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Abstract: Antimicrobial biocompatible polymers form a group of highly desirable materials in
medicinal technology that exhibit interesting thermal and mechanical properties, and high chemical
resistance. There are numerous types of polymers with antimicrobial activity or antimicrobial
properties conferred through their proper modification. In this review, we focus on the second
type of polymers, especially those whose antimicrobial activity is conferred by nanotechnology.
Nanotechnology processing is a developing area that exploits the antibacterial effects of broad-scale
compounds, both organic and inorganic, to form value-added medical devices. This work gives
an overview of nanostructured antimicrobial agents, especially silver ones, used together with
biocompatible polymers as effective antimicrobial composites in healthcare. The bactericidal
properties of non-conventional antimicrobial agents are compared with those of conventional ones
and the advantages and disadvantages are discussed.
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1. Introduction

In recent decades, biocompatible polymers have become wide-spread materials in medicinal
technology. However, it was found that there is a risk associated with their application; their long-term
use often leads to bacterial colonisation, biofilm formation and development of hospital-acquired
infections, so-called nosocomial infections [1]. It is difficult to treat those infections, and when they
fully develop they are accompanied by considerably unpleasant symptoms, such as fever followed by
purulent drainage and overwhelming sepsis, and might lead to death [2]. The most widely types of
nosocomial infections are: catheter-related bloodstream infection, ventilator-associated pneumonia,
surgical site infection and catheter-associated urinary tract infection, which are often caused by
Staphylococci, Pseudomonads and Escherichia coli [3,4].

In an attempt to reduce the frequency of such infections and substantially decrease morbidity
and mortality, postoperative antibiotic therapy was the first-choice method to fight against
these infections. Nevertheless, problems associated with their long-term use begun to appear.
The major problem is antimicrobial resistance, especially the acquired type. Of greatest concern
are methicillin- and vancomycin-resistant Staphylococcus aureus, vancomycin-resistant Enterococcus,
and extended-spectrum {3-lactamase-producing Gram-negative bacilli. Due to these disadvantages of
conventional antibiotics, new methods of prevention are being researched [5,6].
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One effective way to prevent nosocomial infections is by using antimicrobial-biocompatible
polymers instead of common ones. This is a gentle, safe and non-conventional method to prevent
biofilm formation. Two types of antimicrobial polymers might be used in this case: (i) polymers
that exhibit antimicrobial activity by themselves; or (ii) ones whose antimicrobial properties
are conferred through their proper modification [7]. The first group represents polymers and
co-polymers, i.e., cationic macromolecules (with positively charged active groups, including biguanide,
quaternary ammonium, pyridinium or phosphonium salts, and also cyclic N-halamine), polyionenes
(with positively charged nitrogen atoms), which could be natural or synthetic, and also polymers or
oligomers that can mimic the biological activity of the antimicrobial natural host-defense peptides
(synthetic poly(phenylene ethynylenes), polynorbornenes, and polymethacrylates) [8-10]. The second
group are antimicrobial-treated polymers with added organic and/or inorganic antimicrobial
agents. These antimicrobial agents might be (i) incorporated throughout the volume of polymeric
matrix; or (ii) form coatings on the polymeric surface. Their presence causes the reduction of
initial microbial adhesion to surfaces and inactivation of microorganisms already adherent to a
surface [11]. Nanotechnology is a promising tool for the preparation of antimicrobial-treated polymers.
Nanostructured noble metals with considerable antimicrobial activity, most commonly silver in its
various forms (nanoparticles, nanolayers, nanowires, etc.), might be used effectively [12-15].

Generally, the exploitation of nanotechnology in the development of antimicrobial polymeric
materials is experiencing increasing interest; for this reason, we focus on this group of materials in
the following sections. Possible types of highly effective nanostructures and techniques for their
preparation are described, and the advantages and disadvantages in comparison with conventional
antibiotics are investigated.

2. Polymeric Medical Devices Related to Nosocomial Infections

Nowadays, a broad spectrum of nosocomial pathogens is known and their main sources are the
skin of the patients and/or clinicians during surgical interventions. The transmission of pathogens
via the hands of healthcare workers is often through incision channels to device surfaces, followed by
bacterial colonization and biofilm formation (Figure 1). Biofilm is a community of microorganisms
attached to a surface and surrounded by polysaccharides secreted by biofilm cells. A polysaccharide
capsule is formed around biofilm cells and together with proteins, nucleic acids and lipids produces
a coating layer around the clusters of cells, a so-called matrix. Biofilm provides mechanical stability,
mediates its adhesion to the surface and forms a polymeric spatial network, which attaches the
individual planktonic bacterial cells to the surface. Biofilm thus behaves like a single organism.
The mechanism of its formation is not fully understood yet; however, it contains four individual
phases: (i) attachment—at first initial, and then irreversible, using specialized tail-like structures;
(ii) expansion—Dbacterial growth and division, formation of dense mat of many layers, using specific
signals to communicate with each other; (iii) maturation—a quorum (minimum number of members),
bacterial secretion of sugar substances acting as a glue, formation of mushroom-shaped structures
using specialized tail-like structures; and (iv) dispersion—part of biofilm release free floating bacteria
for further colonization.

Biofilm formation may lead to haematogenous spread, and the development of both local and
systemic infections. The type of nosocomial infection is then determined by the type and location of
medical device. Examples of medical devices associated with the occurrence of nosocomial infections
are shown in Table 1 [16-18].

Once the biofilm is formed on the surfaces of polymeric medical devices, one can observe the
biodeterioration of these materials related to their structure and function after a certain period of time.
Polymeric materials are damaged by biofilms in various ways, such as by:

e  coating of the material surface, masking of its surface properties and contaminating surrounding
media (body fluids);
e leaching out of additives and monomers originating from polymer by microbial degradation;
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e enzymatic and/or radical attack of polymer and additives, which causes embrittlement of the
material and the loss of its mechanical stability;

e accumulation of water and penetration of microbial filaments into the polymer, which results in
increased conductivity of material and formation of swelling;

e  excretion of lipophilic microbial pigments, which leads to a colour change in the polymer.

Direct and indirect damage of the polymeric material of medical device caused by these five
mechanisms is irreversible and often causes the failure of treatment [19,20].

Cell of planktonic
bacteria B

7

Polymerlc medical device
Biofilm matrix
-
A

Figure 1. Phases of biofilm formation: (A) attachment; (B) expansion; (C) maturation; (D) dispersion.

C

Table 1. Types of polymeric medical devices associated with nosocomial infections.

Microbial Species Medical Devices Examples
Staphylococci, Catheters Blood vessel catheter, CAPD catheters
Enterobacteriaceae, Tubes Cerebrospinal fluid shunts, endotracheal tubes
Enterococci and Cardiological implants Arterial grafts, cardiac valves, pacemaker electrodes, total artificial hearts
Candida species Prostheses Total joint replacements (endoprostheses), ocular and penile prostheses
Enterobacteriaceae Urinary catheters Transurethral, suprapubic, and nephrostomy catheters,
and Enterococci Urinary stents Double-J stents

CAPD: continuous ambulatory peritoneal dialysis [16-18].

