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Abstract: Silver is well known for its antibacterial properties and low toxicity, and it is currently widely
used both in the form of ions and of nanoparticles in many diverse products. One-dimensional silver
nanowires (AgNWs) have the potential to further enhance the properties of nanosilver-containing
products, since they appear to have higher antimicrobial efficacy and lower cytotoxicity. While they
are widely used in optics and electronics, more studies are required in order to better understand
their behavior in the biological environment and to be able to advance their application in uses such
as wound healing, surface coating and drug delivery.
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1. Introduction

For several decades, silver has been used for its demonstrated antibacterial activity [1] and low
toxicity to human cells [2], with successful applications in prophylactic burn treatment and water
disinfection [3,4]. With the rising presence of antibiotic-resistant bacteria [5,6], and the increased
development of nanoscale technology, scientific focus has shifted toward silver nanospecies, due to
their unique electrical, optical, chemical and physical properties and their potential in a variety
of fields from toothpastes to electrodes [7], including potential future biomedical applications [8,9].
Silver nanospecies have been synthesized via a variety of different methods, resulting in the production
of different configurations, each possessing a discrete extent of antibacterial activity. Commonly
synthesized silver nanospecies include: silver nanowires, silver nanorods, silver nanocubes and silver
nanospheres [10–12], as well as more recent silver nanocoils [13]. Due to their greater surface area
to volume ratio, silver nanospecies offer enhanced characteristics compared to bulk silver [14–16],
and may therefore serve as an additional weapon in our current antibacterial arsenal. To date,
these silver nanospecies have been shown to be effective against bacteria such as Escherichia coli [17],
Staphylococcus aureus [17], Klebsiellia pneumoniae [18] and methicillin-resistant Staphylococcus aureus [19],
among others.

Of these silver nanospecies, silver nanowires (AgNWs) are currently garnering major research
interest. Due to their one-dimensional structure, they have a higher aspect ratio compared to other
silver nanospecies, and therefore very different physicochemical properties. This review will consider
the different synthesis methods used to generate silver nanowires of different lengths and diameters;
address the proposed mechanisms of how AgNWs elicit powerful biocidal effects and how their
toxicity potential is mitigated compared to other silver species; and finally, provide an up-to-date
overview of AgNW-based applications in biomedicine.
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2. Synthesis of AgNWs

AgNW synthesis has developed greatly over the last thirty years. Several solution methods have
been studied and are extensively reviewed by Tang and Tsuji [20]; subsequent progress in the field has
led to the development of two major methods by which AgNWs can be synthesized, referred to as
hard- and soft-template methods. Some key findings are reported in Table 1.
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Table 1. Synopsis of synthesis methods, antibacterial activity and emerging applications found in this review.

Hard-Template Synthesis

AgNW Diameter AgNW Length Microbes Examined Key Findings Reference

7 nm 50 nm—1 µm Not tested Microporous silica (SBA-15) template
Length controlled via loading percentage, annealing temp/time [21]

7–8 nm over 1 µm Not tested Microporous silica (SBA-15) template
Length controlled by reduction time [22]

7 nm up to 4 µm Not tested Surface modification of SBA-15
SBA-15 synthesis at low temp, AgNWs must be capped [23]

Soft-Template Synthesis

AgNW Diameter AgNW Length Microbes Examined Key Findings Reference

30–40 nm 2–50 µm Not tested Temperature and seed number important [24]

30–40 nm Not stated Not tested Pt nanoparticle seeding
AgNO3 and PVP added dropwise [25]

45–60 nm 2–5 µm Not tested Self-seeding with syringe pump; PVP to AgNO3 molar ratio critical; PVP molecular weight important [26]

100 nm 10–50 µm Not tested Addition of CuCl2 or CuCl important [27]

170–310 nm Not stated Not tested Solvothermal method with H2S
Controllable diameters by H2S concentration [28]

50 nm 20 µm Not tested NaCl instead of CuCl2 [29]

30–70 nm 1–25 µm Not tested Altering temp and time controls size of generated AgNWs [30]

30–50 nm
80 nm Not stated Not tested 100◦ C w/o PVP

200◦ C w/o PVP [31]

