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Abstract: Silver nanoparticles (AgNPs) are well-known for their antimicrobial effects and several
groups are proposing them as active agents to fight antimicrobial resistance. A wide variety of
methods is available for nanoparticle synthesis, affording a broad spectrum of chemical and physical
properties. In this work, we report on AgNPs produced by laser ablation synthesis in solution
(LASiS), discussing the major features of this approach. Laser ablation synthesis is one of the best
candidates, as compared to wet-chemical syntheses, for preparing Ag nano-antimicrobials. In fact,
this method allows the preparation of stable Ag colloids in pure solvents without using either capping
and stabilizing agents or reductants. LASiS produces AgNPs, which can be more suitable for medical
and food-related applications where it is important to use non-toxic chemicals and materials for
humans. In addition, laser ablation allows for achieving nanoparticles with different properties
according to experimental laser parameters, thus influencing antibacterial mechanisms. However,
the concentration obtained by laser-generated AgNP colloids is often low, and it is hard to implement
them on an industrial scale. To obtain interesting concentrations for final applications, it is necessary
to exploit high-energy lasers, which are quite expensive. In this review, we discuss the pros and
cons of the use of laser ablation synthesis for the production of Ag antimicrobial colloids, taking into
account applications in the food packaging field.
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1. Introduction

Due to their unique properties [1], metal nanoparticles (NPs) have been used for applications
in several fields, such as medicine and the biomedical sciences [2,3], cosmetics [4,5], food and
agriculture [6–9], electronics [10], energy science [11], and catalysis [12], providing significant
improvements in each area. This review focuses on laser ablation synthesis in solution (LASiS)
nanotechnology and its specific potentialities in the food industry, with particular consideration to
food packaging.

The growing demand for ready-to-eat food products, along with requirement of easy and safe
transport, has led to the need to extend their shelf life, prevent foodborne diseases, minimize
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industrial processing, track them, and improve their preservation during storage. To this aim,
the use of antimicrobial metal nanoparticles is continuously increasing. They are used in agriculture
(e.g., pesticide and fertilizer delivery [13–16]), food processing (e.g., encapsulation of flavor or odor
enhancers, food textural or quality improvement), food packaging (e.g., limitation of pathogen
proliferation, gas sensors; UV protection, more impermeable polymer films), and nutrient supplements
(e.g., nutraceuticals with higher stability and bioavailability) [17–19].

Inorganic or organic nanoparticles can either be placed on the surface of polymeric matrices used
for food packaging or dispersed into their bulk [20]. The introduction of nanoparticles in a polymeric
matrix aims to improve the properties of traditional packaging, e.g., containment and protection (ease of
transportation and avoided leakage or break-up), foodstuffs preservation (protection against microbial
contaminants, extended shelf-life), convenience (consumer-friendly products), and marketing and
communication (real-time information about the quality of enclosed foodstuffs) [8]. In response to
required features, food packaging employs innovative materials, which can be categorized as follows:

(1) Improved nanomaterials (the presence of nanoparticles in the polymeric matrix improves the
mechanical and/or chemical properties of the packaging, but they are not in direct interaction
with food);

(2) Active nanomaterials (dispersed nanoparticles into polymeric bulk enable the packaging to
interact actively with environment and regulate the preservation of food);

(3) Intelligent nanomaterials (packaging is able to monitor and identify the state of the product,
because of the integration of nanosensors and devices) [8,21].

Nanoparticles, and specifically silver nanoparticles (AgNPs), can be widely used for active
packaging due to their antimicrobial properties [22]. Generally, organic antimicrobial materials are less
stable at high temperatures compared to inorganic ones, whereas metal and metal oxide nanoparticles
withstand harsher processing conditions [23].

The most common nanocomposites used as antimicrobial films for food packaging are based on
AgNPs, which are well-known for their efficacy towards a wide range of microorganisms, with high
temperature stability and low volatility [20].

Several reviews pick features and use common nanostructures employed in food
packaging [8,20,21,24–31]. In each of them, AgNPs are taken into account, but few papers are
exclusively focused on AgNPs in food packaging [23]. One of the earliest works on this specific
topic was proposed by Rhim and coworkers; they produced chitosan–AgNP nanocomposite films and
examined their bioactivity and mechanical properties [32].

In general, AgNP-based nanocomposites are stable and offer slow release of silver ions in the
surrounding medium, resulting in a long-lasting antimicrobial activity [8]. The released amount of
silver ions into the system is dependent not only on the properties of the nanoparticles themselves—for
example NP size, shape, structure, composition, etc.—but also relies on external factors, including the
properties of the surrounding medium: ionic strength, pH, composition, humidity, dissolved oxygen
content, temperature, etc. [26].

This review is focused on AgNPs to be used in food packaging, and particularly on a peculiar NP
synthesis approach. Special attention will be given to AgNPs synthetized by laser ablation, a method
proposed by several groups as a green route to high-purity nanomaterials. The pros and cons of this
technique for the production of Ag antimicrobial nanocolloids will be critically discussed.

2. Silver Nanoparticles

AgNPs are chemically stable [33,34] antimicrobial agents [35] providing strong activity towards a
wide range of pathogenic microorganisms, including bacteria, yeasts, viruses, fungi, and parasites, even
when low doses are used (full growth inhibition of bacteria can occur at a few mg/mL) [36]. Moreover,
AgNPs are non-toxic to the human body at low concentrations [37]. The Occupational Safety and
Health Administration (OSHA) and Mine Safety and Health Administration (MSHA) proposed that a
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permissible exposure limit (PEL) for metallic and most soluble Ag compounds should be 0.01 mg/m3.
Argentina, Bulgaria, Columbia, Jordan, Korea, New Zealand, Singapore, and Vietnam recognize the
American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit values (TLV) of
0.1 mg/m3 for metallic Ag, while Austria, Denmark, Germany, the Netherlands, Norway, Switzerland,
and Japan recognize 0.01 mg/m3 as the occupational exposure limit for all forms [38]. According
to the Registration, Evaluation and Authorization of Chemicals (REACH; Council of the European
Union for chemicals and nanomaterials regulation), 0.01 ppb of Ag (for medical products) is not
an environmental concern, even if this threshold cannot be interpreted as a safe concentration [39].
The European Food Safety Authority (EFSA) Panel on Food Additives and Nutrient Sources Added to
Food did provide upper limits of Ag migration from packaging. Recommended values should not
exceed 0.05 mg/L in water and 0.05 mg/kg in food. This implies that the evaluation of silver migration
profiles is needed to assure antimicrobial effectiveness while complying with the current legislation,
and that products for food packaging and food supplements containing AgNPs are not allowed in the
EU, unless authorized [23]. Toxicity of AgNPs also depends on their size, as it generally increases upon
decreasing size [40,41]. A smaller size results in the following characteristics: (1) greater tendency to
enter into organisms; (2) a larger number of surface atoms available for diverse reactions; (3) more
released Ag ions from the nanoparticles; and (4) more reactive oxygen species (ROS) production on
the surface, which eventually results in an increased toxicity [40]. However, there are many papers
that discuss in detail the properties and aspects connected to AgNP. toxicity, such as [38,42–49], to cite
a few.

