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Introduction
Nowadays there is a great interest in BioNanoMaterials with 

antibacterial activity against multidrug resistant bacterial strains 
(MDR-multidrug resistance). Most of conventional antibiotics are 
not effective anymore. Sometimes mutations, which induce the 
resistance acquiring, are caused by inconsistent and excessive 
antibiotics administration. One of the bacterial adaptations is 
biofilm formation, which constitutes a specific barrier between 
cells and environmental conditions. Biofilm forming prevents 
biocide activity of currently applied antibiotics. Compact structure 
of polysaccharides, proteins and nucleic acids protects bacteria 
colonies against adverse conditions [1]. As a consequence of 
increasing resistance, chronic bacterial infections are more often 
observed (post-operative wounds infections, osteomyelitis, septic 
arthritis, endocarditis etc.). Multidrug resistance has become 
a global problem, mostly because of the ease of causal pathogens 
spreading. The ECDE/EMEA (the European Centre for Disease 
Prevention and Control/the European Medicines Agency) report 
has pinpointed the most dangerous, antibiotics-resistant bacterial 
strains: Staphylococcus aureus MRSA (methacillin resistance), 
Staphylococcus aureus VISA/VRSA (vancomycin intermediate 
resistance, vancomycin resistance). Infections induced by these 
strains often lead to death of many patients [2].

Searching for new therapeutic agents capable to work against 
resistant bacterial strains is one of the most important challenges 
for nowadays science. Application of nanotechnology in creating 
new biomaterials provides new solutions mainly because of small 
dimensions of the created systems. One of the most effective and 
promising materials are nanocomposites based on silver nanoparticles 
(AgNPs) and chitosan.

Chitosan as antibacterial agent?

Structure and main properties
Chitosan is a natural, cationic polysaccharide obtained from chitin. 

It is the second, after cellulose, most abundant natural polymer [3]. 
This copolymer consist of β-1,4 – linked N-acetyl-D-glucosamine 
and D-glucosamine units (Fig.1). Depending on conditions of the 
deacetylation process (deacetylation of chitin provides chitosan), 
different forms of chitosan are available. Those forms vary in the 
deacetylation degree (DD) (indicating the amount of free amino 
groups) and the average molecular weight (Mw) of the polymer. Both 
of those features, determine the physicochemical properties of the 
polymer and its application.

Fig. 1. Chitosan’s structure

Due to the presence of functional groups (amino and hydroxyl), 
chitosan shows many interesting properties [4]. Applications of 
chitosan are a consequence of its biodegradability, biocompatibility 
and non-toxicity. Moreover, chitosan exhibits an antibacterial activity 
against both, Gram-positive and Gram-negative bacterial strains [5]. 
Its activity was demonstrated at many bacteria, fungi and yeasts [6, 7]. 
The exact mechanism of antibacterial action of chitosan has not been 
elucidated yet. There is a hypothesis stating that the source of chitosan 
antimicrobial activity is its polycationic nature. The interactions between 
protonated amino groups and negatively charged microorganisms cell 
wall components lead to the intracellular components leakage. The 
higher density of positive charge (higher deacetylation degree) the 
stronger is antimicrobial action [8, 9]. Antibacterial effect might be also 
a result of chitosan ability of metal ions complexation which deprives 
bacterial cells of essential components and causes homeostasis disorder 
[10]. It has been also demonstrated that Mw influences antimicrobial 
action. Low molecular weight fractions of chitosan can penetrate the 
cell wall and interact with internal components as DNA, while high 
molecular weight fractions are rather interacting on the bacterial 
cell wall surface. In both cases it changes the natural cell conditions 
and causes irreversible, mortal modifications [11]. Bacterial cell wall 
composition, different for Gram-positive and Gram-negative, also 
influences the antimicrobial action strength and mechanism [12]. The 
possibility of a biocide effect occurrence depends on the chitosan 
specimen form as well (solution, powder, membrane, etc.).

Selected chitosan application
Due to unique properties, chitosan found many commercial 

applications. The polymer and its derivatives are used as biomaterials in 
pharmaceutics, cosmetics, medicine, food industries etc.. Representative 
examples are summarized in Table 1.