60–90 nm 6–12 µm Not tested Glycerol substituted for ethylene glycol (green process) [32]

Antibacterial Activity of AgNWs Synthesised by Soft-Template Methods

AgNW Diameter AgNW Length Microbes Examined Key Findings Reference

70–150 nm 3–8 µm E. coli MC1061
(pSLlux)

Bioluminscent recombinant E. coli employed
No shape-dependent AgNP toxicity [33]

60 nm 2–4 µm E. coli ATCC 25922 Shape of AgNPs dictates contact
Exposed facet type important [34]

50–100 nm 1–20 µm S. aureus DSMZ 1104 Particle morphology dictates dissolution and inhibition [35]

50 nm 10–100 µm E. coli K-12
S. aureus

AgNWs added to graphene oxide (GO) sheets
Enhanced activity when GO and AgNW combined

Slower release of Ag+/enhanced ROS
[36]



Appl. Sci. 2018, 8, 673 4 of 16

Table 1. Cont.

Emerging Applications for AgNWs

AgNW Diameter AgNW Length Microbes Examined Key Findings Reference

40–50 nm Not stated E. coli ATCC 1399
S. aureus ATCC 1431

Drip and dry coating of cotton fabric
Total bacterial elimination [37]

70–100 nm up to 10 µm E. coli ATCC 23282
S. aureus ATCC 35696

Electrospun fibres of AgNW-PVA better than AgNW alone
Better against S. aureus than E. coli [38]

60 nm 7–12 µm E. coli
B. subtilis

Production of chitosan-AgNW hybrid films
Better against B. subtilis than E. coli [39]

30–40 nm more than 50
µm

E. coli
S. aureus

Plant-based renewable polysaccharide, KGM-AgNW film
Better against S. aureus than E. coli [40]

100 nm 10–50 µm E. coli
S. aureus

AgNW-loaded PDMS films
Better against E. coli than S. aureus [41]

Arrays 20 nm thick E. coli DBM 3138
S. aureus DBM 3179 AgNW-PEN arrays [42]
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2.1. Hard-Template Synthesis

The hard-template method is based on the use of nanoporous membranes, such as carbon
nanotubes, nanoporous silica and alumina membranes, zeolites and track-etched polycarbonate,
to direct the growth of AgNWs [19–21,43,44]. The greatest benefit of this method is that the synthesis
can be carried out in a controlled manner, obtaining AgNWs that are uniform in size; furthermore,
the obtained nanowires are already immobilized on a substrate, which is ideal in the production of
nanodevices; on the other hand, this is not desirable when AgNWs are produced for biomedical
applications [45,46]. Nanoporous membranes are commercially available, and easy-to-use hard
templates with the wires synthesis occur within the cylindrical pores of the membrane, leading to the
formation of silver nanowires with a controlled length and diameter. Furthermore, the production
yield can be modified by choosing the desired membrane porosity [45]. Despite these advantages,
the purification of AgNWs from the membrane requires dissolution of the nanoporous support in
harsh conditions, which often results in damage to the nanowires [25].

