Chapter 14

Decoration of Inorganic Substrates
with Metallic Nanoparticles and Their
Application as Antimicrobial Agents

Marianna Hundakova, Katefina Dédkova, and Grazyna Simha Martynkova

Abstract Effect on antimicrobial activity observed for several types of hybrid
materials is described in our chapter. The substrates for functional antimicrobial
particles are natural clay minerals and carbon materials for this review limited to
graphite/graphene and carbon nanoparticles (nanotubes and fullerenes). Short
description of substrate materials and their properties is followed by discussion of
the effect of selected most popular antimicrobial metals (silver, copper) and several
oxides (zinc, titanium and copper oxides) and it is conferred for Gram positive and
Gram negative bacterial strains. The methods for preparation of such particles may
vary but the most used are intercalation and decoration methods from solution for
the clay minerals. Nanoparticles (NPs) of metals and metal oxides on carbon and
nanocarbon materials are prepared using physico-chemical approach. The research
confirmed that the shape and size of functional NPs can depend on used substrate,
preparation conditions and used method. Interestingly, it was found that Ag-clay
sample was as effective as the free Ag+ions. Generally, it was found the size of
active surface area, mobility and availability of potential active particles (ions or
nanoparticles) and chemical state of them plays an important role in antimicrobial
activity.
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14.1 Introduction

The word antimicrobial was derived from three the Greek words anti (against), mik-
ros (little) and bios (life) and refers to all agents that turn against microbial organ-
isms. This is not synonymous with antibiotics, a similar term derived from the
Greek word anti (against) and biotikos (concerning life). By strict definition, the
word “antibiotic” refers to substances formed by microorganisms that act against
another microorganism. Thus, antibiotics do not include antimicrobial substances
that are synthetic (sulfonamides and quinolones), or semisynthetic (methicillin and
amoxicillin), or those which come from plants (quercetin and alkaloids) or animals
(lysozyme). In contrast, the term “antimicrobials” include all agents that turn against
all types of microorganisms - bacteria (antibacterial), viruses (antiviral), fungi (anti-
fungal) and protozoa (antiprotozoal).

Antimicrobials are classified in several ways, as: spectrum of activity, effect on
bacteria, mode of action or as the basic (cationic), the uncharged (neutral) and the
acidic (anionic groups). Antimicrobials often display different minimum inhibition
concentration (MIC) values, especially between Gram-negative (G~) and Gram-
positive (G*) bacteria strains. The G~ strains are less susceptible to antibiotics due
to the permeability barrier provided by their outer membrane. Consequently, a full
characterization of antibacterial activity should be assessed using both types of
organisms. Examples of commonly found G~ bacteria are Escherichia coli,
Salmonella typhimurium and Pseudomonas aeruginosa, and examples of G* strains
are Streptococcus aureus and Streptococcus pyogenes.

There is interest to expand of range of antimicrobial agents for other than most
popular silver, since extensive and uncontrolled use of silver, is increasing public
interest to address and monitor the clinical risk related to silver resistance and in an
environmental context to study the sources, fate, transport routes and toxicity of
environmentally relevant forms of silver. Over the past few years, various nano-sized
antibacterial agents such as metal and metal oxide nanoparticles have been evaluated
by researchers. Several types of metal and metal oxide nanoparticles apart from sil-
ver (Ag) and silver oxide (Ag,0), the titanium dioxide (TiO,), zinc oxide (ZnO),
gold (Au), copper oxide (CuO), and magnesium oxide (MgO) have been known to
show antimicrobial activity (Jakobsen et al. 2011; Vargas-Reus et al. 2012).

Silver and copper belongs to the metals, which are by tradition known their anti-
bacterial behavior. In last years, silver compounds are studied as antimicrobial
agents for many applications, for example, as silver-coated endotracheal tubes to
reduce incidence of ventilator-associated pneumonia (Kollef et al. 2008) as a safe
preservative for use in cosmetics Kokura et al. 2010, as additive to water based
paints (Holtz et al. 2012), in textiles (Ureyen et al. 2012) and other applications (Rai
et al. 2009). Copper compounds are studied as antimicrobial agents, for example,
for drinking water treatment (Dankovich and Smith 2014) and for other applications
(Vincent et al. 2016).

The mechanism of the antimicrobial action of metal nanoparticles (NPs) is not
fully understood. Some authors described possible action and interaction of metals
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with the bacterial cell. The antibacterial tests showed the differences in antibacterial
action of materials containing Ag between the G+ and the G- bacteria. This can be
explained by differences in structure of bacterial cell. While the cell wall of the G+
bacteria consists of a thick layer of peptidoglycan with lipoteichoic acid or another
acidic polymer, the cell wall of G- bacteria is formed by lipopolysaccharides and
phospholipids and only a thin layer of peptidoglycan. The thick layer of peptidogly-
can can make bacteria more resistant before the metal ions and NPs (Russell 2001;
Zhao et al. 2006). It was observed and confirmed that several actions take place
during interaction of the Ag+ ions with bacteria: (1) the Ag+ ions penetrate during
the cell wall into the bacteria cell, where (2) interact with thiol groups in proteins
and caused their inactivation, and moreover, (3) the Ag+ in the bacteria cell caused
that DNA molecules become condensed and lose their replication abilities (Feng
et al. 2000).

In case of Ag NPs, the size of NPs play important role in antimicrobial action. It
was observed that smaller particles exhibited higher antimicrobial activity (Pandcek
et al. 2006). The small Ag NPs were incorporated into the membrane structure. The
treated bacteria cell showed changes and damage to membrane which leads to
increase in their permeability. The bacterial cells incapable of properly regulating
transport through the plasma membrane; the cytoplasmic content is released to the
medium which is causing cell death without affecting proteins or nucleic acids
(Sondi and Salopek-Sondi 2004; Rai and Bai 2011). Large specific surface area of
NPs can influence the antimicrobial action as well. The antibacterial properties of
Ag NPs are related to the total surface area of the NPs. Smaller particles with a
larger surface to volume ratio are more efficient agents for antibacterial activity
(Baker et al. 2005).

The proteomic analysis of Ag NPs on E. coli shows that the Ag NPs destabilized
the outer membrane and disrupts the outer membrane barrier components. The
mode of action Ag NPs was found to be like that of Ag* ions. However, the effective
concentrations of Ag NPs and Ag* ions were found to be at nanomolar and micro-
molar levels, respectively (Lok et al. 2006).

The mechanism of the bacteria cells inhibition by Cu?* ions and CuO or Cu,O
NPs work in a similar way as silver agents. The G~ bacteria with an outer membrane
covering a thin layer of peptidoglycan which is negatively charged probably binds
the Cu?* ions. Both G* and G~ strains turned from normal rod-shape into irregular
shape (round, ellipse, etc.) after treatment with Cu-montmorillonite. The cell wall
was destroyed, bacterial inner vacuoles appeared, there was an efflux of nutrient,
the space between the cell wall and cell membrane widened, and the cytoplasm
tended to concentrate. The Cu** can combine with the plasma membrane by electro-
static attraction and penetrate into the cell membrane through opening or closing of
the membrane channel. This affects the permeability of cellular membranes and
results in leakage of intracellular ions and low molecular-weight metabolites.
Moreover, the Cu* enters into the cell strongly combines with intracellular sulfur-
containing amino acids, which leads to denaturation of protein and bacterial death
(Tong et al. 2005). The CuO or Cu,O NPs caused bacterial membrane damage. The
NPs due to the appropriate charge and small size can penetrate the membrane and
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cause bacteria cell death by the production of reactive oxygen species or by the
disruption of cell function thereby affecting proteins and DNA (Meghana et al.
2015).

Titanium dioxide (7i0,) is known for its chemical stability, photocatalytic char-
acteristics, durability and antimicrobial activity, which could be attributed to its
crystal structure (Chung et al. 2009). Anatase has stronger antimicrobial and photo-
catalytic activity than rutile (Chung et al. 2007a, b, 2011). Titanium dioxide is
known for reactive oxygen species (ROS) production via photoactivation due to
UV-light. There are also studies which find ROS production in the absence of pho-
toactivation (Gurr et al. 2005). TiO, can promote the decomposition of inorganic
and organic compounds, which could be used in potential applications in sanitation
and sterilization. Materials coated with TiO, are already being used as antibacterial
materials (Hashimoto et al. 2005).

Among metal oxide powders, ZnO demonstrates significant growth inhibition of
broad spectrum of bacteria (Jones et al. 2008). The suggested mechanism for the
antibacterial activity of ZnO is based on catalysis of formation of reactive oxygen
species (ROS) (Yamamoto et al. 2002). Since the catalysis of radical formation
occurs on the particle surface, particles with larger surface area demonstrate stron-
ger antibacterial activity. Therefore, as the size of the ZnO particles decreases their
antibacterial activity increases (Jones et al. 2008).

Nevertheless, metal ions and NPs could also be toxic for living organisms mainly
at higher concentrations (Braydich-Stolle et al. 2005; Lu et al. 2010; Chang et al.
2012). Therefore, it is desirable to control their gradual release. For this purpose
metal ions or metal NPs and their oxides may be prepared anchored on various
inorganic substrates. The most commonly used substrates include clay minerals,
zeolites or carbon materials.

Clay minerals are widely used as supports for metals or metal oxides prepara-
tion. Clay minerals belong to the layered silicates (phyllosilicates) with structure
consist from octahedral and tetrahedral sheets. Based on the sheets arrangement to
the layers, clay minerals are divided to the two groups, with type of layer 1:1 and
2:1. The 1:1 type consists of the repetition of one tetrahedral sheet and one octahe-
dral sheet. The 2:1 type consists of the repetition of one octahedral sheet sand-
wiched between two tetrahedral sheets. The composition of the 1:1 phyllosilicates
is characterized by a predominance of AI** as central octahedral cations, although
some isomorphous substitution of Mg?*, Fe**, Ti** for AI** can occur. The composi-
tion of the 2:1 phyllosilicates is characterized by a predominance of Si** as central
octahedral cations and AI** and Fe’* as central tetrahedral cations. Central cations
are usually substituted by cations with lower valance as Al**, Fe*, Fe?*, Mg?*, etc.
and a negative charge arising on layers from these substitutions. The charge vari-
ability is one of the most important features of 2:1 phyllosilicates, because it induces
occupancy of the interlayer space by exchangeable cations which compensate the
negative layer charge. Due to the low proportion of substitution in 1:1 phyllosili-
cates the layer charge is usually close to zero, so the interlayer space is without
exchangeable cations (Brigatti et al. 2006). To the 1:1 phyllosilicates using as
supports for metal nanoparticles preparation belong, for example, kaolinite (Kao)
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and halloysite (Hal) and to the 2:1 phyllosilicates belong montmorillonite (Mt),
vermiculite (Ver), talc, palygorskite (Pal) and sepiolite (Sep).