2.1. Synthesis Methods

The synthesis of supported (which is beyond the scope of this review) and colloidal AgNPs
has been investigated extensively and, over the years, several techniques have been proposed for
the synthesis of AgNPs. For a detailed view of such literature, we recommend review works and
book chapters published in the last two years, such as [50–66], which deal with the synthesis of
colloidal materials. Figure 1 summarizes the main approaches to synthetize AgNPs, including
chemical reduction [67,68], photoreduction [69–71], microemulsion (reverse micelle) methods [72,73],
electrochemical methods [74–76], evaporation-condensation processes [77], laser ablation [18],
and biosynthesis [78,79].
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Figure 1. Schematic representation of some of the main methods available for the synthesis of silver
nanoparticles (AgNPs). Reprinted from [61], with permission from Elsevier.

Chemical reduction is the most common method for the preparation of AgNPs as stable colloidal
dispersions. This method requires a reductant capable of transforming the silver salt into AgNPs,
which is usually also used as a stabilizing or capping agent to ensure stability of colloids. Commonly
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used reducing agents are ascorbic acid, sodium borohydride, sodium citrate, ferulic acid, poly(ethylene
glycol)-block copolymers, and hydrazine compounds [64,80–82]. Jokar et al. [83] prepared AgNPs for
low-density polyethylene (LDPE) nanocomposites via chemical reduction, using polyethylene glycol
(PEG) as a reducing agent, stabilizer, and solvent, with silver nitrate (AgNO3) as metal precursor.
To improve antibacterial activity of AgNPs, researchers usually use reductants and stabilizing agents
which possess additional antibacterial properties. Cao and coworkers, for example, proposed the
synthesis of AgNPs using AgNO3 as a metal precursor, ascorbic acid as reducing agent, and chitosan
as a stabilizer. Chitosan, which exhibits excellent biocompatibility, biodegradability, and antibacterial
and antifungal activities, was used to prepare silver nanoparticles in many studies [84–86]. Sometimes,
chemical reduction may be supported by microwave to achieve a more homogeneous heating process
and speed up the reaction rate [87].

Biological synthesis of metal nanoparticles using biological agents such as bacteria, fungi,
yeast, plant, and algal extracts is becoming more common due to the necessity to develop simple,
cost-effective, and eco-friendly processes. The fundamental mechanism is an ordinary chemical
reduction, with the difference that reductants are natural agents. Plants and their parts contain
carbohydrates, fats, proteins, nucleic acids, pigments, and several types of secondary metabolites which
can act as reducing agents to produce nanoparticles from metal salts without any toxic by-products [88].
Similarly, biomolecules such as enzymes, proteins and bio-surfactants present in microorganisms can
serve as reducing agents [64]. The major phytochemicals responsible for reducing silver ions into
AgNPs are terpenoids, glycosides, alkaloids, and phenolics (flavonoids, coumarins, ubiquinones,
tannins, lignin, etc.) [89]. There are countless organisms which can be used for the synthesis of
NPs. Bhoir and coworkers [89] used mint extract in the presence of silver nitrate as metal precursors
and polyvinyl alcohol (PVA) as a capping material. Moreover, they demonstrated the use of these
nanoparticles in food packaging: incorporating them in chitosan and gelatin blend they obtained
improved mechanical and barrier properties for the chitosan–gelatin films, as well as antimicrobial
activity for food packaging applications. Terenteva at al. [80] investigated the synthesis of AgNPs
under the influence of flavonoids as reductants, and they found that quercetin, dihydroquercetin, rutin,
and morin produced AgNPs better than chrysin, naringenin, and naringin.

Most of the synthetic techniques mentioned above may suffer from some drawbacks.
With chemical synthesis, metal precursor, reductant, and stabilizing/capping agents, which are
always needed to ensure stable chemical-synthetized colloids, are all present in the synthesis solution.
However, they (or their by-products) can be toxic and unsafe for human health. For this reason, adverse
products must be separated and removed from the final nanocolloids before their use in antibacterial,
biomedical, or catalytic applications.

In general, LASiS is a low environmental impact technique which does not need metal precursors
and reductants, and produces colloids of a relatively high purity as compared to chemical methods.
In particular, the possibility of fragmenting a metal target without making use of capping and reducing
agents intrinsically lowers the risk of contamination of the resulting colloid from unknown chemical
agents and provides NPs with unique surface characteristics [90]. In the field of nano-antimicrobials,
LASiS-generated NPs are expected to exhibit higher reactivity and antimicrobial effects in comparison
to their chemically synthesized homologous NPs, due to the absence of ligands and/or stabilizers on
the NP surface [91,92].

In addition, LASiS allows in situ conjugation of nanoparticles with biomolecules, which has
sometimes proved to be more efficient than the ex situ conjugation required for chemically synthetized
nanoparticles [93].

Hence, high-purity nanoparticles generated by laser ablation can be considered as a very
promising agent for antimicrobial applications, especially in food packaging.

However, in terms of other preparation methods, laser ablation presents some drawbacks
as well. Indeed, it incurs high investment costs because of the high price of laser system; to be
economically convenient, a large number of colloids should be prepared, and fairly often. Moreover,
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lasers need a considerable amount of energy (although many other synthesis routes need a high energy
consumption) [94], and the most diffused laser sources are not capable of producing nanomaterials
on an industrial scale. A great amount of energy is necessary to deliver a good ablation efficiency.
Ablation efficiency decreases with long ablation time because of significant number of NPs placed
along the laser beam. This inconvenience can be solved through a careful choice of fluidics, e.g.,
by removing the as-prepared NPs from the optical path by using a flow-through system [95].

Barcikowski and Gökce et al. have recently demonstrated the production of nanocolloids at
continuous multi-gram ablation rates (i.e., up to 4 g/h) for different metals and under tight composition
control. They exploited a 500 W picosecond laser source working at 10 MHz repetition rate fully
synchronized with a polygon scanner in order to reach a scanning speed up to 500 m/s [96,97]. Such a
technical solution allows to spatially bypassing the laser-induced cavitation bubbles that prevent
higher ablation rates at an MHz repetition rate due to the shielding effect. Therefore, we firmly
believe LASiS represents a very interesting and versatile way to produce technologically relevant
Ag nano-antimicrobials and in the following we will systematically discuss the aspects which make
invaluable this technique.

2.2. Bioactivity of AgNPs

Many studies have been performed on the mechanism of action of AgNPs and the complete
significance of AgNP bioactivity is still under investigation. A bird’s-eye view of some relevant review
works published in the last three years is provided in [36,52,66,98–113]. A variety of mechanisms
may be involved in the antimicrobial activity of silver against a broad spectrum of organisms
(Figure 2). Some of the commonly accepted mechanisms include silver–amino acid and silver–thiolate
group interactions, silver–DNA interactions, generation of reactive oxidative species, and direct cell
membrane damage [47,114].

1 
 

 

Figure 2. Schematic representation of the known mechanisms of antibacterial action of silver
nanoparticles and silver ions. Reprinted from [108], with permission from Elsevier.

