dispersing effluent water on to an agar

plate, no bacteria colonies were formed. All bacteria were removed by the sieving

mechanism using the ~100-nm MWNT filter. And since MR2 virus sizes were

much smaller, they measured the virus removal efficiency in effluent water

according to bias change (Fig. 16.24). The bacteria and virus adsorbed onto the

filter were also investigated. Viability was studied with different bias and exposure

time. The experimental result is also shown in Fig. 16.24.

The mechanism of this disinfection method is that at low electric bias, 1–2 V,

the dominant inactivation mechanism was direct oxidation by MWNT while at

high bias, 3 V, bacteria and virus could be inactivated by indirect oxidation. Their

Fig. 16.23 Electrochemical MWNT filter design and characterization. (a) Depiction of modified

electrolytic MWNT filtration setup, where 1 is the perforated stainless steel cathode, 2 is the

insulating seal, 3 is the anodic titanium ring connector to the MWNT, and 4 is the anodic MWNT

filter. (b) Top view of themodified upper piece of theMillipore filtration apparatus with anodic (left)
and cathodic (right) connectors. (c) View of the upper piece of the filtration apparatus showing the

perforated stainless steel cathode. (d) MWNT filter composed of 3 mg MWNTs (0.31 mg/cm2

coverage) on a Teflon membrane (5 mm pore size) on the bottom piece of apparatus. (e) SEM aerial

image of the MWNT filter. (f) SEM cross-section (side) image of the MWNT filter [63]
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hypothesis was that at high bias, free radicals would form from electrolyte and

oxidized pathogens. And in effluent water, bacteria were removed by the sieving

mechanism and the virus was removed by both sieving and electrochemical

inactivation.

This disinfection method shows a very effective inactivation of both bacteria and

virus, and the filter fabrication is not complicated. However, limited by the small

pore sizes of the MWNT filter, the flow rate can only achieve 4 mL/min. And by

using the MWNT filter, there are still safety concerns of effluent water quality for

point-of-use disinfection.

Fig. 16.24 Electrochemical MS2 removal and/or inactivation versus potential. (a) Log MS2

removal as a function of applied potential during filtration. In fluent was 10 mL of 10 mM NaCl

(pH 5.7) and 106 viruses mL�1 and was filtered at a rate of 4 mL min�1 (filter approach velocity of

250 L m�2 h�1). Note that at 2 and 3 V, no viruses were detected in the filter effluent. (b) PFU of

MS2 adsorbed on MWNT filter as a function of the post filtration applied potential. In fluent was

10 mL of 10 mM NaCl (pH 5.7) with 106 virus mL�1 and was filtered at a rate of 4 mL min�1

(filter approach velocity of 250 L m�2 h�1) in the absence of potential. Adsorbed viruses were then

electrolyzed for 30 s at 2 or 3 V. (c) Electrochemical loss of E. coli viability versus potential and

time. E. coli suspension [107 cells, (NaCl) ¼ 10 mM, pH 5.7] first sieved onto the MWNT filter

and then electrolyzed at an applied voltage of 1, 2, or 3 V for 10 or 30 s. Bacteria were stained

immediately after electrolysis for viability assay. Each data point represents the mean of at least

duplicate measurements at the same experimental conditions, with error bars representing stan-

dard deviations [63]
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16.3.5 Case-5: “Converting Visible Light into UVC: Microbial
Inactivation by Pr3+-Activated Upconversion Materials”

This work done by the Kim group at Georgia institute of Technology who reported

a light-activated antimicrobial surface composed of lanthanide-doped up-conver-

sion luminescent nano- and microcrystalline Y2SiO5 [81]. This method, unlike that

using TiO2 which relies on photocatalytically-generated free radicals for disinfec-

tion, has a pure optical mechanism and this work is very innovative to use

electromagnetic energy for disinfection purposes. This antimicrobial surface can

absorb visible light and convert it into Germicidal UVC radiation (Fig. 16.25).

Hence, the disinfection mechanism is similar to UV disinfection.

The surface antimicrobial effect was analyzed by studying the inactivation

kinetics of Bacillus substilis. Bacteria was deposited and dried on the coated

surfaces. The reason this experiment can be carried out in dry condition is because

the spores of this organism can remain viable in dry conditions [82]. The results are

shown in Fig. 16.26. The sample with Pr3+, Gd3+ and Li+ showed the best perfor-

mance and inactivation efficiency which could be enhanced by increasing light

intensity and exposure time.

This method is innovative for a disinfection mechanism. The inactivation effi-

ciency is relatively low compared to other methods since the group used the lowest

excitation intensity to just evaluate the antimicrobial effect brought about by up-

conversion materials. Although this technology has not been used in water solution

systems, it demonstrates the potential of disinfection and further usage in the water

disinfection area. So far, the kinetics is much slower than other methods; however,

there is still room for this technology to improve.
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Fig. 16.25 Utilization of visible-to-ultraviolet upconversion phosphor coating for light-activated

antimicrobial materials. The energy diagram depicts excited-state absorption of visible light from

the ground-state configuration, G, to the excited states, E1 and E2, to emit a UVC photon upon

relaxation (left). Up-conversion mechanisms of Pr3+ and Gd3+ UV emissions. Solid blue line
shows visible light absorption; dotted black line shows nonradiative energy transfer; dotted purple
line shows UV photon emission (right) [81]
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16.3.6 Case-6: “Sustainable Colloidal-Silver-Impregnated
Ceramic Filter for Point-of-Use Water Treatment”

The Colloidal-Silver-Impregnated Ceramic Filter is one of the most representative

examples of a commercialized water disinfection product using nanotechnology. In

the late 1980s and early 1990s, ceramic filters were already appearing in third world

markets; however, the price of those filters were too expensive for local people to

afford in the long term. A U.S.-based nongovernmental organization (NGO) called

Potters for Peace has developed a newmethod to fabricate these ceramic filters and has

taught this method to local people. The filters look like ceramic pots and in operation

they are put into a plastic container (Fig. 16.27). Ceramic filters can removal

pathogens by size exclusion, and addition of colloidal silver particles to these filters

will enhance the inactivation efficiency because of silver’s antimicrobial properties.
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Fig. 16.26 Inactivation of Bacillus subtilis spores on dry phosphor-coated surfaces. (a) Inactiva-

tion kinetics of Y2SiO5 phosphors with different doping schemes exposed to “daylight” fluorescent

lighting and dark controls. Unactivated surfaces showed no inactivation under visible light after

10 days (data not shown). (b) Inactivation dose–response of B. subtilis spores on dry surface

exposed to known doses of UVC from low-pressure Hg bulbs, l ¼ 254 nm. The linear portion of

this curve was used for biodosimetric estimation of the upconversion effciency of coated samples.

(c) 10-day log inactivation of spores on Y2SiO5-coated surfaces with different doping schemes

under visible light. (d) Scanning electron micrograph of a B. subtilis spore on a Y2SiO5: Pr3+,

Li + nanocrystalline surface prepared through dip-coating in precursor sol solution. White scale
bar 1 mm. All error bars standard deviations [81]

16 Antimicrobial Nanomaterials for Water Disinfection 487



V.A. Oyanedel-Craver and J.A. Simth at the University of Virginia fabricated

this kind of ceramic filters using the same method as NGO and texted their

performance in laboratory [22]. Filters made of three different soil samples were

studied. The porosity study showed similar pore sizes for these three filters

(Fig. 16.28). This means that ceramic filters could be fabricated by local labor

and the transportation properties of the filters using different raw materials would

not differ by very much.

Fig. 16.27 A ceramic filter

Fig. 16.28 Pore-size distribution for ceramic filters fabricated using Redart, Guatemalan, and

Mexican soils [22]
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To improve the efficiency of ceramic filters, colloidal silver nanoparticles were

added. This was done by either painting them or submerging them using AgNPs

suspensions. After saturation, bacteria removal experiments were done using

ceramic filters both with and without silver colloidal particles. The results showed

that silver nanoparticles can significantly improve bacteria removal efficiency

(Fig. 16.29). And the methods used to adding AgNPs did not influence the effi-

ciency very much, which proves the ease of commercialization of this Colloidal-

Silver-Impregnated Ceramic Filter.

The Colloidal-Silver-Impregnated Ceramic Filter is very effective for point-of-

use water treatment especially for the third world countries, because it is easy for it

to be made by local labor and is of relatively low cost. This method provides a way

to protect people in water-stresseds areas from water borne diseases.

16.4 Challenges and Outlooks

Although antimicrobial nanomaterials have shown promising potential for water

disinfection, several challenges still exist for large-scale practical applications.

1. Usually, the synthesis of nanomaterials includes several complex procedures and

the scale-up is still challenging, meaning that the cost of the antimicrobial

nanomaterials is still a concern based on current technology. Drinking water is

essential for everyday life, but most of the antimicrobial nanomaterials are still

not affordable for most people for daily use. The most commercialized ceramic

filter as discussed previously costs about US$ 25 each. However, this is still too
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a function of time for ceramic filters fabricated with Redart soils without colloidal silver (◇and
○), and painted with (◆) and submerged in a 600-mg/L colloidal silver solution (●) [22]
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expensive for the people living in some developing countries who do not have

safe drinking water access and who need POU disinfection techniques the most

urgently.

2. We gain benefit from the antimicrobial effect of the nanomaterials by obtaining

safe drinking water without pathogens. However, if these nanomaterials are

discharged into the natural environment, they may also kill the microbes that

are useful or even essential for the ecosystem. In addition, high concentrations of

antimicrobial nanomaterials in the drinking water may also be harmful to human

health [71]. Therefore, retaining the antimicrobial nanomaterials in the system is

extremely important.

3. The antimicrobial effect of the nanomaterials is relevant to their high surface-to-

volume ratio. Thus, smaller sizes will be preferable. However, smaller sizes will

also cause more serious aggregation problems. It will also be more challenging

to retain smaller nanomaterials in the system, no matter if it is a sedimentation

process or a filtration process.

4. Since the antimicrobial nanomaterials are required to be retained in the treatment

unit, no residual antimicrobial effects can be provided. It will be fine for POU

applications, but will be a problem for remote applications with long-distance

transport.

5. Most of the current studies on antimicrobial nanomaterials are conducted in

a relatively clean solution [4]. The effects of the natural water qualities are still

not well understood and many more studies on real application are required.
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Chapter 17

Microorganisms: A Versatile Model for Toxicity

Assessment of Engineered Nanoparticles

Ashutosh Kumar, Alok K. Pandey, Rishi Shanker, and Alok Dhawan

17.1 Introduction

Nanotechnology is the understanding and control of matter at the nanoscale, at

dimensions between approximately 1 and 100 nm, where unique phenomena enable

novel applications (www.nano.gov). The nano-structures exhibit significant novel

and improved physical, chemical, biological properties and processes due to their

size. Also, the unique optical, magnetic, electrical and physicochemical properties

of engineered nanoparticles (ENPs) arise due to higher surface-to-volume ratios

and an increased number of atoms on particle boundaries than their bulk

counterparts. Due to their distinctive characteristics, ENPs are widely used in

cosmetics, food packaging, drug delivery systems, therapeutics, biosensors,

and others. Since the size of ENPs is approximately equivalent to the biological

macromolecules and due to their antibacterial and antifungal properties,

nanomaterials are extensively used for a number of commercial products such

as wound dressings, detergents and antimicrobial coatings.