The most common types of nosocomial infections caused by Staphylococci, i.e.,
Staphylococcus epidermidis are urinary tract infections, pneumonia, septicaemia and surgical
wound infections [18,21]. Enterococci, such as multiresistant Enterococcus faecium, have already
been isolated from cultures of blood, urine, or surgical wound specimens from eight additional
patients [22]. Enterobacteriaceae, e.g., Enterobacter sakazakii, may cause serious diseases like meningitis,
bacteremia and colonization of neonates [23]. Inmunocompromised patients, for example patients
with acute lymphocytic leukaemia, are at particularly high risk of the development of candidemia;
colonization of stool by Candida species [24]. Generally, all types of nosocomial infections are difficult to
treat. One of the most important problems is microbial resistance to conventional antibiotics [18-24].

3. Methods of Antimicrobial Treatment of Polymeric Medical Devices

Adhesion of microorganisms on implanted medical devices or damaged tissue causes a formation
of a thin layer, a so-called biofilm, and leads to persistent infections. The resistance of bacteria to
conventional antibiotics during its formation significantly contributes to the chronicity of nosocomial
infections. The mechanisms of resistance to conventional antibiotics might be divided into two groups:
(i) primary—natural, relates to bacterial species that are outside the range of action of antibiotics, do not
contain a structure on which antimicrobial agents affects; and (ii) secondary—acquired, the result of
evolution of bacterial genome and selection pressure of surroundings. This is caused by the mutation
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of a gene in a bacterial chromosome or the acquisition of a gene from another bacterium (resistant to
the antimicrobial agent).

In biofilms, bacterial resistance develops on a multicellular level (Figure 2). The matrix,
containing polysaccharide capsule, proteins, nucleic acids and lipids, secretes a glue-like substance
that protects bacteria against the outside environment and shields them against the action of antibiotics.
Since the biofilm formation is associated with the chronic nature of the infections, resistance to
conventional antibiotic therapy represents the major problem with this method of treatment [25-27].
Various methods of antimicrobial treatment of medical devices have already been used to fight
nosocomial infections and subsequent bacterial resistance (Table 2). As time went on, more and more
elaborated antimicrobial coatings were investigated.

Antibiotic
Cell of o
planktonic % Biofilm
bacteria % « Mmatrix

Polymeric medical device

Figure 2. Bacterial resistance of biofilm. Red underlines refer to the area of antibiotic/biofilm matrix
contact. Biofilm matrix prevents antibiotics to affects directly the cells of planktonic bacteria.

Table 2. Methods of antimicrobial treatment of polymeric medical devices.

Type of Treatment Treatment Method Example
Coating Mynocycline, rifampin [28]
Antibiofi Covalent bond Vancomyecin [29]
nublotics Tonic bond Silver sulfadiazine [30]
Matrix Ceftazidime and gentamicin implants [31]
Antiseptics Impregnation Chlorhexidine [32]
e . . . e Methylene blue and its derivatives [33]
Non-antibiotics Coating Synergism with antibiotics Phenothiazine and its derivatives [34]
Nobl ) Incorporation Silver salts, ions and complexes [35-37]
oble metals Incorporation, Coating Nanostructured silver, gold, copper and palladium [12,38—40]

Antimicrobial treatment of polymeric medical devices can be accomplished by various means,
which are naturally accompanied by some advantages and disadvantages. Conventional antibiotics
can, like other treatment methods, be used effectively as a two-phase-acting treatment (Figure 3).
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Figure 3. Effects of antimicrobial treatment of polymeric medical devices: (A) prevention of bacterial
adhesion; (B) inhibition of bacterial colonization (preclusion of biofilm formation).
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3.1. Conventional Antibiotics and Antiseptics

Instead of common washing of medical devices by antibiotics, conventional antibiotics were
bonded by chemical bond with a material of medical device or polymeric matrix as a reservoir of
antibiotics to attain the sustained release of antimicrobial agent and prolonged effect. In the text bellow,
one can see some examples of the use of conventional antibiotics in their various forms.

Chemaly et al. [28] examined long-term silicone catheters coated with minocycline and rifampin
as a prophylactic strategy of intravascular catheter-related infections and compared them to non-coated
ones. They found that this antimicrobial coating was effective against methicillin-resistant Staphylococci
and Gram-negative bacilli. Jose et al. [29] added covalently bonded vancomycin to titanium beads
to create a self-protecting implant with increased biocompatibility due to the presence of titanium.
Because the ionization of silver metal is proportional to the surface area of the particle exposed,
silver sulfadiazine ionic bonded to medical devices could be an effective way to prevent biofilm
formation. Fox et al. [30] found that sulfadiazine did not act as an antibacterial agent in low
concentrations, but exhibited specific synergism in combination with subinhibitory levels of silver
sulfadiazine. The efficacy of silver sulfadiazine was caused by its slow and steady reactions with serum
and other sodium chloride-containing body fluids, which permits the slow and sustained delivery of
silver ions into the wound surroundings. Elsner et al. [31] investigated the antibacterial efficacy of
novel dressings based on a polyglyconate mesh coated with a porous poly-(DL-lactic-co-glycolic acid)
matrix loaded with the antibiotic drugs ceftazidime and gentamicin. The dressings resulted in 99.99%
inhibition effect of Pseudomonas aeruginosa and Staphylococcus albus. Persistent bacterial inhibition zones
around the dressing material indicated a long-lasting antimicrobial effect.

Improved techniques for the antimicrobial treatment of medical devices by conventional
antibiotics were successfully discovered; however, these approaches represent only one possible way
to fight nosocomial infection. Another way to reduce the disadvantages of conventional antibiotics is
the use of antiseptics.

To overcome the problem of bacterial resistance to antibiotics, the impregnation of medical
devices to prevent biofilm formation by antiseptics might be used. However, due to the low efficacy
of antiseptics and low patient tolerance, only short-term usage is possible [41]. For this reason,
Sheng et al. [32] studied patient tolerance and the antimicrobial efficacy of a novel antiseptic central
venous catheter, made of polyurethane and impregnated with chlorhexidine. They found that
chlorhexidine impregnation reduced the risk of catheter-related infections caused by Gram-positive
cocci and fungi and no adverse reactions such as hypersensitivity or leukopenia were found.
This antiseptic coating was safe and had less risk of colonization of bacteria and fungi than standard
catheters; however, more efficient and safer ways of antimicrobial treatment have since been found.

3.2. Non-Antibiotics

Due to the disadvantages of the abovementioned antimicrobial treatments of medical devices,
the current trend is for the development of non-conventional antimicrobial agents, such as
non-antibiotic and/or noble-metal-inspired techniques, instead of employing conventional antibiotics
and antiseptics.