Mt is defined as dioctahedral smectite. Smectites are swelling and turbostrati-
cally disordered minerals occurring in nature as the main component of bentonites.
The term smectite is used for planar dioctahedral and trioctahedral 2:1 clay minerals
with a layer charge between —0.2 and —0.6 per formula unit which contain hydrated
exchangeable cations. Minerals of the smectite group have high specific surface
area and ability of cation exchange capacity. Hydrated exchangeable cations
between the layers compensate the negative charge and may be easily exchanged by
other metal cations. The cation exchange capacity (CEC) is the measure of the cat-
ions, which balance the negative charge sites of the clay (Valaskova and Martynkova
2012). Ver is planar dioctahedral and trioctahedral 2:1 clay mineral with a layer
charge between —0.6 and —0.9 per formula unit which contain hydrated exchange-
able cations. Hal is a 1:1 layered aluminosilicate structure chemically similar to
Kao. The size of Hal tubules varies within 0.5-10 microns in length and 15-200 nm
in inner diameter, depending on the deposit. Pal structure of 2:1 layers consists of
the continuous two-dimensional tetrahedral sheet but lacking continuous octahedral
sheet. Pal is characterized by microfibrous morphology, low surface charge and
high surface area (Martynkova and Valaskova 2014).

Other groups of minerals are zeolites. Zeolites (Zeol) belong to the hydrated
aluminosilicates with three-dimensional structures with independent component:
the alumunosilicate framework, exchangeable cations and zeolitic water. The Zeol
framework is composed from tetrahedron, which center is occupied by Si** or AI**
cations, with four oxygen atoms at the vehicles. Due to the substitution of Si* by
APP* arise the negative charge on the framework, which is compensated by cations
located together with water. The water molecules can be in large cavities and bonded
between framework and exchangeable ions. The most common representative of
Zeol is clinoptilotite (Cli) (Wang and Peng 2010).

Health and environmental impacts of graphene-based materials need to be thor-
oughly evaluated before their potential applications. Graphene has strong cytotoxic-
ity toward bacteria. To better understand its antimicrobial mechanism, comparison
of the antibacterial activity of four types of graphene-based materials (graphite (Gt),
graphite oxide (GtO), graphene oxide (GO), and reduced graphene oxide (rGO))
toward a bacterial model — Escherichia coli is given. GO dispersion shows the high-
est antibacterial activity, sequentially followed by rGO, Gt, and GtO. The direct
contacts with graphene nanosheets disrupt cell membrane. Conductive rGO and Gt
have higher oxidation capacities than insulating GO and GtO. Antimicrobial actions
are contributed by both membrane and oxidation stress. Physicochemical properties
of graphene-based materials, such as density of functional groups, size, and conduc-
tivity, can be precisely tailored to either reducing their health and environmental
risks or increasing their application potentials (Liu et al. 2011).

The ability of carbon nanotubes (CNTs) to undergo surface modification allows
them to form advanced nanocomposites with different materials such as polymers,
metal nanoparticles, biomolecules, and metal oxides. The biocidal nature, protein
fouling resistance, and fouling release properties of CNT-NCs render them the per-
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fect material for biofouling prevention (Narayan et al. 2005). Cytotoxicity of CNT
can be reduced before applying them as substrates to promote biofilm formation in
environmental biotechnology applications.

To understand the inherent antimicrobial nature of pristine CNTs is key issue that
may determine the efficiency of biocidal CNT-nanocomposites. Microorganisms
lose viability when they come in contact with nanotubes; due to the impingement of
nanometer-sized fibers and the needle-like character of CNTs easily penetrate
through the cell walls of bacteria (Narayan et al. 2005). CNTs in solution develop
nanotube networks on the cell surface, and then destroy the bacterial envelopes with
leakage of the intracellular contents (Liu et al. 2010). The antimicrobial effect of
CNTs has been demonstrated over a wide range of microorganisms including bac-
teria provided confirmatory evidence that both, single wall carbon nanotubes
(SWCNTs) and multiwall carbon nanotubes (MWCNTS) are able to decrease the
metabolic activity of E. coli. SWCNTs can produce cytotoxic effects on microbial
communities in macro-environmental entities. Efficient contact between the CNTs
and bacterial cell surface is crucial the biocidal action of CNTs. However, this effort
depends on a variety of factors, such as: (i) physical and structural properties of
CNTs (size and length); (ii) physical condition of CNTs (aggregated or dispersed);
(iii) type and concentration of impurities associated with CNTs and their availabil-
ity to bacteria (heavy metal impurities); and (iv) number of layers (single or multi-
walled) of CNTs (Martynkovd and Valdskovd 2014). Normally, loosely packed,
debundled, highly dispersed, and shorter length tubes can easily penetrate through
the cell membrane and display higher cell cytotoxicity.

Fullerenes are soccer ball-shaped molecules composed of carbon atoms.
Fullerenes showed antimicrobial activity against various bacteria. The antibacterial
effect was probably due to inhibition of energy metabolism after internalization of
the nanoparticles into the bacteria (Shvedova et al. 2012). It has also been suggested
that fullerene derivatives can inhibit bacterial growth by impairing the respiratory
chain (Cataldo and Da Ros 2008; Deryabin et al. 2014). In the beginning, a decrease
of oxygen uptake (at low fullerene derivative concentration) and then an increase of
oxygen uptake (followed by an enhancement of hydrogen peroxide production) are
occurred. Another bactericidal mechanism, which has been proposed, was the
induction of cell membrane disruption. Hydrophobic surface of the fullerenes can
easily interact with membrane lipids and intercalate into them. The discovery of
fullerenes ability to interact with biological membranes has encouraged many
researchers to evaluate their antimicrobials applications (Tegos et al. 2005; Yang
et al. 2014).

The cationic-substituted fullerene derivatives are highly effective in killing a
broad spectrum of microbial cells after irradiation with white light. Affecting
factor was an increased number of quaternary cationic groups that were widely
dispersed around the fullerene cage to minimize aggregation. The quaternized
fullerenes could be effectively applied in treatment of superficial infections,
e.g. wounds and burns, where light penetration into tissue is not problematic
(Mizuno et al. 2011).
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Nowadays, many publications are focused on the preparation, characterization
and study of the functional properties (especially catalytic) of silver, copper,
zinc and titanium oxide nanoparticles on inorganic substrates. In this chapter, we
focus only on the research that describes study of antimicrobial properties of
these materials.

14.2 Metals on Inorganic Substrates as Antimicrobial Agent

14.2.1 Silver on Clay Minerals

Silver can be synthesized on inorganic substrates via several methods: as Ag* ions
and Ag or Ag,CO; NPs. Summary of selected preparation techniques of Ag on the
various substrates, tested bacterial strains and methods used for studying the antimi-
crobial activity is shown in Table 14.1.

Montmorillonite is widely used clay mineral for various industrial and medical
applications. Antibacterial properties of Ag modified Mt on Gram-negative (G")
bacterium Escherichia coli (E. coli) were studied. Mt was pretreated by calcination
at 550 °C or by grinding, followed by enriching with Ag using cation exchange
methods. The metallic Ag® NPs precipitated on clay surface was confirmed.
Nevertheless, the Ag* ions were also incorporated in the interlayer of Mt structure.
Results of antibacterial activity of Ag-Mt composites, evaluated via the disc suscep-
tibility (DS) test and by determination of the minimum inhibitory concentration
(MIC) test, showed good inhibition properties on the growth of E. coli. The antibac-
terial behavior was affected by the availability of the ionic Ag* to be in contact with
the bacteria (Magafia et al. 2008).

The simple preparation process of Ag NPs on Mt matrix included the stirring of
Mt with AgNO; aqueous solution at room temperature. The mean particle size of Ag
NPs on Mt surface was 50 nm and more on the edges of the Mt flakes. Antibacterial
activity was tested via the broth dilution method by MIC value determination. The
Gram-positive (G*) bacteria Staphylococcus aureus (S. aureus) and Enterococcus
faecalis (E. faecalis) and the Gram-negative (G™) bacteria Klebsiella pneumoniae (K.
pneumoniae) and Pseudomonas aeruginosa (P. aeruginosa) were used for antibacte-
rial test. Antibacterial action of samples started after 1.5 h against the G~ bacteria and
after 3-5 h against the G* bacteria and action was persisting for the whole testing
period 6 days. Moreover, authors studied release of Ag* from Mt matrix into the
water environment, which was determined as 0.1-0.3% from the total Ag content in
the samples (Valaskova et al. 2010). Antibacterial study of the Ag*- exchanged and
AgP- covered Mt samples showed good inhibition effect determined by the disk dif-
fusion method against bacteria P. aeruginosa (G) and S. aureus (G*). The diameter
of inhibition zone was in the range 20-21 and 21-22 mm for Ag*-Mt and Ag’-Mt,
respectively (Ozdemir et al. 2010). The antibacterial and antifungal properties of
Ag-Mt prepared by cation exchange method on Mt using AgNO; aqueous solution
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was investigated against E. coli (G™), Pycnoposus cinnabarinus (P. cinnabarinus)
and Pleurotus ostreatus (P. ostreatus), respectively. It was found that Ag-Mt compos-
ite was as effective as the free Ag* ions. Also, the inhibition of fungal growth on
Ag-Mt composite was similarly active as free Ag* ions (Malachova et al. 2011).

Cation exchange method by dry way was used for incorporating of Ag* into ben-
tonite (Ben) pre-treatment with HCI or H,SO,. Raw and acid activated Ben was
subjected to an ion exchange process with melt of AgNO; and NaNO; at
435 °C. Authors studied antimicrobial properties of samples using bacteria E. coli
(G7) and S. aureus (G*). Only Ben samples with Ag* showed antimicrobial effect.
Moreover, the microbiological results showed influence of acid pre-treated of Ben
on antimicrobial effect. Ben activated by HCI showed better bactericidal properties
than Ben activated by H,SO,. The MIC value was for S. aureus 0.022 g of sample
Ag*-HCl-Ben and 0.038 g of Ag™-H,SO,-Ben and for E. coli 0.012 g of sample Ag*-
HCI-Ben and 0.038 g of Ag*-H,SO,-Ben (Santos et al. 2011).