Zhang and his collaborators highlight that Ag+ is expected to show high affinity to the soft
base-like thiolate ligands, which are abundant in the bacterial membrane and subcellular structure
(e.g., sulfur-containing proteins and enzymes), leading to the inhibition of crucial biological cellular
functions [114]. It was found that intracellularly released Ag+ ions interact with thiol groups of
antioxidants such as glutathione (GSH), superoxide dismutase (SOD), and thioredoxin, leading to
increased lipid peroxidation, oxidative stress, DNA damage, and subsequent apoptotic cell death [100].
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Nomiya and coworkers found Ag+ bonded to the amino acids, forming weak Ag–N bonds which
replace biological bonds, resulting in the alteration of cell machinery [115]. AgNPs in the mitochondria
could potentiate mitochondrial membrane potential collapse, disruption of the respiratory chain,
oxidative stress, inhibition of ATP synthesis, and subsequent activation of the mitochondria-dependent
intrinsic pathway of apoptosis. NPs are able to attach to the bacterial membrane by electrostatic
interaction [100,114,116]. Lara et al. reported that the positive charge on the Ag+ ion is crucial
for its antimicrobial activity through the electrostatic attraction between the negatively-charged
cell membrane of the microorganism and the positively-charged inorganic agent. According to
these authors, one of the mechanisms of antibacterial action for AgNPs is the formation of pits
in the cell wall due to AgNP accumulation in the bacterial membrane, which disturbs membrane
permeability, resulting in membrane degradation and cell death [37]. Furthermore, AgNPs and Ag+

ions can work as catalysts and increase generation of reactive oxygen species (ROS). ROS are usually
present in cells in small amounts, but an excess can lead to oxidative stress [47,117]. Nanosilver
is also known to interact with DNA and cause DNA damage [118]. DNA is responsible for the
reproduction process. Any damage done to it will cause either mutation or death of the organism.
It was found that AgNPs specifically interact with the exocyclic nitrogen present in the adenine,
guanine, and cytosine bases, which leads to DNA changes [101]. Undoubtedly, both Ag+ ions and
AgNPs possess antimicrobial activity, but it is very hard to precisely discriminate between the effect
of ions and those of nanosilver [44]. Li et al. [119] reported on a similar mode of action of Ag+ ions
compared to that of AgNPs, although with stronger antibacterial activity. Navarro et al. [120] suggested
that AgNP toxicity could be explained by the release of Ag+ from the particles which damage cells.

AgNPs have been proved to be active against both Gram-positive and Gram-negative bacteria,
as briefly listed in Table 1, where effect of both silver ions and AgNPs has been described on several
microorganisms [103,121]. It is well accepted that AgNPs and Ag+ give rise to different cellular uptake
pathways (Figure 3) depending on whether Gram-positive or Gram-negative bacteria are considered,
as also shown in some recent papers [103,122].
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AgNPs have also been proved to be active against multi-resistant bacteria like methicillin-
resistant Staphylococcus aureus (MRSA), as well as multidrug-resistant Pseudomonas aeruginosa,
ampicillin-resistant Escherichia coli O157:H7 and erythromycin-resistant Streptococcus pyogenes [37],
or other pathogenic organisms such as Bacillus subtilis, Vibrio cholera, and Syphilis typhus [64].
Pazos-Ortiz and colleagues showed antibacterial activity of AgNPs dispersed in polycaprolactone
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(PCL). They found that there is greater sensitivity towards Escherichia coli, Klebsiella pneumoniae,
Staphylococcus aureus, and Pseudomonas aeruginosa, and poor results for Bacillus subtilis and Streptococcus
mutans [123]. Gram-negative bacteria (e.g., Escherichia coli, Pseudomonas aeruginosa, and Klebsiella
pneumoniae) were found to be, in general, more sensitive to AgNPs than Gram-positive ones
(e.g., Staphylococcus aureus, Streptococcus mutans, and Bacillus subtilis), because of their negatively
charged external membrane together with the thinner peptidoglycan layer, which allows adherence
and the subsequent penetration of AgNPs [26,123].

Table 1. Activity of Ag+ and/or AgNPs against selected bacterial strains. Adapted from [124],
with permission from John Wiley and Sons.

Target Organism Different Form of Silver References

Staphylococcus aureus and Escherichia coli Silver ions [125]

Escherichiacoli Silver nanoparticles [126,127]

RNA viruses Silver ions [128]

Escherichia coli, Vibrio cholerae,
Pseudomonas aeruginosa, and Salmonella typhus Silver nanoparticles [129]

Escherichia coli Silver ions [130]

Escherichia coli, Salmonella typhi,
Staphylococcus epidermidis, Streptococcus Aureus Silver nanoparticles [131]

Phoma glomerata, Phoma herbarum,
Fusarium semitectum, Trichoderma specie and
Candida albicans

Silver nanoparticles [132]

Escherichia coli, Streptococcusaureus,
and Pseudomonas aeruginosa Silver nanoparticles [133]

P. aeruginosa, S. aureus, pathogenic fungi
Aspergillus flavus and Aspergillus niger Silver nanoparticles [134]

S. aureus, E. coli, Klebsiella pneumoniae,
Bacillus subtilis, Enterococcus faecalis, P. aeruginosa Silver nanoparticles [135]

The biological activity of AgNPs depends on factors including surface chemistry and morphology,
size, shape, coating/capping agent, NP agglomeration and dissolution rate, particle reactivity in
solution, and efficiency of ion release [136–140]. According to Riaz Ahmed and colleagues [100],
smaller sized AgNPs (about <20 nm) with increased surface to volume ratio possess increased cell
permeation capacity and a higher rate of Ag+ ion release, thus increasing the potential for cytotoxicity
and cell injury. They proposed an empiric scale of AgNP bioactivity depending on size (Figure 4) and
they showed that cellular effects aggravate with size decrease. They also outlined how entity of DNA
damage is not dependent on AgNP diameter.
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Figure 4. Size-dependent effects of AgNPs in vitro. In general, adverse cellular effects are associated
with exposure to smaller AgNPs. One exception is DNA damage; the magnitude of response appears
to not depend on AgNP size. Reprinted from [100], with permission from Elsevier.

It has been observed that the shape of AgNPs also causes a critical impact on their antimicrobial
activity. Plate- and rod-shaped AgNPs showed higher antibacterial activity as compared to spherical
AgNPs and thus they could be used in lower concentrations. In fact, it was observed that the
bactericidal activity of plate- and rod-shaped AgNPs was favored by the presence of high atom density
facets {111}, whereas, due to predominance of {100} facets on spherical AgNPs, the latter showed
relatively lesser bactericidal activity [108,127]. The concentration of AgNPs is another important factor
affecting toxicity. It is critical to determine the minimum concentration level of NPs that induces
toxicity and its variation in different subjects. Table 2 summarizes a few works that discussed a
concentration-dependent AgNP bioactivity.

Table 2. Effects of Ag-NPs at different ranges of concentration on different cell lines. Adapted from
[52], with permission from Elsevier.

Concentration Range Effects of AgNPs References

25–75 µg/mL In rat alveolar macrophage cell line, cytotoxicity increases in a
concentration-dependent manner [141]

5, 15, 40, 125 µg/mL Cytotoxicity occurred through mitochondrial depolarization [142]

20–250 µg/mL Apoptosis and necrosis induced in an Hematopoietic stem cell
(HSC) cell line [143]

1, 2, 4 µg/mL Cell viability decreased in a concentration-dependent manner [144]

0.4 and 0.8 µg/mL Arrest G1 phase in cell cycle in a Murine Macrophages cell line
(#RAW 264.7) [145]

AgNPs produced by laser ablation ensure surface cleanliness and the absence of capping agents,
which could induce a potential shielding effect on the antimicrobial activity. Hence, we would expect
that the antimicrobial activity of laser-produced nanoparticles would be higher compared with the
bioactivity of colloids fabricated with other methods which result in NPs with a core-shell structure.
Furthermore, reaction by-products of AgNPs synthesis may have potential toxicity. This poses serious
issues for the authorization of use of these nanomaterials. However, there are only a few studies that
analyze the bactericidal properties of AgNPs produced by laser ablation, and a systematic assessment
of these aspects is still missing.

