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Resistance to antimicrobial agents by pathogenic bacteria has emerged in recent years and is amajor health problem. In this context
silver and silver nanoparticles (AgNP) have been known to have inhibitory and bactericidal effects andwas used throughout history
for treatment of skin ulcer, bone fracture, and supporting wound healing. In all of these applications prevention and treatment of
bacterial colonized/infected wounds are critical. In this context silver and its derivatives play an important role in health care. Silver
is widely used in clinical practice in the form of silver nitrate and/or silver sulfadiazine. In the last few years silver nanoparticles
entered into clinical practice as both antimicrobial and antifungal agents. In addition, nanosilver is used in coating medical devices
(catheters) and as component of wound dressings. In this paper we present summarized information about silver and nanoparticles
made of silver in the context of their useful properties, especially antibacterial ones, being of a great interest for researchers and
clinicians.

1. Introduction

The emergence of bacterial resistance to antimicrobial drugs
has become a serious problem in health care due to abuse of
commonly available antibiotics. It is a result from their evo-
lutionary processes occurring in the course of an antibiotic
treatment. The resistant bacteria survive medical treatment
and pass this trait to future generations [1, 2].

In this context silver nanotechnology plays an important
role since silver (either metallic Ag0 or that existing in ion
form of Ag+) is known to be a broad spectrum antibiotic
with antiseptic, antimicrobial, anti-inflammatory, and pro-
healing properties. Thus, silver nanoparticles or structural
materials play a critical role as an important class of materials
that have found application mainly in health industry as
antibacterial agents (wound dressing, medical equipment),
but also in cosmetic and food industry and textile coatings
and in a number of various environmental applications
[3–6].

2. Short History of Silver

For thousands of years silver has been used as a heal-
ing agent by civilizations throughout the world. Silver is
a silvery metal element positioned 47th in the periodic
table. Pure silver exhibits the highest electrical and thermal
conductivity and at the same time has a lowest contact
resistance [7, 8]. Silver and its derivatives have been long
used as antimicrobial agents. The first report of the use of
silver comes from the year 3500 BC, where in predynastic
Egypt silver was used as coins. Regarding its therapeutic
properties silver is known for more than 1000 years BC.
Water was stored in silver or copper vessels and exposed
to light or filtered, unfit for human consumption [6, 9,
10]. Hippocrates—father of modern medicine—also used
silver; he believed that silver powder has beneficial ther-
apeutic effect and antidisease properties. Silver has been
used in the treatment of various maladies including ulcers
[6, 8, 9].
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The first report about silver nitrate comes from pharma-
copeia published in Rome in 69 BC, first information about
medical use of silver nitrate began fromGabor (702–705AD).
In 1520 Paracelsus has been using silver and silver nitrate
for treatment of wounds. Ambrosie Pare used silver clips in
facial reconstruction [11, 12]. Between the 1700s and 1800s
silver nitrate was used to treat venereal infections, leg ulcer,
and acne. It was also used in the treatment of patients with
epilepsy [7, 13–15].

The antibacterial properties of silver and its salts were
recognized after bacterial discovery. Silver nitrate has entered
into clinical practice and has been applied in the treatment
of skin ulcer and bone fracture supporting wound healing.
In 1884 German obstetrician—Crede—applied 1% AgNO

3
in

the form of eye drops for newborns to prevent gonorrheal
infection. The first Chief of Surgery at Johns Hopkins Hos-
pital doctor William Halsted advocates for using silver wire
sutures in surgery for hernia. He also founded silver foil as
an effective method of controlling postoperative infections
in surgical wounds [11, 15–17]. Roe used a colloidal silver in
treatment of infected corneal ulcers [18].

In the last twenty years of the 20th material containing
silver was effectively used for water purification [19–21],
wound dressings for the promotion of healing [22, 23], the
prevention and treatment of infection [23], dental hygiene
[24], eye conditions [25], and other infectious complications.
In the 21st century, medicinal use of silver extended beyond
the use in the treatment of burns or wound dressings. Indeed,
it started to be applied to hospitalized patients with infections
of the urinary tract and catheter-related bloodstream infec-
tions [17].

3. Mechanism of Antimicrobial Action

The exact mechanism of action of silver on the microbes is
still unknown. However the possible mechanism of action of
metallic silver, silver ions, and silver nanoparticles has been
suggested according to the morphological and structural
changes found in the bacterial cells.