Xu et al. (2011) introduced a novel way of preparation of Ag-Mt material with
antibacterial activity exhibiting slow release property. At first, transparent
[Ag(NHj;),] OH aqueous solution was prepared by adding NH;.H,O to Ag,O pow-
der. The solution was mixed with Mt and stirred at 60 °C in the dark. Mixture was
added to poly (N-vinyl-2-pyrrolidone (PVP) and UV-irradiated at room tempera-
ture. Results shown, that after UV irradiation the Ag* turned into metallic Ag® NPs.
This indirectly suggested change of Ag-Mt color from milk-white to black after
irradiation. Antibacterial activity was tested against E. coli (G™). The MIC value
was 100x 107¢ of Ag-Mt and the sterilizing efficiency (SE) was reaching 100%.
Even after five times washes with distilled water, the MIC value of sample was
200x 107% and the SE was more than 99%. Authors confirm slow release property of
Ag from Mt substrate which can be explain by strong interactional force between
Ag NPs and Mt due to a large Mt surface area and small diameter of Ag NPs (Xu
et al. 2011). Antibacterial activity of Ag-Mt prepared using original Mt and Na'*-
form of Mt was compared. The monoionic Na*-form of Mt (Na*Mt) was prepared
using the most common cation exchanged process with NaCl aqueous solution.
Original Mt and Na*™t were shook with AgNO; aqueous solution (protected by
aluminum foil against the light). Total amount of Ag determined in samples was
from 0.64 to 4.47 wt.% depending on initial concentration of AgNOj; solution and
used matrix (Mt or Na*Mt). Samples prepared from monoionic Na*Mt form con-
tained higher amount of Ag and showed better inhibition effect on both tested bac-
teria P. aeruginosa (G™) and E. faecalis (G*) (Hunddkova et al. 2013a).

The interesting studies were focused to application of Ag-Mt to packaging mate-
rials (Costa et al. 2011, 2012). In one study, prepared Ag-Mt samples were used to
improve the shelf life of fresh fruit salad. The sensorial and microbiological quan-
tity was determined. The microbiological activity was evaluated by monitoring the
principal spoilage microorganisms (mesophilic and psychotropic bacteria, coli-
forms, lactic acid bacteria, yeasts and molds). Results show that a significant shelf
life prolongation of fresh fruit salad can be obtained by a straightforward new pack-
aging system by using Ag-Mt (Costa et al. 2011). In second study, the effect of
active coating loaded with Ag-Mt and film barrier properties on shelf life of fresh
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cut carrots were investigated. The sensorial and microbiological quality was
observed. For microbiological quality, the spoilage microorganisms as mesophilic
and psychotropic bacteria, Enterobacteriaceae spp., Pseudomonas spp., yeasts and
moulds were used. For sensorial evaluation, color, odor, firmness and product
overall quality were evaluated) (Costa et al. 2012). Cao et al. (2014) published very
interesting study about sutures modified by Ag* loaded Mt (Ag* Mt/sutures). The
antibacterial properties of prepared materials were tested using bacteria E. coli (G™)
and S. aureus (G*). Moreover, hemolysis tests and in vitro cytotoxicity test of Ag*
Mt/sutures were determined. The Ag* Mt/sutures exhibited good blood and tissue
biocompatibilities. In addition, the Ag* Mt/sutures inhibited growth of E. coli by
99% (Cao et al. 2014).

Several authors published study about antibacterial activity of Ag NPs prepared
on substrates by the chemical reduction method with borohydride (NaBH,) as
reducing agent.

Mt was shaken with AgNO; aqueous solution at room temperature. To dried
sample the NaBH, aqueous solution was added and reduction under shaking took
for several minutes. Antibacterial activity of Ag*ions and metallic Ag® prepared on
Mt substrate was tested on E. coli (G7) and E. faecium (G*). The metallic Ag°
showed no antibacterial effect (Malachova et al. 2009). The Ag NPson the surface
and in the interlayer space of Mt was prepared by NaBH, reduction in n-hexanol.
Antibacterial activity against E. coli (G~) was determined by counting the CFU
(colony forming unit) number. Samples were tested in the dark and under room
light when a stronger antibacterial effect was observed. Authors also tested and
confirmed antibacterial activity of samples after 12 years what confirmed their sta-
bility and suitability for application to industry use (Miyoshi et al. 2010). Shameli
et al. (2011) synthesized Ag NPs on Mt with the mean diameter of Ag NPs from
4.19 to 8.53 nm. The particles size increased with increased concentration of initial
Ag* ions. Moreover, intercalated structure of Mt was confirmed in Ag-Mt nano-
composites. Antibacterial activity was tested for AgNO;-Mt suspension and Ag-Mt
nanocomposites on the G~ bacteria E. coli and K. pneumoniae and the G* bacteria
S. aureus. Results showed that measured inhibition zone for AgNO;-Mt and Ag-Mt
nanocomposites were similar for both type of bacteria. The antibacterial activity of
Ag-Mt nanocomposites decreased with increased of Ag NPs particles size (Shameli
et al. 2011). Girase et al. (2011) prepared Ag on Mt substrate, which was used as
untreated or organically modified and both ball milling, by three methods
(Fig. 14.1). The Ag NPs size on Mt depended on used method. The size distribution
of the Ag NPs on Mt followed the sequence: UV > Calcined > NaBH, reduced. The
Ag NPs synthesized in the absence of Mt by all three method (calcination, NaBH,
reduction and UV irradiation) were larger (~60-200 nm) than the particles precipi-
tated on Mt (5-25 nm). Results confirmed that the shape and size of NPs can
depend on used substrate, preparation conditions and used method. Difference in
size of Ag NPs synthetized on Mt substrate by three various methods is show in
Fig. 14.1. Moreover, the Ag NPs precipitated ex-situ in solution prepared to com-
pare. The both ex situ Ag NPs and in situ precipitated Ag NPs on Mt indicated
antibacterial activity against E. coli (G™) as a function of time. In situ precipitated
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Fig. 14.1 Schematic illustration of the synthesize Ag NPs-Mt nanohybrid material (in-situ
precipitation of Ag NPs on the Mt surface). Reproduced with permission from (Girase et al. 2011),
© 2011, Elsevier B.V

Ag NPs on Mt indicated good antibacterial performance, irrespective of the method
used to Ag preparation (reduction, calcination or UV method). In the case of Ag
NPs-Mt nanohybrid structure, the CFU number of E. coli decreased by four orders
of magnitude as compared to samples without Ag. Authors observed that the behav-
ior of antimicrobial activity is related to the behavior of release of Ag ions from Mt
(Fig. 14.2) (Girase et al. 2011).

Sohrabnezdah et al. (2015) used Na*Mt as stabilizer for preparation of Ag,CO;
and Ag NPs in aqueous and polyol solvent. Different treatments were used: In first,
Mt with AgNO; and Na,CO; were ground and ethylene glycol (EG) was added
under stirring. In second, the same procedure was used without Na,COj;. The metal-
lic Ag® in these Mt nanocomposites was confirmed. In third, the same method was
used with water instead EG. This process led primarily to the formation of Ag,CO;
NPs in nanocomposite. Moreover, results also show Ag® NPs present and probable
the intercalation of both Ag and Ag,CO; NPs into the Mt gallery. Results of antibac-
terial test on E. coli (G~) showed that the Ag,CO;-Mt nanocomposite exhibited an
antibacterial activity higher than Ag-Mt. Authors explained higher antibacterial
action of the Ag,CO;-Mt by higher release of Ag* ions from Ag,CO; and interaction
with bacterial strain. In case of Ag NPs on Mt surface, less Ag* ions are oxidatively
released from Ag NPs surface.

Kheiralla et al. (2014) synthetized the Ag NPs on Mt substrate using the micro-
wave assisted method. The Ag NPs-Mt nanocomposites were prepared by mixing of
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Fig. 14.2 Schematic illustration of diffusion-controlled release of Ag ions from clay platelets (in-
situ precipitated Ag NPs) and ex-situ precipitated Ag NPs in solution and their antimicrobial
behavior. Reproduced with permission from (Girase et al. 2011), © 2011, Elsevier B.V

aqueous solution AgNO; with Mt. Formaldehyde and NaOH aqueous solution
was added until the pH was 10 and citric acid was added. The solution was placed
in a microwave. The samples with the weight ratio 1, 3 and 5% of Ag in Mt were
prepared. The diameter of synthetized Ag NPs on Mt was below 15 nm.
Antibacterial activity was evaluated against bacteria S. aureus (G*) and P. aerugi-
nosa (G™). The maximum inhibition zone diameters for concentration of Ag 1, 3
and 5% were determined for S. aureus as 29, 39 and 45 mm and for P. aeruginosa
as 10, 25 and 37 mm, respectively. The MIC value of Ag NPs was determined as
0.031 mg for both bacteria, while the MBC value was 0.5 mg for S. aureus and
0.25 mg for P. aeruginosa. Moreover, the synergistic effect of Ag NPs and antibi-
otics was observed.

Vermiculite (Ver) is used as substrate for Ag NPs preparation very sporadically.

