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Nanoparticles of metals interacting with cellular components and biomacromolecules including DNA and RNA alter cellular processes.
Concerning the antimicrobial activity, the metal nanoparticles in nanomolar concentrations inhibit the growth of bacterial strains. Even
though the general mechanism of metal nanoparticle action has not been fully understood yet, among current accepted schemes belong
the damage of the microbial enzymes by the release of metal ions, the membrane integrity changes, penetration into the cytoplasm of
bacteria and accumulation in the periplasmic space or the reactive oxygen species formation due to the effect of metal nanoparticles.
Moreover, G+ bacteria react remarkably later on the effect of metal nanoparticles compared to G- bacteria, which is reflected in the later
inhibition of cell division. The aim of this study is to describe the properties of metal nanoparticles (silver, selenium, copper or zinc nanoparticles) and to compare their antimicrobial properties in complex with chitosan on the bacterial strains Staphylococcus aureus and
Escherichia coli.
Chudobova, D. – Cihalova, K. – Kopel, P. – Ruttkay-Nedecky, B. – Vaculovicova, M. – Kizek, R. – Adam, V.: Antimikrobiální
nanomateriály v potravinářství. Kvasny Prum. 61, 2015, č. 2, s. 51–56
Kovové nanočástice interakcemi s buněčnými částicemi a biomakromulekulami včetně DNA a RNA pozměňují buněčné procesy.
Pokud jde o antimikrobiální aktivitu, kovové nanočástice v nanomolárních koncentracích inhibují růst bakteriálních kmenů. Přestože
obecný mechanismus účinků kovových nanočástic dosud nebyl plně poznán, v současnosti je mezi nimi uznáváno poškození mikrobiálních enzymů uvolněním kovových iontů, změny integrity membrán, průnik do cytoplazmy bakterií, hromadění v periplazmatickém prostoru či vytváření reaktivních forem kyslíku. Navíc, G+ bakterie reagují na přítomnost kovových nanočástic ve srovnání s G- bakteriemi se
znatelným zpožděním, což se projevuje v opožděné inhibici buněčných celků. Článek popisuje vlastnosti kovových nanočástic (stříbro,
selen, zinek) a porovnává jejich antimikrobiální účinky v chitosanových komplexech na bakteriální kmeny Staphylococcus aureus a Escherichia coli.
Chudobova, D. – Cihalova, K. – Kopel, P. – Ruttkay-Nedecky, B. – Vaculovicova, M. – Kizek, R. – Adam, V.: Antimikrobielle
Nanomaterialien in der Lebensmittelindustrie. Kvasny Prum. 61, 2015, Nr. 2, S. 51–56
In Interaktionen metallische Nanoteilchen mit Zellteilchen und Biomakromolekülen einschließlich DNA und RNA ändern die zellulären
Prozesse. Hinsichtlich der antimikrobiellen Aktivität, metallische Nanoteilchen inhibieren Wachstum von Bakterienstämmen. Trotzdem
das allgemeine Mechanismus Nanoteilchenwirkungen vollständig noch nicht identifiziert wurde, in Gegenwart die Beschädigung mikrobiellen Enzymen durch Metallionenfreilegung, Membranintegritätänderungen, Penetration in Bakterienzytoplasma, Anhäufung im
periplasmatischen Raum oder reaktive Sauerstoffspezies wurde schon anerkannt. Im Vergleich mit G- Bakterien reagieren G+ Bakterien
auf die Gegenwart von metallischen Nanoteilchen mit einer wesentlichen Verspätung, was spiegelt sich in einer verzögerten Inhibition
des Ganzkeimes. Im Artikel werden die Eigenschaften der metallischen Nanoteilchen (Silber, Selen, Zink) und vergleicht ihre mikrobielle
Wirkungen in den Chitosan Komplexen auf die Bakterienstämmen Staphylococcus aureus und Escherichia coli.
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■■ 1 NANOTECHNOLOGIES AND THEIR