2.2. Soft-Template Synthesis

To overcome the limitations associated with the hard-template method, the soft-template or
polyol method was developed [47]. The soft-template, or silver cation reduction mediated by a polyol,
is generally a faster process compared to the hard-template method, and it produces a greater yield of
AgNWs, but most importantly, it is carried out in solution. This is advantageous when considering
biomedical applications, as the resulting AgNWs can be successively readily dispersed in aqueous
environments [26]. Sun et al. [25,26] were the first to demonstrate the synthesis of AgNWs with the
use of poly(vinyl pyrrolidone) (PVP) as the soft template; this allowed to overcome limitations of
previous methods that employed platinum (Pt) nanoparticle seeds to induce heterogeneous nucleation.
The Pt-based process required a two-step reaction and the cost of Pt nanoparticles was prohibitory.
Instead, the introduction of PVP allowed the development of a much simplified self-seeding method;
PVP was initially dissolved in ethylene glycol, and AgNO3 was carefully injected by a two-syringe
pump into the reaction mixture at a controlled rate, the rate of addition of the Ag+ source was crucial
in the control of the size of the nanospecies produced [26]. Despite successful synthesis on a small
scale, carefully and accurately controlling the injection rate of AgNO3 into the reaction mixture was not
feasible on an industrial scale. Thus, Korte et al. [27] suggested that the addition of trace amounts of
salts was able to slow the reaction rate and more finely control the growth of AgNWs. Initially, CuCl2
was added to the reaction mixture after the addition of an Ag+ salt. Cu2+ was found to remove oxygen
atoms blocking growing sites of the AgNWs surface, favoring deposition of more silver, while also
preventing oxidative etching. On the other hand, Cl- acted as the rate-determining step of the overall
reaction, by forming temporary precipitates of AgCl, the slow degradation of which provided control
over the reaction rate [28]. Choi et al. [29] exploited the same principle by adding trace amounts of
NaCl in place of CuCl2, this resulted in similar size distribution (50 nm in diameter and 20 µm length)
as assessed by SEM. Other factors able to control the size of the nanowires obtained are the molar ratio
between PVP and AgNO3 and the length of the PVP molecule employed as soft template, as shown by
Sun and Xia [24]. Bergin et al. [30] studied the effect of reaction time and temperature on the size of
the obtained nanowires. They were able to control the length and diameter of the AgNWs produced
by carefully selecting the temperature of the seeding and growth phases and by stopping the reaction
at predefined time points.

Several studies have also been carried out in an attempt to elucidate the molecular mechanisms
involved in the formation of silver nanowires; the complexities of this process are well explained in a
review by Xia et al. [48]. The soft-template method involves the reduction of a silver salt to metallic
silver in a reducing solvent, a polyol. At elevated temperatures, the polyol undergoes oxidation to an
aldehyde that is the actual reducing agent [30]. The formed silver crystals assemble to form multiply
twinned particles of decahedron structure (Figure 1a,b) [47]. Adsorption of further silver atoms to
this structure was shown to force growth in both the axial and radial direction until a critical phase
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was reached where radial growth ceases and only axial growth continues over the {111} facets. In this
case, PVP is thought to act as a capping agent, thanks to the ability of its carbonyl groups to bind
silver atoms on the {100} facets (Figure 1c), which helps to drive the growth solely in the axial direction
(Figure 1d) [48–51]. Controversial evidence is, however, available, as Choi et al. showed that the
PVP coating is homogeneous and does not preferentially adsorb on the {100} facets [29]. Furthermore,
subsequent work by Zhang et al. [31] showed that AgNWs could also be synthesized in the absence of
PVP, using just a reducing agent such as glucose at elevated temperature (100 ◦C). This reaction lead to
the formation of AgNWs of average diameters of between 30 and 50 nm; however, these were mixed
with silver nanoparticles (AgNPs) as well, demonstrating that PVP is not essential for the formation of
the nanowires but beneficial to the homogeneity of the product obtained. These results suggest that
the exact mechanism of AgNW formation is still elusive, and that many as yet not understood factors
may contribute to their formation.
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Figure 1. Crystal structure of AgNWs: (a) side and (b) top view of a multiply twinned particle of
decahedral structure with {111} facets and (111) planes highlighted; (c) side view of an axially elongated
crystal grown by passivation of the {100} facets; (d) typical TEM image of a single AgNW [Reproduced
from [26] with permission. Copyright (2002) Wiley].

Due to the exceptional electrical, optical and chemical characteristics of AgNWs, combined
with their potential antimicrobial activity, there is an interest in developing a synthetic method
that is suitable for future biomedical applications. Replacement of ethylene glycol with glycerol by
Yang et al. [32] resulted in a rapid, scalable and green pathway for silver nanowire synthesis via the
polyol soft-template method. In addition to being non-toxic to humans, glycerol also contains an extra
hydroxyl group, facilitating faster silver ion reduction and stability at higher temperatures, allowing
faster reaction kinetics [32]. Further optimizations, included dissolving PVP in glycerol at elevated
temperatures, addition of AgNO3 upon rapid stirring, addition of a trace amount of water as a catalyst
to help dissolve the NaCl before adding it to the reaction mixture. These changes successfully resulted
in biomedical-ready silver nanowires with diameters between 60 and 90 nm and lengths between 6
and 12 µm [32].