Microorganisms are the most important component of all known ecosystems and

play an important primary role in biogeochemical cycles, degradation of pollutants,

basis of food webs and soil health. They could serve as potential mediators of

nanoparticle transformations that affect their mobility and toxicity. Wiesner et al.

has stated that “Microbial ecotoxicology is a particularly important consideration in

elucidating cytotoxicity mechanisms that could be extrapolated to eukaryotic cells”

[1]. However, it is also clear that no single test system or living organism shows

uniform sensitivity to all compounds, and therefore an array of different test

systems with different sensitivity profiles are often recommended and used to get

a broad idea of the risks posed by the nanoparticles.
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The use of nanotechnology in consumer products continues to grow on a rapid

and consistent basis. The number of nano-products in March 2006 was 212, whereas

more than 1,300 manufacturer-identified nanotechnology-enabled products are now

available in the commercial market and this number is predicted to be ~3,400 by

2020 [2]. The existing inventory of the Project on Emerging Nanotechnologies (PEN)

is dominated by health and fitness items (56%), with nano-silver products (24%)

having the maximum share. According to the US National Nanotechnology Initiative,

thousands of tons of silica, alumina, and ceria, in the form of ultrafine coarse particle

mixtures including nanoparticles, are used each year in slurries for precision

polishing of silicon wafers. The manufacture of fullerenes alone could soon match

the production of engineered metal oxide nanoparticles with an annual production of

1,500 million tons. The zinc oxide industries with over 300 companies around

the world are producing in excess of 1.2 million tons of ZnO nanoparticles per

year. The production rate of metal oxide nanoparticles for cosmetics is estimated to

be 1,000 tons per year [3]. Due to the large production and widespread use in

consumer products, it is expected that ENPs will be released into aquatic, terrestrial,

and atmospheric environments through washing and disposal, where their fate and

behavior are still largely unknown (Fig. 17.1). Despite having several benefits in the

application of ENPs, there are doubts about their environmental fate. Hence, the

concern for the adverse effects of such ENPs, both to human and environmental

health continues to grow with their diverse applications [4]. The unique properties of

ENPs, such as high specific surface area, abundant reactive sites on the surface, and a

large fraction of atoms located on the exterior face as well as mobility, could make

them a special class of hazardous pollutant that may cause unexpected hazards to

public and environmental health [1, 5].

The concern that the ENPs could be hazardous to ecosystems is partly fuelled by

several examples in history that illustrate the unintentional environmental release of

“beneficial” chemicals, such as DDT (Dichlorodiphenyltrichloroethane), which

was used to control malaria but was later found to be carcinogenic to humans and

toxic to several bird species. Endosulfan, an organochlorine insecticide, was used in

Nanotechnology

QC Pass

Production & usage

Environment
(Air, Water, Soil)

Nano-product

QC Failed 

Disposal Disposal 

?

Eco-toxicity

Fig. 17.1 Schematic

showing the disposal of

engineered nanoparticles in

the ecosystems
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agriculture around the world to control insects and pests. It was earlier considered

safe but is now banned in 74 countries due to severe health implications including

deformities in limbs, loss of motor nervous control, brain damage, delayed puberty

and cancer. It persists in the environment for a long time, circulates globally and

passes on from the mother to the child, causing intergenerational health effects.

Currently, ENPs are being incorporated into commercial products at a faster rate

than the development of knowledge and regulations to mitigate potential environ-

mental impacts associated with their manufacture, application and disposal.

A variety of ENPs with different chemical compositions, synthesized through

different methods, differing in size, shape, surface coatings, etc. have been shown

to be genotoxic and cytotoxic using different models such as prokaryotes [6–8],

plants [3, 9], human cell lines [10–13] and aquatic models [14, 15]. The bioavail-

ability and toxicity of ENPs to microbes is a major area of concern because the

microbes are primary degraders and perform a critical role in ecosystems. There is

now considerable evidence that ENPs exhibit antibacterial activity in clinical

bacterial isolates of Escherichia coli, Pseudomonas aeruginosa and Staphylococcus
aureus (Table 17.1). Hence, there is a concern that, due to the ever-increasing use of

nanoparticles in products, even the beneficial bacteria both in humans and the envi-

ronment will get exposed (Fig. 17.2). This also raises the possibility that the release of

ENPs may be detrimental to important bio-geochemical processes in the soil such as

carbon or nitrogen cycling. Therefore, organisms, especially those that interact

strongly with their immediate environment such as algae, plants, and fungi, are

expected to be affected as a result of their exposure to ENPs. It is also likely that the

ENPs can directly interact with the food web at different trophic levels and affect the

ecological sustenance [50]. The bio-magnification of ENPs across the genera is of

immediate concern. Any adverse effect caused by ENPs in living organisms will

directly affect the carrying capacity of the ecosystems.

Other biological methods to test ENPs toxicity in organisms across all the major

phyla currently depend on standard regulatory test species and whole organisms in

ecotoxicity testing either in laboratory experiments [51] or field exposure scenarios

[52]. A major constraint in risk assessment is to mimic the actual exposure to ENPs

and biological variability with different test conditions. The models and methods

currently used in toxicity assessment are costly, tedious, time consuming and

require a culture facility with skilled personnel. A more viable option is

microorganisms that can be cultured quickly and cost effectively, are easy to handle

and could serve as an ideal alternative to different test models. Furthermore, the

advancement in molecular biology and recombinant DNA technologies has created

numerous possibilities for manipulating the microorganisms to study the ENPs-

induced cellular and molecular responses. The microorganisms have a short dou-

bling time which gives an additional benefit to express different proteins in a shorter

time span. Several other ‘omic’ approaches can also be used to gather the informa-

tion about the cellular responses to ENPs which could help in understanding the

mechanism of toxicity in higher organisms (Fig. 17.3).

This chapter deals with the approaches, advantages and versatility of microbial

systems for toxicity assessment of ENPs. In addition, an attempt has also been made
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to address the knowledge gaps and problems in the experimentation and how these

could be overcome. To assess the toxicity of ENPs, the primary criterion is to have

full knowledge of the ENPs to be tested. Considering the novel characteristics of

ENPs, unlike their chemical counterparts, it is imperative to undertake their com-

prehensive characterization prior to toxicity evaluation (Fig. 17.4).
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and industrial 
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Water

Air
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Food 
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Gut 
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Why Bacteria?

Fig. 17.2 The importance of bacteria in the ecosystem and possible routes of exposures to

engineered nanoparticles
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Fig. 17.3 Study design to evaluate the toxicity of engineered nanoparticles in bacteria
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17.2 Characterization

The behavior and activity of ENPs is largely dependent on a number of physical

and chemical properties such as particle number, mass concentration, surface

area, charge, chemistry and reactivity, size distribution, aggregation, elemental

composition, as well as structure and shape. Therefore, a complete characterization

is essential for interpreting the results. The characterization of ENPs should be

carried out in order to learn about the specific physiochemical properties such as

purity, crystallinity, solubility, chemical composition, surface chemistry, reactivity,

size, shape, surface area, surface porosity, roughness, morphology, etc. Determina-

tion of the hydrodynamic size, size distribution, zeta potential, dispersity and the

concentration and time at which agglomeration occurs should be done in the

biological medium (Fig. 17.4; Table 17.2).
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Fig. 17.4 Measurement of different physiochemical properties for engineered nanoparticles
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Different microscopic and spectroscopic techniques have been used to charac-

terize the ENPs. Microscopy-based methods include optical approaches, i.e. confo-

cal microscopy, as well as electron and scanning probe microscopy. The

dimensions of ENPs are below the diffraction limit of visible light; hence, they

are beyond the range of optical microscopy. However, near-field scanning optical

microscopy (NSOM) is the kind of scanning probe microscopy (SPM) technique

that can achieve a spatial resolution of 50–100 nm through the use of a sub-

wavelength diameter aperture. It is better than the conventional optical microscopes

to visualize the agglomeration of ENPs. The diffraction of light is also the limiting

factor for the conventional confocal microscopy. However, confocal laser scanning

microscopy (CLSM) has a higher resolution (up to 200 nm), hence the fluorescent

ENPs (natural and labeled) can be observed. Recently, for non-fluorescent particles,

a reflection-based study using confocal microscopy has been reported [53, 54].

Electron microscopy (scanning electron microscopy, SEM; transmission elec-

tron microscopy, TEM; and atomic force microscopy, AFM) is the most popular

and extensively used technique to characterize the ENPs. This technique not only

gives visual images of the ENPs but also provides the information about the

properties such as size, state of aggregation, dispersion, structure and shape [55].

In TEM, electrons are transmitted through a specimen; therefore, the specimen

needs to be well distributed and spread on the grid (in the case of materials) to get

Table 17.2 Significance of measuring the physicochemical properties of engineered nanoparticles

Sl. No. Nanoparticle property Significance

1. Size Nanoparticles possess a unique physicochemical property due to

their size; it also affects the mobility and transport behavior of

the particles

2. Shape Particles with different shapes (e.g., spherical, tubular, and

cubical) have different affinities and accessibilities towards

the cell wall. Antibacterial activity of nanoparticles has also

been reported due to their shape and size

3. Structure The structure of the nanoparticles can influence the stability and

behavior of the particles (e.g. rutile and anatase are the

possible crystal structures of TiO2 NPs)

4. Surface area As the size of nanoparticles reduces, the corresponding surface

area increases leading to higher reactivity and sorption

behaviour

5. Agglomeration

tendency

Agglomeration affects the surface properties of particles and their

bio-availability to the cells

6. Solubility Some of the nanoparticles are reported to produce ions in soluble

form which may be toxic to the cells e.g., ZnO, CuO

7. Elemental

composition

Elemental composition shows as to whether the nanoparticles

have contamination that may lead to false positive results or

nanoparticle behavior

8. Size distribution Size distribution of the particles gives an idea of the size range

and helps in interpreting the results

9. Surface charge and

dispersity

Surface charge of the nanoparticles affects the particle solubility

in suspension, whereas the dispersity of particles provides

information about their tendency to agglomerate
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a good image, whereas in SEM, scattered electrons are detected at the sample

interface for imaging. Analytical tools, mostly spectroscopic, are coupled with

electron microscopes for additional elemental analysis. For example, energy dis-

persive X-ray spectroscopy (EDS) when combined with SEM and TEM provides

percentage elemental composition of ENPs [28]. Other analytical tools, like elec-

tron energy loss spectroscopy (EELS) when coupled with TEM, detect the elements

based on the loss of energy of the incident electron through the specimen [55].

Selected area electron diffraction (SAED) can also be combined with TEM to

provide information on crystalline properties of particles [55].