Perito and coworkers [146] tested the antimicrobial activity of AgNPs prepared either by
nanosecond (ns) or picosecond (ps) laser ablation using a 1064-nm ablation wavelength, in pure water
and in LiCl solution against two bacteria: E. coli, as a model for Gram-negative bacteria, and B. subtilis,
as a model for Gram-positive bacteria. They found that silver colloids ablated in chloride solution
exhibited higher antimicrobial activity compared to colloids ablated in pure water. They suggested
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that AgNPs are coated by a thin oxide layer which “activates” AgNP surface by the addition of a small
quantity of LiCl, increasing metal surface reactivity due to the presence of positively-charged active
sites. They also stated that bacterial growth inhibition is more effective with AgNPs having an average
diameter lower than 10 nm (i.e., prepared with ns pulses), and this is in agreement with the findings of
several other works [129,147–150]. As a general statement supported by different groups, it can be
inferred that the antibacterial activity of AgNPs decreases with increasing particle size [88].

The effect of the AgNP concentration on the final biocidal properties, while intuitive and
reasonable, is not obvious in the case of use of silver nano-antimicrobials because of the strict
solubility limits that Ag+ ions show in vivo, primarily due to the precipitation of insoluble salts
such as AgCl, which could lower bioactivity. Nevertheless, Korshed and coworkers studied
laser-generated AgNPs [151] and showed that the NP antibacterial effects against both Gram-negative
and Gram-positive bacteria displayed significant dose dependency on AgNP concentration when
investigating a range from 10 µg/mL to 50 µg/mL. Similar trends were observed by Pandey and
colleagues, investigating a concentration range from 40 µg/mL to 600 µg/mL [122].

Zafar et al. [152] reported a comparison between the bioactivity of AgNPs produced by laser
ablation and AgNPs produced by chemical reduction. The size of chemically synthesized nanoparticles
was in the range of 30–40 nm, while the size range of laser ablated nanoparticles was 20–30 nm.
Experiments were carried out at the same AgNP dose and laser-ablated nanoparticles provided
maximum inhibition against each pathogen (S. aureus, E. coli, Salmonella). The reduced bioactivity
of chemically synthesized NPs, as compared to laser-ablated ones, was interpreted as due to the
adsorption of chemical species on their surface, producing adverse effects on their antibacterial action.
However, NP size plays a key role in the antibacterial action, so the different bioactivity of laser-ablated
AgNPs and chemically synthetized-AgNPs shown in this paper could also be ascribed to different
NP sizes.

Based on the literature cited above, it is evident how both the effect of NP size and concentration
strictly depends on the single microorganism involved. As a general interpretation, it is possible to
state that, even though <10 nm NPs can perform a stronger antimicrobial action, it is better to maintain
a conservative approach towards potential nanotoxicological issues arising from the use of such small
materials. It is known, in fact, that risks related to NP penetration through main entrance pathways in
the human body reach a maximum for dimensions below a critical value of ~50 nm in diameter [153].
Hence, in a growing number of applications of NP-based materials in real-life products, the presence
of a (polymeric) matrix that immobilizes NPs appears to be extremely important. In fact, it can prevent
and/or limit human exposure to bare (and potentially dangerous) NPs [154].

3. Laser Ablation Synthesis in Solution

In the laser ablation process, an extremely high energy is concentrated at a specific point on a
solid target, to remove the material from surface. When a laser pulse irradiates the surface of a bulk
material, electromagnetic radiation is adsorbed by the target electrons and energy transfers to material
vibrational lattice. As a result, material is expelled from the surface in the form of a plasma plume
(in which nanoparticles are formed) [155]. The plasma plume is confined, due to the high pressure
exerted by the surrounding liquid, and the considerable temperature gradient between the plume and
the liquid. During the plasma decay, the energy is transferred to the surrounding liquid, producing a
layer of vapor with a volume approximately equal to that of the plasma, and shaping up a cavitation
bubble. Soon after, the cavitation bubble undergoes a periodic evolution of further expansion and
shrinkage until its collapse, after which nanoparticles are released into the environmental liquid [156].

The ablation rate is generally determined by laser parameters such as: wavelength, fluence,
pulse duration and repetition rate, light absorption efficiency of the target material, transmission,
and chemical composition of the liquid. Consequently, NP features depend on laser parameters as well
as on the liquid medium. Typical requirements for laser ablation are a wavelength from UV-Vis to near



Antibiotics 2018, 7, 67 10 of 28

infrared (NIR-IR), a laser fluence approximately comprised between 0.1 and 100 J/cm2, pulse durations
from nanosecond (ns) to picosecond (ps) and femtosecond (fs) [92,95].

These laser parameters can be used to tune several NP features, such as size, shape, surface
properties, aggregation state, solubility, structure, and chemical composition [156,157]. As we have
previously discussed, these features may affect the NP antimicrobial activities: hence, it is important to
know how NP characteristics depend on some laser parameters.

3.1. Ablation Medium

Distilled or deionized water is the most frequently employed liquid medium for the LASiS
synthesis of metal nanoparticles, as shown by Mafuné et al. [19,158–161]. Using water as synthesis
medium could generate several oxide or hydroxide species because of reactions occurring between
the target material and dissolved oxygen, or oxidizing reactions caused by the plasma-induced
decomposition of water. Species (such as hydroxyl groups) can be adsorbed on the NP surface,
which can lead to highly-charged surfaces that contribute to the electrostatic stabilization of the
synthetized nanoparticles [156]. Water is a favorable medium in most ablation processes because it is
cheap, safe, exhibits a high heat capacity, and does not absorb laser light [162].

Organic solvents have been also investigated for laser ablation processes, and the most commonly
used ones are methanol, ethanol, isopropanol, acetonitrile, and ethylene glycol. When using organic
solvents, the higher dipole moment of the solvent has been reported to result in a higher ablation
efficiency and in smaller particles. This effect was attributed to the increased electrostatic interactions
resulting from the higher molecular dipolar moment of the solvent molecules, which generates a
stronger electric double layer at the NPs surface and enhances the repulsive force between NPs [156].
Comparing organic solvents with different viscosity and different dipole moment, it was found that
the smallest and most stable AgNPs, with the narrowest size distribution, were obtained in acetone
and 2-propanol. In fact, the former has high dipolar moment but low viscosity, while the latter has
high viscosity and low dipolar moment. Hence, factors like solvent dipolar moment and viscosity
play a fundamental role in avoiding NP agglomeration [163]. Furthermore, when using homologous
solvents, such as alcohols with different chain lengths, it has been shown that short-chain alcohols
(e.g., methanol and ethanol) result in unstable particles, whereas alcohols with chain lengths from C-3
to C-5 give rise to more stable and smaller particles as compared to those produced in alcohols with
chain lengths exceeding C-5 [164].