This brief overview of the synthesis of AgNWs has shown that there is scope to further investigate
the formation of AgNWs to better understand its molecular mechanisms. Furthermore, it is evident
that the diameter and length distribution of AgNWs can be controlled by a number of different reaction
conditions. The scalability of the most recent method, combined with the relatively low cost and
toxicity of the starting materials, is advantageous for developing AgNWs for biomedical applications.



Appl. Sci. 2018, 8, 673 7 of 16

3. Mechanism of Antibacterial Activity

3.1. Silver Nanoparticles Mechanism of Action

Silver is currently present in a vast number of consumer products in the form of engineered
materials and nanomaterials. Antimicrobial activity has been demonstrated for many different
materials containing silver, but it has become evident that the mechanism of action of bulk silver may
substantially differ from that of nanosilver [52], although the mechanism by which silver nanospecies
elicit their antibacterial effects remains elusive. Three hypothesized mechanisms of action for silver
nanomaterials have been reported in some depth in a review by Marambio-Jones and Hoek [52].
These three main mechanisms of antibacterial action, detailed below, are consistently hypothesized for
AgNPs and are reported as directly causing or contributing also to the antibacterial activity of AgNWs.

The first commonly reported mechanism of antibacterial action is based on the generation of silver
ions by oxidation of the metallic silver that forms AgNPs. The oxidation reaction has been speculated
to be dependent on either a reaction with hydrogen peroxide in acidic medium in the bacterial cell
membrane [53] or by reaction with oxygen [54]. Once released, the ions are free to interact with the
bacterial cell membrane resulting in direct cell damage [19,55]. Furthermore, silver ions have been
reported to have high affinity for the thiol groups of cysteine residues, and therefore favor interaction
with respiration chain proteins [56]; this allows the ions to strongly bind to transport pumps leading
to proton leakage and a decrease in proton motive force [57]. Silver ions can also inhibit uptake
of phosphate resulting in efflux of extracellular phosphate [57,58] and cause extreme cytoplasmic
shrinkage and detachment of the cell membrane, resulting in cell wall degradation and eventual
leakage of intracellular contents [40,44].

A second proposed mechanism is centered upon the formation of reactive oxygen species (ROS)
and their effect on bacterial cells [59–61]. It has been theorized that silver ions enhance the generation of
ROS by interacting with the thiol groups on the respiratory chain enzymes [62] or by directly interacting
and inhibiting the action of free radical scavenging enzymes, such as superoxide dismutase [63,64].
This results in an increased presence of ROS, which attack membrane lipids and DNA, resulting in
faulty replication [65,66].

The final commonly suggested mechanism is direct physical damage by silver nanospecies and silver
ions adhering to the surface of bacterial cells [53]. Various reports have suggested different mechanisms
for adherence of silver to bacterial membranes. One potential mechanism is that the negatively charged
bacterial surface attracts the positively charged Ag+. However, metallic silver nanocrystals are thought
to possess a negative charge, in this case as the bacterial cell and the crystal become closer the repulsive
forces are overcome and strong attractive forces are present [67]. It is important to note that this
mechanism has been recently disputed by Hwang et al. [68], who discovered unusual protein damage
on E. coli cells, which has led to the suggestion that silver nanospecies bind to sulfur-containing proteins
within the cell membrane and result in direct membrane damage [69,70].

3.2. Silver Nanowires Mechanism of Action

As previously stated, AgNWs have been shown to exert their antimicrobial activity in ways
similar to that of Ag+ ions and silver nanoparticles. This section will focus primarily on the differences
of mechanism of action researchers have identified for AgNWs on various Gram-positive and
Gram-negative bacteria, with an overview of the shape and size effect.