Table 1
Applications of chitosan 

Pharmaceutics
Gels, hydrogels (controlled, sustained drug release [13, 14])• 
Films and membranes (controlled drug release [14])• 
Emulsions (microspheres, microcapsules), (sustained drug release, increased • 
bioavailability, mucoadhesion [15])
Targeted cancer therapy (retention and accumulation of drug in tumor [16])• 
Systems for controlled delivery/release of peptide drugs [17], vaccines[18], • 
genes [19]

Medicine and biomedicine
Wound dressings, wound treatment, bandages [20]• 
Sutures, surgical implants [21]• 
Hemodialysis membranes, biomedical devices coatings [22], • 
Hemostatics [23], anticoagulants [24]• 

Tissue engineering
Scaffolds for tissue engineering, artificial skin grafts [25]
Other:
Agriculture, food industry [26],  textile industry [5], wastewater treatment [25]

Given the large number of chitosan properties, it comes as no 
surprise that it is still very popular object of scientific research.
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Silver nanoparticles – drug or pesticide?
Silver is widely known as antibacterial, antifungal, antiviral and 

anti-inflammatory agent [27, 28]. Next to the commonly used silver 
ions based antimicrobial agents, commercially available nanosilver has 
lately gathered a lot of attention. Nowadays, however nanosilver is 
present in antibacterial wounds dressings, antibacterial coatings for 
fridges etc., a lot of discussions focus on its probable side effects. Silver 
nanoparticles exhibit interesting properties such as: tunable size, shape, 
ease of surface modifications and ability of silver ions release. That 
makes them suitable for obtaining materials with designed and required 
properties. What is more, nanoparticles of silver, gold and copper has 
been presented as agents of high antibacterial activity against many 
dangerous and resistant bacterial strains [29÷31]. Silver nanoparticles 
constitute a promising alternative in fighting down chronic bacterial 
infections, that is why there already exists antibacterial commercial 
products based on AgNPs [32]. Unfortunately, metal nanoparticles at 
high concentration level or in direct contact with human cells, exhibit 
cytotoxicity. It implies that searching for new, less toxic towards healthy 
human cells materials is still required.

Silver nanoparticles are very interesting for scientists, mainly due 
to their optic and electric properties which make them suitable for 
applications in electronics, catalysis, biotechnology and medicine. 
Because of such a wide range of applications, several physical and 
chemical methods concerning the fabrication of silver nanoparticles 
have been developed [33]. Among various methods used for AgNPs 
preparation, a chemical reduction of silver ions that results in stable 
colloidal dispersion [34], is the most popular. Sodium borohydride, 
ascorbic acid or citric acid are typical reducing agents. Selection 
and control of synthesis parameters (temperature, time, rate of the 
reagents adding), reducing and stabilizing agent depends on the desired 
nanoparticles features [35].

Antibacterial activity of silver nanoparticles
The highest antibacterial activity is exhibited by the smallest 

AgNPs with dimensions less than 10 nm. The smaller they are the 
higher surface area and therefore surface – to – volume ratio (which 
makes that its oxidation kinetics increases release of silver ions and 
consequently shows an enhanced bactericidal action compared to the 
same bulk material) [36]. They can bind with the bacterial cell wall, but 
also penetrate the membrane and interact with internal components 
and as a consequence interfere in a cell homeostasis leading to its 
death [37]. The mechanism of silver nanoparticles antibacterial activity 
is very complex. Many studies suggest that AgNPs interact with the 
cell wall and penetrate the membrane, leading to the cell death [38]. 
Next to this, the antimicrobial activity of AgNPs is a result of silver 
ions released from the nanoparticles surface [39]. Released silver ions 
bind to sulfhydryl groups leading to protein denaturation. Attachment 
of AgNPs to the bacteria cell, changes its permeability and disturbs 
functionality. What is more, silver nanoparticles interfere dissipation 
of the proton motive force [39]. Another possible mechanism of 
AgNPs antibacterial action is induction of free radicals formation 
which damages the membrane and causes cell death [30]. Also the 
dependence of antibacterial activity on the structure of bacterial cell 
wall is important; Gram–negative bacteria were found to be less 
resistant for AgNPs activity than Gram–positive strains [39].