APPLICATIONS IN THE FOOD INDUSTRY

The massive industrial production and application of engineered
nanomaterials ENMs currently and the predicted increase in the
near future may result in their appearance in various environments,
yielding the possibility of human exposure to these ENMs through
inhalation, dermal contact, or ingestion (Martirosyan, Schneider,
2014). The amount of released of ENMs into the environment cannot be accurately estimated due to the speed of production, lack
of knowledge on the amount of ENMs applied and released from
various applications and products. Due to high-volume production of
consumer products containing ENMs, such as nanoparticles (NPs)
of silver, titanium dioxide, zinc oxide, silica, etc., human exposure to
these artificial NPs is possible directly (via personal healthcare products, cosmetics, food, water, drinking, drugs and drug delivery system) and/or indirectly, e.g., through the release of these compounds
into the environment (Cassee et al., 2011; Hansen et al., 2008; Mueller, Nowack, 2008; Smita et al., 2012). The indirect exposure may
potentially result in the contamination water sources and uptake into
the human food chain (Klaine et al., 2008).

Wide field benefiting from nanomaterial development is the food
industry with big potentials for food safety, quality, and preservation
(shelf-life extension) (Cho et al., 2008). In the food sector, the uses
of nanotechnology-derived food ingredients, additives, supplements
and contact materials are expected to grow rapidly. It was estimated
that between 150–600 nanofoods and 400–500 nanofood packaging
applications are already present on the market. Two hundred four
products have been indicated, while according to potential exposure
pathways into the human body from a theoretically there are 107
products potentially to be ingested (Martirosyan, Schneider, 2014).
The application of ENMs in the agri-food industry may represent
new indirect sources of food contamination, as may arise from e.g.
nano-sized pesticides and veterinary medicines, contact of food with
nanoparticulate-based coatings during preparation or processing,
or potential transport of ENMs from food packaging. Several pesticide formulations based on microemulsion or microencapsulation
(Chaudhry et al., 2008) are known examples. Literature review on
nanopesticides was published recently combining the existing information and draws conclusions that the nanoformulations expected
to have significant impacts on the fate of active ingredients and/or
introduction of new ingredients for which the environmental fate is
still poorly understood (e.g. AgNPs) (Kah et al., 2013; Landsiedel
et al., 2012). Taking into account the lack of knowledge of the environmental behaviour and the fate of ENMs, it is difficult to evaluate
whether ENMs may accumulate in the food chain.
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In this review, we summarized data on metal-based nanoparticles
exhibiting antimicrobial effects, and potentially applicable in various
areas including food protection.