Visnapuu et al. [33] performed some of the earliest work that directly compared the antibacterial
effects of AgNWs (70–150 nm diameter; 3–8 µm length) to silver nanospheres (98 nm diameter);
in order to do this, they selected silver particles of similar diameter and surface charge and comparable
Ag+ release rate. By using a bioluminescent E. coli strain, the bioluminescence of which decreased in
response to disruption of cellular energy production and damage to membrane integrity, resulting in
a decrease in overall cell viability; they demonstrated how the release of silver ions dictated toxicity
to bacterial cells, and that particle shape had no significant effect. However, they propose that by



Appl. Sci. 2018, 8, 673 8 of 16

engineering the size and shape of the particles, antibacterial activity can be controlled, as these factors
will affect Ag+ release rate; they also suggest that in smaller particles, other factors might play a role.

Recent studies by Hong et al. [34] have examined the effect of the shape and size of silver
nanospecies in relation to their activity against E. coli. By altering NaCl concentrations, Hong et al.
successfully synthesized silver nanospheres (60 nm diameter), nanocubes (55 nm edge length) and
nanowires (60 nm diameter, 2–4 µm length) via a soft-template microwave-assisted method. It was
reported that the AgNWs effectively prevented growth at 1.5 µg/mL, which was not statistically
different from silver nanospheres; however, silver nanocubes inhibited E. coli at concentrations as
low as 0.12 µg/mL. TEM studies showed the higher interaction occurring between the bacterial
cell membrane and spheres and cubes compared to wires (Figure 2); the authors suggest that this
interaction is critical to the expression of antibacterial activity that also depends on the reactivity of the
crystal facets. In fact, silver nanocubes with highly active {100} facets present higher activity than both
spheres and wires with exposed {111} facets.
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Figure 2. TEM images of silver nanoparticles (a); silver nano cubes (b) and silver nanowires (c) and
their respective interaction with E. coli cells (d–f). [Reproduced from [34] with permission. Copyright
(2016) Springer].

The relationship between rate of dissolution and antibacterial activity was demonstrated also by
Helmlinger et al. [35] who studied silver nanoparticles (40–70 and 120–180 nm in diameter), nanowires
(50–100 nm in diameter and 1–20 µm in length), nanocubes (140–180 nm in edge length) and nanoplates
(20–60 nm in diameter), and found that the activity is directly related to the surface area, and therefore
to the Ag+ release rate. They also observed that this was not the case in eukaryotic cells that are able to
internalize the smaller particles as opposed to prokaryotic cells were only an interaction with the cell
membrane is observed. They concluded that controlling the release of ions is the main way to control
the antibacterial activity.

Despite the demonstration that AgNWs have strong antibacterial properties, further enhancement
of their application has been pursued. Cui and Liu [36] were the first to load AgNWs onto graphene
oxide in order to prevent nanowire aggregation in solution as well as enhance antibacterial activity.
Graphene oxide, in a similar manner to AgNWs, has been shown to possess unique optical, chemical
and thermal properties as well as antibacterial activity against Gram-positive and Gram-negative
bacteria. Cui and Liu compared AgNWs alone, graphene oxide, AgNWs loaded onto graphene oxide,
and ampicillin against E. coli. Graphene oxide or AgNWs alone were shown to delay and decrease
E. coli growth overall, while ampicillin or AgNWs loaded onto graphene oxide completely inhibited
E. coli. These results are particularly interesting, as AgNW-loaded graphene oxide produced similar
results to a commonly prescribed antibacterial therapeutic.
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Cui and Liu also demonstrated mechanisms in which AgNWs and graphene oxide may elicit
their antibacterial effect. They found that AgNWs, graphene oxide and AgNW-loaded graphene
oxide all drastically increase the concentration of ROS in solution, and this contributed to E. coli death.
These results explain why the previous work by Visnapuu et al. [33] showed no significant difference
between the ion-free-silver and silver ion-containing nanowire suspensions, because the process of
bacterial cell death is produced via a combination of mechanisms as opposed to one single mechanism
of action. Finally, the authors show that FESEM images of treated E. coli cells exhibit high levels of cell
membrane disruption and overall lysis, which would be consistent with the elevated levels of DNA,
RNA and protein leakage and the decreased bioluminescence observed by Visnapuu et al. [33]. It is also
important to note that Cui and Liu [36] observed that similar results against S. aureus, although the data
is not shown, suggesting that these results apply to both Gram-negative and Gram-positive bacteria.