Cytotoxicity of silver nanoparticles
Development of nanotechnology forces scientists to debate 

about the toxicity of nanomaterials. Cytotoxicity of nanoparticles 
is still an issue thought to be unsatisfactorily examined [40]. Some 
studies have show that the toxic effect occurs at different levels: 
cellular, subcellular and biomolecular (proteins, genes) [41]. Proposed 
mechanism of cytotoxicity establishes and induction of reactive oxygen 
species (ROS) [42]. Decrease of glutathione level and increase in ROS 

concentration, leading to lipids peroxydation, have been observed in 
vivo [43]. ROS induce irreversible DNA damages and in consequence 
apoptosis or necrosis [42, 43]. Undesired AgNPs activity has forced 
EPA (Environmental Protection Agency) to officially regulate nanosilver 
administration and consider AgNPs as pesticide [44]. There is still a lot 
to discover in that matter.

Chitosan-silver nanocomposites
Polymeric nanocomposites are advanced, functional materials 

based on nanoparticles finely dispersed polymeric matrix or/and 
covered with polymer (core-shell structures) [45, 46]. Most of the 
practical applications of AgNPs demand the polymeric or other 
outer-layer for nanoparticles. Polymers are usually the most suitable 
matrix due to a specific surface morphology, chain structure enabling 
nanoparticles incorporation and their homogenous dispersion. 
In some cases, functional groups of polymer may be responsible 
for nanoparticles synthesis (chemical reduction) [47]. Designing 
hybrid nanomaterials, which involves different antibacterial activity 
mechanisms is ingenious but not effortless. Unfortunately, toxic 
substances for bacterial cells also often exhibit cytotoxicity against 
human cells. In that case, substances are not appropriate for medical 
applications. Thus, nanocomposites should demonstrate some basic 
features in order to minimize the cytotoxicity:

fabrication (in macro scale) of biocompatible and non-toxic mate-• 
rials (e.g. polymers as chitosan, alginate, etc.)
selective interaction of an active agent with bacterial cells• 
materials can not release the excess of a toxic agent to the environ-• 
ment (e.g. metal nanoparticles).
Taking into account the minimization of cytotoxicity, chitosan-silver 

nanocomposites are perfect objects for antibacterial materials.

Fabrication and antibacterial activity of chitosan-silver 
nanocomposites

In the literature, there are many different routes of those 
antibacterial nanocomposites obtaining. Chitosan is used not only as 
a matrix for nanoparticles but also as a reducing and stabilizing agent in 
silver nanoparticles synthesis [4, 48÷50]. It is a perfect example of an 
environmental friendly synthesis of AgNPs (green synthesis). Silver ions 
are being coordinated by amino groups of polymeric chains in chitosan 
acidic solution. Ions reduction to metallic silver nanoparticles is coupled 
with chitosan hydroxyl groups oxidation [39, 51]. Due to the presence of 
chemical bond between AgNPs and chitosan chains, silver nanoparticles 
are strongly attached to the matrix [37]. The system creates polymeric 
chains network with embedded silver nanoparticles

Fig. 2. Schematic figure of chitosans chains embedding and  
stabilizing reduced silver

Due to the permanent connection between AgNPs and polymeric 
matrix it is possible to omit a problem of nanoparticles aggregation or 
undesired modifications after contact with physiological fluids. [25]. 
Chitosan stabilization provides a long-term stability of materials.

Besides this particular case, there are many other AgNPs synthesis 
possibilities and further nanocomposites fabrication. As mentioned 
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before, there are other reducing agents for this purpose: sodium 
borohydride, polyvinylpyrrolidone (PVP), ascorbic acid, aniline or 
other than chitosan polysaccharides [4, 35, 39, 52÷55]. Taking into 
account minimization of toxicity, chitosan seems to be a perfect choice 
for a reducing and stabilizing agent and for the main component of 
the nanocomposites. Another important advantage of chitosan usage 
as a matrix is its bacteriostatic activity. Biocide activity of AgNPs in 
connection with bacteriostatic chitosan, increases chances of success 
in fighting down bacterial infections. Synergic antibacterial action 
of chitosan-silver nanocomposites has been proved [48]. In order 
to fully exploit antibacterial potential of those nanocomposites, AgNPs 
must be homogenously dispersed in a polymeric matrix (without 
forming huge aggregates). According to application, chitosan-silver 
nanocomposites occur in a different forms: colloids, powders or 
membranes [4, 50, 56].