3.1. Mechanism of Action of Silver. Silver has a broad
spectrum of activity against aerobic and anaerobic Gram-
positive and Gram-negative bacterial strains [26, 27]. Metal-
lic/elemental silver is chemically inactive, poorly absorbed by
mammalian or bacterial cells. To gain antibacterial proper-
ties, the ionization (in presence of body fluid or secretions) is
highly required. After entry into the cell silver ion interacts
with structural and enzymatic proteins [9, 26, 28, 29]. Then
the insoluble compounds are formed, which are essential
components of the enzymes responsible for transmembra-
nous energy metabolism and electrolyte transport. In bacte-
ria, Ag+ interacts with nucleophilic amino acid residues in
proteins. Silver rapidly interacts with sulfhydryl, amino, imi-
dazole, phosphate, and carbonyl group present onmembrane
or enzyme proteins in microorganism. During interaction
between silver ions and functional group hydrogen atoms
are replaced by ionized silver, which as a result create S-Ag
bonds [9, 30]. Ionized silver blocks the respiratory chain at the
level of appropriate respiratory enzymes: cytochrome oxidase

and NADH-succinate-dehydrogenase [31, 32]. Ag+ ions are
able to form complex with nucleic acid (DNA or RNA)
block transcription, while those that bind to cell surface
components interrupt bacterial respiration and adenosine
triphosphate (ATP) synthesis.

Silver ions interact with membrane proteins and addi-
tionally block the respiratory chain. After penetration into
the cell Ag+ interacts with both DNA and proteins and finally
induces production of reactive oxygen species (ROS) (see
Figure 1, adapted from [33] with slight modifications).

3.2. Mechanism of Action of Silver Nanoparticles (AgNP). The
silver nanoparticles show efficient antimicrobial properties
compared to other silver compounds due to their large
surface area. The extensive surface morphology provides
better contact with microorganisms. AgNP interact with cell
membrane and then penetrate inside the cell. Bacterial cell
membrane contains proteins, which include sulfur. AgNP
interact with these proteins, as well as with the phosphorus
containing compounds, like DNA. Following entry into the
bacterial cell it forms a low molecular weight region in the
center of the bacteria to which the bacteria conglomerate,
thus protecting the DNA from the silver ions. The AgNP
interact with the respiratory chain and cell division finally
leading to cell death [2, 30–32, 34, 35]. This was found
while applying AgNP on Gram-positive and Gram-negative
bacteria, including highly multiresistant strains [36].

4. Application of Silver in Medicine

Silver products are used in medicine and clinical practice as
expanding range of products.Themost important application
is undoubtedly as a biocide to prevent long-term infections’
problem including burns, traumatic wounds, and diabetic
ulcers. Additional applications include wound dressing, coat-
ing of catheters, and other devices implanted on or within the
body. In clinical practice silver compounds in different forms
and concentrations are still used.

4.1. Silver Sulfadiazine. The gold standard in the treatment
of patient with topical burns is silver sulfadiazine (AgSD, see
Figure 2) introduced for the treatment of burns in 1970 by
Fox. It is used to prevent and treat infections of second- and
third-degree burns. It is harmful to a wide variety of bacteria
(Gram-positive cocci, S. aureus and Gram-negative bacilli,
particularly P. aeruginosa) [37, 38].

Muangman et al. [39] compared the efficacy of 1% silver
sulfadiazine versus Aquacel® Ag dressing in the treatment
of second-degree burns. This prospective, randomized study
included 70 patients divided into two equal groups according
to the burn wound treatment. Group treated with Aquacel
Ag has changed dressing every 3 days, whereas in a group
treated with 1% silver sulfadiazine it was changed every day.
This study showed that Aquacel Ag promoted time-to-wound
healing decreased pain symptoms associated with the change
of dressing and tended to lower the total treatments cost. The
obtained results suggest that Aquacel Ag is an effective burn
dressing in superficial second-degree burns.
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Figure 2: Structure of silver sulfadiazine.

The other group working on burn wounds and silver
compounds applications was a team led by Opasanon et al.
[38] who compared Askina Calgitrol Ag® with 1% AgSD on
the management of partial-thickness burn wounds. In this
study 65 burnt patients were identified and randomized into
two groups: one treatedwith 1% of AgSD (35 patients) and the
second one (30 patients) with Askina Calgitrol Ag dressing.
Askina Calgitrol Ag preparation is able to be left in situ for
treatment of partial-thickness burn wounds up to 3–5 days.
It provides an antimicrobial effectiveness while enhancing
a moist wound environment leads to rapid granulation and
reepithelialization of damaged tissue.The results obtained by
this group suggested that burns heal significantly faster in
Askina Calgitrol Ag group (7 days) compared with 14 days
of the 1% AgSD-treated group.