4. Toxicity of Silver Nanowires

In contrast to the literature dedicated to the toxicity of silver nanoparticles to eukaryotic
cells, animals and humans, scarce work is available for silver nanowires. Chen et al. [71] noted
disagreement in literature about the mechanism of toxicity of silver nanospecies to eukaryotic cells
in in vitro culture; data collected by different groups disagreed on whether these nanomaterials act
by the sole effect of released Ag+ or by a combined effect of released ions and direct action of the
nanoparticles. Therefore, they hypothesized that these differences might be due to a change in
chemical properties of the elemental silver in contact with the cell culture media used for the in vitro
investigations. They found that AgNWs, when incubated with protein-rich cell culture medium,
underwent sulfidation, with formation of Ag2S crystals on their surface (Figure 3a,b). However, they
were unable to demonstrate that the process was due to the presence of the proteins and suggested
that, even though Ag+ have a high affinity for sulfur-rich proteins, the sulfidation reaction required
the presence of other oxidizing agents in order to occur. This study highlighted the need to further
study the chemistry of AgNWs in vitro and in vivo to better understand their antibacterial activity and
eukaryotic toxicity mechanisms.
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Figure 3. (a,b) Evidence of chemical modification of the AgNW surface in contact with cell culture
medium; formation of Ag2S crystals [Reproduced from [71] with permission. Copyright (2013) ACS].
SEM images of (c) untreated erythrocytes with biconcave discocyte shape and (d) erythrocytes treated
with AgNWs, presenting a echinocyte shape with evident spicules [Reproduced from [72] with
permission. Copyright (2014) Elsevier].
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A limited number of investigations have reported in vitro cell toxicity studies, such as
Polívková et al. [42], who tested a AgNW-treated polymeric surface (polyethylene naphthalate) on
mouse embryonic fibroblasts. They found significantly reduced cell bioavailability after 24 h; however,
they did not investigate AgNWs on their own and did not study this further, presenting little or
no insight into the reason for the observed toxicity. Human dermal fibroblasts grown on another
AgNW-loaded polymeric surface (polydimethylsiloxane) showed a concentration-dependent toxicity;
however, it was possible to identify a AgNW concentration that had good compatibility and high
antibacterial efficacy [41]. Additionally, in this case, no further study was conducted to elucidate
the mechanism of toxicity. Kim et al. studied the toxicity of AgNWs on erythrocyte rheology and
compared it to the effects of AgNPs [72]. They found that the hemolytic effect observed was not due to
the release of Ag+ ions, but was dependent on size and surface area of the nanospecies, with AgNWs
showing the least toxicity overall. Interestingly AgNWs caused the most evident deformation of red
blood cells from biconcave discocytes to echinocytes associated with decreased cell deformability
(Figure 2c,d); this would require further studies to better understand what process is involved in this
morphological modification. Singh et al. [7] tested AgNWs (>10 µm in length) with fibroblasts and
adenocarcinoma cells and were able to visualize internalized wires, but this was not associated with
evident decrease in cell viability. They further observed that AgNWs had a different effect on the cell
cycle of normal and cancer cells, further studies could investigate if these differences have potential to
be exploited in specific tumor targeting for diagnostic and therapeutic purposes.

In vivo studies are even more limited that in vitro ones; an in vivo toxicity study carried out by Silva
et al. evaluated the effect of AgNWs length on rats after intratecal instillation of a bolus dose [73]. They
could not find a specific effect linked to length only, but they observed that both short (2 µm) and long
(20 µm) AgNWs induced a dose-dependent foreign-body response. Differences in the inflammatory
response were linked not only to the difference in length, but also to dissimilar doses (as a dose by
mass of the two species corresponded to a different number of individual wires administered) and
a different rate of Ag+ release due to the difference in surface area. Further in vitro studies looked
at the mechanisms of defense present in the lungs that are able to respond to AgNWs exposure [74].
It was found that proteins, present in the pulmonary surfactant secretion, bind to AgNWs reducing
their ability to be uptaken by alveolar cells. Furthermore, these proteins were also responsible for a
reduced rate of Ag+ release that resulted in longer-term effects. Interestingly, those AgNWs that were
uptaken, entered the cells either by membrane piercing or were observed inside endosome/lysosome
vesicles and showed evidence of sulfidation, as previously described by Chen et al. [71]. These results
highlight once more the complexity of the interaction between AgNWs and the biological environment
reiterating the need for further studies to be conducted.