Although electron microscopy is a very versatile tool for scientists in the area of

nanotechnology, it has certain limitations. A critical limitation is that TEM and

SEM are operated under vacuum, so it is difficult to analyze the liquid samples. The

sample preparation steps of dehydration, cryo-fixation or embedding usually lead to

sample alteration and dehydration artefacts [56]. Another disadvantage of the TEM

is that the samples cannot be analyzed twice or used for validation of results.

Further, the charging effects caused by the accumulation of static electric fields at

the specimen due to the electron irradiation create confusion during imaging [57].

The atomic force microscopy (AFM) is also a kind of scanning probe microscope

(SPM) which is a cost effective instrument and has several advantages in the charac-

terization of ENPs. The main advantage of an AFM is that it images sub-nanometer

structures under ambient air and liquid dispersion, and provides data about the size,

shape, surface texture and roughness of the particles. In addition, multiple scanning of

the sample can also be done to get robust statistics. There are some limitations of AFM

for ENPs visualization; generally, the geometry of the probe is larger than the particles

which lead to the overestimation of the lateral dimensions of the nanoparticles.

It can be summarized that a combination of microscopic techniques can be used

to analyze the nanoparticles for size, shape, size distribution, etc. [58–60]. However,

the analysis of the microscopic images is a crucial step because only small amounts

of samples can be analyzed by microscopy which has an impact on the statistical

significance of the results. The average particle size of ENPs is a value that depends

on the number of particles counted and measured. As the ENPs in aqueous suspen-

sion have a tendency to agglomerate, it is important to count and measure sufficient

numbers of particles to obtain robust statistics on each size fraction.

A wide range of spectroscopic techniques are available for the characterization

of ENPs in suspension. Some of the important techniques used for the characteri-

zation of ENPs based on the light-scattering property are static (SLS) and dynamic

light-scattering (DLS) and small-angle neutron-scattering (SANS).

Dynamic light-scattering (DLS) or photon correlation spectroscopy (PCS)

measures time-dependent fluctuations in scattering intensity of light produced by

particles in Brownian motion and yields the size of the particle by applying the

Stokes–Einstein equation. DLS size of the nanoparticle is usually greater than that

measured by other techniques, like TEM, Brunauer–Emmett–Teller (BET), etc.

DLS is particularly very useful for sizing nanoparticles (based on intensity, volume

and number) and determining particle stability/aggregation state in suspensions

with respect to time and medium. It is a quantitative technique and gives the

510 A. Kumar et al.



statistically relevant data as compared to TEM [61]. Although DLS provides fast, in

situ and real-time sizing, it also has certain limitations. For example, interference

can be caused by a range of materials such as dust particles and nanoparticle

impurities which influences the scattering intensity and skews the average hydro-

dynamic diameter towards the larger value. Also, the intensity of the scattered light

is proportional to the sixth power of the particle diameter that makes it very

sensitive to the presence of large particles, and the data obtained from samples

containing particles with heterogeneous size distributions are difficult to interpret.

DLS is considered an indispensable technique in toxicity studies, as it provides

valuable information pertaining to the zeta potential, polydispersity and size range

of the ENPs in the biological medium in which the organism is exposed.

Static light-scattering, also known as multi-angle (laser) light-scattering [MAL

(L)S], provides information about the particle structure and, together with dynamic

light-scattering, provides information about the shape of the particle [57]. In small-

angle neutron-scattering (SANS), a beam of neutrons is focused on the sample,

which can be solid (crystal, powder) or a suspension (aqueous, non-aqueous). These

neutrons interact with the nuclei of the atoms and get scattered due to changes in the

refractive index. The intensity of the scattered light gives information regarding the

radius of gyration of a particle using Guinier’s equation.

Therefore, it can be inferred that a combination of analytical methods is required

to detect and characterize the nanoparticles in different matrices including air, soil,

water and consumer products to which human beings and ecosystems are likely to

be exposed. Additionally, this will also provide the broader idea related to the

behavior of the particles which will be helpful for the toxicological and risk

assessment of the nanoparticles.

17.3 Bioavailability and Uptake

Availability of the ENPs to the cell and their uptake is an important factor that can

provide important information about their adverse and toxic effects on cellular

systems. The exponential increase in usage of the ENPs-containing products in

daily life has also enhanced the likelihood of their inadvertent release in the

ecosystem through wastewater discharge or disposal/landfill. The environmental

fate of the released ENPs largely depends on behavior, bioavailability and their

interaction with aquatic colloids, such as natural organic matters (NOMs), humic

substances, and salt ions. NOMs usually adsorb to the surface of the ENPs by

different electrostatic, hydrogen bonding and hydrophobic interactions and affect

the dispersity and bioavailability of the particles [62]. NOMs are classified

into three major classes; (1) rigid biopolymers, such as polysaccharides and

peptidoglycans produced by phytoplankton or bacteria, (2) fulvic compounds,

mostly from terrestrial sources, originating from the decomposition products of

plants, and (3) flexible biopolymers, composed of aquagenic refractory organic

matter from a recombination of microbial degradation products [63]. ENPs in
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aqueous suspension are dispersed due to the electrostatic and steric repulsion of the

surface charge (positive/negative) present on the particle. As the surface charges of

the particle skew towards the zero value, the repulsive forces between the particles

reduce and ultimately settle down by gravitational forces. Due to agglomeration/

aggregation, the physicochemical properties such as surface charge, size, size

distribution, surface to volume ratio, surface reactivity of ENPs get altered which

affects their bioavailability and toxicological responses. Fulvic compounds and

flexible biopolymers have a tendency to modify the ENPs’ surface charge which

leads to the aggregation and non-bioavailability of the particle. An earlier report has

demonstrated that humic acid coating of hematite reversed their charge from

positive to negative leading to decreased attachment efficiencies from 1 to

0.01 mg/L to a sandy soil [64]. This resulted in the increased bioavailability and

decreased agglomeration of the hematite. However, the rigid biopolymers, such as

polysaccharides and peptidoglycans produced by phytoplankton and bacteria, coats

the ENPs and increases their mobility and bioavailability to the cell [65]. Apart

from the NOMs, several other factors can also influence the aggregation and

bioavailability of the ENPs, examples being salt ion, presence of hydrophobic

surfactant or polar groups on the surface of ENPs [66]. Trace metal ion speciation

(especially oxides and oxide-coated ENPs) might alter the properties of ENPs,

therefore altering their bioavailability and potential toxicity.

ENPs have also been demonstrated to absorb other pollutants on their surface

due to their high surface area to volume ratio and complex-forming ability. Baun

et al. showed that the toxicity of phenanthrene forDaphnia magnawas increased by
60% in the presence of C60 aggregates, and the availability of absorbed phenan-

threne was also increased for the organisms [67]. The bioavailability of phenan-

threne to plant roots also increased upon its adsorption to alumina ENPs [68]. In

contrast, Knauer et al. has reported that presence of carbon black ENPs reduced the

toxicity of diuron to green algae [69]. Fullerenes were found to decrease the toxicity

of various chemicals to algae as a result of their decreased bioavailability [70].

Apparently, the formation of larger aggregates by high molecular weight NOMs

compounds will favor the removal of ENPs from the sediments and is likely to

decrease their bioavailability. However, solubilization by natural surfactants such as

lower-molecular-weight NOM compounds will increase their mobility and further the

bioavailability of ENPs. Furthermore, it is now clear that ENPs can serve as a transfer

vectors for the pollutants in the environment. TheENPs can either enhance or diminish

their bioavailability to the cells depending on the properties of the pollutant.

The detection of ENPs internalization in any model organism is a crucial step for

understanding their behavior and toxicity. The commonly usedmethods for assessment

of uptake of ENPs in the cells are transmission electron microscopy (TEM), scanning

electron microscopy along with backscattered electron and energy-dispersive X-ray

spectroscopy (SEM + BSE + EDS), confocal and fluorescence microscopy, reflec-

tion-based imaging and flow cytometry [10, 28, 71]. These techniques have several

advantages for tracking the ENPs in the cells as well as in cellular organelles. The high

resolution of TEM enables the imaging of membrane invagination, mode of ENPs

uptake, and ultrastructural changes occuring in the cells subsequent to ENPs treatment.
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SEM on the other hand is used to study the morphological changes and ENPs interac-

tion with the cell. Whereas, EDS coupled with SEM provides an additional feature

to analyze the elemental composition of the specimen based on the released energy by

the corresponding element. Although these imaging techniques provide several

advantages there are certain drawbacks, for example in TEM and SEM the samples

have to be fixed, therefore live cell uptake cannot be monitored. It is also resource

intensive, time consuming and confined to imaging of few cells. Furthermore, the

staining process introduces electron dense artefacts that may be mistaken for

nanoparticles [56]. Confocal and fluorescence microscopy, on the other hand, require

that the particles be tagged with a probe or be doped with a fluorescence dye for their

detection. Since the native nature of ENPs is lost, there is a likelihood that it may lead to

their non-bioavailability leading to false/incorrect interpretation of observations.

Flow cytometry is another technique used to assess the uptake of ENPs in the

cells. It is rapid, high throughput, cost effective, reliable, easy and sensitive

technique that can analyse thousands of events rapidly in three dimensions, leading

to the reduction of false negative or type II errors. In addition, flow cytometry

provides a rapid, multi-parametric, single cell analysis with robust statistics, due to

large number of events measured per treatment. In this method, a laser beam strikes

on the stream of fluid containing a single cell suspension. The light diffracted,

reflected and refracted by the cells is recorded by the photomultiplier tubes and the

electronics convert these optical pulses to digital values. These values are then

supplied to the computer with data representing the size and granularity of the cells

as well as the intensity of the fluorochrome. It is well established that the light

diffracted by the cells represent the forward light scatter and is used to measure the

cellular size. However, the reflected and refracted light corresponds to the side

scatter, which is a combined effect of the granularity and the cellular mass of the

cell. ENPs in the host cell serve as granules and reflect/refract the light based on

their intrinsic property. As the ENPs enter into the cell, the intensity of side scatter

increases proportionately. However, a fluorescent particle can give an increased

signal of side scatter as well as the fluorochrome intensity in a dose-dependent

manner. Microbes have a very short dividing time, thus the internalization of the

NPs in the cells and their retention for several generations can easily be monitored

in a short time using flow cytometry. Several studies have demonstrated the

internalization of the ENPs in cell lines using flow cytometry [10, 56, 72, 73].

Despite having several techniques to track the ENPs uptake in the bacterial cells,

the precise mechanism of uptake is still unknown. The silCBA gene transportation

operon is the most commonly accepted system for the transportation of silver NPs.

The silCBA encodes a three-polypeptide efflux system including an inner membrane

H+/cation antiporter. The protein SilA directly binds with the Ag+ and transfers to the

outer membrane protein SilC. The third protein SilB serves as an anchor, and transfers

the silver to the inner membrane. Other gene clusters such as silP, ORF105, silAB,
ORF96, silC, silSR, silE are the less-defined genes which also play an important role in

ENPs transportation [74]. Nonspecific diffusion, nonspecific membrane damage and

specific uptake (through porins) are the other possible mechanisms through which the

ENPs could pass through the bacterial cell wall and membranes.
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17.4 Microbe-Based Reporters

In this section of the chapter, the use of microbes as a bio-reporter to assess the toxic

effects of ENPs and the possible mechanism is discussed.