Mabrouk et al. [40] compared moist occlusive dressing
(Aquacel Ag, 𝑛 = 20) versus moist open dressing (MEBO,
𝑛 = 20) in patients with partial-thickness facial burns.
They reported that wound treated with Aquacel Ag heals
faster (10.5 days) compared to MEBO treated (12.4 days).
Frequency of changes, pain, and patient discomfort was less
in the group with Aquacel Ag; also scar quality was improved
in this group. In summary, most occlusive dressing, such
as Aquacel Ag, significantly improves the management and
healing rate of patients with partial-thickness facial burns and
showed excellent results. Its efficacy in controlling infection,
adherence to the wound, and acceleration of the time of
healing was very high when compared to MEBO dressing.

4.2. Antibacterial Properties of Silver Nanoparticle. Sondi and
Salopek-Sondi [2] reported the antimicrobial properties of
AgNP in relation to the growth of E. coli (strain B) cultured
on Luria-Bertani (LB) agar plates. The results obtained
show that inhibition was dependent on AgNP concentra-
tion and initial number of cells used for the tests. Silver
nanoparticles in concentration of 50–60𝜇g cm3 caused 100%
inhibition of bacterial growth. However, the concentration
of 20𝜇g cm3 completely inhibited bacterial growth. Morones
and coworkers [34] tested antibacterial activity of AgNP
(size 1–100 nm) on different Gram-negative bacteria. They
reported that antibacterial properties of AgNP against Gram-
negative bacteria consist of three steps. In the first place,
silver nanoparticles (average size 1–10 nm) attack bacterial
cell membrane, which affects the change in their functions
(e.g., permeability, respiration). After loss of containment,
particles enter into the cell and cause further damage.
Additionally AgNP release silver ions, which further enhance
the bactericidal effect of nanoparticles.

In 2007, Kim et al. [41] tested antimicrobial activities of
AgNP against yeast, E. coli, and S. aureus. These microor-
ganisms were cultured on Muller Hinton agar (MHA) plates
treated with different concentrations (0.2 to 33 nM) of AgNP.
They reported that minimal inhibitory concentration (MIC)
of AgNP for E. coli was 3.3 nM whereas in relation to yeast
it was equal to 6.6 nM. Interestingly, the growth-inhibitory
effects of AgNP on S. aureus were observed in high concen-
tration (MIC > 33 nM).

Also Shrivastava et al. [42] examined antibacterial effects
of AgNP on antibiotic-resistant and nonresistant strains of
E. coli, ampicillin-resistant E. coli, and a nonresistant strain
of g S. aureus. They also tested multidrug-resistant S. typhi.
Cultures (106 colony forming units (CFU) of each strain
per plate) were grown on LB agar plates containing Ag
nanoparticles (concentration of 5, 10, 25, and 30 𝜇g/mL,
resp.). In plates with nonresistant E. coli the inhibitory effect
of 60% and 90%was observed for plate supplementation with
5 and 10 𝜇g/mL of AgNP, respectively. Complete inhibition
of bacterial growth was observed when the 25𝜇g/mL AgNP
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Figure 3: The diagram shows the idea of disk diffusion method
(ATB 1: antibiotic 1, ATB 2: antibiotic 2, etc., created by author).

was used. In case of multidrug-resistant strains of S. typhi
and ampicillin-resistant E. coli a 70–75% inhibition in plates
supplemented with 10 𝜇g/mL of AgNP was noted. Whilst
concentration of 25𝜇g/mL and greater completely inhibited
microbial growth. Interestingly, none of the doses of nanopar-
ticles had any effect on the growth of S. aureus. In summary,
Gram-negative bacteria are more sensitive to the different
doses of silver nanoparticles than Gram-positive bacteria.

4.3. Conjunction of AgNP with Antibiotics. Disc diffusion
method is a standard technique used in clinical microbiology
laboratories for antibiotic susceptibility testing (AST) [43].
This assay is based on the diffusion of the antibiotic from
the disc into agarose gel (see Figure 3). The concentration
of the antibiotic is highest in the vicinity of the disc and
decreases with the distance from the center. The measure of
the sensitivity of tested strain is size of inhibition zone around
the disk saturated with antibiotics [44].

Organisms more resistant to the drug are able to grow at
a shorter distance from the disk. On the contrary, organisms
less resistant withstand only lower concentrations and begin
to grow at a somewhat greater distance from the disc [44].