Non-antibiotics are synthetic, non-chemotherapeutic compounds that are used in the management
of pathological conditions of a non-infectious aetiology. They are divided into two groups with
distinctly different effects (see Figure 4). The first group, antimicrobial non-antibiotics, are those
that exhibit direct antimicrobial activity. The second group consists of two subgroups, one of
which, helper compounds, alters the permeability of the microorganism to a given antibiotic;
the second, macrophage modulators, enhances the killing activity of macrophages that have
phagocytosed the microorganism. Due to the phenomenon of multidrug resistance, especially of
Gram-negative bacteria, the use of non-antibiotics may effectively fight against nosocomial infections.
Non-antibiotics eliminate natural resistance to specific antibiotics (reversal of resistance) and exhibit
strong activity against multidrug-resistant species [26,42]. Wainwright et al. [33] dealt with this
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subject matter. They examined the bactericidal activity of methylene blue and its derivatives against
vancomycin-resistant Enterococcus faecalis and Enterococcus faecium. They found that they are suitable
for the disinfection of sites of drug-resistant infection, such as burn wounds, colonized breathing tubes,
drains and catheters, and that the use of methylene blue derivatives may overcome the problem of
drug-resistant microbes.

Non-antibiotics

.

Antimicrobial Non-antibiotics without
non-antibiotics antimicrobial action
Helper Macrophage
compounds modulators

Figure 4. Scheme of the division of non-antibiotics.

The next stage of the development of advanced antimicrobials in this category represents
a combination of non-antibiotics with conventional antibiotics, which gives rise to a synergic
antimicrobial effect. The advantage of this synergic combination is the use of a drug that has
no useful antimicrobial activity at the concentration used, but its presence increases the activity
of the second antibiotic to which the organism was previously resistant. Another advantage is
that whenever non-antibiotic components exhibit potential toxicity alone, combining them with
conventional antibiotics may lead to their safe use due to the significantly reduced concentration
needed to produce the desired antimicrobial effect [26,42]. These advantages of the combination of
non-antibiotics with conventional antibiotics confirm the study of Rahbar et al. [34]. They evaluated
the antimicrobial and resistance-reversal activity of phenothiazine derivatives in combination with
vancomycin against vancomycin-sensitive Enterococcus faecalis, vancomycin resistant E. faecalis and
vancomycin-resistant E. faecium, originating from human infections. They found that phenothiazines,
especially chlorpromazine, thiethylperazine and promethazine, could considerably reduce the
resistance of the abovementioned strains to vancomycin in vitro.

3.3. Noble Metals

Another important and effective antimicrobial treatment of polymeric medical devices is the
use of noble metals, especially silver. Silver has a long history as an antimicrobial agent in medicine.
It has been used in various healthcare areas, such as wound care, surgical instruments, reconstructive
orthopaedic surgery, bone prostheses, cardiac devices and catheters. The use of silver to reduce the
risk of nosocomial infection has gained importance in recent days [43,44].

The antimicrobial effect of silver and silver compounds is proportional to the quantity of released
silver ions and their availability to interact with bacterial and fungal cell membranes. Each silver
source, from inorganic silver compounds (e.g., AgNOs [45]), via silver complexes (N-heterocyclic
carbene-silver complexes [46]), to nanostructured silver (e.g., nanoparticles [47], nanolayers [48] and
nanowires [49]), should release silver ions and therefore might be effective in fighting pathogenic
microorganisms. Due to its unique advantages, such as low toxicity in the human body and minimal
risk in clinical exposure by inhalation, ingestion, dermal application or through the urological
or haematogenous route, silver in its various forms has considerable potential in the healthcare
industry [43,44].

Incorporation of silver, in the form of salts, ions and complexes, is the gold standard in the
antimicrobial treatment of polymeric medical devices. Balazs et al. [35] incorporated silver ions using
silver salt (AgNOj3) into an endotracheal tube, made from medical-grade polyvinylchloride (PVC),
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to protect it against Pseudomonas aeruginosa adhesion and colonization. They found that surface
modification incorporating silver ions into PVC was effective in the reduction of bacterial colonization
of medical devices. Becker et al. [36] used silver iontophoresis to electrically generate silver ions for
the preparation of a silver-nylon dressing preventing orthopaedic infections. In this case, silver ions
acted as a strong antibacterial agent by in vitro testing. Panzner et al. [37] investigated N-heterocyclic
carbine-silver complexes as a potentially new effective antimicrobial agent against skin and soft tissue,
respiratory, wound, blood and nosocomial infections. They were synthesized and tested against
the group of biosafety level 3 bacteria Burkholderia pseudomallei, Burkholderia mallei, Bacillus anthracis,
methicillin-resistant Staphylococcus aureus (MRSA) and Yersinia pestis to establish their antimicrobial
efficacy against virulent and antibiotic-resistant bacteria associated with cystic fibrosis lung infections.
They found that, in the case of biofilm organisms of B. anthracis, these complexes proved more effective
than the currently used clinical antibiotics ciprofloxacin and doxycycline. In the case of mature
cultures of planktonic B. anthracis and MRSA, they were more effective than the aminoglycoside
antibiotic gentamicin.

The proven antimicrobial activity and low cytotoxicity of silver led to the development of
such materials by nanotechnology. In light of the last decade’s research, nanostructured silver is
an excellent candidate for the antimicrobial treatment of biocompatible polymers in the fight against
nosocomial infections [49,50]. As well as silver, other noble metals such as gold [38,47], copper [39]
and palladium [40,51] exhibit strong antimicrobial effects. We can encounter manifold types of
nanostructures in this case, e.g., nanolayers, nanoislands and nanowires; however, the type that is
usually used is nanoparticles.

In the text below, we provide some examples from the literature addressing the use of noble
metal nanoparticles (Ag, Au, Cu and Pd) with a strong antibacterial response. It is apparent that all of
those variously nanostructured metals are suitable candidates for antimicrobial coatings of polymeric
medical devices.

Roe et al. [12] functionalized a plastic catheter by silver nanoparticles (AgNPs) and tested
its antimicrobial response. Model pathogens Escherichia coli, Enterococcus, Staphylococcus aureus,
coagulase-negative staphylococci, Pseudomonas aeruginosa and Candida albicans were chosen as the most
commonly involved microorganisms in catheter-related infections. Silver-coated catheters showed
significant in vitro antimicrobial activity and prevention of biofilm formation. Li et al. [38] prepared
functionalized gold nanoparticles (AuNPs) as an antimicrobial agent against multidrug-resistant
pathogenic bacteria. They found a strong antimicrobial response and high biocompatibility of
AuNPs, the usage of which slowed the development of bacterial resistance. Due to these advantages,
gold nanoparticles can be used in long-term applications in healthcare. Ben-Sasson et al. [39]
functionalized polyamide membrane by copper nanoparticles and examined it against P. aeruginosa and
E. coli. They found that the antibacterial activity and relatively low cost of copper made it an attractive
antimicrobial agent. Adams et al. [40] studied the inhibitory effects of palladium nanoparticles (PdNPs)
compared with Pd?* ions toward Gram-negative E. coli and Gram-positive S. aureus bacterial strains.
They found that PANPs have a strong potential for antimicrobial applications, especially against
Gram-positive bacteria; PANPs were more effective than Pd?* ions against S. aureus, while E. coli
required higher concentrations and longer exposure times before the inhibitory effect of PANPs
became evident.