17.4.1 Cytotoxicity

Cytotoxicity assessment is the first step towards understanding the alterations in

normal cellular functions, when they interact with the ENPs. A wide range of

methods are available to assess the cytotoxicity. Standard plate count, spread

plate, spectroscopic (OD600), flow cytometry using propidium iodide (PI) dye,

and resazurin dye-based assay are some of the most commonly used methods. In

the standard plate count method, the particle/treatment is mixed with the agar

medium and bacterial cells are incubated on the plate. However, in the spread

plate method, bacterial cells are treated with the ENPs in the broth for different time

periods and spread on the agar plate. After the incubation period, these methods

give information about the viable cells (culturable colonies). However, in flow

cytometry, the damaged cells can be identified using PI dye. PI is a membrane-

impermeable dye and enters into the cell and binds with the DNA, when the cellular

wall is compromised due to the treatment. These methods allow us to calculate the

minimum inhibitory concentration (MIC) of the antimicrobial agents and decide the

dose for further studies such as genotoxicity, oxidative stress parameters, etc.

17.4.2 Genotoxicity

Genotoxic damage is the most extensively studied endpoint, because it has direct

and long-lasting effects on the organism and the ecosystem. Additionally, assess-

ment of DNA damage has been considered as an essential test for safe drug delivery

to humans and animals. Hence, several rapid test systems have been developed to

assess the mutagenic and carcinogenic potential of chemicals.

Ames test is one of the gold standard tests used for the evaluation of the

mutagenic potential of the nanoparticles. The test system is based on the premise

that a substance mutagenic to the bacterium is likely to be a carcinogen in labora-

tory animals, and hence, presents a risk to human and ecosystem health. Different

histidine auxotrophic strains of Salmonella typhimurium (TA98, TA100, TA1535

and TA1537) and a tryptophan auxotrophic strain of E. coli are recommended by

OECD Guideline [75] for testing of compounds to detect different mutation

mechanisms. The test is carried out with and without the presence of the liver S9

fraction. Liver S9 fraction provides supplementary metabolic enzymes such as

cytochrome P450s for the metabolic oxidation system. S. typhimurium strains
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TA98 and TA1537 detects the frameshift mutation whereas TA100 and TA 1535

detects the base-pair substitution mutation. In TA 98, hisG gene: hisD3052 has

one frameshift deletion, which is reverted to wild-type by various frame shift

mutagens, whereas hisG46 marker in TA 100 results from the substitution of

a leucine (GAG/CTC) by a proline (GGG/CCC). E. coli WP2uvrA used to detect

oxidizing mutagens, such as free radical generators. This strain carries a tryptophan

dependence due to a substitution in allele trpE65 by mechanisms of misreplication

or misrepair at the AT sequence; mutagens which induce base-pair substitution

can revert these mutations.

Several other genotoxicity assays based on the bacterial SOS repair system have

also been used for fast screening of the mutagenic and carcinogenic potential.

Among them, the Salmonella umu test is a quantitative reference test that is widely

used for genotoxicity assay. This screening system is based on the induction of the

umuC–lacZ genes by DNA damage to detect genotoxicity, thus the strain can sense

the compounds that are capable of inducing SOS responses [76]. Later on, Justus

and Thomas had improved the detection limit of the screening system by fusing the

DNA-damage-inducible umuC gene to the luxAB gene (isolated from Vibrio
harveyi) [77]. Furthermore, the structure activity relationship model also confirms

the extensive predictive power and the overlapping response mechanisms of organic

compounds between the SOS chromotest and the Ames fluctuation test [78]. Ptitsyn

et al. constructed a plasmid by fusing the lux genes (from Vibrio fischeri) downstream
to the E. coli recA promoter [79]. To validate his model, they investigated the

genotoxic potential of several compounds with different methods and concluded

that the sensitivity of SOS lux model was comparable with the other reported assays

(Ames test, umu test, SOS chromotest). Furthermore, Vollmer et al. explored the

differential sensitivity of three DNA-damage-inducible promoters (i.e. recA, uvrA
and alkA) using lux gene as a reporter gene in E. coli [80]. They concluded recA, as
the most sensitive promoter among three. Norman et al. described an E. coli-based
bio-reporter that consists of a plasmid having a green fluorescent protein fused with

a cda promoter [81]. The recombinant strain efficiency against genotoxic compound

can be analyzed by flow cytometry. It has also demonstrated the higher sensitivity

of cda promoter for a genotoxicity study than the traditional recA, umuDC and
sulA promoters.

Apart from these promoter-based genotoxicity assessment methods, Comet

assay and alkaline unwinding assay are the commonly used methods to evaluate

the genotoxicity of ENPs. Comet assay is a versatile tool which can be used to

assess the genotoxicity in various organisms ranging from bacteria to human [82].

In the Comet assay, single cell suspensions are embedded in agarose and layered on

the slide. The embedded cells are then lysed using high salt concentration, subse-

quently electrophoresed and stained with fluorescent DNA binding dyes to quanti-

tate the DNA damage. However, alkaline unwinding assay is used to measure the

DNA integrity based on the principle that the number of breaks in the

phosphodiester backbone is directly proportional to the rate of transition of dou-

ble-stranded DNA to single-stranded DNA under a pre-defined alkaline denaturing

condition.
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17.4.3 Oxidative Stress

Reactive oxygen species (ROS) generation has been previously proposed as a possible

reason involved in the genotoxicity and cytotoxicity of ENPs. ENPs in aqueous

suspension produce free radicals and their interaction with proteins results in the

structural modification of cysteine, methionine, histidine, tryptophan, and other

amino acids. ROS also attack DNA and produces chain break, modification of

carbohydrate parts and nitro bases by oxidation, nitration, methylation or deamination

reactions. Superoxide radical (O2�), hydrogen peroxide (H2O2) and nitric oxide (NO)

are the main reactive species produced during the cellular metabolic pathway.

A healthy cell regulates its balance between formation and breakdown. Whenever

the cellular balance towards ROS gets altered, cells are under oxidative stress which

could lead to the cellular damage at different target levels ranging fromDNA damage

to protein oxidation. Like all other cells, bacteria also have a strong defence system to

encounter the oxidative stress. In E. coli, oxidative-stress-sensitive locus oxyR and

soxRS acts as an inducer for a group of genes in protection against peroxide (H2O2)

and superoxide stress (O2
�), respectively. The oxyR regulon controls the expression of

genes that are directly involved in antioxidant defensive activities such as

hydroperoxidase I (katG), an alkyl hydroxy peroxidase (ahpCF), a small regulatory

RNA (oxyS), glutathione reductase (gorA) and glutaredoxin I (grxA), while the soxRS-
regulated genes include manganese binding superoxide dismutases (Mn-SOD), endo-
nuclease IV (nfo), glucose-6-phosphate-dehydrogenase (zwf) and the outer membrane

porin regulator MicF [83]. Manukhov et al. used a sensitive and specific E. coli
(pKatG-lux) sensor for hydroperoxide compounds to assess the induction of oxidative

stress by vegetable extracts [84]. Loui et al. generated deletionmutants of arcA (global

regulator) and arcB (cognate sensor kinase of arcA) in E. coli and demonstrated that

the arcAB global regulatory system plays an important role in the cell survival under

hydrogen peroxide stress [85]. The arcAmutant E. coli was more susceptible toward

H2O2 compared to the wild-type E. coli. Some oxidative stress-specific E. coli cell
array chips consisting of 12 superoxide-sensitive strains with a diverse stress gene

promoter fusedwith a lux reporter gene are also available to screen the oxidative stress
inducers [86].

In addition to these molecular approaches, a battery of biochemical assays, such

as measurement of ROS, lipid peroxidation (LPO), glutathione oxidase and reduc-

tase, catalase, and superoxide dismutase have been extensively used to demonstrate

the oxidative stress induced by the ENPs. These oxidative stress parameters have

been previously proposed as a possible reason involved in the genotoxicity and

cytotoxicity of ENPs.

ROS in the cells can be measured by using dichlorofluorescein diacetate (DCFH-

DA) dye. The deacetylation of the DCFH-DA in the cell by esters produces a non-

fluorescent unstable DCFH, which becomes fluorescent DCF in the presence of

oxygen free radicals. Whereas, LPO is a chain reaction process which propagates by

an intermediate peroxy-radical and continues until the availability of unsaturated lipid

molecules in the cell. Several types of damage including oxidation of sulfhydryl

groups, reduction of disulfides, protein–protein cross-linking, peptide fragmentation
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and modification of prosthetic group are documented due to LPO. It also generates

reactive electrophiles, which degrade the poly-unsaturated fatty acid (PUFA) and

resulted in the formation of malondialdehyde (MDA). MDA forms a stable pink

colored adduct with thiobarbituric acid (TBA), and its quantification at 532 nm

corresponds to the extent of LPO in the cell.

Glutathione (GSH) is a ubiquitous tripeptide which serves several vital functions

including detoxifying electrophiles, scavenging free radicals and providing a reser-

voir for cysteine. The level of GSH in the cell can be quantified by measuring

absorbance at 412 nm when dithionitrobenzoate (DTNB) binds with the reduced

glutathione and forms a yellow colored product 5-thio-2-nitrobenzoic acid (TNB).

17.4.4 Genomics and Proteomics

Omic and bioinformatic tools provide a useful platform to study a new gene or protein

as well as their differential expression for better understanding of toxicity mechanisms

of ENPs. Microarray and real-time PCR are the commonly used genomic techniques

that help to elucidate the pathway-specific responses induced by the ENPs and also

serve as a basis to conduct further proteomic experimentation. The genomic data

provide the preliminary idea about the ENPs response because, prior to becoming

a functional protein, the mRNA have to be processed for the post-transcriptional

modification, translational modification and post-translational modification. Hence,

the degradation of mRNA or the formation of a non-functional protein may be the end

product.

On the other hand, proteomics deals with the translational product of the exonic

region of the gene which is a functional protein. 2D gel electrophoresis and protein

array are the commonly used techniques that give the information about the whole

protein expression profile of an organism. This provides more relevant data about

the differential protein expression of the organism when exposed to ENPs.

17.5 Approaches and Knowledge Gaps in Toxicity of ENPs

The frequent release and interaction of ENPs with different component of the

ecosystem necessitates the development of certain strategies to test the possible

hazards of ENPs. We have critically discussed the fate, behavior and toxicity of

different classes of ENPs in the ecosystem. It can be inferred from the above

discussion that interactions of ENPs with microbes are dependent on their size,

shape, chemical composition, surface charge, surface structure, area, solubility and

aggregation state. Thus, it is essential to study these physiochemical properties of

ENPs while assessing their biological hazards.