Nowadays it is of great interest to combine silver nanopar-
ticles with several various drugs, such as antibiotics, which
is aimed at improving the treatment process. Iranian sci-
entists under the leadership of Shahverdi [45] investigated
the combination effect of AgNP with different antibiotics
against S. aureus and E. coli using disc diffusion method.
Results showed that antibacterial activities of penicillin G,
amoxicillin, erythromycin, clindamycin, and vancomycin
increased in presence of AgNP against both bacteria. They
did not observe any effect when they tested Carbenicillin
100, cephalexin 30, cefixime 5, gentamicin 10, amikacin 30,
tetracycline 30, cotrimoxazole 25, nitrofurantoin 300, and
nalidixic acid 30 with addition of nanoparticles. In contrary,
they observed highest enhancing effects of combined AgNP
with vancomycin, amoxicillin, and penicillin G against S.
aureus. Rajawat and Qureshi [46] tested AgNP in combi-
nation with ampicillin (10mcg) and gentamycin (15mcg)

against S. typhi. The obtained results showed that the zone
size for sample with ampicillin was larger than the zone
size for gentamicin. In addition to this, Fayaz and coworkers
[47] examined silver nanoparticles and their synergistic effect
with antibiotics against S. typhi, E. coli, S. aureus, and M.
luteus. In order to evaluate the synergistic effect of AgNP
associated with an antibiotic (ampicillin, kanamycin, ery-
thromycin, and chloramphenicol, concentration 10 𝜇g/disc)
disc diffusionmethodwas used.They reported that antibacte-
rial activity of all used antibiotic increased in the presence of
AgNP. Moreover, the highest enhancing effect was observed
for combination of AgNP and ampicillin against tested
strains.

Thomas et al. [48] tested the antibacterial potential of
biosynthesized AgNP, standard antibiotics, and their conju-
gates against multidrug-resistant biofilm-forming coagulase-
negative S. epidermidis strains (73, 145, and 152) isolated
from patients (pus, catheter tips, and blood samples). Other
pathogenic bacteria, S. aureus (MTCC 87), V. cholerae
(MTCC 3906), S. typhi, and S. paratyphi, were collected
from the clinical laboratory. Disk diffusion method was used
to evaluate the synergistic effect of antibiotics with biosyn-
thesized AgNP against test strains on Mueller-Hinton agar
plates. Standard antibiotic disks, fusidic acid 30𝜇g/disk, gen-
tamycin 10 𝜇g/disk, ciprofloxacin 30𝜇g/disk, erythromycin
15 𝜇g/disk, penicillin 10𝜇g/disk, chloramphenicol 50𝜇g/disk,
levofloxacin 5 𝜇g/disk, nalidixic acid 30𝜇g/disk, and ampi-
cillin 25 𝜇g/disc, were used. To determine the combined
effects, each standard antibiotic disk was impregnated with
freshly prepared AgNP (the final content of 10 𝜇g per disk).
The received results showed remarkable antibacterial activity
of AgNP against all test strains with the highest activity
against S. epidermidis strains 145 and 152. In addition, the
highest synergistic effect of AgNP was observed with chlo-
ramphenicol against S. typhi.

Naqvi et al. [49] studied AgNP and different antibiotics
against multidrug-resistant bacteria (E. coli, P. aeruginosa, E.
faecalis; S. aureus, M. luteus, A. baumannii, K. pneumoniae,
and Bacillus spp.). A selection of five different antibiotics
was made, that is, imipenem (carbapenem), trimethoprim
(sulfonamide), gentamycin (aminoglycoside), vancomycin
(glycopeptide), and ciprofloxacin (quinolone). Bacteria were
grown on Mueller-Hinton agar plates, and the Kirby-Bauer
disc diffusion method was applied. It was observed that the
antibacterial activity of imipenem, gentamycin, vancomycin,
and ciprofloxacin increased in the presence of AgNP.

4.4. Catheters Containing Silver. The medical devices should
be made from materials which exhibit antimicrobial prop-
erties. In this context, silver nanoparticles have appropriate
properties arising from their extremely large surface-to-
volume ratio; also ionized silver shows resistance to oxidation
and can be slowly released frommedical equipment in active
forms [50].