The unique potential of nanostructured silver to kill infectious microorganisms currently makes it
one of the most powerful antimicrobial agents. Therefore, the rest of our review will be devoted to
various types of silver nanostructures, the mechanism of their antimicrobial action, and techniques for
their preparation.

4. Nanostructured Silver

In recent years, the term nanomaterial has penetrated into the human consciousness. One of
the most common types of nanomaterials is nanostructured silver, which, due to its well-known
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antimicrobial activity, has found its major application in medicine. In the nanoscale, silver may occur
in several forms, predominantly as nanoparticles, nanowires, and last but not least as nanolayers.
The most often used silver nanomaterial is nanosilver in the form of silver nanoparticles, formed by
clusters of silver atoms [52]. The most significant advantages of nanostructured silver for the
use in medicine are its remarkable physical, chemical and biological properties, including unique
antimicrobial activity [53]. Examples of medical applications of silver nanoparticles are summarized in
Table 3.

Table 3. Medical applications of nanosilver [43,44,52,53].

Prevention Therapy
Bone cements Wound dressings
Neurosurgical shunts Creams and ointments
Venous catheters Epistaxis
Cardiovascular implants Gonococcal eye infection
Contact lenses Pleurodesis
Dental and surgical instruments Granulomas

4.1. Mechanism of Antimicrobial Action

Even though the mechanism of antimicrobial action of nanostructured Ag has not been fully
clarified, it is well known that silver nanoparticles of various sizes and shapes, after their partial
oxidation, release Ag* ions, which act as the major bactericidal agent. Silver ions interact with four
main components in bacterial cells (Figure 5): the cell wall, plasma membrane, bacterial DNA and
proteins (i.e., specific enzymes involved in vital cellular processes, such as the electron transport chain).
Silver ions cause the degradation of the peptidoglycan cell wall and cell lysis, preventing bacterial
propagation. These ions penetrate to the cell interior, where they bind to DNA bases. DNA condenses
and loses its replication ability, thereby preventing bacterial reproduction via binary fission. They may
also cause chromosomal aberrations. In the cell interior, silver ions may also cause mitochondrial
dysfunction and may desaturate ribosomes, thereby inhibiting protein synthesis and causing the
degradation of plasma membrane. This multifaceted mechanism of antibacterial action is the main
factor that causes low bacterial resistance against silver [52,54].

Cell wall

Plasma membrane

Membrane protein
Ribosome
Nucleoid (DNA)

Degradation of cell wall and
plasma membrane
Mitochondrion

Plasmid

Flagella

Figure 5. Multifaceted mechanisms of the antibacterial action of silver ions.
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Silver ions were also described as efficient antibacterial agents in the form of nanostructured
silver /polymer composites, in which their long-term release is necessary to be successfully used as
an effective antimicrobial coating of polymeric medical devices [55]. For this reason, the evaluation
of the concentration of released Ag* ions and their dependence on time are important parameters to
observe. The concentration of released silver ions must then reach the value of minimum inhibitory
concentration (MIC) to be effective in bacterial inhibition. The rate of release depends on the chemical
form of silver (e.g., AgNPs), particle size, surface functionalization and particle crystallinity. Last but
not least, the temperature and nature of the immersion medium, such as the presence of salts or
biomolecules, are key factors [56].

The literature mentions minimum inhibitory concentrations of silver effective against single-cell
organisms ranging from 0.1 to 20 mg-L~!. For example, MIC for Gram-negative bacteria E. coli
typically ranges from 3.50 (Ag*) to 13.02 mg-L~! (AgNPs), and for Gram-positive S. epidermidis it is ca.
6.25 mg-L.~! for AgNPs (depending on the size and shape of these structures); unfortunately, for Ag*
no reference value was reported [57]. On the other hand, Jung et al. [58] reported that silver ions
showed strong bactericidal effects against S. aureus and E. coli already in the concentration of one-tenth
of a ppm. The cells of S. aureus treated with tens of ppm silver ion solution for 2 h underwent lysis,
which resulted in the release of their cellular contents into the surrounding environment. The E. coli
cells treated with silver ions showed aberrant morphology: they were cracked and ruptured. It follows
that not only the concertation of silver ions, but also other factors such as the contact of bacteria
with metal surface, should be taken into account. The values of concentrations of silver ions released
from treated polymeric medical devices also differ depending on their type; however, MICs remain
unchanged in the order [59]. Jansen et al. [60] calculated the MIC of silver ions incorporated in a
polyurethane catheter against E. coli and S. epidermidis as 10.62 mg-L~! and 1.33 mg-L ™!, respectively.
Osiriska-Jaroszuk et al. [61] studied MIC for silver ions released from an InterGard Silver® (MAQUET
Holding B.V. & Co. KG, Rastatt, Germany) vascular prosthesis made from polyester and collagen.
They found that the value of MIC is 10 mg-L~! for E. coli and 5 mg-L~! for S. aureus.

For effective prevention of nosocomial infections, the lifetime of antimicrobial coatings, after which
they lose antimicrobial activity (reach MIC), is an important parameter to study, and the value of
MIC must be eluted constantly. For example, the average duration of placement of a central venous
catheter is 10-14 days [62]. The problem occurs in the case of conventional antibiotic treatment.
Trooskin et al. [63] give the lifetime of benzylpenicillin treatment of polytetrafluoroethylene catheter
as 24 h against S. aureus. Jansen et al. [64] found the teicoplanin coating of a polyurethane catheter to
be effective against S. epidermidis for 72 h. However, longer-term effects have already been observed:
Raad et al. [65] studied rifampin and minocycline coatings of polytetrafluoroethylene catheter against
various bacteria (25 days); and Hampl et al. [66] investigated silicone catheter coated by rifampin
(60 days). Unlike conventional antibiotics, the duration of the antimicrobial effect of silver-impregnated
catheters is reported to be approximately 48 days [67]. Bassetti et al. [68] compared the antimicrobial
lifetime of Arrowgard Blue® (Teleflex, Morrisville, NC, USA) central venous catheters impregnated
by chlorhexidine (C) and silver sulfadiazine (S) with the same one with a three times larger amount
of C and the same amount of S. The experiments were conducted against S. aureus. After 34 days,
the second type of catheter still produced inhibition zones. In contrast, the antimicrobial activity of the
first type of catheter was completely lost after 20 days. Samuel et al. [1] studied the duration of silver
release from polyurethane and silicone catheters impregnated with silver nanoparticles. The duration
of silver release was investigated with continuous rinsing of the material with physiologic saline.
No concentration change of released silver was observed for 370 days.