Nanocomposites antibacterial activity examples
Obtained in our laboratory chitosan based silver nanoparticles 

and further nanocomposites in form of films met the requirements of 
potential medical application [57]. Homogenously and finely dispersed 
over the whole membrane AgNPs exhibited desired dimensions and 
their attachment in the matrix was strong enough to keep the metallic 
silver in the polymer without releasing it to the environment. Their 
high antibacterial activity coming from the biocide effect of AgNPs, 
silver ions and bacteriostatic chitosan was demonstrated against two 
antibiotic resistant, biofilm forming strains of Staphylococcus aureus 

Fig. 3. (A) TEM picture of chitosan-silver nanocomposites executed in 
a dark-field mode, homogeneity of AgNPs dispersion in polymeric matrix 

is evident (bright points execute AgNPs); (B) S. aureus 9213 bacterial 
cells after 24 h of incubation with chitosan membrane; (C) S. aureus 9213 
bacterial cells after 24 h of incubation with chitosan-silver nanocomposi-
te. In contrast to pure chitosan membrane, nanocomposites with silver 
induced significant changes in the bacterial cell wall morphology, leading 

in consequence to cell death

Chitosan-silver nanocomposites exhibit a strong biocide 
effect also against many other strains as: Escherichia coli, 
Escherichia bacillus, Klebsiella pneumoniae, Pseudomonas aeruginosa, 
Enterococcus faecium, Candida albicans, Lactobacillus fermentum  
[4, 39, 48, 49].

Summary
Chronic bacterial infections are a serious, worrisome problem, 

mainly because of increasing resistance of bacterial strains against 
antibiotics. Application of nanotechnology in creating new, 
effective medicines enables application of innovative solutions 
in fighting down pathogenic microorganism. Small dimensions 
of nanomaterials provide unique physicochemical and biological 
properties. Chitosan-silver nanocomposites are ideal alternative 
for ineffective antibiotics. They exhibit numerous advantages 
from medical applications point of view. Synergic antibacterial 
mechanism of chitosan and silver nanoparticles provides efficient 
bacterial infections control.
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Nanotechnologies are developing with increasing pace. They 

impact a broad range of industrial sectors, from energy, optics, 

electronics to food and biomedicine. Using these technologies, 

materials, objects, and structures in the size range between 

1-100 nanometres are generated, manipulated or analysed. For 

a sustainable development of these promising technologies, 

aspects of nanosafety gain more and more importance.

Nanosafety includes:

– a detailed knowledge on the materials as well as acquisition 

of their properties

–  elucidation of the effects of nanomaterials on human beings, 

including detailed analyses on their mode of action and 

structure activity relationships

– assessment of the impact of nanomaterials on living organisms 

and the environment

– the detection, identification, and quantification of 

nanomaterials in complex matrices, for example cells and 

tissues as well as standardization, legislative, regulatory and 

social aspects.

http://nanosafety.inm-gmbh.de/ 

Fertilizer Outlook  
and Technology Conference

Nov. 19-21, 2013

Tampa Marriott Waterside Hotel and Marina

Tampa, Fla. 

The Fertilizer Institute (TFI) and the Fertilizer Industry 

Round Table (FIRT) jointly host the Fertilizer Outlook and 

Technology Conference in the fall of each year. The conference 

is geared towards industry members, financial analysts, 

business consultants, trade press representatives, agricultural 

retailers, agronomists, engineers and government economists. 

Conference participants can expect to gain perspective on 

the outlook for agriculture and major fertilizer materials and 

inputs from industry experts. New technology and issues 

that impact plant nutrition are also key topics of discussion at 

the conference. The 2013 Fertilizer Outlook and Technology 

Conference will take place Nov. 19-21 in Tampa, Fla., at the 

Tampas Marriott Waterside Hotel.

Industry experts present the supply and demand factors 

affecting the markets for agriculture, N, P and K, and sulfur, 

and discuss issues of relevance such as the factors driving food 

prices and new technologies. They also address technical issues 

relevant to improving fertilizer products, manufacturing, and 

distribution methods.

http://www.firt.org/