Central venous catheters (CVC) are extensively used in
critical care unit for monitoring and therapy. After implanta-
tion into the human body, they can become colonized with
variable microorganisms within 24 h from insertion, which
can rapidly form biofilm.
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Roe et al. [51] tested antibacterial activity and evaluated
the risk of systematic toxicity of novel catheters impregnated
with AgNP. A prolonged release of silver from catheters
(determined in vitro and in vivo) over a period of 10 days has
been reported.Antibacterial properties of examined catheters
were tested on E. coli, Enterococcus, S. aureus, coagulase-
negative staphylococci: P. aeruginosa, and C. albicans. Silver
catheters exhibit significant antimicrobial activity in vitro and
prevent biofilms formation against all tested microorganism.
In summary, the tested catheters occurred to be nontoxic
and may be useful in preventing infectious complications in
patients with indwelling catheters.

Khare et al. [52] examined the effect of a silver zeolite-
impregnated catheter on catheter-related colonization and
infection in adult patients in intensive care units. The
study was conducted at three acute hospitals and within
the period of 14 months, 122 silver-impregnated and 124
nonimpregnatedCVCwere used.They found that overall rate
of colonization was significantly lower in patients with silver
zeolite-impregnated catheter (58%) compared to the control
group (78%). Apart from this, a lower rate of tip colonization
(34%) by negative staphylococci was observed in the silver
zeolite-impregnated CVC as compared to nonimpregnated
CVC (47%).

Stevens and coworkers [53] reported a development of
a new bifunctional coating which can be applied to make
CVC surfaces with dual antimicrobial and antithrombogenic
activity. The new coating proposed by this group consists of
a mixture of copolymers (N-vinylpyrrolidone (NVP) and n-
butyl methacrylate (BMA)) containing AgNP and sodium
heparin. The results of this research were that AgNP strongly
inhibit adhesion of reference and clinical isolated strains of S.
aureus onCVC. Additionally, used heparinmade the catheter
surface nonthrombogenic and contributed synergistically
with their biocidal activity of AgNP.

A significant part of hospital-acquired infections is uri-
nary tract infections (UTI).Themost important predisposing
factor for urinary tract infection is urinary catheter left in uri-
nary system. Akiyama and Okamoto [54] were the first who
reported in 1979 the use of silver-coated urinary catheters in
102 catheterized patients. In patients with silver catheters they
did not observed bacterial infection (bacteriuria as symptoms
of urethritis). In contrast, in control group (20 patients)
having the conventional catheters, a bacteriuria within 4 days
of catheterization was noted.

Karchmer and colleagues [55], who conducted a 12-
month randomized crossover trial, compared rates of noso-
comial catheter-associated UTI in patients with silver-coated
and uncoated catheters. They observed that the relative risk
of infection per 1000 patient-days was 0.79 (95% confidence
interval, 0.63–0.99; 𝑃 = 0.4) for study wards randomized
to silver-coated catheters compared with patients who got
uncoated catheters. In conclusion, the risk of infection was
reduced by 21% in the wards where the silver catheters were
used.

4.5. Wound Dressing Containing Silver. An ideal wound
dressing should maintain a moist environment at the wound

side, allow for gaseous exchange, act as a barrier to microor-
ganisms, and remove excess exudates. It should also be non-
toxic as well as nonallergenic for patients tissue. Furthermore,
the ideal dressing should be nonadherent and can be easily
removed without trauma. It should be made from a readily
available biomaterial that requires minimal processing, pos-
sesses antimicrobial properties, and promotes wound healing
[56, 57]. Natural biomaterials (collagen, gelatin, fibroin, and
keratin) and their derivatives can be used in clinical practice
as potential biodegradable wound dressing. Dressings con-
taining silver are the basis for treatment of burns, acute and
chronic wounds.

Jeong and coworkers [58] examined influence of silk
fibroin (SF) nanofibrous matrices containing silver sulfa-
diazine in wound healing. They tested silver sulfadiazine-
modified SF (in concentrations 0.1, 0.5, and 1.0 wt%) in vitro
on two cell lines: normal human epidermal keratinocytes
(NHEK) and normal human epidermal fibroblasts (NHEF).
In vitro results showed that number of NHEK and NHEF
attached to examined nanofibers containing SSD decreased
when the concentration of SSD increased. The number of
attached NHEF cells was lower than attached NHEK cells. In
addition, silk fibroin nanofibrous containing SSD were tested
in vivo; rat wound model was used to determine the wound
healing effect of SF nanofibers as compared to commercially
available wound dressing ActicoatTM. In vivo studies indicated
that SF matrix with 1.0 wt% SSD produced faster wound
healing than Acticoat.