Moura et al. [165] showed that ethanol and acetone can be good stabilizing environments to
keep NPs free from precipitation and oxidation; however, organic environments resulted in a low
process yield and a larger mean NP size compared to water. Figure 5 displays TEM images of NPs
obtained by laser ablation of Au, Ag, and Fe bulk targets in different solvents with 9-ns pulses
at 1064 nm and 10 J cm−2 [166]. Moura and coworkers [165] hypothesized that, when acetone
molecules are adsorbed around the metal NP, a protective surface dipole layer is developed in the most
external plane, inducing a repulsive interaction between nanoparticles. NP aggregation in ethanol
can be more intense, since ethanol is a low-polarity solvent compared to acetone. However, it was
reported that ablation processes performed in ethanol environment had a low ablation efficiency [165].
This was attributed to the ethanol decomposition during ablation process, promoting the formation of
permanent gas bubbles. The latter, in combination with the ablated plasma plume and the as-formed
NPs, may act as obstacles within the laser path, thus reducing the energy reaching the target. Recently,
Kalus et al. [167] studied the effect of persistent microbubbles on nanoparticle productivity in laser
synthesis of colloids, finding that the highest productivity and monodisperse quality is achieved in
liquids with the lowest viscosities.
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Figure 5. Summary of the NMs obtained by laser ablation of Au, Ag, and Fe bulk targets in different
solvents with 9-ns pulses at 1064 nm and 10 J cm−2. Reprinted from [166], an open access article
distributed under the Creative Commons Attribution License.

Tajdidzadeh et al. [168] showed that NPs ablation efficiency in chitosan solution is higher than in
ethylene glycol (EG), and that it is higher in EG than in deionized water due to plasma confinement on
the Ag target (Figure 6). It is worth noting that the broad tail at high wavelength values in AgNP UV-Vis
spectra reported in the following is known to be ascribable to NP agglomeration [169]. Those who are
not familiar with the UV-vis spectra of nanoparticles should refer to [22] for fundamental information
on these phenomena.
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Figure 6. UV-visible absorption spectra of AgNPs prepared for 30 min ablation times in ethylene glycol,
chitosan, and deionized water. Reprinted from [168], an open access article distributed under the
Creative Commons Attribution License.

In the same paper it is shown by TEM how chitosan solution, which has higher density and
viscosity than other liquids, produces a mean size decrement for AgNPs. The same authors also
assumed that the plasma generated on the target surface is confined, generating local high pressures
and thus etching the target surface. The process, called secondary ablation, can improve ablation
efficiency. Additionally, the obtained chitosan-functionalized NPs were shown to be quite stable
because the biopolymer acts as a capping agent.
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Similar results was reported by Al-Azawi and coworkers [170], who synthetized AgNPs by
laser ablation in three different solvents: water, ethanol, and polyvinylpyrrolidone (PVP). Indeed,
the ablation efficiency for Ag colloids in ethanol was found to be the lowest, whereas in water it was
higher than in PVP solution, corroborating the evidence that the ablation yield of AgNPs in organic
solution is generally low. It was found that the efficiency of laser ablation increased, and the NP size
decreased for the solvent with higher density and viscosity, which is in agreement with the findings of
Moura and Tajdidzadeh.

Accordingly, also in Ganeev’s work [171] colloidal silver surface plasmon resonance (SPR)
absorbance in water and in ethanol noticeably decreased over time as compared with AgNPs in
ethylene glycol, which resulted more stable because of high solvent viscosity. This may be ascribed to
a higher solvent viscosity, which prevents NP flocculation.

Overall, we can state that the ablation efficiency is higher in an aqueous environment, but AgNPs
are generally more stable in organic environment. This is correlated to solvent physicochemical
properties, like the dipole moment and viscosity, which influence NP growth and stability. Higher
solvent viscosity prevents NP flocculation and improves ablation efficiency and higher molecular
dipolar moment of the solvent molecules generates a stronger electric double layer at the NP surface,
which improves the repulsive forces between NPs, increasing their stability.

3.2. Pulse Duration

The effects of the pulse duration are dependent on the electron cooling time (electron-phonon
coupling constant) of the material. For fs lasers, pulse duration is shorter than the electron cooling time;
thus, the electron-lattice (phonon) coupling is negligible, and the ablation process can be considered as
a solid–vapor transition. The ablation process associated with ns pulses is believed to be a thermal one,
involving laser heating and melting [166,172]. For these reasons, during fs laser ablation, craters are
clearer and more defined than during ns processes.

Tzuji et al. [173] reported a comparison between AgNPs ablated with ns and fs pulsed lasers.
They showed that fs ablation yield was lower than nanosecond one. Sizes of ns-prepared particles were
much dispersed, and they were irregularly shaped (Figure 7) as compared to fs-prepared particles.
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Figure 7. TEM images and size distribution of silver colloids prepared by (a) 120-fs and (b) 8-ns laser
pulses. Reprinted from [173], with permission from Elsevier.

Barcikowski and colleagues [95] showed that fs pulses have an higher ablation rate than
picosecond ones, but the reported process yield was about three times higher for ps laser ablation when
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compared to fs ablation. At the same time, it was shown that both ps and fs ultrashort pulsed lasers
generated nanoparticles with comparable size distributions. A similar trend was found by Hamad [172],
who reported a comparison between AgNPs produced by ns, ps, and fs pulses, and showed a higher
ablation efficiency for fs pulses.

3.3. Laser Wavelength

According to the photon energy equation E = hc/λ, a shorter wavelength implies a greater energy.
For instance, at a wavelength of 532 nm, green laser pulses have higher photon energy (2.33 eV) in
comparison with those at a 1064-nm wavelength (1.16 eV). In general, the 532-nm wavelength is more
effective at producing smaller AgNPs than the 1064-nm one. This is because the lower energy of
1064-nm photons results in less fragmentation, thus producing larger nanoparticles with a higher
extinction coefficient in the near-infrared region. On the other hand, the fragmentation produced at
532 nm is higher not only because of the greater photon energy but also because this wavelength
is in the range of the SPR peak of AgNPs, thus leading to a reduction of NP size in the colloidal
solution [174].

The laser wavelength also determines the laser penetration into the metal target and, consequently,
the ablation depth. This parameter decreases with the laser wavelength, thus indicating that the ablated
mass per pulse may increase for longer wavelengths if reflectivity is the same [156].

However, it is important to highlight that the influence of the laser wavelength on NP properties
still depends on all the other laser parameters, e.g., pulse energy and duration, liquid media,
and radiation focus, above all. Solati and colleagues [175] investigated the effect of laser wavelength
on the production of AgNPs in acetone (Figure 8); they used nanosecond pulses at 532 nm and 1064 nm
and, for each wavelength, they worked at different laser fluences. Results showed that NP size was
smaller for a 532 nm than 1064 nm wavelength. They also showed that a surface plasmon resonance
(SPR) shift between colloids produced at different fluences is more evident at 1064 nm than at 532 nm.Antibiotics 2018, 7, 67 13 of 28 
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Figure 8. Absorption spectra of Ag nanoparticles in acetone prepared at (a) 532 nm wavelength;
(b) 1064 nm wavelength at several fluences (samples 1 and 4: 14 J/cm2, samples 2 and 5: 18 14 J/cm2,
samples 3 and 6: 22 J/cm2). Reprinted from [175], with permission from Springer Nature.

The studies by Tsuji and coworkers [176,177] showed that ablation efficiency (evaluated by
measuring interband absorption at 250 nm) increases for shorter wavelengths when radiation is
unfocused with respect to the target, while it increases with the wavelength for tighter beam focusing
conditions (Figure 9). Authors hypothesized that ablation efficiency depends on the laser fluence,
which changed with beam focusing.
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Figure 9. Absorption spectra of Ag colloidal solution prepared with various wavelength laser lights.
(a) The laser beam was not focused and laser fluence was 900 mJ/cm2; (b) The laser beam was focused
and laser fluence was >12 J/cm2. Reprinted from [176], with permission from Elsevier.