Among these physiochemical characteristics, surface properties of the ENPs are

the most important factor that governs the stability and mobility of ENPs in the

aqueous suspension. The agglomeration tendency of the ENPs is determined by the
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ENPs’ surface properties, which are mainly dependent on temperature, ionic strength,

pH, particle concentration, size and the solvent property. But the study of these basic

properties is very difficult because the relevant concentrations of ENPs in the ecosys-

tem are in the nano- to picogram range which is lower than the detection limit of most

of the test systems. On the other hand, the dosimetry of the ENPs is also a crucial step

in designing the laboratory experiments, since the ENPs at higher concentrations have

the tendency to agglomerate/aggregate which leads to their altered physicochemical

properties and biological responses. Thus, the experimental design should also con-

sider the concentration-induced aggregation effects of the ENPs concentration.

It may be speculated that at lower concentration range ENPs will tend to show

less aggregation that leads to higher uptake and response than that expected from

high concentrations. However, different surface modifications (particle coating,

dispersant/surfactant, sonication) allow the particles to stabilize and avoid

agglomerations; it also raises the concerns about what influences the effect of

ENPs in biological systems. The durability of surface coatings in cellular/biological

environments, the effects of cellular metabolites on the ENPs are the other key

issues that need to be addressed in order to unravel the toxicological consequences

of ENPs. Other possible effects of ENPs uptake could be the interaction with other

(toxic) substances and their mobilization and bioavailability.

The environmental fate, behavior and bioavailability of ENPs are unknown;

therefore, their persistence and the possible interaction/impact and biomagnification

in food webs at different trophic levels are of immediate concern. Hence, to study the

ENPs’ effect in ecosystems, the study design should address the ENPs’ interaction/

impact directly with different trophic level organisms as well as the perturbations

induced by the ENPs biomagnification (Fig. 17.5). ENPs’ effect on other toxicant/

pollutant also needs to be examined, because the transportation of the contaminant

could be facilitated through their adsorption to ENPs which may have a negative

impact on useful bacteria for natural remediation. The presence of impurities in the

Engineered 
nanoparticles

Ecotoxicity Uptake

Biochemical 
Studies

Toxicity

Proteomics

Genomics

Bacteria

Daphnia

Paramecium

Fish

Human

M
O
D
E
L
S

A
P
P
R
O
A
C
H
E
S

Fig. 17.5 Ecotoxicity of engineered nanoparticles: possible approaches and models

518 A. Kumar et al.



ENPs also influence the toxicity, thus the purity of the ENPs should also be considered

in the study design. Elemental analysis using different analytical techniques could be

helpful in analyzing the purity of ENPs.

Some of the metal oxide nanoparticles are known to release ions into the aqueous

suspension which could alter the toxicity outcomes. Hence, the quantitation of

soluble metal ions in the exposure medium is also a prerequisite in nanotoxicology

studies. Lack of reference materials, appropriate methods to monitor ENPs behavior,

dose problem and exposure methods, ENPs behavior in environmental matrices,

regulatory toxicology test methods are certain other hurdles that need to be addressed

by ecotoxicologists. Therefore, prior to use the ENPs-based consumer products in

daily life activities, it is important for nanotoxicology research to understand their

fate in the environment, so that their undesirable effects can be avoided.

17.6 Conclusion

The use of ENPs is continuously increasing in numerous applications which also

increase their likelihood to interact with the various components of the ecosystem.

Currently, the rate of ENPs incorporation in commercial products is much faster

than the development of regulation and knowledge to mitigate their potential

adverse effects. This can be attributed to the lack of guidelines, suitable models

and the problems in experimental protocols and study design.

A systematic study design including characterization, nanoparticle uptake and

toxicity studies using cytotoxicity assays, genotoxicity assays, oxidative stress

parameters, and genomics and proteomics approaches can give the relevant infor-

mation about the toxicity of ENPs in bacteria which could help to extrapolate the

understanding of ENPs toxicity response in higher organisms.
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Chapter 18

Nano-Silver Toxicity: Emerging Concerns

and Consequences in Human Health

Indarchand Gupta, Nelson Duran, and Mahendra Rai

18.1 Introduction

Nanotechnology is one of the key technologies of the twenty-first century and hence

there has been vast progress and increased funding in overall technological research

on nanomaterials. Nanotechnology deals with structures of the size 100 nm and

less, and involves developing materials or devices within that size (Roco 1999).

Nanotechnology is being used to create many new materials and devices with

a wide range of applications: transparent sunscreens and cosmetics, odor and

wrinkle-repellent clothing, long-lasting paints, electronic and sports equipment,

fuel catalysts, building equipment, a small number of medicines, and even food

products are some examples of nanotechnology that have reached the public (Rai

et al. 2009). According to a recent report, there are over 800 consumer products

already available containing nanomaterials, costing US$147 billion in 2007,

projected is a rise to $3.1 trillion by 2015 (Lux report 2008). Out of these materials,

it is expected that the demand for nanotechnology in medical products will grow by

more than 17% annually to reach an estimated US$53 billion market in 2011, with

the largest share in pharmaceutical applications expected to reach , US$110 billion

in 2016 (Gangloff 2007). Therefore, the nanotechnology market annually requires a

large amount of raw nanomaterials, ranging from nano-sized metals and metal

oxide nanoparticles to carbon nanotubes and composites (Thayer 2007; Park

2007) to manufacture diverse range of nano-based products.
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Santo André, SP, Brazil

N. Cioffi and M. Rai (eds.), Nano-Antimicrobials,
DOI 10.1007/978-3-642-24428-5_18, # Springer-Verlag Berlin Heidelberg 2012

525

mailto:mkrai123@rediffmail.com
mailto:pmkrai@hotmail.com


Out of vast range of nano-based products available today, metal nanoparticles

are of utmost interest since they are most often used in manufacturing and medi-

cine. Within several metal nanoparticles, silver nanoparticles have a wide array of

applications including food packaging, odor-resistant textiles, antimicrobial agents,

household appliances and medical devices, etc. (Woodrow Wilson International

Center for Scholars 2007).

Such manufacturing and consumer utilization produces multiple sources for the

release of these materials into the environment (Borm et al. 2006b), food supplies

and other routes of non-voluntary entry into the human body (Theodore and Kunz

2005). Hence, human exposure to these nanomaterials through many different

routes is being reported and is set to increase dramatically in the coming years.

This growth in exposure to nanomaterials invites debate on the future implications

of nanotechnology.

Nanotoxicology is emerging as an important sub-discipline of nanotechnology.

It refers to the study of the interactions of nanostructures with biological systems

putting emphasis on elucidating the relationship between the physical and chemical

properties of nanostructures with induction of toxic biological responses. The

toxicity of nanomaterials is often linked to their smaller size because smaller

particles have a greater reactive surface area than larger particles, are more chemi-

cally reactive and produce large numbers of reactive oxygen species that include

free radicals (Nel et al. 2006). Additionally, as highlighted by Barandiaran (2007),

there are issues of site-specific accumulation and translocation between organs and

tissues. The small–sized nanomaterials are easily taken up by the human body as

compared to larger particles, crossing biological membranes and accessing cells,

tissues and organs (Holsapple et al. 2005).

18.2 Nanotoxicity: Risk to Researchers and Workers

Persons producing or working with or consuming nanomaterials are potentially at

the highest risk. Researchers and workers in the nanotechnology industries are

considered at primary risk of exposure through inhalation, dermal contact, or

ingestion (Thomas et al. 2006).

As a part of a government-wide coordination effort, the Occupational Safety and

Health Administration (OSHA), Department of Labor, USA, is working with other

agencies to deal with issues related to the impact of nanomaterials on human health

and the environment. OSHA confirms that the number of workers involved in the

research, manufacturing, production, and disposal of nano-products is growing.

Similarly, the U.S. Environment Protection Agency (EPA) has proposed the condi-

tional registration of an antimicrobial pesticide product, HeiQ AGS-20, containing

nano-silver as a new active ingredient for a period of 4 years. This product has been

proposed for use as a preservative for textiles. As a condition of registration, EPA is

requiring additional product chemistry, toxicology, exposure, and environmental

data. The agency will evaluate the data during this period in order to confirm that it
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will not cause any harmful effect to humans and the environment and thus will be

safe for use (Pesticide News Story 2010).

Unfortunately, the occupational health risks coupled with nanoparticles are not

yet understood. Indeed, little information exists on exposure routes, potential

exposure levels and how these factors relate to toxicity. Therefore, toxicological

research requires top priority to anticipate the health requirement of workers

associated with the synthesis or handling of nanomaterials.

A large number of nano-based products are available to the consumer. For each

of these uses, there is concern over the lack of data about use and consequences to

the consumer. Additionally, consumer use will contaminate the environment. Benn

and Westerhoff (2008) reported that ordinary laundering of socks impregnated with

Ag nanoparticles causes their release into the water as downstream contaminants.

Therefore, there is an urgent need to understand the toxicity of silver nanoparticles

to consumers.

Dermal exposure to nanoscale materials occurs because the nanoparticle formu-

lation enhances penetration of active ingredients of cosmetics into the skin thereby

improving their effectiveness (Thomas et al. 2006) (Fig. 18.1). Nanomaterials are

embedded into the matrix of sporting equipment to permit long-term release.

Moreover, nanotechnology is used to generate textile products with valuable

properties including wrinkle-free and stain-resistant clothing (Wakelyn 1994;

Thomas et al. 2006).

Fig. 18.1 Penetration pathways of topically applied substances through the skin. The

nanoparticles can enter the skin by intercellular penetration through the stratum corneum by

transcellular penetration or follicular penetration (Taken with permission from Borm et al. 2006b)
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18.3 Routes of Exposure

18.3.1 Through Inhalation

Many studies have revealed that there is a direct association between morbidity and

mortality in the general population and daily concentrations of suspended particu-

late matter (PM), especially of the ultrafine fraction defined as being smaller than

100 nm (i.e. with nanoparticle dimensions) (Dockery and Pope III 1994; Peters

et al. 1997). Geiser and Kreyling (2010) reported an association between the

presence of nanoparticles in inhaled air at the workplace and acute morbidity and

even mortality in elderly persons.

High concentrations of ultrafine particles (20–80 nm) in the ambient air are

related to several adverse health effects in humans. Some of these health

consequences may occur via inhalation of ultrafine particles (UFPs) followed by

their translocation to other organs (Fig. 18.2). Wichmann and Peters (2000) have

shown considerably stronger pulmonary inflammatory effects when tested at equal

mass dose with their fine (40–300 nm) counterparts. These effects are (1) local

Fig. 18.2 Hypothetical scheme of potential interactions that may occur via inhalation of UFPs and

translocation to other organs. ICAM-1 intracellular adhesion molecule-1; PMNs polymorphonu-

clear leukocytes; RNS reactive nitrogen species; VCAM-1 vascular adhesion molecule-1. The

scheme also shows suspected interactions (indicated by a question mark) leading to sequences

of events that may cause cardiovascular and pulmonary morbidity and mortality (Taken with

permission from Gwinn and Vallyathan 2006)
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effects on the lung and (2) systemic effects that impact the cardiovascular system

(Donaldson et al. 2001). There are some reports signifying that exposure to ultrafine

particulate air pollution (<100 nm) is associated with increased prevalence of

cardiovascular diseases (Wichmann and Peters 2000; Ibald-Mulli et al. 2002; Peters

and Pope 2002; Lanki et al. 2006). The nanoparticles enter the circulation and

extrapulmonary tissues (Nemmar et al. 2001, 2002; Oberdorster et al. 2002) with

possibly up to 15% of the inhaled dose reaching the capillaries (Geiser et al. 2005).