Finley et al. [59] examined silver dressings in normal and
diabetic wounds. They used animal model of full thickness
wounds (5mm in diameter) in normal (wild type C57BL/6)
and diabetic (BKS.Cg- m+/+Leprdb/J) mice. Wounds were
created on the back and treated with silver or gauze dress-
ing. They observed reduction of bioburden in silver-treated
wounds inwild typemice.Moreover, they observed improved
healing in diabetic mice where wounds were treated with sil-
ver dressing. However, the bioburden effect was not observed
in diabetic wound treated with silver dressing.

Lin and coworkers [60] investigated the potential of
KoCarbonAg®, Aquacel Ag, and Acticoat 7 in reducing
bacterial survival and promoting wound healing. In vitro
results showed that the silver-containing dressings prevented
bacterial (P. aeruginosa) growth in wounds by blocking the
entry of external bacteria and by retaining the bacteria in
the dressing. They used a rat model to compare the healing
efficiency of the dressings and investigate the quantity of col-
lagen synthesis during healing process. In vivo studies showed
that KoCarbonAg and Aquacel Ag have better capacity to
block, retain, and killmicrobes thanActicoat 7 and gauze.The
in vivo studies indicated that reduction in bacterial burden
accelerated healing and wound covered by silver dressing
showed better healing that gauze treated wound. Moreover,
applied KoCarbonAg dressing accelerates wound healing by
promoting collagen synthesis and arrangement.

In another study Lin et al. [61] investigated commercially
available silver dressing (Acticoat 7, Silverlon, and Actisorb
Silver 220) and silver-containing activated carbon fibers
(ACF) to understand the effects of different silver concen-
trations (tested various ACF containing 1, 5, 10, and 20mg



6 Journal of Nanomaterials

per 100 cm2 of silver) on the efficiency of a silver-containing
dressing. The obtained results indicated that various silver-
containing activated carbon fibers exhibited good antibac-
terial effects against P. aeruginosa and biocompatibility in
terms of cell viability. Silver concentration showed a minor
influence on cell growth. In vivo results achieved in rat
infected excisionwoundmodel suggest that various produced
Ag-ACF can promote infected wound healing in early phase
compared to other commercial silver-containing dressings
and promoting granulation and collagen deposition.

Archana et al. [62] created wound healing material
with chitosan, polyvinylpyrrolidone (PVP), and silver oxide
nanoparticles (Ag

2
O) (CPS films) and were characterized in

vitro and in vivo. In vitro results show that the antibacterial
activity of CPS against E. coli and S. aureus was measured
by disc diffusion method. The impregnated chitosan-PVP
solution showed stronger inhibitory effect against S. aureus
than E. coli. CPS films were also tested in vivo, in rats’
wound healing study (within 14 days). On the 14th day,
wounds treated with CPS were healed almost completely
(99%), whereas in gauze and chitosan groups wound closure
rates were 95% and 91%, respectively. In conclusion, wounds
treated with CPS healed faster than chitosan treated groups
and gauze dressing.

Anisha et al. [63] develop an antimicrobial sponge com-
posed of chitosan, hyaluronic acid (HA), and nanosilver
(nAg) as a wound dressing for diabetic foot ulcers (DFU)
infected with drug resistant bacteria. Antibacterial properties
were tested against E. coli, S. aureus, methicillin-resistant
S. aureus (MRSA), P. aeruginosa, and K. pneumonia. Also
sponge containing higher concentrations of nAg (0.005%,
0.01%, and 0.02%) showed antibacterial activity against
MRSA.They also tested toxicity of aAg on fibroblast cells and
notice that toxicity depends of the concentration of nAg.The
obtained results show that sponge could be used as a potential
material forwounddressing forDFU infectedwith antibiotic-
resistant bacteria.

Mi et al. [64] prepared a new type of a bilayer chi-
tosan wound dressing with sustainable delivery of silver
sulfadiazine (AgNP) was examined in vitro and in vivo
(infected wounds in rats). In vitro test showed that chitosan
disc inhibited growth of P. aeruginosa more effectively than
S. aureus. In vivo antimicrobial assay showed that AgSD
chitosan wound dressing limited growth of both bacterial
strains. Importantly, this dressing was characterized by an
excellent oxygen permeability, which controls thewater vapor
transmission rate and promotes water uptake capability.

Ahamed et al. [65] examined composites containing
regenerated cellulose (RC) and chitosan (Ch) impregnated
with AgNPwith and without gentamicin (G) in experimental
wounds of rats. This group tested wound healing rate in
wound covered by soframycin, RC-Ch-Ag, and RC-Ch-Ag-
G. Control wound was covered with sterile cotton gauze
dipped with gentamicin. This study revealed that wound
treated with RC-Ch-Ag and RC-Ch-Ag-G composite shows
statistically significant difference in healing rate (resp., 96%of
contraction and completely contracted) to untreated control
(74% of wound contraction).