The Ag NPs were prepared on Ver matrix by shaken of Ver with AgNO; aqueous
solution at room temp. The size of Ag NPs on Ver surface was heterogeneous, from
smaller than 20-50 nm. Antibacterial action of samples started after 1-1.5 h against
G~ bacteria S. aureus and E. faecalis and after 2—-3 h against G* bacteria K. pneu-
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Fig. 14.3 TEM images
of Ag NPs on Mt substrate

moniae and P. aeruginosa and action was persisting for the whole testing period
6 days. Moreover, authors studied release of Ag* from Ver matrix into the water
environment, which was determined as 0.1-0.4% from the total Ag content in
samples. The Ag NPs on Mt were prepared by the same method. The amount of
silver in Ag-Ver was higher than in Ag-Mt samples. The Ag NPs grew with a similar
size on Mt and Ag NPs size was heterogeneous on Ver. The antibacterial action of
Ag-Ver samples was better than Ag-Mt samples (ValaSkova et al. 2010). The origi-
nal and acidified Ver (with HCl) were compared as substrates for precipitation and
growth of Ag NPs. The MIC values of samples against bacteria P. aeruginosa (G™)
and E. faecalis (G*) were from 10% (w/v) to 0.37% (w/v) (Hunddkova et al. 2011).
The antibacterial activity of Ag-Ver, Cu-Ver and Ag, Cu-Ver materials was investi-
gated. The inhibition effect on bacterial growth was confirmed in all prepared Ag-,
Cu-Ver samples. The synergic effect of Ag and Cu in combined samples was
observed (Hunddkov4 et al. 2013b). The antibacterial properties of Ag and Cu pre-
pared on two clay mineral matrices Mt and Ver were compared. The transmission
electron microscopy (TEM) images of the Ag NPs reduced on Mt and Ver substrate
are show in Figs. 14.3 and 14.4. Results of antibacterial test on E. coli (G™) show
good inhibition effect on bacterial growth. Moreover, stability of Ag* and Cu?* on
both matrices in water environment was studied and the relationship between
amount of metal ions released from samples and antibacterial effect was confirmed
(Hundédkov4 et al. 2014a). The Ag-Ver, Cu-Ver and Ag-Cu-Ver were used as nano-
fillers to polyethylene (PE) matrix for a purpose to obtain the antibacterial PE mate-
rial. Antibacterial properties of powder Ver nanofillers and surfaces of PE/Ver
composites was tested on the G* bacteria E. faecalis. Samples Ag-Ver and AgCu-Ver
showed the MIC value 10% (w/v) after 1 h and 3.33% (w/v) after 24 h. The sample
Cu-Ver was slightly less effective and showed MIC value 10% (w/v) after 5 h and
3.33% (w/v) after 48 h of inhibition. The surfaces of all tested PE/Ver-Ag,Cu com-
posites showed inhibition effect after 24 h in comparison to pure PE. The CFU
number decreased from the countless number to several hundred colonies
(Hundékova et al. 2014b).
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Fig. 14.4 TEM images of
Ag NPs on Ver substrate

—_——
talc

1. Silver Nitrate | 2. Stirrer in Room
Temperature

—F

AgNOs in talc Suspension

NaBH4
I %
Ag NPs in talc (1wt%) Ag NPs in talc (2wt%) Ag NPs in talc (5wt%)
Mean= 7.60 + 2.62 nm Mean= 11.03 + 4.06 nm Mean= 13.11 £ 4.58 nm

Fig. 14.5 Schematic illustration of the synthesis of Ag NPs-talc composite material by the chemical
reduction. The color change of AgNO3/talc suspension during process was from colorless (a0) to
light brown (al), brown (a2) and dark brown (a3) according the Ag NPs content. Reproduced with
permission from (Shameli et al. 2013), © Springer Science+Business Media Dordrecht 2013

Clay minerals as talc, palygorskite, kaolinite, halloysite, sepiolite, etc. are very
rarely used for metal nanoparticles preparation for a purpose to study their antibac-
terial activity.

Nevertheless, the Ag NPs were synthetized on the talc surface by the wet chemical
reducing method with the NaBH, solution (Fig. 14.5). The mean diameter of Ag
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NPs anchored on talc surface was from 7.60 to 13.11 nm. Antibacterial activity of
prepared samples was tested on bacteria E. coli (G7) and S. aureus (G*). Ag NPs-
talc nanocomposite did not show any inhibition effect in contrast with AgNO; -talc
which inhibited the bacterial growth. Authors studied also Ag* release from talc
structure, which was fast at the beginning of experiment and becomes slower in
time. The Ag* release from Ag NPs-talc nanocomposites can last for more than
16 days (Shameli et al. 2013).

The Ag- or Cu-Pal were prepared for purpose to removing bacteria from aqueous
solution. Antibacterial testing was performed using E. coli (G™) and S. aureus (G*)
as indicators of fecal contamination of water. The Ag- and Cu-Pal eliminated the
pathogenic organisms from water after 12 h of contact time. Antibacterial test
showed no activity of untreated Pal. The CFU number of E. coli decreased from
initial 1.6x 10* CFU to 0 CFU after 6 h in contact with Ag-Pal (0.6% Ag). For the
same sample, the CFU number of S. aureus decreased from initial 1.5x 10* CFU to
0 CFU after 12 h in contact. The CFU number of E. coli decreased to 0 CFU after
12 h and the CFU number of S. aureus decreased to 0 CFU after 24 h in contact with
Ag-Pal (0.57% Cu). Authors showed the differences in the results to the structural
differences in bacteria cell walls, concretely to a thicker cellular wall of S. aureus.
The results of water erosion test indicated that Ag and Cu amount remained on
80.2% and 72.5% in samples after 72 h in contact with water, respectively (Zhao
et al. 20006).

Zhang et al. (2013) used Hal nanotubes as a support of Ag NPs. Hal was modi-
fied with [3-(2-aminoethyl) aminopropyl] trimethoxysilane in toluene. Modified
Hal was mixed with AgNO; methanol solution and reduction of Ag NPs with NaBH,
aqueous solution was performed. The Ag NPs (average diameter about 5 nm) were
uniformly distributed across the surface of Hal. Results of antibacterial test show
the diameter of inhibition zone 12 mm for E. coli and 13 mm for S. aureus. The
photographs of samples solutions in agar plates after 16 h exposure to bacteria E.
coli, compared with the control, shows that Ag NPs and Ag NPs-Hal reaches anti-
bacterial rate of 94.58% and 100%, respectively. Authors ascribed the higher anti-
bacterial activity of Ag-NPs-Hal to the large surface area of the Ag-NPs on Hal. The
Ag-NPs in suspension could aggregate what leads to reduce their effective surface
area and worse inhibition activity. The quantitative antibacterial properties showed
the MIC value 64 pg/mL of Ag-NPs and 32 pg/mL of Ag-NPs-Hal.

Karel et al. (2015) prepared antibacterial Ag-Kao, Ag-Clinoptilotite (Cli) and
Ag-Sep. Samples with Ag were prepared by ion exchange of Na*-forms of Kao, Cli
and Sep with AgNO; aqueous solution during continuously stirring at a dark envi-
ronment (physical treatments). Prepared materials were subjected to phosphoric acid
solution (chemical treatments). The amount of silver incorporated in samples was by
chemical treatment: 0.13 wt.% in Kao, 0.65 wt.% in Cli, and 0.75 wt.% in Sep and
by physical treatment: 0.84 wt.% in Kao, 0.70 wt.% in Cli, and 0.79 wt.% in Sep.
Chemically treated clays contained about 1.5 wt.% of Phosphorous. In samples
treatment with phosphoric acid, the amount of Ag in samples was higher. Antibacterial
halo test (Fig. 14.6) against E. coli (G™) showed that the physically treated clays
exhibited greater circular zone diameter (25-28 mm) in comparison with chemically
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Fig. 14.6 Illustration of inhibition zone determination from antibacterial (modified halo) test.
Adapted from (Karel et al. 2015)

treated clays (22—24 nm). Results of Ag release showed that Ag in chemically treated
samples is more stable opposite physically treated samples. The amount of residual
Ag in samples after 30 days of exposure to water was for chemical treatment sam-
ples: 0.06 wt.% in Kao, 0.26 wt.% in Cli, and 0.19 wt.% in Sep and for physical
treatment samples: 0.70 wt.% in Kao, 0.54 wt.% in Cli, and 0.36 wt.% in Sep.

Antibacterial Ag-Kao samples were prepared by chemical modification of Kao
pre-treatment with formamide, ammonium bromide, benzoylperoxide and vinylac-
etate monomer (polymerization in-situ) and subsequent treatment with AgNO;
aqueous solution. Prepared materials were used as nanofillers to polypropylene (PP)
matrix and antibacterial properties of PP/Ag-Kao composites were studied on the
bacteria E. faecalis (G*) and P. aeruginosa (G™). Results show that inhibition effect
increased with increasing content of Ag-Kao nanofiller in PP/Ag-Kao composite.
Nevertheless, tested E. faecalis exhibited higher sensitivity to action of PP/Ag-Kao
composites than P. aeruginosa and the CFU number of E. faecalis decreased about
100% after 24 h of contact time with surface of PP/Ag-Kao composite (Hunddkova
et al. 2016).

Antibacterial zeolite material as a new antibacterial agent was described already
in 1987 (Maeda 1987). Zeol are widely used as adsorbents in wastewater treatment,
so their using as water filter media is possible. For example, water adsorption prop-
erties of Ag- and Zn-exchange Zeol were studied (Benaliouche et al. 2015).

The antibacterial effect of Zeol exchanged with Ag was tested on E. coli (G™) and
S. aureus (G*) by number viable bacterial colonies (NVC) counted. Zeo was
pretreated to Na*Zeo and put into contact with AgNO; solutions (Ag-Zeo).
Antibacterial effect is dependent on Ag content in Ag-Zeo samples. Nevertheless,
the NVC of E. coli decreased to 0 after 2 h and the NVC of S. faecalis decrease to
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0 after 6 h in contact with the same samples. The Na*Zeo mineral without Ag not
showed antibacterial behavior (Rivera-Garza et al. 2000). Antibacterial effect of
Ag-Zeol on oral bacteria under anaerobic conditions was studied. The oral bacteria
Porphyromonas gingivalis (P. gimgivalis), Prevotella intermedia (P. intermedia),
Actinobacillus actinomycetencomitans (A. actinomycetencomitans), Streptococcus
mutans (S. mutans), Streptococcus sanguis (S. sanguis), A. viscosus and S. aureus
were used. The MIC values were between 256 and 2,048 pg/ml of Ag-Zeol which
corresponded to 4.8-38.4 pg/ml of Ag*. Release of Ag* into the broth was also mea-
sured. Results of antibacterial test show that bacteria P. gingivalis, P. intermedia, A.
actinomycetencomitans were more sensitive to the action of Ag-Zeol samples.
According the study, Ag-Zeol may be a useful to provide antibacterial function for
dentistry materials (Kawahara et al. 2000).