Human exposure to manufactured particulate matter in the nano-size range also

presents a risk to consumers as well as to occupational workers. These studies raise

questions about the possible adverse health implications for large-scale, uncon-

trolled commercial production and distribution of nanoparticles (Colvin 2003;

Borm and Kreyling 2004; Nel et al. 2006; Borm et al. 2006a; Unfried et al. 2007).

18.3.2 Through Gastrointestinal Tract

Nanomaterials can be ingested directly through food and water or if used in

cosmetics or as drugs or drug delivery devices. Nanomaterial-containing products

are available in the market and most of them are used orally. Nanoparticles cleared

from the respiratory tract via a mucociliary escalator can subsequently be ingested

into the gastrointestinal tract (Chen et al. 2006).
Very few researchers have studied the uptake and disposition of nanomaterials

by the gastrointestinal tract. These nanoparticles are taken up into the blood

circulation after ingestion (Jani et al. 1994; Yamago et al. 1995). Possibly, both

particle surface chemistry and particle size affects the gastrointestinal tract uptake

of nanoparticles. Thus, it poses an easier route of entry of nanoparticles into the

blood and thereby to other body systems.

18.3.3 Through Skin

It is a well-known fact that the human skin is imperfect; it is not an impenetrable

barrier. Many drugs applied onto the skin gets permeated through the skin.

A potentially important uptake route of nanoparticles is through dermal exposure.

So there arises a question: do similar responses occur with nanoparticles of titanium

dioxide and zinc oxide applied on the surface of the skin in the form of sunscreens

(Tyner et al. 2009; Barnard 2010)? It is observed that micronized titanium dioxide

preparations used in sunscreens are aggregated on the surface of the stratum

corneum (Pflucker et al. 2001). Similar results were obtained in a penetration

study of micronized zinc oxide of mean particle size of 40 nm: it does not penetrate

through the stratum corneum (Borm et al. 2006b).

Ruptured skin can be an easy portal of entry even for larger (0.5–7 mm) particles.

For instance, soil particles get accumulated in the inguinal lymph nodes of people
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who often run or walk barefoot, thereby causing elephantiatic lymphedema

(Corachan et al. 1988; Blundell et al. 1989). Tinkle et al. (2003) hypothesized

that unbroken skin when flexed – as in wrist movements – would make the

epidermis permeable for nano-sized particles suggesting that acne, eczema, shaving

wounds or severe sunburn may enable skin uptake of nanomaterials more readily.

Quantum dots were found to actually penetrate through this layer finally

localizing within the epidermal and dermal layers (Ryman-Rasmussen et al.

2006). Similarly, in another example, the fullerene-based peptides were also

observed to penetrate the skin (Rouse et al. 2007). With AgNPs, macroscopic

observations showed no gross irritation in porcine skin, whereas microscopic and

ultra-structural observations showed areas of focal inflammation on the surface and

in the upper stratum corneum layers. AgNPs silver nanoparticles activated the mass

cells causing the symptom of agyria that develops with Ag ion use (Kakurai et al.

2003). However, there are many facets of NP interaction that require further

experimentation to resolve mechanisms of toxicity.

18.4 Development of Methodology to Better Dissect

Cytotoxicity

In vitro toxicological evaluation methods are important tools for toxicological

study. According to the inter-agency National Toxicology Program, it is

recommended that a new entity should be classified as per its plausible risks.

Thus, each entity should be tested by a set of tests designed to characterize

a given risk and to analyze the mechanisms for related outcomes. From such

studies, it should be possible to strengthen the scientific base for risk evaluation,

and to provide material to aid the understanding of all stakeholders. It is, therefore,

important to develop methods to analyze the effects of shape, size and surface on

the activity of the NPs both in vitro and in vivo (Clancy et al. 2010). An assessment

regime considering traditional pharmacology and toxicology approaches will play

an important role in shaping public health policy.

18.5 Rationale Behind In Vitro Study

Cell-based assays are presently considered essential to toxicity testing (Nel et al.

2006; Lewinski et al. 2008). These assays of nanomaterials commonly interface the

selected nanoparticle with an appropriate cell phenotype (Jones and Grainger 2009).

Primary cell lines are more representative of tissue and hence are ideal for

in vitro toxicity studies. However, secondary cell lines are easy to maintain and

are preferred in most toxicological studies for better reproducibility of data.
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The in vitro studies are fast, cheap and allow greater control over the

experiments. They mimic realistic conditions, thereby reducing the number of

laboratory animals required for the testing (Marquis et al. 2009). They are also

helpful in predicting the starting doses for in vivo acute toxicity testing. Moreover,

these assays are compatible with available tools for mechanistic evaluation of

toxicity.

A variety of assays are reported based on viability, proliferation and activation of

cells. To assess cell viability (cytotoxicity), several different assays are being

utilized. Activity staining with MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide), and assessment of membrane integrity by the neutral red assay

or monitoring the release of lactate dehydrogenase (LDH) are commonly used

(Fotakis and Timbrell 2006). The use of these assays has been discussed in the

next section specifically for silver nanoparticles (AgNPs).

18.6 Silver Nanoparticles and Cytotoxicity

Silver, a naturally occurring precious metal, is the 47th element in the periodic table

with an atomic weight of 107.8. Silver has two natural isotopes, 106.90 Ag and

108.90 Ag. It has been used in a large range of applications including fashioning

into ornaments and utensils, traded jewelry, and as the basis for many monetary

systems. Today’s uses include preparing electrical contacts and conductors, in

mirrors and in catalysis of chemical reactions.

Ancient civilizations were aware of silver’s bactericidal properties (Hill and

Pillsbury 1939) and such uses continue today (Margaret et al. 2006; Sarkar et al.

2007). Silver ions are effective against many pathogens such as bacteria (Morones

et al. 2005; Zhang and Sun 2007), viruses, fungi, and yeast with no toxicity to

humans. However, the downside is the neutralization of ions in biological fluids and

argyria and delayed wound healing upon long-term use. Due to its broad spectrum

activity, effectiveness and lower costs, the search for newer and superior silver-

based antimicrobial agents is necessary. Among the various particles available,

AgNPs have been the focus of increasing interest and are being considered as

a precursor and as an excellent candidate for therapeutic purposes.

18.6.1 Cellular Uptake

The NPs appear to gain intracellular locations to achieve their reprogramming of

eukaryotic cell metabolism. Asharani et al. (2009a, b), demonstrated uptake of AgNPs

to occur by clathrin-mediated endocytosis and macropinocytosis (Fig. 18.3). They

have suggested that cancer cells may be more susceptible than normal cells. They

compared responses of the normal human lung fibroblast line (IMR-90), chosen

because it is a common route of exposure to NPs, with the human glioblastoma cell

18 Nano-Silver Toxicity: Emerging Concerns and Consequences in Human Health 531



line (U251), reasoning that after entry into the body, AgNPs are known to localize in

the brain. Thework ofAsharani et al. (2009a, b) thus opened up new avenues about the

anti-cancerous effect of silver nanoparticles. But further detailed study is needed to

confirm the hypothesis that silver nanoparticles have specific activity against the

cancerous cells as compared to normal cells. If this is so, then the mechanism lying

behind such a differential activity of nanoparticles should be explored. These studies

can be useful in future to prepare or formulate the anti-cancerous drug by using silver

nanoparticles.

18.6.2 High Doses of AgNPs Induce Cell Death

In 2005, Hussain and his colleagues (2005) evaluated acute toxic effects of silver

nanoparticles in vitro with the rat liver-derived cell line BRL 3A. They

demonstrated that AgNPs (15 and 30 nm sizes) caused a concentration-dependent
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Fig. 18.3 The schematic representation of mechanism of AgNPs toxicity based on experimental

data. Silver nanoparticles can enter into the cell through endocytosis, diffusion or membrane

proteins. The higher concentration of Ag+ ions inhibits Ca2+ release from the cytoplasm. Repeated

calcium influx and efflux in mitochondria could result in mitochondrial membrane damage,

resulting in ROS production and inhibition of ATP synthesis. The generated ROS damages

DNA, affecting its replication, chromosomal morphology and segregation, thereby leading to

inhibition of cell division (Taken with permission from Asharani et al. 2009b)
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increase in cytotoxicity with significant action from doses of 5–50 mg/mL.

Braydich-Stolle et al. (2005) assessed the suitability of a mouse spermatogonial

stem cell line, C18-4, as a model to assess nanotoxicity in male germ line in vitro.
Their evaluations suggested the drastic reduction in mitochondrial function and cell

viability. In agreement with these studies are findings by Carlson et al. (2008),

examining the size-dependent interactions of hydrocarbon-coated silver nanoparticles

(15, 30 and 55 nm size) with macrophages. Both AgNPs with diameters 15 and 30 nm

appeared to be toxic in theMTT at low concentrations (5 and ~10 ug/mL) whereas the

55-nm NPs were less active.

Other examples of AgNPs cytotoxicity have been published including: Soto

et al. (2006) with a murine lung macrophage cell line and the alveolar macrophage

(THB-1) cell line; Greulich et al. (2009) and human mesenchymal stem cells at the

concentration from 3.5 to 50 mg/mL; and Miura and Shinohara (2009) with HeLa

cells found toxic only at higher levels, i.e. 80 mg Ag/mL. These findings suggest

both size- and concentration-dependent toxic effects of silver nanoparticles. From

this discussion, it is imperative that smaller-sized nanoparticles show the greater

toxic effect, and similar results can be obtained at higher concentrations.

18.6.3 Apoptosis: A Crucial Mechanism Behind Cell Death

Apoptosis is a physiological/pathophysiological form of cell death. During this

process, certain biochemical and morphological changes occur, including cell

volume decrease, caspase activation, chromatin condensation, DNA laddering,

and cell fragmentation (Shimizu et al. 2004).

Several mechanisms have been reported to date including the detail of the

mechanism involved in the induction of apoptosis. It can be initiated by various

exogenous and endogenous stimuli such as ultraviolet radiation, oxidative stress,

and genotoxic chemicals (Rastogi et al. 2009). Thus, apoptosis can be induced by

various pathways.

Apoptosis can occur via activation of the tumor suppressor protein p53, which is

activated in response to DNA damage, UV radiation and a range of chemothera-

peutic drugs. It is then followed by induction of apoptosis-regulating pathways

involving the mitochondria (Vogelstein et al. 2000; Kakkar and Singh 2007)

(Fig. 18.4). It is a key tumor suppressor protein prone to DNA damage-induced

apoptosis (Clarke et al. 1993). It is functionally conserved in multicellular animals

including human cells (Schumacher et al. 2001). There are genes which get up-

regulated and down-regulated in the process of apoptosis and their number is still

increasing (Singh and Khar 2005).