In recent days, the problem with the genotoxicity of nanostructured silver following exposure to
mammalian cells is coming into light. Braydich-Stolle et al. [69] investigated the ability of different
types of silver nanoparticles to damage a mouse spermatogonial stem cell line in the male germline
in vitro. They found that silver nanoparticles reduced mitochondrial function and increased reactive
oxygen species (ROS) generation and membrane leakage of mammalian germline stem cells. It is well
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known that ROS cause DNA damage, such as a multitude of oxidized base lesions, abasic sites,
and single- or double-strand breaks. They may also induce apoptosis (cell death). For these
reasons, silver nanoparticles could be potentially cytotoxic and/or mutagenic [70]. The damage
of DNA can be easily observed in the pathway of p53 protein responsible for DNA repair and
apoptosis response to maintain genomic stability. Ahamed et al. [71] studied the DNA damage and
apoptosis induced by silver nanoparticles through the p53 pathway in mammalian cells. Their results
demonstrated p53 protein expression, DNA double strand breakage and apoptosis responses in both
investigated mouse embryonic stem (mES) and mouse embryonic fibroblasts (MEF) mammalian cells.
The molecular mechanisms of nanoparticle toxicity are still poorly understood and this problem should
not be underestimated.

4.2. Types of Silver Nanostructures

Nanostructures are defined as objects having at least one dimension between 1 and 100 nm.
Depending on the number of directions in which they meets this condition, they can be divided into
three groups: 0D—all three dimensions are on nanoscale (nanoparticles), 1ID—two dimensions on
nanoscale (nanowires), and 2D—one dimension on nanoscale (nanolayers).

Nowadays, there are various types of nanostructures available to prepare (nanoparticles,
nanowires, nanolayers, nanofibres, nanorods, nanocubes, nanosheets, nanofoam, etc. [72,73]).
Given the large number of possible structural forms, the first three were chosen for further description.

4.2.1. Silver Nanoparticles

A nanoparticle is a type of 0D nanostructure of defined size ranging from 1 to 100 nm, formed by
clusters of silver atoms. In Figure 6 one can see spherical AgNPs (size of 2.5 & 0.6 nm) prepared by the
direct sputtering method into glycerol. Silver exhibits excellent antibacterial activity and low cytotoxic
potential—a combination of the most suitable properties for medical applications as the antibacterial
coatings of polymeric medical devices [47,74]. The desired properties of nanoparticles generally
depend not only on their size, but also on the specific shape. If synthesized nanoparticles do not exhibit
the expected properties in all, these problems can be easily overcome by the use of nanotechnology,
which can nowadays effectively control those material parameters. Silver could be processed into
monodisperse nanoparticles with controllable composition and structure and sometimes can be
produced in large quantities [52,75]. All these properties influence the resulting antimicrobial activity
and biocompatibility of nanoparticles, e.g., the biocompatibility of AgNPs might be easily enhanced by
the reduction of their particle size. Furthermore, the surface modification (coating, functionalization,
bioconjugation, etc.) of nanomaterials might serve to facilitate their applications in medicine [76].

Figure 6. Transmission electron microscopy (TEM) image of AgNPs sputtered into glycerol [74].
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The use of AgNPs (and also other silver nanostructures) in medicine as the antimicrobial coating
of polymers has many advantages. The most important is that, in insignificant concentrations, silver is
not toxic to human cells in normal use. It is also unlikely for a majority of microorganisms to develop
resistance to silver, contrary to the usage of conventional and narrow-target antibiotics. This is due to
silver attacking a broad range of targets in the bacterial cell (see Figure 6); in order to build resistance,
bacterial cells would have to simultaneously develop a host of mutations to protect themselves. Thus,
AgNPs have been used as antimicrobial coatings in various medical devices [77].

Samuel et al. [1] used uniform distributed AgNPs (10'2-10'° of active nanoparticles per gram
of polymer) in urinary catheters made from polyurethane and silicone. This use of nanosilver
exhibited excellent antimicrobial activity against a broad spectrum of bacteria in vitro. They also
observed a substantial reduction in catheter encrustation. Maneerung et al. [78] studied wound
dressings made from bacterial cellulose. Bacterial cellulose is a very effective wound dressing
because it can control wound exudates and provide a moist environment that is important for better
wound healing. However, it exhibits no antimicrobial activity itself to prevent wound infection.
Due to this, they impregnated this material with silver nanoparticles to achieve antimicrobial activity.
They found that freeze-dried silver-nanoparticle-impregnated bacterial cellulose exhibited the strongest
antimicrobial activity against Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus,
which are common bacteria found in contaminated wounds. Their wound dressing also lowered the
possibility of damage to normal human tissue. Cohen et al. [79] coated a polypropylene surgical mesh
with nanocrystalline silver nanoparticles. They studied the bactericidal effects of Ag-coated mesh
against S. aureus and compared them with an uncoated one. They found that the coated mesh exhibited
significant bactericidal activity. Due to this, nanocrystalline silver particles may decrease the incidence
of postoperative prosthetic mesh infections. Loo et al. [80] developed silver nanoparticle-polyvinyl
alcohol hydrogel coatings to reduce the incidence of bacterial colonization of endotracheal tubes.
They incorporated silver nanoparticles into polyvinyl alcohol (PVA) to produce stable hydrogels.
Their tests suggested that Ag-loaded PVA was nontoxic against human normal bronchial epithelial
cells but effective against the attachment of Pseudomonas aeruginosa and Staphylococcus aureus, with a
greater effect on P. aeruginosa.

4.2.2. Silver Nanowires

As a representative of the group of one-dimensional nanostructures, silver nanowires were chosen
to be described. Silver nanowires are an interesting object to study. Nowadays, they can be synthesized
on a large scale and the formation of uniform nanowires of well-defined dimensions can be effectively
controlled. Processing of silver into nanowires with well-defined dimensions may significantly enhance
the performance and functionality of silver in most of its applications. The replacement of AgNPs
by nanowires (with relatively higher aspect ratios) in polymer composites could greatly reduce the
mechanical load of silver. Because bulk silver exhibits the highest electrical and thermal conductivity
of all metals, silver nanowires have been extensively exploited in a variety of applications such as
catalysis, electronics, photonics and medicine [81,82].

The excellent electrical and thermal conductivity of silver nanowires was successfully exploited in
the area of thermal therapy. Thermal therapy is one of the most popular types of physiotherapy,
primarily intended for the treatment of injured joints. It helps relieve pain, swelling, muscle
weakness and numbness. In the past, the following materials were used for the thermal therapy:
stretchable metal electrodes, such as long carbon nanotubes inserted into elastomers, and conductive
elastomers based on AuNPs. Each of these materials has suitable properties for this application;
however, it was necessary to develop a simple and inexpensive composite, which may be easily
processed. Because of higher conductivity compared to C and a lower price than Au, the most suitable
material for the thermal therapy is silver nanowires. One-dimensional silver nanowires also better
maintain electrical conductivity during deformation (especially during stretching) than AgNPs [83].
Nowadays, applications of silver nanowires based on their excellent thermal conductivity are well
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established; however, their potential as promising antimicrobial coatings in medical devices is relatively
untapped thus far. Moreover, the biocompatibility and antimicrobial activity of these materials can be
easily enhanced.