Some studies have evaluated the toxicity of AgNWs in aquatic species finding that again toxicity
is linked to the rate of release of Ag+ form the nanomaterial with lower toxicity induced by AgNWs
compared to AgNPs [75,76]. Ecotoxicity studies reported similar findings; in earthworms, longer
AgNWs had a lower toxicity compared to shorter ones. The toxic activity of AgNWs was linked to a
decrease in intracellular esterase activity combined with earlier finding about ROS production and
the role of sulfur rich proteins [77]. Kwak et al. also demonstrated that the in vitro toxicity was due
to cell adsorption, rather than internalization, and that in vivo toxicity in earthworms was elicited by
oral assumption rather than topical contact. It would be interesting to compare these results in other
animal models. Studies so far tend to show that AgNWs might present lower toxicity compared to free
Ag+ and AgNPs. However, our current knowledge on the toxicity of AgNWs is extremely limited and
both in vitro and in vivo studies must be performed to better understand the fate of AgNWs in contact
with the biological environment.

5. Emerging Biomedical Applications of Silver Nanowires

The potential of using silver nanowires in biomedical applications has as yet been poorly explored.
Recently, however, researchers have begun to demonstrate the promising applications of silver
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nanowires for textiles, surface coating and drug delivery, opening the possibility to further uses
such as diagnostic and tissue regeneration.

5.1. Textiles and Fibrous Membranes

Due to the history of silver use in wound dressing there is interest in exploring ways of exploiting
AgNWs in the design of textiles and other wound dressing materials. Nateghi et al. [37] produced
silver nanowire-loaded cotton fabric, obtaining a multifunctional textile with antimicrobial properties
coupled with electrical conductivity and UV protection. AgNWs, obtained via the soft-template
polyol method, were loaded into cotton fibers by repeating iterations of submerging the cotton in
an alcoholic suspension of AgNWs with drying at room temperature. This study demonstrated that
AgNW-functionalized cotton induces complete killing of E. coli and S. aureus cultures, compared to the
control material, proving that it is possible to effectively create a cellulosic textile with antibacterial
properties [37]. These textiles have potential in wound healing applications, and it would be interesting
to see more studies in this area to compare the effect of nanowires vs nanoparticles in this application.
Zhang et al. [38] used electrospinning to form hybrid membranes of AgNWs and poly(vinyl alcohol)
(PVA). The AgNWs arranged into coaxial nanocable structures and demonstrated high antibacterial
efficiency, with a higher effect observed against gram positive compared to gram negative. This paper
demonstrates a simple manufacturing process that can used for the incorporation of AgNWs into
fibrous membranes that can have applications in wound dressing and water or air filtration.