Guthrie and colleague [66] examined commercially avail-
able dressings: Inadine, Acticoat, and Activon Tulle in rabbit
model of contaminated (by S. aureus) forelimbmuscle injury.
A positive control group was treated with antibiotics. This
study demonstrated that Inadine and Acticoat significantly
reduced the tissue bacterial load compared to saline-soaked
gauze dressing. Application on presented model of Activon
Tulle occurred to have minimal antibacterial effect. It has
been suggested that the use of these dressings could be con-
sidered as an adjunct to surgical debridement and systemic
antibiotics for the treatment of contaminated injured tissue.

Also Boonkaew et al. [67] compared antimicrobial effi-
cacy of two commercially available silver dressings (Acticoat,
PolyMem SilverW) with silver hydrogel dressing in burn
wound. Antimicrobial properties were tested on burn wound
pathogens: P. aeruginosa, S. aureus (MSSA), A. baumannii,
C. albicans, S. aureus (MRSA), and E. faecalis (VRE). The
inhibition length zone of Acticoat in disc diffusion method
ranged from 13.9 to 18.4mm for all microbes. Similar results
were obtained for silver hydrogel and one-year silver hydro-
gel, (9.0–11.8mm), except MRSA. It seems likely to inhibit
the growth of bacteria directly underneath the examined
wound dressing. PolyMem SilverW had a minimal zone of
inhibition only for MSSA (10mm) and C. albicans (9.8 ±
0.5mm). The results obtained from broth culture and the
Live/Dead BaclightTM methods show that Acticoat had the
most effective antimicrobial properties. In conclusion, silver
hydrogel reduced growth of the most tested microorganism
and can be used as a wound dressing.

Velázquez-Velázquez and coworkers [68] in presented
study evaluated the antibiofilm activities of AgNP impreg-
nated in commercial dressings against P. aeruginosa. These
bacteria were isolated of chronic wounds from a hospital
patient with diabetes type II and DFU. Two Gram-negative
bacteria were identified as P. aeruginosa and K. pneumo-
niae and two Gram-positive bacteria were identified as S.
epidermidis and E. faecalis. The antimicrobial activity of
AgNP was tested within biofilms generated under slow fluid
shear conditions. Outcomes obtained by this group suggest
that the use of dressings with AgNP may either prevent or
reduce microbial growth in the wound microenvironment.
Moreover reducing wound bioburden may improve wound
healing outcomes.

Siegel et al. [69] tested silver-negative pressure dressing
used in conjunction with a wound vacuum-assisted closure
(VAC) technology in massive soft tissue lose (involving the
pelvis and extremities from trauma, infections, and tumors
remains). They examined 42 patients with massive tissue
lose > 200 cm2 (26 treated with the wound VAC alone and
16 patients treated with the silver dressing). The obtained
results show that average hospitalization time for patient
from VCA group was 33 days and 14.3 days in the VAC
with silver dressing group. In group treated with silver the
number of types of operative debridement was almost twice
less than in VCA group. They applied negative pressure
dressing in combination with the wound VAC as part of
routine care of patients withmassive wounds of the pelvis and
extremities.
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4.6. Toxicity and Applications of Silver and Silver Nanoparticle
Dressings. Most studies suggest that silver nanoparticles are
nontoxic. However, toxicity from silver is observed in the
form of argyria. This is caused by silver ions release from the
dressing in large open wounds [69].

Also, several studies have shown that silver nanoparticles
can induce a toxic response in different mammalian cell lines
[70–73]. Additionally, silver treatments used in burn care
have been reported to be toxic to human cells: keratinocytes
(HaCaT) or human diabetic fibroblasts [74, 75]. Sambale et al.
tested silver nanoparticles for their toxic effect on fibroblasts
(NIH-3T3), on a human lung adenocarcinoma epithelial cell
line (A-549), on PC-12-cells, rat adrenal pheochromocytoma
cell line, and HEP-G2-cells, and on human hepatocellular
carcinoma cell line. Calculated IC

50
(Inhibitory Concentra-

tion), TLC (Total Lethal Concentration), and NOAEC (“No
Observable Adverse Effect Concentration”) values were dif-
ferent for each cell line ranging from 3 ppm to 144 ppm. The
cells that give the most toxic response to silver nanoparticles
were PC-12 and NIH-3T3 cells (IC

50
low as 4 ppm), whereas

the IC
50
for the A-549 cells was about 10 ppm [76].