The water disinfecting behavior of Ag-modified Zeol was investigated (Rosa-
Gomez de la et al. 2008, 2010). The ion exchange reaction was involved: Na*Zeol +
AgNO; < Ag-Zeol + NaNO;. The water disinfecting behavior of Ag-modified Zeol
was studied using E. coli (G™) bacteria as indicator of microbiological contamination
of water in a column system. Glass columns were filled with tested samples and loaded
with synthetic wastewater with E. coli or municipal wastewater polluted with coliform
microorganisms. In both wastewaters the initial microorganism concentration was
around 10" NVC/100 ml. The wastewater was pumped through the column at a flow
rate of 2 ml/min. The Ag concentration and microorganisms were monitored. The aver-
age amount of Ag* in Ag-Zeol was 4.33 wt.% (0.4009 meq Ag/g). After complete dis-
infection processes, it was found that 16.6% and 0.6% of E. coli survival. The amounts
of silver determined in effluents were 220.9 and 305.7 pg corresponding to 5.1% and
3.5% of the initial Ag. When the silver effluent was less than 0.6 pg/ml, the E. coli
percentage increased and the volume of disinfected water diminished. After complete
disinfection processes, 100% of coliform microorganism’s survival was recorded.
The amount of silver determined in effluents were 263.7 and 222.4 pg corresponding
to 6.1% and 2.5% of the initial Ag. The Na-Zeol sample did not show antibacterial
activity in both cases. Moreover, authors studied interference of NH* and CI~ ions on
the disinfection process. They found that the presence of NH* ions improves the anti-
bacterial activity of Ag-Zeol on E. coli and the presence of CI~ ions notably diminished
the antibacterial activity (Rosa-Gomez de la et al. 2008).

Natural Cli-rich tuff was first pre-treated with oxalic acid (followed by treat-
ment with NaCl solution) (P1) and NaOH solution (P2). Samples were cation
exchanged with AgNO; aqueous solution. The amount of Ag in samples was
1.9 meq Ag/g in the P1-Ag* and 1.2 meq Ag/g in the P2-Ag*. The antibacterial
effect of P1-Ag* sample was observed stronger for the growth of E. coli (G~)
(18% CFU/ml) opposite S. aureus (G*) (31.58% CFU/ml). Conversely, the anti-
bacterial effect of P2-Ag* sample was observed stronger for the growth of S.
aureus (62.71% CFU/ml) opposite E. coli (74% CFU/ml). The antibacterial action
of sample prepared from Cli pre-treated with oxalic acid and NaOH was more
effective in comparison with sample pre-treated with NaOH due to the different
content of Ag (Copcia et al. 2011).

Guerra et al. (2012) evaluated Ag-Cli as a biocide for the G~ bacteria E. coli and
S. typhi. The Ag-Cli samples were prepared by shaking of Na*Cli with AgNO; solu-
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tion and by reduction at 550 or 700 °C under H,. The Ag content in samples was
determined as 2.1 wt.% and 4.0 wt.%. The X-ray diffraction patterns of samples
with higher amount of Ag show well-defined narrow peaks of metallic Ag NPs. The
size distribution of Ag NPs (spherical shape) determined was in the range 0.7—
9.2 nm depending on the amount of Ag in samples and on reducing temperature.
Study of biocidal effect on E. coli show that Ag-Cli samples (0.06 g per 18 ml of
culture media) with 4 wt.% or 2 wt.% of Ag eliminated all colonies during 30 min
and 120 min, respectively. The higher amount of samples was needed to achieve
similar inhibition for S. ryphi. The Ag-Cli samples (0.12 g per 18 ml of culture
media) with both 4 wt.% or 2 wt.% of Ag eliminated all colonies during 5 min. It
was concluded that the shape and size of the Ag NPs dispersed on the support are
not crucial for biocidal effect at high concentration of Ag. Authors also found that
Ag did not leach from samples during the experiment with both bacteria, thus the
biocidal material can be reused.

Hrenovic et al. (2013) prepared Ag-Zeol, Cu-Zeol and benzalkonium (BC)-Zeol
materials and confirmed their antibacterial activity against isolates of A. baumannii
(Eropean clone I (EUI) and II (EUII). Samples Ag-Zeol, Cu-Zeol and BC-Zeol
contained 50.65 mg Ag*, 20.33 mg Cu** and 85.0 mg BC per gram, respectively.
The A. baumannii from EUII was more sensitive to Ag-Zeol and Cu-Zeol with the
MBC value 31.2 mg/l and 125 mg/l, respectively opposite EUI with MBC value
250 mg/l for both samples. Authors compared antibacterial activity of Ag, Cu,
BC-Zeol samples with Ag, Cu, BC cations. Results show that the modified Zeol did
not show the pronounced activity opposite Ag, Cu and BC salts. The main reason is
their stability and slow release of cations from modified Zeol.

The starting material NaY-Zeol was pre-treated with cetyltrimethyl ammonium
bromide (CTAB). The CTAB-modified NaY Zeol was regenerated to NaY Zeol
using thermal treatment calcination at 550 °C. The regenerated NaY Zeol was
cation exchange to Na-form because Na* in Zeol could be easily exchange with
Ag*. The AgY Zeol samples with different Ag amount were prepared by mixing
of regenerated NaY Zeol with AgNO; aqueous solution. The amount of silver in
AgY samples was 9 mg/g, 63 mg/g and 90 mg/g with increasing concentration of
initial AgNO; solution. Results of antibacterial testing show that AgY Zeol sam-
ple had better inhibition effect on E. coli in comparison with S. aureus in distilled
water, while both bacteria showed low sensitivity to samples in saline solution.
The MIC value decreased with increasing content of Ag in samples (Salim and
Malek 2016). The next interesting study was published about studied of Ag NPs-
coated Zeol as water filter media for fungal disinfection of rainbow trout eggs
(Johari et al. 2016).

14.2.2 Copper on Clay Minerals

Copper can be prepared on inorganic substrates by several methods as Cu?* cations
or Cu, CuO and Cu,0 nanoparticles. The most frequently used method of Cu?* is
preparation by cation exchange on clay substrates, while the most widely used is
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montmorillonite. Summary of some preparation methods of copper on the various
substrates, bacterial strains and testing methods used for studying the antimicrobial
activity is shown in Table 14.2.

The antibacterial ability of Cu?*-Mt was studied on E. coli (G7) and S. aureus
(G") bacteria. The MIC value of Cu**-Mt on these bacteria was 10 mg/1 (equal to
amount of Cu?* ~ 100 ppm) after 24 h and 50 mg/1 (equal to Cu** ~ 500 ppm) after
6 h and 4 h, respectively. The MIC value of Cu®- Mt for both bacteria was
200 mg/l1 after 2 h of action. The Cu** concentration released from Mt was deter-
mined after 2 h of incubation as 0.07 mg/l from 10 mg/l Cu®*-Mt and 1.61 mg/I]
from 200 mg/l Cu**-Mt (Zhou et al. 2004). The antibacterial activity of Cu*-Mt
was tested against the G~ bacteria Aeromonas hydrophila (A. hydrophila). The
MIC and minimum bactericidal concentration (MBC) of Cu?**-Mt were found to
be 150 and 600 mg/l, respectively (Hu et al. 2005). The other authors published
study about antibacterial effect of Cu®*-Mt on two G~ bacterial strains E. coli and
Salmonella choleraesius (S. choleraesius) and the MIC value of Cu**-Mt was
found as 1,024 pg/ml and 2,048 pg/ml, respectively. Authors divided the antibac-
terial process to two stages: adsorption of bacteria from solution and immobiliza-
tion on the Cu**-Mt surface and action related to accumulation of Cu?* on the Mt
surface. The release concentration of Cu?* ions from Mt into the broth increased
with their increasing amount in Cu?*-Mt. Nevertheless, the released amount of
Cu?* from Cu?*-Mt into the broth was very low. The effect of Cu?*-Mt on bacterial
cell walls, on enzyme activity of bacteria and on the respiratory metabolism of
bacteria was confirmed (Tong et al. 2005). The original CaMt, monoionic form
NaMt and acid activated (AA)Mt were cation exchange with CuSO, to Cu**-
CaMt, Cu**-NaMt and Cu**-AAMt. The antibacterial activity was tested on E. coli
(G7). The initial CaMt, NaMt and AAMt showed reducing of bacterial plate
counts by 14.2%, 13.4% and 37.4%, respectively. Nevertheless, the Cu**-CaMt,
Cu?*-NaMt and Cu**-AAMt showed reducing of bacterial plate counts by 95.6%,
97.5% and 98.6%, respectively (Hu and Xia 2006).

In order to use in veterinary medicine, the Cu®*-Mt was also studied in relating
to the effect on the growth performance and intestinal microflora of weanling pigs.
The weanling pigs (total 128 pigs with initial average weight 7.5 kg) were divided
into four groups according the dietary treatments in single doses adjusted follows:
(1) basal diet, (2) basal diet +1.5 g/kg Mt, (3) basal diet +36.75 mg/kg CuSO,
(with the Cu®* equivalent to that in Cu?*-Mt) and (4) basal diet +1.5 g/kg Cu**-Mt.
Experiment was carried out for 45 days. Effect of diet was studied on intestinal
microflora (total aerobes, total anaerobes, Bifidobacterium, Lactobacillus,
Clostridium, E. coli) in both small intestine and proximal colon of pigs. The diet
supplemented with Mt and CuSO, had no effect on growth performance, intestinal
microflora and enzyme activities. Pigs fed with Cu?*-Mt had reduced total viable
counts of Clostridium and E. coli in the small intestine and proximal colon oppo-
site control. The improvement of growth performance of weanling pigs and
reduced of bacterial enzyme activities were found (Xia et al. 2005). The effect of
two Cu’* exchanged Mt, concrete Cu**-CaMT and Cu*-NaMt were studied as
alternative agents to chlortetracycline. The growth performance, diarrhea, intesti-
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nal permeability and proinflammatory cytokine in weanling pigs were investi-
gated. Similar as in previous study, the weanling pigs (total 96 pigs with initial
average weight 5.6 kg) were divided into four groups according the dietary treat-
ments adjusted follows: (1) basal diet (control), (2) basal diet +1.5 g/kg Cu?*-
CaMt, (3) basal diet +1.5 g/kg Cu**-CaMt and (4) basal diet +75 mg/kg
chlortetracycline. Experiment was carried out for 14 days. Results showed that
diet with Cu?*-Mt was as effective as chlortetracycline against diarrhea and inflam-
mation, also improving intestinal microflora and mucosal barrier integrity of
weanling pigs (Song et al. 2013).