3.4. Laser Fluence and Energy Pulse

Laser fluence is a crucial laser parameter that determines the ablation efficiency. NP production
yield is affected by the cavitation bubble. In general, the cavitation bubble lifetime increases with the
laser fluence [178]. As a result, when the time interval (determined by the repetition rate of pulsed
lasers) between two subsequent pulses spatially overlapping on the same spot onto the target is faster
than the bubble lifetime, the latter substantially shields and reflects the incoming pulse, thus reducing
the ablation rate [156].

Above the ablation threshold, increasing the laser fluence gradually increases the synthesis yield.
In fact, Moura et al. [165] observed that the absorption intensity tended to be higher at increasing laser
fluences, suggesting that AgNPs concentration increased. Dorranian and coworkers [179], for example,
showed the increase of ablated mass upon increasing the fluence (Figure 10).
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Figure 10. Ablated mass versus laser pulse fluency. Reprinted from [179], an open access article
distributed under the Creative Commons Attribution License.

They also found that smaller average NP sizes were obtained by using higher laser fluence
values, as shown in STEM (scanning transmission electron microscope) micrographs of Figure 11.
This behavior was explained considering that, at high pulse energies, the ablation process is
accompanied by melting of the target surface, with less evaporation and NP auto-absorption of
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laser light. This absorption leads to the formation of smaller particles as a result of fragmentation of
larger ones.

Antibiotics 2018, 7, 67 14 of 28 

increasing laser fluences, suggesting that AgNPs concentration increased. Dorranian and coworkers 

[179], for example, showed the increase of ablated mass upon increasing the fluence (Figure 10). 

 

Figure 10. Ablated mass versus laser pulse fluency. Reprinted from [179], an open access article 

distributed under the Creative Commons Attribution License. 

They also found that smaller average NP sizes were obtained by using higher laser fluence 

values, as shown in STEM (scanning transmission electron microscope) micrographs of Figure 11. 

This behavior was explained considering that, at high pulse energies, the ablation process is 

accompanied by melting of the target surface, with less evaporation and NP auto-absorption of laser 

light. This absorption leads to the formation of smaller particles as a result of fragmentation of larger 

ones. 

 
(a) 

 
(b) 

Figure 11. Cont.
Antibiotics 2018, 7, 67 15 of 28 

 
(c) 

Figure 11. STEM images and corresponding histograms of silver colloidal nanoparticles prepared by 

laser ablation at different laser fluences (a) 2122.2 J/cm2; (b) 3183.3 J/cm2 and (c) 4244.0 J/cm2. Reprinted 

from [165], with permission from Elsevier. 

This trend was also found in other papers [175,179–181]. However, Nikolov et al. [182] 

demonstrated that the average particle size remained unchanged with the laser fluence at its 

fundamental wavelength (λ = 1064 nm), but it increased strongly with increasing laser fluence at the 

second harmonic wavelength (λ = 532 nm). On the contrary, Al-Azawi [170] found that the ablation 

efficiency increased (while the particle size decreased) when laser fluence reached its maximum; 

subsequently, the ablation efficiency rapidly decreased with increasing the laser fluence. This 

behavior was ascribed to the occurrence of auto-absorption processes leading to fragmentation of 

larger particles.  

Ablation efficiency generally increases with increasing of pulse energy, as was shown by 

Valverde-Alva et al. [183] who found an increase of the SPR peak intensity when higher laser pulse 

energies were used. This result was attributed to the more concentrated AgNP colloids produced 

with higher pulse energies.  

Syntheses of AgNPs using a 1064-nm wavelength Nd:YAG laser, with pulse frequency of 20 Hz 

and 4 ns of pulse duration, were also carried out by our group. We observed that, at a fixed ablation 

time of 20′, ablation rate increased with pulse energy. Moreover, AgNPs average size decreased with 

the energy. Moreover, we found that ablation rate grew with pulse energy for longer ablation times. 

This effect was attributed to the increasing concentration of AgNPs lying on the laser beam path, 

which caused an attenuation of the incident radiation owing to scattering phenomena. 

3.5. Repetition Rate  

The repetition rate (RR) is defined as the number of output laser pulses per unit time. Therefore, 

for a given laser power, reducing the repetition rate results in an increase of the pulse energy, thus 

yielding a higher ablation rate per pulse (and larger cavitation bubbles) because of the increased laser 

fluence [156]. In general, ablation efficiency and concentration of AgNPs increases with the repetition 

rate. To explain this phenomenon, Valverde-Alva measured the transmission of laser pulses through 

colloidal solutions and showed that it increased with the RR. Zamiri and coworkers [184] obtained a 

similar trend. They also investigated the variation of average AgNP size and showed that it increased 

with increasing RR, in contrast to the trends obtained by Menéndez-Manjón and Barcikowski [185]. 

However, in this last case, significantly higher repetition rates, spanning in a broad range from 100 

to 5000 Hz, were used compared to the very limited range of RR from 10 to 40 Hz explored by Zamiri. 

For RR exceeding tens of kHz or even approaching the MHz regime, the pulse energy must be 

decreased to reduce the size and lifetime of the cavitation bubble, which otherwise would shield the 

laser radiation, thus reducing the ablation yield [97]. 

4. AgNPs in Food Packaging  

Figure 11. STEM images and corresponding histograms of silver colloidal nanoparticles prepared
by laser ablation at different laser fluences (a) 2122.2 J/cm2; (b) 3183.3 J/cm2 and (c) 4244.0 J/cm2.
Reprinted from [165], with permission from Elsevier.

This trend was also found in other papers [175,179–181]. However, Nikolov et al. [182]
demonstrated that the average particle size remained unchanged with the laser fluence at its
fundamental wavelength (λ = 1064 nm), but it increased strongly with increasing laser fluence at
the second harmonic wavelength (λ = 532 nm). On the contrary, Al-Azawi [170] found that the ablation
efficiency increased (while the particle size decreased) when laser fluence reached its maximum;
subsequently, the ablation efficiency rapidly decreased with increasing the laser fluence. This behavior
was ascribed to the occurrence of auto-absorption processes leading to fragmentation of larger particles.

Ablation efficiency generally increases with increasing of pulse energy, as was shown by
Valverde-Alva et al. [183] who found an increase of the SPR peak intensity when higher laser pulse



Antibiotics 2018, 7, 67 16 of 28

energies were used. This result was attributed to the more concentrated AgNP colloids produced with
higher pulse energies.

Syntheses of AgNPs using a 1064-nm wavelength Nd:YAG laser, with pulse frequency of 20 Hz
and 4 ns of pulse duration, were also carried out by our group. We observed that, at a fixed ablation
time of 20′, ablation rate increased with pulse energy. Moreover, AgNPs average size decreased with
the energy. Moreover, we found that ablation rate grew with pulse energy for longer ablation times.
This effect was attributed to the increasing concentration of AgNPs lying on the laser beam path,
which caused an attenuation of the incident radiation owing to scattering phenomena.