On the other hand, Pérez-Dı́az et al. [77] evaluated the
antibiofilm effect of chitosan gel formulations loaded with
AgNP versus silver sulfadiazine (SSD) which is currently
being used in a clinic, on isolated bacterial strains. They also
tested cytotoxic effect on human primary fibroblasts. Results
obtained by this group show that chitosan gels with AgNP
have lover toxicity on human fibroblast than SSD.

Few in vivo studies have been performed to evaluate the
toxic mode of action of nanosilver and oxidative stress as an
important mechanism for nanosilver toxicity. Tiwari et al.
[78] tested the various concentrations of silver nanoparticles
(AgNP) to establish optimal dose for medicinal treatment.
The used doses (4, 10, 20, and 40mg/kg) of silver nanopar-
ticles were injected intravenously into the rats’ tail. The
results indicate that doses below 10mg/kg were more least
toxic showing no side effects, suggesting optimal dose for
biomedical applications. Higher doses above 20mg/kg were
shown to be toxic.

There are commercially available dressings that contain
different concentrations of silver (Acticoat 0.84–1.34mg/
cm2) or silver nanoparticles (PolyMem Silver® minimum
0.124mg/cm2). Product information indicates that Algicell
Ag dressing contains 1.4% ionic silver [79, 80]. Amount
of silver released varies from below 10mg/100 cm2 to over
100mg/cm2 but they prove that the concentration more than
10–40 ppm is necessary for antimicrobial activity [81, 82].

Burd et al. [83] studied the cytotoxicity of five com-
mercially available wound dressings: Acticoat, Aquacel Ag,
Contreet® Foam, PolyMem® Silver, and Urgotul®SSD. The
study confirmed that the cytotoxicity was dependent on
the dressing and on the concentration of silver in the
pretreatment solution. The cytotoxicity in various cultures
such as monolayer cell culture, tissue explant culture model,
andmouse expurgated woundmodel was studied.The results
showed that Acticoat, Aquacel Ag, and Contreet Foam pre-
sented the most significant cytotoxic effects in keratinocyte

and fibroblast cultures. In the tissue explant culture model, in
which the epidermal cell proliferationwas evaluated, all silver
dressings cause significant delay of reepithelialization. In the
mouse excisional woundmodel, Acticoat and Contreet Foam
indicated a strong inhibition of wound reepithelialization on
day 7 after wounding.

Caution should be taken in using silver-based dressings.
Depending on the product, the dressing should be changed
after 1–7 days [84]. Silver dressings can be used in pediatric
cases. Nevertheless, they should be applied with caution and
should not be used for more than two weeks without good
clinical reason [85].

5. Future Perspective

Nowadays, silver and silver nanoparticles (AgNP) are used
in a wide range of healthcare, food industry, and domiciliary
applications and are commonly found in different type
of materials and textiles. Applications of silver and silver
nanoparticles have a lot of positive aspects: it is added
to wound dressings, medical supplements, catheters, and
implants to inhibit the growth of pathogens and biofilm
production. Also nanosilver has been used in medical
textiles: bedclothes, towels, and clothes, to eliminate the
pathogenic microbes in a clinical environment. Furthermore
silver nanoparticles are added to cosmetics as antiseptic and
preservative agents.

The point is that overuse and ignorance about behavior
of AgNP in production, consumption, and utilization may
consequently cause damage in the environment (especially
to human and animal health). One of the negative aspects of
overuse of silver derivatives is the fact that AgNP accumulate
in skin (causing argyria), kidney, brain, and heart. Com-
monly used drugs are becoming less effective in combating
pathogenic microorganisms encountered in a hospital. In
the future we think that medicaments based on silver will
becomewidespreadweapon in the fight against opportunistic
bacterial strains.

6. Conclusion

The medical use of silver is not a new approach. Silver and
silver derivatives have been employed as an antimicrobial
for century. Year by year the application of silver has been
increasing in medical practice. In the past, silver in form
of metallic or silver nitrate was used to treat skin infec-
tion, chronic wounds and as a component of novel wound
dressing. Silver in ionized form or nanoparticles exhibits
excellent antimicrobial, antifungal properties and is used for
coating medical devices for preventing biofilm formation by
pathogenic bacteria. Antimicrobial properties of silver have
been used in preparation of wound dressing. This type of
wound dressings is widely used in clinical practice and shows
promising results in healing of contaminated wounds.
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