The interesting study focused on potential use of Cu?*-Mt in fish farming indus-
try was also published. The effect of Cu**-Mt was studied on growth performance,
microbial ecology and intestinal morphology of Nile tilapia (Oreochromis niloti-
cus). The Nile tilapia (total 360 fingerlings with initial average weight 3.9 g) were
divided into four groups according the dietary treatments adjusted follows: (1)
basal diet, (2) basal diet +1.5 g/kg Mt, (3) basal diet +30 mg/kg CuSO, (with the
Cu* equivalent to that in Cu®*-Mt) and (4) basal diet +1.5 g/kg Cu**-Mt. Experiment
was carried out for 56 days. The Cu?*-Mt in diet improved growth performance,
reduced the total intestinal aerobic bacterial counts and affected the composition of
intestinal microflora in comparison with control and diet with Mt or CuSO,. The
composition of microflora was evaluated according the counts of Aeromonas,
Flavobacterium, Enterobacteriaceae, Vibrio, Pseudomonas, Acinetobacter,
Alcaligence, Corynebactrium and Micrococcus (Hu et al. 2007).

Antibacterial effect of Cu®*-, Zn**-, Ag*- and Ag’- and cetylpyridinium (CP —
exchanged Mt against P. aeruginosa (G~) and S. aureus (G*) was determined. Both
bacteria are highly resistant to antibiotics and cause infections in hospitalized
patients. The Ag*-Mt, Cu**-Mt and Ag’-Mt samples showed good antibacterial
activity against both bacteria. The CP-Mt did not show antibacterial activity
(Ozdemir et al. 2010). The Ag-Mt, Cu-Mt and Zn-Mt were prepared by cation
exchange of Mt. The antibacterial activity against E. coli (G), and antifungal activ-
ity against P. cinnabarinus and P. ostreatus were investigated. It was found that
inhibition effect on E. coli decreased as Ag-Mt > Cu-Mt ~ Zn-Mt. The inhibition
effect on P. cinnabarinus decreased as Zn-Mt > Cu-Mt > Ag-Mt. The inhibition
effect on P. ostreatus decreased as Cu-Mt > Zn-Mt > Ag-Mt. The samples were as
effective as the free Ag* ions. The free Ag*, Cu®*, Zn>* cations inhibited the bacterial
and fungal growth in similar manner (Malachovd et al. 2011).

The Cu NPs were synthetized on Mt substrate by in situ reduction of copper
ammonium complex ion. As first, the Mt-[Cu(NH3),(H,0),]** powder was prepared
followed: CuCl, aqueous solution was made ammoniacal and copper ammonia
complex ion [Cu(NH;),(H,0),]** was formatted (indicating according a dark blue
color) and Mt was added. The dried powder was suspended in ammoniacal water,
the hydrazine hydrate wad added and stirred to a bluish purple color, washed and
dried. The results showed that the Cu NPs were both intercalated and adsorbed by
the Mt. Antibacterial activity of prepared material was studied on the G~ bacteria E.
coli and P. aeruginosa and the G* bacteria S. aureus and E. faecalis. Results showed
mortality over 80% after 12 h of incubation. The MBC value of Cu NPs-Mt (Cu
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NPs) determined for individual bacteria was 5.7 mg/mL (285 pg/ml) for S. aureus,
5.2 mg/mL (260 pg/ml) for E. coli, 5.1 mg/mL (255 pg/ml) for E. faecalis, 7.2 mg/
mL (360 pg/ml) for P. aeruginosa. The antibacterial action of Cu NPs-Mt is based
on Cu NPs/Cu ions mediated cell disruption which is aided by the Mt substrate
which serves as a stable carrier for the Cu NPs and also increases the contact fre-
quency with the bacterial cell. The cytotoxicity study performed on two human cells
showed a decrease in viability in both cell lines. Nevertheless, the stabilizing effect
was observed with increase of Cu NPs-Mt concentration (Bagchi et al. 2013).

The CuO NPs were synthetized on Mt substrate by thermal decomposition
method. The CuO-Mt was prepared by adding of Na,CO; and CuSO, to deionized
water and stirred at 60 °C. Mt was added and suspension was stirred to forming
green precipitate Cu,(SO,)(OH)s, separated by filtration and kept to a muffle fur-
nace at 600 °C. The mean diameter of small spherical CuO NPs agglomerated on
Mt was determined as ~3—5 nm. The antibacterial test on E. coli (G™) shows that the
MIC values for samples Mt, CuO and CuO-Mt were 100, 10 and 0.1 ng, respec-
tively. The results of disc susceptibility test show no antibacterial activity of Mt.
Contrary, CuO and CuO-Mt show antibacterial behavior, and the inhibition zone
was higher for CuO-Mt (Sohrabnezhad et al. 2014).

There are not many studies published on antibacterial activity of Cu®* ions and
Cu or CuO NPs on vermiculite as substrate.

The Cu-Ver was prepared by cation exchange and antibacterial activity was
tested on E. coli (G). Moreover, in order to determine the influence of heating on
the antibacterial activity, the Cu-Ver sample was heated at 200 or 400 °C. Results of
halo test show good antibacterial activity of Cu-Ver and no significant decrease in
activity of samples after heating (Li et al. 2002). The antibacterial and antiprotozoal
effects of Ag*, Cu®* and Zn?>* cation exchanged in Mt and Ver were compared.
Antibacterial activity was tested on the G~ bacterial strains E. coli and P. aeruginosa
and the G* bacterial strain E. faecalis. Antiprotozoal effect was tested on Trichomonas
vaginalis (T. vaginalis). Results show the high antibacterial and antiprotozoal effect.
Moreover, it was found that 7. vaginalis was the most sensitive on tested samples
(Pazdziora et al. 2010).

Ver substrate was decorated with Cu NPs and antibacterial activity was studied
against bacteria S. aureus (G*). The Cu NPs were prepared by heat treatment and H,
reduction. First, the Cu®*-Ver samples were prepared by cation exchanged with
CuSO, aqueous solution. Second, the Cu?**-Ver were heat treated in a Lindberg
hydrogen furnace filled with Ar. After achieved the reduction temperature 400 or
600 °C, the H, or air flow was introduced to the furnace. The Cu content in samples
was from 1.7 to 3.5 wt.%. The size of Cu NPs distributed primarily on Ver surface
was in the broad range from ~1 to 400 nm. The good antibacterial activity of pre-
pared Cu NPs-Ver samples was confirmed (Drelich et al. 2011). The antibacterial
activity of Ag-Ver, Cu-Ver and Ag,Cu-Ver materials was compared. The inhibition
effect on bacterial growth was observed in all prepared Ag-, Cu-Ver samples. The
synergic effect of Ag and Cu in combined samples was observed. Nevertheless, the
antibacterial activity of samples contained Ag was better compared to samples con-
tained Cu (Hunddkova et al. 2013b, 2014a, b).
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The antibacterial activity of Cu NPs prepared on Zeol mineral sepiolite was also
studied. The Cu NPs on Sep were synthetized using the process of cation exchange
with CuSO, aqueous solution and adjusting the pH with NaOH to precipitate the
metallic cations. Then, the prepared powder was subjected to the reduction in a
90% Ar/10% H, atmosphere at 500 °C to obtain Cu NPs. The size of Cu NPs dis-
tributed on Sep was 2-5 nm. The antibacterial effect of Cu NPs-Sep was tested on
E. coli (G) and S. aureus (G*). The concentration of both bacteria was reduced
about 99.99% after 24 h of action (Esteban-Cubillo et al. 2006). Hrenovic et al.
(2012) compared antimicrobial activity of Cu,O, ZnO and NiO NPs supported on
natural Cli. The numbers of viable bacterial cells of E. coli and S. aureus were
reduced for four to six orders of magnitude after 24 h contact with Cu,O and ZnO
NPs. Moreover, the Cu20 and ZnO NPs showed 100% of antiprotozoal activity
against Paramecium caudatum (P. caudatum) and Euplotes affinis (E. affinis) after
1 h of contact. The antibacterial and antiprotozoal activity of NiO NPs was less
efficient. The Cu**-Zeol and Zn**-Zeol materials were prepared from commercial
Zeol by cation exchanged with CuSO, or ZnCl, aqueous solution. Moreover, the
encapsulation of a fragrance molecule - triplal, was studied. The antimicrobial
activity of materials before and after encapsulation was studied. The Cu**-Zeol and
Zn**-Zeol inhibited the growth of S. aureus (G*) more than the growth of E. coli
(G") and P. aeruginosa (G™). The Cu**-Zeol samples showed larger inhibition zone
compared Zn**-Zeol against all bacteria. On the contrary, in antifungal activities
test, the Zn?*-Zeol samples showed larger inhibition zone compared Cu**-Zeol
against yeast Candida albicans (C. albicans) and fungus Aspergillus niger (A.
niger) (Tekin and Bac 2016).

14.2.3  Silver and Copper NPs on Carbon Materials

Nanostructured Graphite Oxide (GO) and low-cost GO coated with silver or sand
nanoparticles were developed and characterized. Antibacterial efficacy of these
nanoparticles was investigated using waterborne pathogenic E. coli strain. Inhibition
of pathogenic E. coli with sand and GO NPs. Highest bacterial removal efficiency
(100%) by the Coated Graphite Oxide and the lowest by sand filters with 17.9—
88.9% reduction rate from 0 to 24 h, respectively. The filter system with GO com-
posite can be used as an effective filter for water disinfection and production of
potable and pathogens free drinking water (Jakobsen et al. 2011). GO based nano-
composites have raised significant interests in many different areas silver nanopar-
ticle (AgNPs) anchored GO (GO-Ag) has shown promising antimicrobial potential.
Factors affecting its antibacterial activity as well as the underlying mechanism
remain unclear. GO-Ag nanocomposites with different Ag NPs to GO ratios exam-
ined for their antibacterial activities against both the G~ bacteria E. coli and the G*
bacteria S. aureus. GO-Ag nanocomposite with an optimal ratio of AgNPs to GO is
much more effective and shows synergistically enhanced, strong antibacterial activ-
ities at rather low dose (2.5 pg/ml) compare to pure AgNPs. The GO-Ag



14 Decoration of Inorganic Substrates with Metallic Nanoparticles... 323

nanocomposite is more toxic to E. coli than that to S. aureus. The antibacterial
effects of GO-Ag nanocomposite are further investigated, revealing distinct, spe-
cies-specific mechanisms. The results demonstrate that GO-Ag nanocomposite
functions as a bactericide against the E. coli (G7) through disrupting bacterial cell
wall integrity, whereas it exhibits bacteriostatic effect on the S. aureus (G*) by dra-
matically inhibiting cell division (Tang et al. 2013). The effect of bactericide dosage
and pH on antibacterial activity of GO-Ag was examined. GO-Ag was much more
destructive to cell membrane of E. coli than that of S. aureus. Experiments were
carried out using catalase, superoxide dismutase and sodium thioglycollate to inves-
tigate the formation of reactive oxygen species and free silver ions in the bacteri-
cidal process. The activity of intracellular antioxidant enzymes was measured to
investigate the potential role of oxidative stress. According to the consequence, syn-
ergetic mechanism including destruction of cell membranes and oxidative stress
accounted for the antibacterial activity of GO-Ag nanocomposites. All the results
suggested that GO-Ag nanocomposites displayed a good potential for application in
water disinfection (Jones and Hoek 2010) (Fig. 14.7).