The apoptosis can also be induced by reactive oxygen species (ROS), which are

known to function via the mitochondria (Bosca et al. 2005; Fong et al. 2007). ROS

generation precedes mitochondrial permeability transition, cytochrome c release,

and caspase activation (Garcia-Ruiz et al. 2000), thereby leading to apoptosis

(Fig. 18.5).
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The caspase pathway is another mechanism for the initiation of apoptosis. It is an

aspartic acid-directed cysteine protease mechanism which initiates and carries out

apoptosis. Malfunctioning of this pathway may lead to tumor development, and

neurodegenerative as well as several types of autoimmune disorder (Danial and

Korsmeyer 2004; Ghavami et al. 2009; Green et al. 2009).

18.6.3.1 AgNPs Cause Apoptosis

Several findings have demonstrated a connection between cell death induced by

AgNPs and changed expression of apoptosis-related genes and activation of

functions associated with apoptosis (Lee et al. 2011; Cha et al. 2008). Ahamed

and co-workers (Ahamed et al. 2008) demonstrated that the apoptosis-connected

transcription factor p53 was up-regulated after treatment with both uncoated 25-nm

AgNPs and AgNPs coated with a polysaccharide in mouse embryonic stem (mES)

cells and mouse embryonic fibroblasts (MEF). The uncoated particles agglomerated,

while the coated particles dispersed (Murdock et al. 2007), which was supported by

their findings (Ahamed et al. 2008). Agglomeration of uncoated AgNPs correlated

with exclusion from the nucleus and mitochondria while the coated AgNPs were

distributed throughout the cell. There was also increased expression from the gene

encoding Rad51, a protein involved in DNA double-strand breakage repair and

Fig. 18.4 A schematic representation depicting the impact of NO and ROS on the intrinsic and

extrinsic pathways that regulate apoptosis. The intrinsic pathway is activated by cellular stress and

signals through survival kinases to the mitochondria which then involve caspase 9 through

cytochrome c release. The extrinsic pathway is driven by signaling from death receptors such as

the tumor necrosis factor-a (TNF-a) receptor, Fas through death-inducing signaling complex

(DISC) (Taken with permission from Roberts et al. 2009)
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accumulation. It is well known that double-strand breakage in DNA induces the

phosphorylation of histone H2AX at serine 139, which is a specialized histone

involved in double strain break repair (Chicheportiche et al. 2007; Ismail and

Hendzel 2008). The phosphorylation of this histone was observed to a greater extent

with the above-mentioned polysaccharide surface-functionalized (coated) AgNPs.

Additionally, severe DNA damage could also induce apoptosis in cell, where

Annexin V protein, a factor involved in apoptosis, is involved (Wang and Kirsch

2006). Thus, apoptotic response can be measured by finding the Annexin V protein

expression level by western blot analysis. Ahamed et al. (2008) found the higher

expression of Annexin V in coated AgNP-treated MEF cells as compared to the

uncoated.

AgNPs are shown to induce caspase-3 activity, one of the key molecules in

apoptosis because its activation is often considered as the point of no return for the

cell (Cohen 1997). Increase in the caspase-3 activity upon AgNPs-treatment in

cancer cell lines has also been reported (Arora et al. 2008). The caspase-3 assay of

Bovine retinal endothelial cells (BRECs) showed an increase in caspase-3 level

during treatment with silver nanoparticles (Kalishwaralal et al. 2009).

Fig. 18.5 Schematic representation to illustrate the interrelatedness of cellular responses to nano-

particle-induced ROS production. Nanomaterials induce ROS production as a direct consequence of

specific material properties or as a consequence of triggering cellular injury responses leading to

oxidant radical generation. ROS production could trigger a range of oxidative stress effects. The

induction of cellular toxicity at the highest level of oxidative stress involves a number of interrelated

cellular responses that include intracellular Ca2+ release and mitochondrial perturbation leading to

cell death with accompanying changes in cell membrane integrity and nuclear PI uptake. Here, it is

demonstrated that nanoparticles engage this toxic oxidative stress pathway through an event

sequence that includes particle dissolution, shedding of nanoparticles, [Ca2+] flux, superoxide

generation, and mitochondrial perturbation. The schematic outlines the particle characteristics that

could culminate in cytotoxicity (Taken with permission from George et al. 2010)
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Hsin et al. (2008) studied apoptosis in Ag NPs-challenged NIH3T3 fibroblast

cells. Key indicators of apoptosis included release of cytochrome c into the cytosol

and translocation of Bax to mitochondria, showing a mitochondrial dependence.

Previously, Almofti et al. (2003) found that Ag+ toxicity in rat liver mitochondria

was caused by an increase in the mitochondrial membrane permeability and

following release of cytochrome c. Whether the mitochondrial-driven apoptosis

observed with the NPs is dependent on ion release awaits proof.

Part of the cellular responses to AgNPs involves the accumulation of reactive

oxygen species (ROS). Studies with caudate, frontal cortex and hippocampus of

mice brain (Rahman et al. 2009) showed that AgNPs induce oxidative stress and

reactive oxygen species. Reactive oxygen species (ROS) increased in a concentra-

tion-dependent manner in rat liver cells treated with 10, 25 and 50 mg/mL of Ag

(15-and 100-nm particles) and GSH was depleted (Hussain et al. 2005). Similarly,

Carlson et al. (2008) found ROS accumulation after treatments with 15 nm AgNPs

at 25 and 50 mg/mL. Kim et al. (2008) showed that AgNPs (25 nm) induced

toxicological changes in several organs, including the heart and in cells in vitro.
From this discussion, it can be concluded that silver nanoparticles upon entry at

high concentration into mammalian cells induces apoptosis, finally leading to its

death. The up-regulation of certain genes, generation of ROS, and induction of the

caspase pathway are some routes which initiate apoptosis in the cell after their

exposure to nano-silver. However, still more study is needed to ensure the exact

mechanism of action of silver nanoparticles which cause damage to eukaryotic

cells, especially mammalian cells.

18.6.4 Mechanism of Action: Ions Versus NPs

There is confusion in the literature regarding the mechanism of action of AgNPs

over the release of ions from the NPs. For instance, Navarro et al. (2008) claimed

that AgNPs toxicity could be explained by the release of Ag+ from the particles

which damage cells. Factors that govern the release are not clarified but may relate

to particle shape, size, etc. Ingress of AgNPs into cells would result in the intracel-

lular release of Ag ions that could trigger responses different from direct treatments

of cells with ions that have a barrier to internal transport through the cell

membranes (Bury and Wood 1999). Santoro et al. (2007), after studying the effect

of nanosilver as an antimicrobial agent against bacterial colonization surrounding

the eye lens, suggested that the toxic effects could be induced from the production

of silver ions from nanoparticles released into the culture media. Indeeds treatments

with AgNPs and Ag+ ions caused differential expression from oxidative stress-

related genes: expression of the catalyse gene was higher with ion treatment than in

cells treated with AgNPs (Kim et al. 2009); whether such finding signifies unique

mechanisms for the NPs is unresolved. Release of ions from the AgNPs, perhaps at

cellular sites that are not available to the ion or at concentrations below ion dosage,

seems logical to explain these differences.
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The mechanism of action of Ag ions, however, is not fully understood in spite of

its historical usage for human medical needs. Wood et al. (1996) reported that Ag+

correlated toxicity in fish with disturbance of ionic regulation. In vitro studies with

primary culture of rainbow trout hepatocytes showed AgNPs at 2.5–4.9 mg/L were

highly cytotoxic (Hussain et al. 2005).

Almofti et al. (2003) related the release of cytochrome c in rat liver mitochondria

to interaction of the ion with �SH groups of the mitochondrial membrane proteins

causing changes in mitochondrial membrane permeability. Palmeira (2008) con-

firmed toxicity of AgNPs to mitochondrial function in rat liver cells. Gopinath and

colleagues (2008) using hamster kidney and colon cancers cells showed that in

a 6-h exposure AgNPs inhibited the growth of both types of cells, they claimed

through apoptosis. These reports illustrate the potential effects of AgNPs and Ag

ions towards different human and animal cells.

18.6.5 Reprogramming of Endothelial Proliferation

The endothelium is the thin layer of cells that lines the interior surface of all blood

vessels. It is the target for many medical therapies as it is involved in pathophysio-

logical conditions such as angiogenesis, atherosclerosis, tumor growth, myocardial

infarction, limb and cardiac ischemia, restenosis, etc. Therefore, Kalishwaralal

et al. (2009) studied the effect of biologically-synthesized AgNPs on bovine retinal

endothelial cells (BREC), an in vitro model for studies on the retina. Vascular

endothelial growth factor (VEGF) is the factor which is found to induce cell

proliferation and migration in primary cultures of bovine retinal endothelial cells.

The bio-AgNPs significantly blocked the VEGF-induced BRECs cell proliferation

and their migration (Peters et al. 2004; Yamawaki and Iwai 2006; Kalishwaralal

et al. 2009).

Other studies have also examined cell proliferation. Rosas-Hernández et al.

(2009) determined anti-proliferative and proliferative effects of 45-nm silver

nanoparticles on coronary endothelial cells (CECs), At low concentrations

(1.0–10 mg/mL), the AgNPs inhibited cell proliferation, due possibly to apoptosis

or other mechanisms of necrosis and cellular arrest. At high concentrations

(50–100 mg/mL), a significant proliferative effect was induced. They speculate

that proliferation is linked with: (1) endothelial NO production (Ziche and

Morbidelli 2000), itself an external inducer of apoptosis (REF) only at the higher

AgNPs concentration, and (2) an increase in LDH release only at the lower

concentration. LDH release is an indicator of antiproliferative effects (Boop and

Lettieri 2008).

Shin et al. (2007) found that the proliferation of peripheral blood mononuclear

cells (PBMCs) was impaired by 15-mg/L doses of AgNPs stabilized by polymer

encapsulation. There were profound effects on the production of cytokines by these

cells: production of INF-g and TNF-a was inhibited at 10 mg/L whereas formation
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of IL-5 was less affected. It means that silver nanoparticles might more effectively

inhibit inflammations associated with infections.

18.6.6 Toxic Effects of AgNPs on Different Systems

18.6.6.1 Neurological Effects

Rahman et al. (2009) evaluated the effects of AgNPs on gene expression in different

regions of the mouse brain. AgNPs of 25 nm size caused genes associated with

oxidative stress and antioxidant defenses genes to be differentially expressed in the

caudate, frontal cortex, and hippocampus of mice. Up-regulated genes included:

Fmo2, Txnip, glutathione peroxidase (Gpx3), glutathione reductase (Gsr), NADPH
oxidase (Nox1), superoxide dismutase 2, mitochondrial (Sod2), Thioredoxin reduc-
tase 3 (Txnrd3), and Parkinson’ disease (Park7) and Peroxiredoxin6 (Prdx6) genes.
Fmo gene is concerned with the oxidative metabolism of various xenobiotics but

also with the oxidation of reduced glutathione (GSH) to glutathione disulfide

(Cereda et al. 2006), Txnip plays a role in beta cell glucose toxicity, and induces

the intrinsic mitochondrial pathway of apoptosis (Chen and Schluesener 2008).