5.2. Surface Coating of Medical Devices

In an attempt to reduce hospital-generated infections linked to contamination of work surfaces
and use of invasive devices such as catheters, many researchers also explored the use of AgNWs
as components of surface coating materials. For applications in flexible electronics, AgNWs have
been dispersed in a variety of polymeric materials, with a view to future biomedical applications
Shahzadi et al. investigated the effects of AgNWs dispersion in chitosan films [39]. Chitosan is a safe
and biocompatible polysaccharide of renewable origin used in numerous biomedical applications;
therefore, exploring its physicochemical compatibility with AgNWs could open new possibilities for the
use of the metal nanostructures in drug delivery, wound healing, medical devices, etc. The bio-based
hybrid films were formed by mixing soft-template synthesized AgNWs with chitosan solution followed
by casting [39]. Disc diffusion experiments showed that these hybrid films were active against E. coli
and B. subtilis, confirming that AgNWs can bestow antibacterial properties to biocompatible composite
films. Environmentally friendly composite films have also been produced by blending AgNWs
with konjac glucomannan (KGM) active against E. coli and S. aureus [40]. Taken together these two
studies show activity against both Gram-positive and Gram-negative bacteria. Moreover, the zones of
inhibition reported for silver nanowires-KGM films for E. coli were much greater than those for silver
nanowire–chitosan-based hybrid films, suggesting that the different components of the films may
change or alter the effectiveness of the silver nanowires against Gram-negative bacteria. Furthermore,
in both studies, the mechanical properties of the hybrid films were significantly improved. This is of
interest when considering applications such as wound dressing, where flexibility and tensile strength
are crucial [78]; or in the regeneration of tissue such as cartilage and/or bone, where the mechanics of
the environment plays a key role in the regeneration of the tissue [79,80]. Jiang and Teng [41] explored
the use of AgNWs loaded on a polydimethylsiloxane (PDMS) films and their resultant antibacterial
activity and human cell compatibility with the aim of developing effective antibacterial coatings to
address the global problem of surface microbial contamination above all in secondary care settings.
Synthesized AgNWs were drop-coated onto a silicon wafer before being embedded in PDMS to form a
uniformly coated matrix. In the short term, the AgNW-coated PDMS films demonstrated very high
rates of killing against E. coli and S. aureus compared to a PDMS-only control. Furthermore, the number
of bacterial cells (live and dead) adhered to the AgNW-containing films was significantly greater than
the PDMS control. This fact led the authors to hypothesize that the hydrophobic moiety of the PVP
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molecule, left on the AgNWs after synthesis, was able to establish a hydrophobic interaction with
the bacterial cell wall. Therefore, a higher number of cells adhered to the wires with subsequent
increase in bacterial cell death by contact with the film surface presenting a high concentration of
released silver ions. Jiang and Teng [41] also analyzed long-term antibacterial effects over a period of
30 days and bacterial mortality was found not to decrease over time. The authors surmised that this
was due to an initial release of silver ions on day one and that the intercalated network of AgNWs
allowed for a steady release of silver ions over a longer period, providing effective killing of both
E. coli and S. aureus over 30 days. These findings are vital to a better understanding of the long-term
effects of silver nanowires on bacterial cell viability and shows the potential that AgNWs have in the
development of future applications in antibacterial coatings for long term application as for example in
food packaging, biomedical devices, catheters and implants. Similarly, Polívková et al. [42] developed
a material with antibacterial properties to reduce the spread of hospital-generated infections by surface
contamination of devices such as catheters. They obtained a highly organized material by combining
laser pretreatment of polyethylene naphthalate (PEN) followed by metal vacuum evaporation that
resulted in the formation of self-organized arrays of individual AgNWs. The material showed a higher
antibacterial activity than that expected by comparing the levels of Ag+ released and the MIC value
reported in literature for Ag+; indicating that release of oxidized ions is not the only responsible
mechanism for the activity of the AgNWs impregnated material.

5.3. Drug Delivery

In the area of drug delivery, the constant need for improved safety and efficacy of therapies
has fueled a lot of research in nanotechnology-based systems, AgNWs have the potential to provide
new munitions in the fight against aggressive disease such as tumors. Singh et al. [7] investigated
the cytocompatibility of AgNWs in view of their use as theranostic agents. They suggested that
since AgNWs are amenable to chemical modification, they could be engineered for targeted delivery;
once accumulated at the tumor site they could be exploited as: thermal ablation agents due to
their thermal conductivity; tunable contrast agents thanks to their localized surface plasmon modes;
and drug carriers by chemical conjugation.

6. Conclusions and Future Prospects

The present work looked at the state of the art in the development of AgNWs for biomedical
applications mainly based on their positive antibacterial properties but also in conjunction with the
unique physical properties bestowed to them by their one-dimensional nature. It is clear from an
analysis of the current literature that our knowledge on the interaction of AgNWs with the biological
environment is, thus far, too limited to allow a clear understanding of their antibacterial properties
and toxic potential. However, encouraging data show that AgNWs might be more potent antibacterial
and with lower eukaryotic cytotoxicity compared to other silver nanospecies that have so far been
more extensively studied and used. They might therefore represent a paradigm shift in the use of
silver. Current developments are focused on the production of materials for topical application such as
wound dressings or coating of medical devices in the form of textiles, nanofibrous membranes and
polymeric films. Potential uses in drug delivery are also under investigation.
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