3.5. Repetition Rate

The repetition rate (RR) is defined as the number of output laser pulses per unit time. Therefore,
for a given laser power, reducing the repetition rate results in an increase of the pulse energy,
thus yielding a higher ablation rate per pulse (and larger cavitation bubbles) because of the increased
laser fluence [156]. In general, ablation efficiency and concentration of AgNPs increases with the
repetition rate. To explain this phenomenon, Valverde-Alva measured the transmission of laser pulses
through colloidal solutions and showed that it increased with the RR. Zamiri and coworkers [184]
obtained a similar trend. They also investigated the variation of average AgNP size and showed
that it increased with increasing RR, in contrast to the trends obtained by Menéndez-Manjón and
Barcikowski [185]. However, in this last case, significantly higher repetition rates, spanning in a broad
range from 100 to 5000 Hz, were used compared to the very limited range of RR from 10 to 40 Hz
explored by Zamiri. For RR exceeding tens of kHz or even approaching the MHz regime, the pulse
energy must be decreased to reduce the size and lifetime of the cavitation bubble, which otherwise
would shield the laser radiation, thus reducing the ablation yield [97].

4. AgNPs in Food Packaging

AgNPs are a valid antimicrobial additive to control the microbial population in commercialized
foodstuff. They have been proved to reduce, delay, or inhibit the growth of spoilage microorganisms,
thus improving food shelf life.

Some recent reviews and book chapters discuss the use of AgNPs for this specific
application [8,20,21,23–31,186,187]. These references highlight the antimicrobial activity of AgNPs,
the mechanism of action against microorganisms, and the correlations existing between bioactivity
and AgNP features such as size, shape, and concentration. In most of the literature in this field, AgNPs
are embedded in packaging films and tested against foodborne microorganisms, or directly used to
package fruit and vegetables, meat, and dairy products. For example, Costa and coworkers [188]
prepared and used silver-montmorillonite (Ag-MMT) in packaging for freshly-sliced fruit salads,
and found inhibition of microbial growth and increased shelf life. In another interesting work,
Sivakumar and colleagues [189] showed a new method to produce nontoxic silver nanorods from dairy
industry waste. They used them to control bacterial growth in milk during processing and storage,
thus demonstrating extension of milk shelf-life. The most cited reviews and book chapters include
many other examples of real-life use of AgNPs. Table 3 summarizes some of the aforementioned
applications of AgNPs in food packaging.
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Table 3. Applications of AgNPs in food industry. Adapted from [25], with permission from Elsevier.

Nanomaterial Product Packaging Manufacturer Country NP Size References

Nano-silver salad bowl Changmin Chemicals Korea not reported [190]

Nano silver baby mug cup and nurser Baby Dream® Co., Ltd. Korea not reported [191]

Fresh Box® food storage containers BlueMoonGoods™ USA not reported [190]

FresherLonger™ containers and bags SharperImage® USA 25 nm and 1–100 nm [192]

Nano-silver storage box Quan Zhou Hu Zeng Nano
Technology® Co., Ltd. China not reported [190]

Plastic food containers and water bottle A-Do Global Korea not reported [191]

Fresh food containers Oso Fresh USA 40–60 nm [193]

Smartwist food storage with nano-silver Kinetic Go Green USA 10–20 nm [193]

The antimicrobial properties of packaging materials are based on the migration of antimicrobial
substances from the packaging to the food, and/or to the headspace surrounding the food product.
Thus, the migration of an active compound from the substrate is an intentional process, which is
needed to exert the antimicrobial and protective action against undesirable food contaminants [194].
For these reasons, the efficiency of antimicrobial packaging is largely determined by a controlled release
of the antimicrobial agent from the active material. A slow and gradual migration of these substances
allows for maintaining an effective antimicrobial concentration on the product over time [194,195].
Nerin and colleagues [194] highlighted that antimicrobials needed to reach bacterial cells to exert their
action, while other substances such as antioxidants can exert their action even without being in direct
contact with foodstuffs and without releasing any agents. It is worth pointing out that other toxic
substances can be released unintentionally into food. AgNP safety limits, both for the environment and
human health, are different according to the various legislative authorities in Europe, the USA, Japan,
and Australia [196]. For instance, in the United States and in Japan, only silver nitrate is regulated
by law in the food and drinks sector, with a maximum allowed limit of 0.017 mg/kg for foodstuffs
and 0.1 mg/kg for drinking water, respectively. As for nanosilver, colloidal solutions are accepted in
the United States and commercialized as nutrition supplements (e.g., Mesosilver), with the claim of
being highly beneficial for human health. In the medical field, different wound dressings containing
nanocrystalline silver or silver ion-releasing systems are widely spread as well as indwelling devices,
like prostheses or catheters [196]. To date, the European Union does not recommend silver for medicinal
use, because of the lack of reliable information with respect to health-risk assessment. The European
Food Safety Authority (EFSA) restricted food migration to a maximum of 0.05 mg/kg [196,197].

Besides silver ions, excessive release of entire silver nanoparticles from packaging can be
dangerous to human health. Food and beverages produced with AgNPs added in their packaging are
considered as the main source of exposure to nanoparticles through ingestion [198]. After ingestion,
these nanoparticles undergo various chemical reactions, including agglomeration, adsorption,
or binding with other food components, and reactions with acids and digestive enzymes. Internal
systemic exposure to NPs can be hazardous since these particles are able to cross biological barriers
and reach internal body tissues [154]. As a consequence, AgNPs may accumulate in tissues, resulting
in changes in body nutrient profiles. In additions, nanoparticles may introduce toxic agents or viruses
adsorbed on their surfaces, or induce production of oxyradicals at the cellular level [198,199]. Therefore,
regulation is very important to minimize harmful consequences deriving from the use of nanoparticles,
although there are still no internationally recognized research protocols or standards [198].

5. Conclusions

In this review, we focused on AgNPs, a very useful nanomaterial for active food packaging,
paying particular attention to AgNPs synthetized by LASiS. After brief overviews of bioactivity
pathways of AgNPs and of synthesis methods to produce silver nanocolloids, we focused on the LASiS
method, describing in detail its working principles and the influence of the main laser parameters
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on the production yield and quality. A short overview of the use of AgNPs in food packaging was
also proposed. Laser ablation is a green technique to produce stable Ag nanocolloids in a wide
variety of dispersing media without using metal precursors and reductants. Highly pure colloids are
produced with unique surface characteristics and without any by-products. These features, in principle,
make AgNPs produced by LASiS some of the best candidates for antimicrobial applications. However,
to date, the productivity is insufficient for direct use in the industrial sector. The current world
record for LASiS NP productivity is 4 g/h; this value, although appealing, needs to be improved for
LASiS to be used in the industrial sector. Methods to increase this productivity level are currently
under development, exploiting high scanning speeds. This way, laser-induced cavitation bubbles
are spatially bypassed at high repetition rates, and continuous multi-gram ablation rates have been
already demonstrated for platinum, gold, silver, aluminum, copper, and titanium. LASiS requires
a great amount of energy, and its scaling-up at the industrial production level is approaching the
efficiency required for real-life applications, although there is still a need of for further technological
improvement, mostly with regard to the technological laser solutions.

Author Contributions: M.C.S. and M.I. performed bibliographic research and wrote the first draft of the paper.
A.V., M.C., R.A.P., A.A., P.M.L., G.P., and N.C. took part in scientific discussions and contributed to different
sections of this review. A.A. and N.C. coordinated and revised the study.

Funding: This research was partially funded by: by Italian MIUR Project, grant number #PONa3 00369.