■■ 2 SYNTHESIS, CHARACTERIZATION

AND MODIFICATION OF METAL
NANOPARTICLES

Recently, magnetic nanoparticles have become a very powerful
tool in a number of research areas such as biotechnology, biomedicine, and magnetic resonance imaging, in waste water treatment
or information technology. The superparamagnetic nanoparticles
have a rapid response to the applied external magnetic field. They
will randomize their directions and become neutral again almost immediately after the field removed because the thermal energy will
flip the dipoles in random directions (Jeong et al., 2007; Lu et al.,
2007). The main critical parameters determining their use in biomedical applications is the magnetic particle size, biocompatibility or
monodispersity (Tartaj et al., 2003). Methods such as thermal decomposition co-precipitation, sol-gel or microwave synthesis or/and
microemulsion belong to ways of synthesis of a variety of NPs. Iron
oxides (either Fe3O4 or γ- Fe2O3) are commonly synthetized from
aqueous Fe2+/Fe3+ salt solutions by co-precipitation after addition of
a base under an inert atmosphere at room or elevated temperature
(Lu et al., 2007). Ultra-small magnetite particles (2 – 4 nm) are
prepared by the reaction of aqueous solutions of FeCl3 and FeCl2
with a concentration ratio of 2:1 and drop-by-drop addition into 200
ml of an alkali solution under dynamic stirring for (40 min at 20,
40, 60 or 80 °C). Particles exhibit high crystallinity and superparamagnetism (Wu et al., 2008). Nigam et al. developed a single
step process for preparation of colloidal magnetic nanoparticles of
Fe3O4 stabilized by citric acid. Citrate-functionalized magnetic nanoparticles could provide an elegant tool for hyperthermia treatment.
Positively charged drugs can be trapped onto the surface of negatively charged nanoparticles through electrostatic interactions. Drug
molecules can be subsequently released due to the acidic environment present inside of the tumour (Behdadfar et al., 2012; Nigam
et al., 2011).
Thermal decomposition is another synthesis route for preparation
of nanoparticles with smaller size. For example, the uniform magnetic nanoparticles can be prepared by decomposing metal acetylacetonates in high-boiling organic solvents in the presence of stabilizing
surfactants. (Behdadfar et al., 2012; Roca et al., 2006).
Hydrothermal reduction has been used for aqueous synthesis of
magnetic nanoparticles (9 nm) in the presence of citric acid as a non-expensive and non-toxic reducing agent and stabilizer (Behdadfar
et al., 2012).
Magnetic nanoparticles possess hydrophobic surfaces with a large
surface area to volume ratio. Agglomeration caused by hydrophobic
interaction results in increased particle size and thus, loss of superparamagnetic properties. Therefore, coating is required for effective
stabilization of magnetic nanoparticles. The coating also provides
essential properties for subsequent bioconjugation and additional
functionalization. Numerous biomolecules such as targeting ligands,
proteins, antibodies, etc., may be immobilized to the nanoparticle
surface via amide or ester bonds to make the particles target-specific
(Akbarzadeh et al., 2012).
In general, synthesis of different kinds of nanoparticles is as follows. Any procedure starts with a mixture of metal salts and usually capping ligands, after which the addition of a reducing agent or
a change in pH causes the formation of nanoparticles. Sometimes
light irradiation, heating or microwaves is required. The syntheses
of aqueous AuNPs are based on the Turkevich method. A solution
of chloroauric acid is heated to boiling and sodium citrate is added.
It reduces the gold ions and nanoparticles are formed in a few minutes. Particles with narrow-sized distribution are formed depending
on conditions, in sizes from 15 to 150 nm (Frens, 1973). The citrate-capped gold nanoparticles are extremely stable; however desired
coating material can be employed to provide stable, biocompatible
nanoparticles. The Turkevich method can be modified and thus,
nanoparticles of different shapes, such as nanorods or stars, can
be prepared (Jana et al., 2001; Nehl et al., 2006). Gadolinium complex of cysteine diethylenetriaminepentaacetic acid (DTPA) may be
utilized to create gold nanoparticles as sulphur binds to gold very
strongly (Park et al., 2010). Similarly, MRI-active gold nanoparticles
were also prepared by this method (Alric et al., 2008; Cormode et al.,
2013; Park et al., 2008).
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Even though numerous preparation ways have been developed
(Mahl et al., 2012), the synthesis using non-toxic and environmentally friendly means is attractive especially for medical application.
Number of methods has been designed for biological or biogenic
synthesis of nanoparticles from salts of corresponding metals. Thus
microorganisms, plants, plant tissue and fruits, plant extracts and
marine algae can be used to produce nanoparticles. The reducing
agents involved numerous water soluble plant metabolites (e.g. alkaloids, phenolic compounds, terpenoids) and co-enzymes. Silver
and gold nanoparticles have been the particular focus of plant-based
syntheses. Extracts of a diverse range of plant species have been
successfully used in making nanoparticles (Mittal et al., 2013).