Numerous studies have demonstrated the influence of surface morphology on material
biocompatibility and antibacterial activity. The increase of specific surface area and roughness of
antimicrobial coating using silver nanowire arrays, prepared by laser patterning and subsequent
silver deposition (Figure 7), might be one effective way to do that [49]. The attachment and growth
of human cells on artificial substrates can be affected by polymer surface modification, such as laser
patterning. Thus, the surface modification enables direct control over the material biocompatibility,
which might be significantly enhanced [84]. The surface roughness of biomaterials is one of the most
important parameters that affects cell behaviour [85]. For example, the adhesion and proliferation of
human vascular endothelial cells cultured on substrates with various surface roughnesses were studied
by qualitative examinations of cell morphology and quantitative assessment of cell adhesion and
proliferation rate. It was found that endothelial cell function was enhanced on the smooth solvent-cast
surface rather than on the rough one [86]. Patterning has also been used to address the detailed
molecular topology of focal adhesions. Cell adhesion and proliferation were promoted by a patterned
model, in which molecularly well-defined adhesive spots were separated by non-adhesive regions [87].
The surface roughness also affected the resulting antibacterial effects of materials. It was found that
augmenting microscale roughness caused an increase in bacterial accumulation; bacterial cells were
easily anchored on the polymeric surface [88]. However, the influence of nanoscale surface roughness
on bacterial colonization also had an opposite pattern, as in the study of Rimondini et al. [89], in which
the nanoscale surface roughness played an important role in the reduction of plaque colonization
on titanium.

Figure 7. Scanning electron microscopy (SEM) image of silver nanowire arrays supported on
polyethylenenaphthalate (PEN) [49].

The significant antimicrobial potential of silver nanowires has been revealed in several studies,
such as the study of Cui et al. [90], in which they found that the use of silver nanowires
enhanced antibacterial properties and cell compatibility. They compared the antibacterial effects
and cytocompatibility of untreated graphene oxide (GO) sheets with silver nanowire-treated
ones. Their results suggested that the GO treated by Ag nanowires provided unprecedented
antibacterial properties while maintaining the cell proliferation capacity necessary for enhancing
the wide use of silver in medical applications. Tang et al. [91] prepared uniform and pure silver
nanowires, which showed excellent and long-lasting antibacterial activity against E. coli and S. aureus,
microorganisms that are frequently associated with nosocomial infections. Zhao et al. [92] developed
a broad-spectrum and robust antimicrobial thin film coating based on large-area deposition of
graphene-wrapped silver nanowires. They found that this hybrid coating showed broad-spectrum
antimicrobial activity against Gram-negative bacteria E. coli, Gram-positive S. aureus and the fungus
Candida albicans. The robust antimicrobial activity of the coating was reinforced by the encapsulation of
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Ag nanowires by graphene. The advantage of their antimicrobial coating consisted of its considerable
transparency and flexibility.

As mentioned, the use of silver nanowires as antimicrobial coatings has tremendous advantages;
however, in recent days, cytotoxic studies warning about the toxicity of silver nanostructures have
begun to appear [53]. Some of these studies indicate that the most cytotoxic type of nanostructured
silver materials are silver nanowires [92-95]. For this reason, the long-term applications of silver
nanowires in healthcare are limited and their contact with living tissues should be minimized;
these structures are potentially applicable only in vitro, e.g., integration into traumatic wound dressings
and diabetic ulcers, treatment of dental and chirurgical instruments, etc. [49].

4.2.3. Silver Nanolayers

Nanolayers are defined as thin layers with thicknesses ranging from 1 to 100 nm, hence belonging
to the 2D nanostructures group. For many years, various types of thin films have been used to coat
various types of materials, bringing them improved properties. Since the excellent antimicrobial
properties of silver have been known from ancient times, the use of silver nanolayers as a surface
treatment of polymeric materials was a logical choice. Such modification imparts to polymers
exceptional antimicrobial properties [96].

The development of a technology of thin silver layers has overcome the problem of the relatively
high cost of metal silver, making possible the wide-spread use of this metal. Nowadays, nanoscale-thin
silver layers covering less expensive materials use silver in a lower quantity while still benefiting from
its antimicrobial effect; these have begun to be used widely in diverse areas, especially in the healthcare
industry. The final result of such an approach led to extensive applications of Ag nanolayers to control
hospital-acquired infections. Unlike untreated surfaces of polymeric medical devices, the high specific
surface area of antimicrobial silver coatings and relatively increased nanoscale surface roughness
are key elements of the enhanced functionality of medical devices such as dental implants, stents,
hip prosthesis, and miscellaneous devices; in Figure 8 one can compare the surface morphology and
roughness of Ag nanolayer-coated polyimide relative to an untreated one [48,97].

Due to the high specific surface area and relatively safe contact with human skin, silver nanolayers
have been frequently used as antimicrobial coatings of dressing fibres to treat infected wounds,
which relatively easily achieve the ion concentrations necessary to suppress infection. In addition,
it is possible to supply a controlled dose of silver ions to the skin regions surrounding the
wound, which accelerates wound healing and decreases the amounts of antibiotics required.
Aleksandrova et al. [98] prepared a silver nanolayer on sintepon, one of the most widespread
nonwoven polyester synthetics for the fabrication of dressings. They coated sintepon fibres with
uniform Ag nanolayers of an average thickness of 40-50 nm and determined their antimicrobial activity
using Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli (both non-spore-forming
bacteria), and the yeast Candida albicans (with a eukaryotic cell structure). They found that the Ag
nanolayer coating caused a substantial increase in the antimicrobial and antiviral activity of this
material and that synthetic fibres treated sparingly with soluble silver layers showed considerable
promise as antimicrobial coatings. Dubas et al. [99] demonstrated that the layer-by-layer method
can be effectively applied to prepare silver nanolayer coatings of silk or nylon fibres with the use of
silver nanoparticles. Silk and nylon fibres were coated with layers of poly(diallyldimethylammonium
chloride) and AgNPs capped with poly(methacrylic acid) (PDAMAC/PMAcapAg). The sequential
dipping of nylon or silk fibres in dilute solutions led to the formation of a smooth and uniform thin
film possessing excellent antimicrobial properties. Coated fibres were tested for their antimicrobial
properties toward Staphylococcus areus. The results of antibacterial tests showed the percent inhibition
of the bacteria as a function of the number of layers deposited. It is apparent that this technique
could be used in the improvement of new synthetic or natural polymers where antimicrobial
properties are required, such as polymeric medical devices associated with nosocomial infections.
Carvalho et al. [100] modified the surface of polytetrafluoroethylene (PTFE) by the co-deposition of



Int. . Mol. Sci. 2017, 18, 419 14 of 24

PTFE and polyamide (PA) thin films containing silver, while PA was used to attenuate the hydrophobic
nature of PTFE. They tested these composites against hospital-isolated P. aeruginosa bacteria, which are
able to degrade PTFE as a bulk material, as well as some of the developed thin films. They found that
the polymer—-metal combination induced the formation of a nanocomposite structure, which exhibited
significant antimicrobial properties against P. aeruginosa without apparent degradation of the material.