However, Gpx2 gene, encoding another isozyme of glutathione peroxidase was

found down-regulated fivefold in the frontal cortex of mouse brain after the

treatment with 1,000 mg/kg Ag-25 nanoparticles. Deficiency of this enzyme

increases extracellular oxidative stress thereby promoting platelet activation and

leading to a cerebral venous thrombophilic state (Voetsch et al. 2008).

Several studies have revealed that silver nanoparticles, following entry into the

systemic blood supply, can induce blood–brain barrier (BBB) dysfunction, astro-

cyte swelling and neuronal degeneration (Sharma et al. 2009a, b). Exposure to

silver nanoparticles has been reported to modulate many genes linked with motor

neuron disorder and immune cell function, demonstrating potential neurotoxicity

and immunotoxicity in mice. It mainly increases the aquaporin 1 (Aqp1) expression

and decreases Kns2 gene in the brains of AgNP-treated mice. AQP1 is a transmem-

brane protein which plays an important role in maintaining the homeostasis though

water selective channels, while KNS2 is required for the transport of the amyloid

precursor protein in neurons (Lee et al. 2010). These changes in gene expression

suggest that the chronic exposure silver nanoparticles can result in neurodegenera-

tive disease.

18.6.6.2 Immunological Effects

As stated above, the BBB permeability of nanoparticles has been found to be related

to the immunotoxicity. Trickler et al. (2010) examined the interactions of

nanosilver (25, 40, and 80 nm) with cerebral microvasculature and found an

association of proinflammatory mediators like TNF, IL-1B, and PGE2 which can
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increase BBB permeability. Previously, Carlson et al. (2008) reported the produc-

tion of morphologically abnormal cells with adherence characteristics after the

uptake of AgNPs at high doses after 24 h in alveolar macrophages. These cells

also responded significantly showing an inflammatory effect by releasing TNF,

MIP-2 and IL-1B. Additionally, cellular viability significantly diminished with

increasing doses from 10 to 75 lg/cm3 of Ag-NPs (15 and 30 nm) following 24 h

of exposure. These reports together provide evidence that systemic exposure to

AgNPs induces inflammatory effects.

18.6.6.3 Respiratory Effects

Prolonged inhalation of silver nanoparticles seems to affect the normal functioning

of lung. This has been supported by the histopathological examination of silver

nanoparticle-exposed lung. It causes chronic alveolar inflammation, thickening of

alveolar cell walls and small granulomatous lesions (Sung et al. 2008). At the
cellular level, it has been confirmed that silver nanoparticles induced stress in

associated genes including metallothionein (MT1H, MT1X, and MT2A) and heat

shock protein (HSPA4L, HSPH). Likewise, they also induced expression levels of

cell cycle checkpoint-related genes like BIRC5, BUB1B, CCNA2, CDC25B,
CDC20, and CKS, which may cause the dysregulated proliferation of cells (Kawata

et al. 2009). Ji et al. (2007) reported concentration-dependent increases in the silver
content of liver following the inhalation of silver nanoparticles for 5 days/week for

4 weeks. This accumulation is possibly due to mucociliary transport and subsequent

swallowing of the nanoparticles leading to absorption in the gastrointestinal tract

and detectable accumulation in the liver. Ingestion of colloidal silver has also been

linked with liver and kidney damage in rats, which are considered to be highly

metabolic organs of the body (Kim et al. 2010). Remarkably, silver concentrations

were found to be accumulated two to three times higher in female rats as compared

to the male rats (Sung et al. 2009). After inhalation, silver nanoparticles were also
found to be distributed in kidneys after 28-day (Kim et al. 2007) and 90-day oral

and 90-day inhalation studies (Sung et al. 2009).

18.6.6.4 Reproductive Effects

Toxicants that damage normal reproductive functions are an important health issue.

Different nanoparticles are one of these. Like BBB, nanoparticles also cross the

blood–testes barrier and get accumulated in the male reproductive system, thus

having potential adverse effects on the sperm cells. AgNPs can interfere with the

cell signaling pathway within sperm cells, thus inhibiting their growth. This toxicity

of silver nanoparticles to mammalian germline stem cells specifies the potential of

these particles to interfere in general with the male reproductive system (Braydich-

Stolle et al. 2005). Further work by Braydich-Stolle et al. (2010) showed that silver
nanoparticles reduce the spermatogonial stem cell viability and proliferation in
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a size- and concentration-dependent manner with smaller nanoparticles (10–25 nm

diameter) inducing a greater decrease in cell viability than larger ones (80 nm

diameter).

18.6.6.5 Developmental Defects

The potential toxicity of silver nanoparticles can be assessed by utilizing a well-

recognised model in developmental biology and genetics such as the zebrafish

(Danio rerio). These embryos are transparent. Additionally, they possesses a high

degree of homology to the human genome, offering an economically feasible,

medium-throughput screening platform for noninvasive real-time assessments of

toxicity. Therefore, taking advantage of these features of zebrafish, Asharani et al.
(2008) studied the toxicity of silver nanoparticles on them. In their study, they

found that silver nanoparticles caused concentration-dependent toxicity by hamper-

ing the normal development resulting in abnormal body axes, twisted notochord,

slow blood flow, pericardial edema and cardiac arrhythmia, with increased apopto-

sis in zebrafish embryos. In another study, Chae et al. (2009) suggested that the

AgNPs led to cellular and DNA damage in Japanese medaka (Oryzias latipes).
Additionally, carcinogenic and oxidative stresses on genes related to metal detoxi-

fication/metabolism regulation and radical scavenging action were also reported to

be induced. In contrast, the ionic silver led to an induction of inflammatory response

and metallic detoxification processes in the liver of the exposed fish, but resulted in

a lower overall stress response when compared with the AgNPs. Eventually, such

assessments using the aquatic model organisms like zebrafish will lead to the

identification of nanomaterial characteristics that come up with negligible or no

toxicity and help to get more balanced designs of materials on the nanoscale.

18.6.6.6 Genotoxic Effects

Many reports have confirmed the genotoxic effects of silver nanoparticles.

Recently, Wise Sr. et al. (2010) observed that AgNPs were cytotoxic as well as

genotoxic to fish cells in a concentration-dependent manner. They investigated the

cytotoxicity and genotoxicity using 30-nm silver nanospheres by exposing them to

the Oryzias latipes cell line. The silver nanoparticles induced cell death at

0.05–5 mg/cm2 and chromosomal aberration and aneuploidy at 0.05–0.3 mg/cm2.

On the other hand, Lu et al. (2010a) reported that the citrate-coated colloidal silver

nanoparticles at 100 mg/mL level did not show a genotoxic effect, while the citrate-

coated powder form of the AgNPs were found to be toxic.

Hence, nanogenotoxicity needs to be studied in detail to improve our current

understanding.
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18.6.7 Toxicity at the Microbial Level

AgNPs are toxic to microbial cells at lower levels than those used to demonstrate

metabolic effects with human and animal cells. This sensitivity accounts for the

proliferation in the use of AgNPs, and ions in products where control of microbial

growth is desired such as in the food and medical industries. For instance, growth of

cells of the yeast Saccharomyces cerevisiae, and the human pathogens Escherichia
coli and Staphylococcus. Aureus, were reported to be at significantly lower

concentrations, 0.7, 0.35, and 3.5 mg/L respectively (Kim et al. 2007). Likewise,

the metallothionein-deficient (mtl-2) mutant strain of Caenorhabditis elegans
demonstrated greater sensitivity to AgNP than a wild-type strain (Meyer et al.

2010). Gajjar et al. (2009) reported that the AgNPs were equivalent to Ag ions

for their lethal dose against a soil pseudomonad. Early events in toxicity appear to

be at the level of inhibition of the electron transfer chain and membrane function

(Gajjar et al. 2009). What accounts for the differences in sensitivity between animal

and microbial cells remains to be resolved. Indeed, the microbial cells possess more

complicated and layered cell wall structures than mammalian cells, yet they are

more sensitive. So, physical barriers to cytoplasmic influx do not alone explain the

findings. Resistance mechanisms are documented for prokaryotic cells and involve

efflux pumps to lower cytoplasmic levels of Ag ions and chaperone binding

proteins (Rensing et al. 1999; Bagai et al. 2008)
Chromosomal detection of AgNPs (25 mg/mL) in exposed fibroblast cells by

fluorescence in situ hybridization (FISH) revealed a 10% increase of chromosomal

aberration as compared to treatment with high doses (50 and 100 mg/mL). Cancer

cell treatments also showed the same extent of response (Asharani et al. 2009b).

There are some studies using AgNPs as antimicrobial agents in bone cement (Alt

et al. 2004), while Braydich-Stolle et al. (2005) have shown that silver

nanoparticles could be toxic for the bone-lining cells and other tissues.

18.7 Conclusions and Future Directions

The concerns about human exposure to the nanomaterials require us to find

solutions to use the NPs with less risk. An understanding of potential negative

impacts has to be part of NP safety. It is essential to look at both sides of the story in

order to discover the harmful effects of NPs. Currently, we cannot provide a

quantifiable exposure assessment. The current methodology lacks the desired

sensitivity, reliability and correlation with in vivo activity. Therefore, there is a

need to develop new methods which can provide accurate exposure risks of NPs

both in vitro and in vivo.
Having a remarkable surface area with small particle size, NPs do have an

impact on membrane surfaces, and translocation into animal bodies by ingestion,

inhalation or skin contact and translocation to the brain has been demonstrated.
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Understanding the effects of skin contact is especially pertinent as AgNPs are often

applied topically as antimicrobials as pastes to skin. Many in vitro studies that have
shown toxic properties of cell challenge by AgNPs through apoptosis, DNA

damage, oxidative stress and inflammatory responses have been documented.

Most studies focus on in vitro cell culture and how this relates to whole body

exposure is an existing challenge. Though silver nanoparticles have been found to

be good at destroying cancerous cells, in vivo target specificity is needed. For

example, if a pregnant women ingests the nanoparticles then many questions

regarding the various adverse effects on the fetus require to be answered. Therefore,

we need better methods to understand the mechanisms of intracellular uptake, to

quantify intracellular NPs in tissues and organs and to differentiate the NPs from Ag

ions.

Health and environmental risks are products of both hazards and exposures.

Moreover, hazard data from toxicity studies can be confounded with the concept of

health risk. Therefore, occupational safety and health programs should include risk

management based on recognition of the nanomaterial hazards. Exposure potentials

of these nanomaterials should be evaluated and novel applications of control

measures should be developed to reduce the risk so that it is better “to be safe

rather than saying sorry”.
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