■■ 3 BIOCHEMICAL MECHANISM OF

TOXICITY TO PROKARYOTIC CELLS

Metal nanoparticles represent also a tool for protection against
bacterial infection. Bacterial infection is a huge threat for the human
body and its immune system. It can lead to the removal of extremities. Bacterial infections are caused by a wide range of pathogenic
bacteria like Staphylococcus (its resistant varieties MRSA, VRSA),
Escherichia coli, Streptococcus. Staphylococci exhibiting resistance
to number of antibiotic drugs such as β-lactam antibiotics; especially
dangerous varieties are the methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Staphylococcus aureus (VRSA).
Because of increasing resistance of bacteria, it is necessary to focus research on finding new antimicrobial drugs (Chudobova et al.,
2014b). The substitution for an antibiotic must be bactericidal and
safe for the human body at the same time. The mechanism of inhibition must differ from the antibiotic.
The toxicity of metal particles is due to the interaction of specific
metals with cell structures (Rouch et al., 1995). Metals enter the cell
via two different ways (Nies and Silver, 1995). Non-specific transporters allowing metals to enter the cell via the chemiosmotic gradient
are also capable of heavy metal transport. (Schreurs and Rosenberg, 1982). This way provides rapid transport of the metal to the
cells through the plasmatic membrane (Nieboer and Richardson,
1980). This system is called “open gate” and it explains the cause of
metal toxicity. Another way of metal transport is specific, it is slower
than “open gate,” consumes energy and is only used when needed
(lack of nutrients) (Nies, 1999). Lipid peroxidation is the main mechanism of metal toxicity which involves a reaction of oxygen with
polyunsaturated fatty acids (parts of cell membrane), resulting in
formation of oxygen radicals which interact with other structures of
cells damaged them. Toxic oxygen radicals are highly reactive and
interact with all biomolecules in the immediate vicinity. Ions of iron
change enzymatic specificity using conduction conformation, leading
to a decrease or increase in enzymatic activity. Nanoparticles interact with biomolecules such as polysaccharides and proteins. Properties of both substances can be combined.