15 ~

e - N
SR gy .
Pl RESe==e = PI/Ag/15nm
Ra=0.5nm LSS & - .{o Rs=1.7 nm
————— i =
e T ‘7',» > ¥ 741:\ sy
& - ‘; ‘-. Y R (\‘1;—'
3 ‘ _“"\". oy “,’f._ _ ",‘ - »\\‘ ™
*&K\»:;g o=

Figure 8. Atomic force microscopy (AFM) images of pristine polyimide (PI) and Ag nanolayer-coated
PI, together with their surface roughnesses [48].

As stated in the previous paragraph, thin silver films can be effectively used to enhance the
functionality of polymeric materials. Nevertheless, one can efficiently use them to prepare structures
with an increased surface area from nanolayers through a thermally induced transformation of thin
metal layers into island-like structures. The formation of island-like structures with increased surface
area might, in some cases, result in an enhanced antibacterial response. In several different studies,
the formation of island-like structures after the annealing of thin layers was detected in the case
of silver [14,48], palladium [51] and gold coatings [101]. Antibacterial properties of silver-coated
polyimide, both before and after annealing, were examined using two model bacterial strains,
Escherichia coli and Staphylococcus epidermidis, frequently involved in infections associated with a
biofilm formation. Due to the structural transformation of a silver layer (see Figure 9), which increased
the specific surface area of silver by an order of magnitude, the resulting antibacterial activity
was significantly augmented. The larger the individual island-forming silver coating, the stronger
the antibacterial effect observed. This effect diminishes once the individual silver islands in the
transformed layer are interconnected [48].

Pl/Ag /15 nm
as-sputtered Ra=1.7nm

Figure 9. AFM images of silver-coated polyimide (PI) before (left) and after (right) annealing,
together with their surface roughnesses [48].

In contrast, the thermal treatment of palladium-coated polyethylenenaphthalate,
evaluated towards the same microorganisms, resulted in a completely opposite antibacterial
effect. Detailed surface characterization uncovered the mechanism of transformation of the annealed
surface: in response to annealing, Pd tends to aggregate and simultaneously forms a thin polymer
layer, probably due to an injection of Pd into the soft underlying polymer. Thus, the changes in the
surface morphology were induced by the synergetic effect of two processes: (i) the coalescence of
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Pd into separate nano-islands; and (ii) their partial embedding into the ultrathin surface polymer
layer. Such Pd incorporation is, however, superficial. It could be linked to the superficial ultrathin
(ones of nm) polymer overlay that almost reaches to the top of individual Pd islands. This phenomenon
is known as a “curtain” effect. The submersion of Pd clusters into the polymer volume has a major
impact on the resulting antibacterial activity. Even though the apparent specific surface area of Pd was
increased due to the annealing process, no improvement in the resulting antibacterial properties was
registered because of the “curtain” effect [51]. Obviously, the improvement of the antibacterial effects
of metal nanolayers due to the increase in their surface area significantly depends on the specific
combination of metal and polymer used.

4.3. Overview of Preparation Techniques of Silver Nanostructures

Nowadays, nanotechnology is a widely developing area for the preparation of a variety of
nanomaterials with unique properties. The synthesis of nanomaterials by a simple, low cost and
high-yield technology has been a great challenge since the very early development of nanoscience.
In addition, there is a growing need to develop eco-friendly processes that do not use toxic chemicals
in the synthesis protocols. Plenty of methods might be used for their successful preparation. All these
preparation techniques can be divided into two methods based on quite opposite approaches:
(i) top-down processes, which start with the bulk material and transform it to the nanoscale;
and (ii) bottom-up processes, which start with the individual atoms and build them upwards to the
nanostructured form [102,103]. Recently, combinations of both have also been used [104]. Examples of
bottom-up and top-down techniques are listed in Table 4.

Table 4. Examples of bottom-up and top-down approaches [102-104].

Bottom-Up Top-Down
Superecritical fluid synthesis Mechanical milling
Spinning Etching
Chemical vapour deposition Electro-explosion
Plasma spraying and flame spraying Sputtering
Molecular beam epitaxy Laser ablation
Sol and Sol-Gel process Dry grinding system
Laser pyrolysis Wet grinding system
Aerosol based process Ultrasonic wave
Atomic or molecular condensation Mechanical alloying method
Using of templates Lithography
Chemical reduction Cutting

4.3.1. Silver Nanoparticles

Silver nanoparticles have been studied owing to their unique properties, such as size- and
shape-dependent optical, antimicrobial, and electrical properties. As mentioned, their preparation
techniques include top-down processes, in which the particles are made smaller from bulk metal,
and bottom-up processes, where the individual atoms of NPs are formed from the solution and their
sizes are precisely controlled. The preparation techniques of AgNPs can be divided into three groups
based on their mechanism. These are physical, chemical and biological methods.

Physical methods have many advantages in comparison with chemical ones. They excel due
to the absence of solvent contamination in the final products and prepared NPs being uniformly
distributed. Physical methods are simple and relatively fast. The prepared nanoparticles can have
a variety of sizes, shapes and chemical natures. It is also possible to prepare small nanoparticles in
high concentrations, and the particle generation is very stable. Some types of physical techniques are
enumerated in Table 5 [105,106].

Chemical methods are based on (i) reduction by organic and/or inorganic reducing agents;
or (ii) precipitation of metals, in the presence of stabilizing agents suitable for corresponding
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metal atoms. In general, various reducing agents, such as sodium citrate, ascorbate, borohydride,
elemental hydrogen, etc., have already been used for the reduction of silver ions in aqueous or
non-aqueous solutions. First, precipitated atoms became centres of nucleation, which in turn leads
to the formation of atomic clusters. The clusters are surrounded by stabilizing molecules (e.g., thiols,
amines, acids, and alcohols), which stabilize (terminate) particle growth and protect particles from
sedimentation, agglomeration, or losing their surface properties. The advantages of chemical methods
are the reproducibility, availability of reactants and low cost. However, these methods require a long
time and special experimental conditions. Several examples of chemical-based preparation methods
are shown in Table 5 [105,107].

Numerous studies suggest that, due to the use of toxic chemicals, chemical methods of
nanoparticle synthesis are non-ecological and the use of hazardous chemicals significantly limits
their biomedical applications. For this reason, the green synthesis of NPs by biological methods has
been widely developed (Table 5). The potential organisms for the synthesis of nanoparticles range
from simple prokaryotic to complex eukaryotic cells. For example, microorganisms including bacteria,
fungi, algae, yeast and actinomycetes have already been used. Also, the usage of extracts from various
plants, i.e., diverse gymnosperms and angiosperms, is possible. By these green methods, highly stable
and well-characterized NPs can be prepared effectively. The size and morphology of NPs can be
effectively controlled by an adjustment of several parameters, such as concentration of substrate, pH,
light, temperature, buffer strength, electron donor (e.g., glucose or fructose), biomass and substrate
concentration, mixing speed and exposure time [105-108].

Table 5. The overview of the preparation techniques of AgNPs [105-108].