The combination of silver with copper gave enhanced result. Ag, Cu monometal-
lic and Ag/Cu bimetallic NPs were in situ grown on the surface of graphene, which
was produced by chemical vapor deposition using ferrocene as precursor and fur-
ther functionalized to introduce oxygen-containing surface groups. The antibacte-
rial performance of the resulting hybrids was evaluated against E. coli cells and
compared experiments of varying metal type and concentration. It was found that
both Ag- and Cu-based monometallic graphene composites significantly suppress
bacterial growth, yet the Ag-based ones exhibit higher activity compared to that of
their Cu-based counterparts. Compared with well-dispersed colloidal Ag NPs of the
same metal concentration, Ag- and Cu-based graphene hybrids display weaker anti-
bacterial activity. However, the bimetallic Ag/Cu NPs-graphene hybrids exhibit
superior performance compared to that of all other materials tested, i.e., both the
monometallic graphene structures as well as the colloidal NPs, achieving complete
bacterial growth inhibition at all metal concentrations tested. A systematic analysis
of antibacterial activity of GO nanosheets, Ag and Cu NPs, and combinations of
Cu-Ag NPs, and GO-Cu-Ag nanocomposites against E. coli, P. aeruginosa, S.
aureus, K. pneumoniae and Methicillin-resistant S. aureus (MRSA) was performed.
MRSA showed highest resistance in all cases (Perdikaki et al. 2016; Jankauskaité
et al. 2016).

Transition metal NPs such as Ag and Cu have been grafted onto carbon nanotube
surface through wet chemical approach leading to the development of densely packed
NP decorated carbon nanotubes. Chemically active surface and high-temperature sta-
bility are the basic attributes to use carbon nanotubes as the template for the growth
of NPs. The antimicrobial properties of acid-treated MWCNT (MWCNT-COOH),
Ag-MWCNT, and Cu-MWCNT are investigated against E. coli (G™) bacteria.
Ag-MWCNT and Cu-MWCNT (97% kill vs. 75% kill), whereas MWCNT-COOH
only killed 20% of bacteria. Possible mechanisms are proposed to explain the higher
antimicrobial activity by NP-coated MWOCNT. These findings suggest that
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Fig. 14.7 Silver
nanoparticle on graphite
flake (SEM image acquired
using secondary electron
detector)

SEM HV: 5.0 kV WD: 7.01 mm il MIRA3 TESCAN

SEM MAG: 505 kx Det: In-Beam SE 100 nm
View field: 0.548 pm HiVac Performance In nanospace

Ag-MWCNT and Cu-MWCNT may be used as effective antimicrobial materials that
find applications in biomedical devices and antibacterial controlling system.

Ag NPs attached to CNTs have also shown enhanced activity against E. coli.
Although, this strategy gives enhanced antibacterial effect but parameters like struc-
tural defects, agglomeration and impurities could also lead to partial loss in the ulti-
mate expected results. Thus, precise control is required to further achieve the
improved results. In the case of Ag-NPs attached to CNTs, it is believed that the
antibacterial activity is due to Ag NPs. Several reports are available on the antibacte-
rial activity of Ag NPs (Jones and Hoek 2010). When Ag-NPs are exposed to air,
oxidation at the surface occurs (Eq. 14.1) and when in acidic environment, Ag* ions
are released (Eq. 14.2) (Xiu et al. 2012). The released Ag* ions bind to the thiol group
(SH) in enzymes and proteins on cellular surface and produce holes to enter the cell.

4Ag(0)+0, - 2Ag,0 (14.1)
Ag,0+4H" - 4Ag" +2H,0 (14.2)

Another important aspect is the formation of Ag-NPs-CNT interface, which is
believed to be quite stable without adversely affecting the antibacterial activity of
Ag-NPs. In fact, presence of substrate (CNTs) serves two purposes in the experi-
ment: (i) act as a host to increase the long term stability of NPs. Li et al. (2011)
reported the long term stability for the about 1 month of MWCNTSs and Ag-NPs
composites. (ii)) CNTs as possible substrates or a platform for drug delivery applica-
tion. Yuan et al. (2008) showed the improvement of antibacterial efficiency against
S. aureus (G*) bacteria after the deposition of Ag-NPs on MWCNTs grafted with
hyperbranched poly amidoamin (AMWCNTs), both d-MWNTs and d-MWNTs/Ag
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were found equally effective against E. coli (G™) and P. aeruginosa (G~) bacteria.
Jung et al. (2011) reported the antibacterial efficiency with pure MWCNTs, pure
Ag-NPs and deposited Ag/CNTs against E. coli (G7) and S. epidermidis (G*), while
higher inactivation of E. coli was observed relative to S. epidermidis. The present
work dealt with the CVD growth of CNTs and synthesis of Ag-NPs and formation
of composite by mixing CNTs in a mixture of AgNO; resorcinol and ethanol in one
reaction.

14.3 Metal Oxides on Inorganic Substrates as Antimicrobial
Agents

14.3.1 ZnO on Clay Minerals

Several studies dealing with preparation a characterization of nanocomposites
where ZnO NPs are attached or bounded at clay matrix were published. Preparation
of ZnO/Pal composites was developed by Huo and Yang (2010). Fibers of Pal
were uniformly coated by ZnO NPs with average size equal to 15 nm. This com-
posite exhibited antibacterial activity against E. coli (G™) stronger than pure ZnO
NPs. Authors proposed that clay matrix positively affected production of H,0O,,
which is harmful to living cells, and led to the cell membrane destruction and
growth inhibition of bacteria. Zinc-enhanced montmorillonites were prepared
and their influence to intestinal microbiota and barrier function in weaned pigs
was evaluated (Jiao et al. 2015). Study revealed that providing 150 mg/kg Zn,
supplementation prepared Zn-Mt improved postweaning diarrhea and enhanced
growth performance in the weaned pigs. Explanation of results was attributed to
the adsorption of the bacteria and immobilization on the surface of the composite.
Alternatively, Zn was released from structure of the composite and directly
exerted its antimicrobial effect on the bacteria. Therefore, the antibacterial effect
of Zn-Mt may be explained by interactions of Mt with Zn. Also ZnO-Mt hybrid
composite was investigated on performance, diarrhea, intestinal permeability and
morphology (Hu et al. 2012). It was discovered that supplementing weaned pigs
diets with 500 mg/kg of Zn from ZnO-Mt was as efficacious as 2,000 mg/kg of
Zn from ZnO in promoting growth performance, alleviating diarrhea, improving
intestinal microflora and barrier function. Pigs fed with 500 mg/kg of Zn from
ZnO-Mt had higher performance and intestinal barrier function than those fed
with Mt or 500 mg/kg of Zn from ZnO. ZnO-Mt composite was also tested as a
material with potency to inhibit the cyanobacterial bloom (Gu et al. 2015).
Microcystis aeruginosa (M. aeruginosa) is cyanobacteria which has a negative
impact on water quality and therefore to human health. It was proved, that ZnO-Mt
has strong flocculation effect on the tested cyanobacteria in comparison with pure
Mt or ZnO under visible light and better photocatalytic degradation under UV
irradiation. Synergistic effect of flocculation and photocatalysis of ZnO-Mt pro-
moted removal of M. aeruginosa. Antibacterial activity of nanocomposite ZnO/



326 M. Hundékova et al.

kaoline (ZinKa) was evaluated (Dé&dkova et al. 2015a). ZinKa with 50 wt.%
exhibited antibacterial activity under artificial day light against four common
human pathogens (S. aureus (G*), E. faecalis (G*), E. coli (G7), P. aeruginosa
(G7)). The highest antibacterial activity was observed against S. aureus, where
the lowest value of MIC was determined equal to 0.41 mg/ml. As a comparison to
this study, nanocomposite with the same chemical composition but prepared from
different precursor and at slightly different conditions denoted Kao/ZnO (KAZN)
was tested against the same four human pathogens at the same antibacterial assay
(Dédkovi et al. 2016).

It was found that even chemical composition o ZinKa and KAZN is the same
resulting antibacterial activity is different and therefore can be assumed that the way
of preparation nanocomposites with clay matrix have an influence on resulting
activity, nevertheless authors did not provide any detail explanation of this result
because it needs to be investigated more. However, authors proposed possible
mechanism of antibacterial activity, which could be based on photocatalytic reac-
tion and production of ROS. Antimicrobial activity of ZnO-Ben composite was
introduced by Pouraboulghasem et al. (2016). E. coli (G) served as a testing bacte-
ria and pure Ben did not exhibit any antibacterial activity. After alkaline ion
exchange treatment, antibacterial activity was observed. The most promising com-
posite was ZnO/Ben after alkaline ion exchange for 60 and 90 min. Leaching test,
which was also done, showed that ZnO/Ben did not present any risk to drinking
water treatment due to the amount of leached zinc below to 4 mg/L, which is in the
acceptable range according to World Health Organization regulations. Motshekga
et al. (2013) published study dealing with composites where ZnO, Ag and combina-
tion of Ag- ZnO NPs supported on Ben clay were prepared. Disc diffusion method
was used as a method for antibacterial assay where E. coli (G™) with E. faecalis (G*)
were selected as tested bacteria. ZnO-clay composite and Ag-clay composite exhib-
ited antibacterial activity however Ag/ZnO-clay exhibited the highest antibacterial
activity from tested composites and according to authors it could be used as a mate-
rial for drinking water treatment to target the G* also the G~ bacteria.