■■ 4 ANTIBACTERIAL EFFECT OF METAL

NANOPARTICLES IN COMPLEX WITH
CHITOSAN

Nanotechnology enables to design, manipulate and model functionalities on the nanometre scale. It includes the investigation of nanoparticles with size less than 100 nm. Those particles with an antimicrobial function have received substantial attention within a range
of diverse areas, including medicine and dentistry. In theory, high
volume-surface ratio and nanometer size allow them to interact with
microbial membranes and thus, elicit an antimicrobial effect that is
not solely due to the release of metal ions (Allaker and Memarzadeh,
2014).
Metal nanoparticles interact with cellular components (DNA, RNA
and ribosomes), deactivate the cellular processes (Das et al., 2013).
Even nanomolar concentrations of nanoparticles exhibit excellent
antibacterial activity. It is essential to obtain the correct dimensions
and avoid agglomeration, significantly reducing the antimicrobial
effect. Metal nanoparticles displayhigher antimicrobial effect on G+
bacteria than on G- bacteria. The effect is reflected in the inhibition
of cell division.
4.1 Chitosan
Chitosan is a cationic polysaccharide polymer composed of glucosamine and N-acetyl glucosamine linked with a β-1-4-glycosidic
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linkage obtained from chitin by
deacetylation of chitin in the presence of an alkali (Bonilla et al .,
2013; Crini and Badot, 2008) .
Iodine molecule
Chitin is a biopolymer presented
AgNP
in the exoskeleton of crustaceans such as crabs, shrimps and
Chitosan
crawfish (Andrews et al ., 2002;
Choi et al ., 2001) . The positive
charge results in numerous
physiological and biological properties (Honary et al ., 2011) . It
Ag+
is a biocompatible polymer that
Ag+
can be degraded by enzymes
Ag+
Ag+
Ag+
Ag+
in the human body to non-toxic .
Ag+
Chitosan films and complexes
have a great potential to be
Ag+
used as active material in medicine due to their antimicrobial
activity, non-toxicity and low
permeability to oxygen (Kanatt
Iet al ., 2012) . The concept has
O2attracted considerable interest
due to its antimicrobial and antitumor activities, and its immune
enhancing effects (Jeon et al .,
OH2001; No et al ., 2002; Suzuki et
al ., 1986) .
The exact mechanism for the
DNA damage
antibacterial activity is not yet
fully understood, some studies
have suggested that a positive
CELL DEATH
Protein Damage
charge on the NH3+ group of the
glucosamine monomer at pH <
Fig.with
3 Schematic
representation
of of
thethe
proposed
mechanism
of antibacterial
activity ofactivity
the iodinated
composite.NPs
Fig.
1 Scheme
proposed
mechanism
of antibacterial
of thechitosan-Ag
iodinated NPs
chitosan-Ag
6 .3 allows interactions
neAccordingcell
to Bajernee
et al.[38]According to Bajernee et al.(Banerjee et al., 2010)
composite.
gatively-charged microbial
membranes that lead to the le■■ 5 EFFECT OF METAL NANOPARTICLES IN
akage of intracellular constituents (Helander et al ., 2001; Liu et al .,
2004; Papineau et al ., 1991; Sudarshan et al ., 1992) .
SPECIFIC EXAMPLES
In contrary, some studies propose that the antimicrobial activity
is caused due to the binding to the negatively-charged bacterial cell
5.1 Silver nanoparticles
wall followed by attachment to the DNA (Kurita et al ., 1993) . Also the
More than 1 300 nanotechnology-enabled products have aleffect of molecular weight and concentration of used chitosan plays
ready entered the market . Silver is well known for its significant
a key role on the antimicrobial activity (Honary et al ., 2011; Sanchezantimicrobial activity and therapeutic potential . By far, the most
-Gonzalez et al ., 2011) . To enhance the bioactivity chitosan is often
commonly utilized commercial nanomaterials are antimicrobial
connected to other biologically active materials including drugs .
silver nanoparticles (AgNPs) (Ip et al ., 2006; Klasen, 2000; SilIn the study of Banerjee et al .(Banerjee et al ., 2010), synergy in
ver, 2003) . The inactivation of numerous enzymes by silver ions
the antimicrobial activity of a chitosan-silver nanoparticle (CS-Agreleased from silver nanoparticles has been proposed (Shi et al .,
NPs) composite in the presence of molecular iodine was reported .
2004) . Silver ions enter the bacteria, inhibit particular functions
Green fluorescent protein expressed in recombinant Escherichia
and damage the cell membrane . Even low concentrations of silver
coli bacteria has been used to investigate the efficacy and to suare very effective as a germicidal agent . The antimicrobial effect
ggest the mechanism of action . A significantly high bactericidal
of silver ions or silver nanoparticles was confirmed by number of
activity of the nanocomposite in the presence of iodine than either
studies (Chudobova et al ., 2014a; Chudobova et al ., 2013a; Chudue to the composite, chitosan, AgNPs or iodine only has been
dobova et al ., 2013b) .
found . Transmission electron microscopy measurements revealed
There is a wide range of microorganisms that are sensitive to silthe attachment of bacteria to the composite . Additionally, flow cytover . Also a good potential for cancer treatment has been identified .
metry results confirmed the occurrence of cell wall damage of the
Long exposure of eukaryotic cells to silver nanoparticles smaller than
bacteria treated with the composite in the presence of iodine . Fur20 nm, affect them negatively . The combination of silver nanoparthermore, the nanocomposite and iodine combination was found
ticles with biopolymer such as chitosan is a possible solution for its