Physical Chemical Biological
Laser ablation Electro-explosion Microorganism
Irradiation Sol-gel synthesis Bio-templates
Pulse vapour deposition Chemical reduction Plant-extract-assisted biogenesis
Ultrasonication Microemulsion method
Microwave method Hydrothermal synthesis
Electro chemical Polyol synthesis
Thermal evaporation Microwave-assisted synthesis
Lithography Indirect reduction
Melt mixing UV-initiated photoreduction
Electrospraying .Photoinduced reduction
Inert gas condensation Electrochemical synthesis

4.3.2. Silver Nanowires

Nanowires are predominately defined by the geometry of their cross sections; one can observe
the nanowire formation and the mechanisms by which they attain a state of minimum free energy.
Similar to other nanostructures, nanowires can be prepared by top-down and bottom-up approaches.
Top-down methods involve the extraction of nanowire from a bulk material by processes such as
electron-beam lithography or mechanical reduction, while bottom-up ones include the growth of
nanowires by chemical or molecular assembly or template-assisted electrodeposition. All of these
methods can also be classified as physical or chemical methods; however, for this type of nanostructure,
division into solution-based and gas-phase methods is the most revealing (see Table 6) [109].
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Table 6. The outline into the preparation methods of silver nanowires [109-112].

Solution-Based Gas-Phase
Solution-liquid—solid method Vapour-liquid—-solid growth
Solvothermal method Physical vapour deposition
Template-based method Chemical vapour deposition
Fluid-liquid—solid method Vapour-solid growth
Sol-gel synthesis Oxide-assisted growth
Chemical bath deposition Laser ablation
Electrochemical deposition Aerotaxy-based growth
Hydrothermal method Electrodeless etching
Aqueous chemical growth Thermal evaporation
Electrospraying Carbothermal reduction
Hot-injection method Flame-based synthesis
Microemulsion Lithography

Solution-phase methods usually require the presence of surfactants, which form micelles or
inverse micelles. In addition, the use of templates, in combination with appropriate chemical
or electrochemical reactions, is often required for the successful preparation of nanowires in this
way. However, these techniques are especially appealing because of the low-growth temperatures,
potential for scaling-up, and capability of producing high-density arrays. There is also the possibility
to prepare ultrathin nanowires with a high aspect ratio and excellent stability. Due to these
advantages, such nanowires could be assembled into functional devices in many areas including
antimicrobials [110].

Gas-phase methods are batch processes. The precursor vapour, necessary for these processes,
is often generated at first. It is transported from a high-temperature zone to a low-temperature zone.
Then, part of the vapour diffuses and is deposited on the substrate, where nanowires nucleate to grow.
The advantages of gas-phase syntheses are also numerous. Generally, these techniques provide a
much cleaner product than solution-based ones. The ability to exactly manage the process parameters
allows for precise control of the shape, size and chemical composition of the nanowires formed.
The large-scale industrial application of these techniques has been successfully commercialized after
considerable progress in the development of new products [111].

In light of all these preparation methods, vapour-liquid-solid growth (VLS) is the most frequently
used method for the preparation of nanowires. For this reason, its mechanism will be shortly discussed.
The VLS method runs as a 1D crystal growth assisted by a metal catalyst, which results in the formation
of whiskers, rods and wires. At a high temperature, the catalyst forms liquid alloy drips by the
absorption of vapour components. Then, the alloy became supersaturated. Thereafter, the precipitation
of the component at the liquid—solid interface occurs to achieve the minimum free energy of the alloy
system. This begins the 1D crystal growth, which continues as long as the vapour components are
supplied. Because of the presence of vapour (carrier of solid components), liquid (catalyst of alloy)
and solid (precipitated one-dimensional structures) phases, the mechanism is called VLS [112].

4.3.3. Silver Nanolayers

Nanolayers, thin layers of nanoscale thickness, can be prepared by various techniques. Like other
types of nanostructures, the most common classification of their preparation techniques is into chemical
and physical methods (Table 7). Physical methods (i.e., evaporation and sputtering) include deposition
techniques based on evaporating or expulsion of the material from its source. Chemical methods work
on the basis of a specific chemical reaction. This reaction is then based, for example, on the electrical
separation of ions (electroplating) or on the thermal effects and increasing temperature during the
deposition from the vapour (thermal chemical vapour deposition) [113].
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Table 7. The division of deposition techniques for the preparation of silver nanolayers [113-116].

Physical Chemical
Ion plating, laser ablation, molecular Platin
Evaporation beam exipaxy, electron beam, thermal Sol- Ge% Electroplating Electrolysis
and vacuum evaporation
Ion beam, reactive, magnetron, high Chemical Metalorganic vapour phase epitaxy,
Sputtering target utilization, ion-assisted and gas vapour plasma-enhanced and
flow sputtering deposition thermal deposition

The motivation for the use of physical methods lies in the specific characteristics of the process and
deposited layers. A wide range of thicknesses from tens of nanometers to tens of micrometers, with high
uniformity and reproducibility, can be effectively achieved. There are no limitations in the selection of
the source of initial material; metals, semiconductors, glass, ceramics and plastics can be transformed
into a thin layer during physical processes. The multi-layer systems may be formed by one process,
and a low surface temperature can be maintained. The bottom layer is not destroyed. The properties
of the layers, such as their resistivity, temperature coefficient of resistance (TCR), adhesion, structure,
composition, density and refractive index, may be enhanced by adjusting the process parameters
(e.g., substrate temperature, process pressure, energy, deposition rate, etc.) [114,115].

Chemical methods for the preparation of nanolayers provide highly pure materials ay the atomic
or nanometer scale. Single or multilayers, composites and functionally graded nanostructured films
with controllable size and unique structure can be formed by these techniques. The versatility of
chemical methods led to the rapid spread of their use, and for this reason they became one of the main
methods for the deposition of thin films for a wide range of applications [113,116,117].

5. Conclusions

Over the past few decades, the use of polymeric medical devices in healthcare applications
has been extended considerably. However, their long-term applications were often associated
with biofilm formation, which leads to the development of nosocomial infections. This paper
discusses those problems. The mechanism of the biofilm formation was explained. Then,
the methods of the antimicrobial treatment of polymeric medical devices were briefly described,
including antibiotics, antiseptics, non-antibiotics and noble metals. Because silver is the gold
standard in nanoscale antimicrobial treatment, the last part of the review focused on diverse forms
of nanostructured-silver-treated polymers. The mechanism of action of silver nanostructures was
summarized. Multifaceted mechanisms of action of Ag* ions prevent the development of bacterial
resistance, and, for this reason, nanostructured silver is an excellent candidate for the preparation
of antimicrobial coatings of polymeric medical devices. The applications of three types of silver
nanostructures (nanoparticles, nanowires, and nanolayers) in medicine were reviewed. Their medical
applications in the literature are considerable; they relate to various types of polymeric medical
devices, such as catheters, endotracheal tubes, wound dressings, surgical mesh and other polymeric
fibres. Nowadays, there are many techniques for the preparation of silver and other noble metal
nanostructures. Nevertheless, for the preparation of nanostructured antimicrobial coatings of polymers,
methods focusing on direct nanostructure formation on the polymeric substrate are most suitable.
Otherwise, after the preparation of nanostructures, the next step, based on their incorporation into
polymeric matrix, requires further research.
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