14.3.2 TiO, on Clay Minerals

There are many published papers dealing with photocatalytic activity of TiO,/clay
based nanocomposites, however, only a few are dealing with the antibacterial activ-
ity or describing possible applications in medicine. Kao/TiO, (KATI) nanocompos-
ite was prepared and antibacterial activity in relation to irradiation time was
investigated (Dédkova et al. 2014). A standard microdilution test was used to deter-
mine the antibacterial activity using four human pathogenic bacterial strains
(S. aureus (G*), E. coli (G), E. faecalis (G*), P. aeruginosa (G™)). Artificial day
light was applied to induce photocatalytic reaction. It was observed that UV light is
not essential for antibacterial activity of KATI composite which is important in
terms of potential applications for antibacterial modification of various surfaces.
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Authors proposed that these nanocomposites would be used in future e.g. for sur-
face treatment of external fixators in the treatment of complicated fractures of
humans or animals for reduction of potential infection. TiO, nanotubes loaded with
ZnO and Ag NPs were investigated by Roguska et al. (2015) with respect functional
coatings to enhance bio-compatibility and antibacterial activity of implant materi-
als. Authors observed considerable antibacterial activity of pure TiO, nanotubes to
S. epidermidis (G*), however, loading of nanotubes with nanoparticles significantly
increased its effect on tested bacteria, where cell viability and adhesion extenuated
after 1.5 h contact with modified surface. This functional coating seems to be prom-
ising delivery system to reduce bone implant related infections after operations;
nevertheless, the amount of loaded nanoparticles has to be balanced to avoid over-
dose and potential risk to patients.

14.3.3 ZnO on Carbon Materials

Different forms of carbon may serve as a matrix for anchoring of nanoparticles.
Simple hydrothermal method was used for decoration of graphene sheets with ZnO
NPs (Bykkam et al. 2015). S. typhi (G™) and E. coli (G™) were used during well dif-
fusion test to evaluate the antibacterial activity of prepared composite material.
Provided results shown that few layered graphene sheets decorated by ZnO NPs
exhibited good antibacterial activity. ZnO:Cu:Graphene nanopowder and its photo-
catalytic and antibacterial activity was studied (Ravichandran et al. 2016). It was
demonstrated that this material has better photocatalytic and antibacterial properties
in comparison with pure ZnO and ZnO:Cu nanopowders. Authors proposed that
graphene layers could efficiently separate the photoinduced charge carriers and
delay their recombination. This material is potential candidate not only in the field
of decontamination of organic pollutants but also in medicine as an effective anti-
bacterial agent. Plasmonic sulfonated graphene oxide-ZnO-Ag (SGO-ZnO-Ag)
composites were developed by Gao et al. (2013) via nanocrystal-seed-directed
hydrothermal method. Surface plasmon resonance of Ag shifted the light absorption
ability of this material to visible region of spectra. Moreover, hierarchical structure
of SGO-ZnO-Ag improved the incident light scattering and reflection. Finally,
sulfonated graphite sheets enabled charge transfer and reduce the recombination of
electron-hole pairs. These synergistic effects led to much faster rate of photodegra-
dation of Rhodamine B and disinfection of E. coli than in the case of pure ZnO. SGO-
ZnO-Ag composite is promising candidate in the field of disinfection and
photodegradation. Dédkova et al. (2015¢) introduced nanostructured composite
material ZnO/graphite (ZnGt). Micromilled and high purity natural graphite (Gt)
were used as a matrix to anchoring of NPs, where 50 wt.% of ZnO NPs were given.
Antibacterial assay using four human pathogens showed that ZnGt composited
exhibited antibacterial activity under artificial daylight irradiation. Those materials
could find the potential application in the field of surface modification of materials
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used in medicine especially when UV light is not essential for induction of its
antibacterial activity.

Carbon fibers may also serve as a material for anchoring of NPs, however, it is
still not frequently studied. Carbon nanofibers decorated with TiO,/ZnO NPs were
prepared via electrospinning method by Pant et al. (2016). The small amount of
ZnO was introduced to fibers through electrospinning and that provided nucleation
sites for the crystal growth of ZnO during hydrothermal synthesis and enabled
holding of TiO,/ZnO particles on the fiber surface. This process of preparation pro-
vided composite material with better stability. Antibacterial activity of the prepared
material was tested against E. coli under UV irradiation. It was demonstrated that
carbon-TiO,/ZnO has higher antibacterial activity than TiO,/ZnO. This material is
promising for air and water purification purposes (Pant et al. 2013).

Carbon nanotubes are being studying intensively in terms of potential applica-
tions in several fields of human lives. Antimicrobial properties of carbon nanotubes
were already published (Liu et al. 2009) and currently surface modifications and
functionalization of carbon nanotubes are investigated. Metal and metal oxides
based nanoparticles may serve as one of many possible modificants. ZnO coated
multi-walled carbon nanotubes (ZnO/MWCNTs) prepared by Sui et al. (2013) were
tested in terms of potential antimicrobial material. E. coli was selected as a target
organism. Raw and purified MWCNTs were used as a reference material. Obtained
results indicate that raw and purified MWCNTs only adsorbed cells of E. coli,
whereas ZnO/MWCNTs showed bactericidal effect. In other study functionalized
multi-walled carbon nanotubes in ZnO thin films (MWCNT-ZnO) were synthesized
for photoinactivation of bacteria (Akhavan et al. 2011). MWCNT-ZnO nanocom-
posite thin films with various MWCNT contents were prepared. Photoinactivation
of E. coli under UV-visible light irradiation on the surface of unfuctionalized film as
well as on the surface of MWCNT-ZnO functionalized film was observed, where
functionalized composites with various MWCNT content showed significantly
higher photoiactivation of bacteria. Result showed that 10% of MWCNT-ZnO is the
optimum content in the film. Proposed mechanism of the antibacterial activity is
assigned to charge transfer through Zn-O-C bonds, which are originated, between
atoms of zinc of ZnO film and oxygen atoms of carboxylic functional groups of the
MWCNTs.

14.3.4 TiO, on Carbon Materials

Direct redox reaction served a method for preparation of composites of ultrafine
TiO, nanoparticles and graphene sheets (TiO,/GSs) (Cao et al. 2013). The compos-
ite possessed extended light absorption, which means that the composite could be
excited by visible light. Antibacterial potency induced via visible-light irradiation
was investigated against E. coli. Results shown, that the antibacterial activity of
TiO,/GSs was significantly higher than to pure TiO, nanoparticles. Authors pro-
posed possible application of this material in the field of indoor air disinfection.
Titanium dioxide-reduced graphene oxide (TiO,-RGO) were synthesized by the
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photocatalytic reduction of exfoliated graphene oxide (GO) by TiO, under UV irra-
diation in the presence of methanol as a hole acceptor (Ferndndez-Ibafiez et al.
2015). Water contaminated with E. coli and Fusarium solani (F. solani) was treated
by TiO,-RGO and P25 (TiO,) under real sunlight. Fast disinfection of the contami-
nated water was observed. Inactivation of F. solani was similar for both tested mate-
rials; nevertheless, the higher inactivation of E. coli was caused by TiO,-RGO
composite. Proposed explanation is given to the production of singlet oxygen via
visible light excitation of the composite. Another study was focused on the mag-
netic graphene oxide-TiO, (MGO-TiO,) (Chang et al. 2015) composites and its
antibacterial activity against E. coli under solar irradiation. It was observed that
MGO-TiO, caused complete inaction of the E. coli within 30 min under solar
irradiation.

Graphene oxide-TiO,-Ag (GO-TiO,-Ag) composites were introduced as highly
efficient water disinfectants by Liu et al. (2013). Antibacterial activity of GO-TiO,
and GO-Ag against E. coli was observed, however, the highest activity showed
GO-TiO,-Ag composite. The explanation is given to enhanced photocatalytic reac-
tion, which led to bacterial inactivation. It is expected that Ag nanoparticles signifi-
cantly suppress recombination of photoinduced electrons and holes, which enhance
the photocatalytic performance of GO-TiO,-Ag nanocomposites. Simple one step
hydrothermal reaction of TiO, nanoparticles (Degusa P25) with AgNO; and
reduced graphene oxide led to creation of multifunctional Ag-TiO,/rGO composite
(Pant et al. 2016). Enhanced optical response of the nanocomposite led to the
absorption of light in the visible spectrum via localized surface plasmon resonance
effects. Antibacterial activity was performed on E. coli as a tested organism. The
nanocomposite showed synergistic effect of photocatalytic disinfection of E. coli
than pure TiO, or TiO,-Ag and therefore its antibacterial activity was significantly
higher. It seems that Ag-TiO,/rGO is a promising candidate for water treatment due
to its improved photocatalytic and antibacterial properties. One study introduced
nanostructured composite material graphite/TiO, (GrafTi) (Dédkova et al. 2015¢)
and its antibacterial activity against four common human pathogens (S. aureus
(G"), E. coli (G"), E. faecalis (G*), P. aeruginosa (G~)) under artificial day light.
Antibacterial activity of this material is attributed to photocatalytic reaction with
subsequent interaction of ROS with bacterial cells. Difference between antibacte-
rial activity against selected bacteria and difference in the onset of activity were
observed. The developed nanocomposite exhibited a potential for future applica-
tions as antibacterial agents for modification of surfaces to control bacterial growth
e.g. in biomedical fields.

Nanocomposites based on TiO, nanoparticles and various amounts of function-
alized MWCNTs (TiO,-MWCNTs) were synthesized (Koli et al. 2016) and its
antibacterial activity against E. coli and S. aureus under artificial visible light irra-
diation has been performed. Experiments revealed high antibacterial activity of
TiO,-MWCNTs, while bare TiO, nanoparticles did not show any inhibitory effect.
Authors expect that it is caused by smaller particle size and visible light activation;
however, detail explanation is not provided. This material is efficient against wide
range of bacteria and may be used to control the persistence and spreading of
bacterial infections.
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14.4 Conclusion

Various types of antimicrobial materials are researched and developed based on
both inorganic and organic matter. One of them are purely inorganic based on inor-
ganic substrate and enhanced by metals or metal oxides. Clay minerals are suitable
substrates for various metals as silver, copper their oxides or oxides of zinc or tita-
nium. Improved and more stable antimicrobial action is proven for wide range of
bacterial strains, and anchored interaction in hybrids provides lower mobility of
nanoparticles therefore lowered negative effect on environment. Similar interaction
is observed in case of carbon materials (nanocarbons), however, the forces attract-
ing the active particles are non-bonding interactions. Utilization of such hybrid anti-
microbial materials are very wide. There are applications in packaging using those
particles as nanofillers for polymeric nanocomposites or medicinal application,
where active particles anchored on clay or carbon substrate can be promising deliv-
ery system to reduce bone implant related infections after operations, for surface
treatment of external fixators in the treatment of complicated fractures of humans or
animals for reduction of potential infection or dental applications. They can be used
for waste water treatment and sanitary purposes as well. However, the application of
antimicrobial materials should be carefully tailored and the toxicity effect
considered.
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