to employ reactive oxygen species generated oxidative stress in
eukaryotic or prokaryotic toxicity (Chudobova et al ., 2013b) .
the cytoplasm of bacterial cells . Elucidation of the mechanism of
Silver nanoparticles possess high antibacterial activity againsynergy due to three potential antibacterial components suggested
st gram-positive and gram-negative bacteria and exhibit effective
that on the surface of AgNPs molecular iodine possibly generated
growth inhibiting properties for various microorganisms (Hetrick et
iodine atom thus, contributing toward free radically-induced oxidaal ., 2008; Chudobova et al ., 2014a; Chudobova et al ., 2013a; Chutive stress, whereas chitosan and AgNPs facilitated the process
dobova et al ., 2013b) . Effective biocidal concentration is at nanoof cell killing and thus, collectively enhanced the potency of the
molar in contrast of a micromolar level of silver ions . Silver particles
antimicrobial effect at the lowest concentrations of individual comwithout a coating are highly reactive and easily oxidized in the air;
ponents (Fig. 1) .
it leads to a loss of dispersibility and antimicrobial effect (Kim et al .,
Recently, Mathew et al . (Mathew and Kuriakose, 2013) investi2007; Sharma et al ., 2009) .
gated the antibacterial effect of silver nanoparticle-encapsulated in
chitosan which was carried out against Staphylococcus aureus and
5.2 Selenium nanoparticles
Escherichia coli and against fungal species such as Aspergillus ﬂaSelenium is an essential micro-mineral element that is relatively
vus and Aspergillus terreus . This research showed, that silver nanodeficient in most areas of the world . It has a number of biological
particle-encapsulated in chitosan are applicable for antibacterial and
functions in the human organism . It forms selenocysteine, which
antifungal purposes . Later, hybrid ZnO/Chitosan nanoparticles were
is a part of the active centre of the glutathione peroxidase enzyme
formed on cotton fabrics and exhibiting higher antimicrobial activity
(Kryukov et al ., 2003) and therefore the most important action is its
against Staphylococcus aureus and Escherichia coli when compared
antioxidant effect . It is a catalyst of the oxidation of glutathione and
with ZnO NPs only (Petkova et al ., 2014) .
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the reduction of hydrogen peroxide to water in these enzymes. It regulates metabolism, enhances reproductive performance, improves
immunity, helps to resist to free radicals, prevents cancer, postpones
aging, prevents some local epidemic diseases, and detoxicatates
from some heavy metals (Mater et al., 2005; Navarro-Alarcon and
Lopez-Martinez, 2000).
Selenium is a naturally occurring essential element, which is required for a healthy lifestyle and is recommended for daily intake by
the FDA. A deficit of selenium is associated with an increased risk
of mortality, poor immune functions and cognitive decline. Selenium particles are able to damage bacterial biofilm and inhibit bacterial growth (Chudobova et al., 2014a; Tran and Webster, 2011;
Tran et al., 2009). Selenium atoms or complex substances can generate superoxide that is toxic to cancer cells, bacteria and viruses
(Spallholz et al., 2001).
Materials modified by seleniumare able to provide antimicrobial
properties (Chudobova et al., 2014a). It has been studied also for
medical applications and for orthopaedic implants (Perla, Webster,
2005). Moreover, it has been investigated for various purposes such
as anticancer applications. Selenium as a dietary supplement has
been demonstrated to reduce the risks of various types of cancers
including prostate cancer, lung cancer and oesophageal and gastric-cardiac cancers (Clark et al., 1996; Clark et al., 1998; Rayman,
2005; Wei et al., 2004; Yang et al., 2009). Probiotics enriched by
selenium have been demonstrated to significantly inhibit the growth
of pathogenic Escherichia coli in vivo and in vitro.
5.3 Copper nanoparticles
Also copper nanoparticles reveal extraordinary behaviour as antibacterial and antimicrobial agents (Majzlik et al., 2011; Majzlik et
al., 2010). The most commonly used substrates are polymeric beads
prepared from methacrylic acid and divinylbenzene, silica-coated
hollow polystyrene beads, polystyrene – divinylbenzene ion exchangers (PS-DVB), activated carbon granules, carbon aerogels and silica beads. These substrates have been impregnated ex situ with
metal nanoparticles (Khare et al., 2014).  These nanoparticles play
a double role: (1) they enhance the porosity (internal surface area
and pore volume) in the beads such that the dispersed AgNPs in
the beads are relatively more accessible to bacteria and (2) they act
as an antibacterial agent, although less effectively than other metal
nanoparticles, (Khare et al., 2014). 
Antimicrobial properties of copper are weaker compared to silver.
It may have a similar principle of action, however, the precise mechanism remains unclear. But the copper may interact with the – SH
groups of key microbial enzymes. Studies demonstrated superior
antimicrobial activity with copper nanoparticles against Escherichia
coli and spore-forming Bacillus subtilis compared with silver nanoparticles. (Allaker and Memarzadeh, 2014).
Recently, silver nanoparticles were also used to dope TiO2 photocatalyst to provide bacterial (Escherichia coli) disinfection under
visible light irradiation. However, silver nanoparticles are rare and
expensive therefore copper-doped TiO2 photocatalyst may serve
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