Acknowledgments: The authors gratefully acknowledge the Apulian Region and the Italian Ministry of Education,
University and Research for having supported this research activity within the projects MICROTRONIC
(Lab Network cod. 71) and “Reti di Laboratori Pubblici di Ricerca” (Lab Network cod. 56).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lue, J.T. Physical Properties of Nanomaterials. In Encyclopedia of Nanoscience and Nanotechnology;
Nalwa, H.S., Ed.; American Scientific Publishers: Valencia, CA, USA, 2007; Volume 10, pp. 1–46. ISBN
1-58883-058-6.

2. Daraee, H.; Eatemadi, A.; Abbasi, E.; Aval, S.F.; Kouhi, M.; Akbarzadeh, A. Application of gold nanoparticles
in biomedical and drug delivery. Artif. Cells Nanomed. Biotechnol. 2016, 44, 410–422. [CrossRef] [PubMed]

3. Sun, H.; Jia, J.; Jiang, C.; Zhai, S. Gold Nanoparticle-Induced Cell Death and Potential Applications
in Nanomedicine. Int. J. Mol. Sci. 2018, 19, 754. [CrossRef] [PubMed]

4. Yacoot, S.M.; Salem, N.F. A Sonochemical-assisted Simple and Green Synthesis of Silver Nanoparticles and
its Use in Cosmetics. Int. J. Pharmacol. 2016, 12, 572–575. [CrossRef]

5. Jiménez-Pérez, Z.E.; Singh, P.; Kim, Y.-J.; Mathiyalagan, R.; Kim, D.-H.; Lee, M.H.; Yang, D.C. Applications of
Panax ginseng leaves-mediated gold nanoparticles in cosmetics relation to antioxidant, moisture retention,
and whitening effect on B16BL6 cells. J. Ginseng Res. 2018, 42, 327–333. [CrossRef] [PubMed]

6. Syed, B.; Tatiana, V.; Prudnikova, S.V.; Satish, S.; Prasad, N. Nanoagroparticles emerging trends and future
prospect in modern agriculture system. Environ. Toxicol. Pharmacol. 2017, 53, 10–17. [CrossRef]

7. Kaphle, A.; Navya, P.N.; Umapathi, A.; Daima, H.K. Nanomaterials for agriculture, food and environment:
Applications, toxicity and regulation. Environ. Chem. Lett. 2018, 16, 43–58. [CrossRef]

8. Sharma, C.; Dhiman, R.; Rokana, N.; Panwar, H. Nanotechnology: An Untapped Resource for Food
Packaging. Front. Microbiol. 2017, 8, 1735. [CrossRef] [PubMed]

9. Srivastava, A.K.; Dev, A.; Karmakar, S. Nanosensors and nanobiosensors in food and agriculture.
Environ. Chem. Lett. 2018, 16, 161–182. [CrossRef]

10. Ko, S.H. Low temperature thermal engineering of nanoparticle ink for flexible electronics applications.
Semicond. Sci. Technol. 2016, 31, 073003. [CrossRef]

11. Liu, X.; Iocozzia, J.; Wang, Y.; Cui, X.; Chen, Y.; Zhao, S.; Li, Z.; Lin, Z. Noble metal-metal oxide
nanohybrids with tailored nanostructures for efficient solar energy conversion, photocatalysis and
environmental remediation. Energy Environ. Sci. 2017, 10, 402–434. [CrossRef]

http://dx.doi.org/10.3109/21691401.2014.955107
http://www.ncbi.nlm.nih.gov/pubmed/25229833
http://dx.doi.org/10.3390/ijms19030754
http://www.ncbi.nlm.nih.gov/pubmed/29518914
http://dx.doi.org/10.3923/ijp.2016.572.575
http://dx.doi.org/10.1016/j.jgr.2017.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29983614
http://dx.doi.org/10.1016/j.etap.2017.04.012
http://dx.doi.org/10.1007/s10311-017-0662-y
http://dx.doi.org/10.3389/fmicb.2017.01735
http://www.ncbi.nlm.nih.gov/pubmed/28955314
http://dx.doi.org/10.1007/s10311-017-0674-7
http://dx.doi.org/10.1088/0268-1242/31/7/073003
http://dx.doi.org/10.1039/C6EE02265K


Antibiotics 2018, 7, 67 19 of 28

12. Akbari, A.; Amini, M.; Tarassoli, A.; Eftekhari-Sis, B.; Ghasemian, N.; Jabbari, E. Transition metal oxide
nanoparticles as efficient catalysts in oxidation reactions. Nano-Struct. Nano-Objects 2018, 14, 19–48.
[CrossRef]

13. Baker, S.; Volova, T.; Prudnikova, S.V.; Satish, S.; Prasad, N. Nanoagroparticles emerging trends and future
prospect in modern agriculture system. Environ. Toxicol. Pharmacol. 2017, 53, 10–17. [CrossRef] [PubMed]

14. Duhan, J.S.; Kumar, R.; Kumar, N.; Kaur, P.; Nehra, K.; Duhan, S. Nanotechnology: The new perspective in
precision agriculture. Biotechnol. Rep. 2017, 15, 11–23. [CrossRef] [PubMed]

15. Ammar, A.S. Nanotechnologies associated to floral resources in agri-food sector. Acta Agron. 2018, 67,
146–159. [CrossRef]

16. Bhagat, Y.; Gangadhara, K.; Rabinal, C.; Chaudhari, G.; Ugale, P. Nanotechnology in agriculture: A review.
J. Pure Appl. Microbiol. 2015, 9, 737–747.

17. Duncan, T.V. Applications of nanotechnology in food packaging and food safety: Barrier materials,
antimicrobials and sensors. J. Colloid Interface Sci. 2011, 363, 1–24. [CrossRef] [PubMed]

18. Picca, R.A.; Di Maria, A.; Riháková, L.; Volpe, A.; Sportelli, M.C.; Lugarà, P.M.; Ancona, A.;
Cioffi, N. Laser ablation synthesis of hybrid copper/silver Nanocolloids for prospective application as
Nanoantimicrobial agents for food packaging. MRS Adv. 2016, 1, 3735–3740. [CrossRef]

19. Sportelli, M.C.; Volpe, A.; Picca, R.A.; Trapani, A.; Palazzo, C.; Ancona, A.; Lugarà, P.M.; Trapani, G.; Cioffi, N.
Spectroscopic characterization of copper-chitosan Nanoantimicrobials prepared by laser ablation synthesis
in aqueous solutions. Nanomaterials 2017, 7, 6. [CrossRef] [PubMed]

20. De Azeredo, H.M. Nanocomposites for food packaging applications. Food Res. Int. 2009, 42, 1240–1253.
[CrossRef]

21. Ahmad, N.; Bhatnagar, S.; Dubey, S.D.; Saxena, R.; Sharma, S.; Dutta, R. Nanopackaging in Food and
Electronics. In Nanoscience in Food and Agriculture 4; Sustainable Agriculture Reviews; Springer: Cham,
Switzerland, 2017; pp. 45–97. ISBN 978-3-319-53111-3.

22. Sportelli, M.C.; Picca, R.A.; Cioffi, N. Nano-antimicrobials based on metals. In Novel Antimicrobial Agents and
Strategies; Phoenix, D.A., Harris, F., Dennison, S.R., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2014; pp. 181–218. ISBN 978-3-527-67613-2.

23. Carbone, M.; Donia, D.T.; Sabbatella, G.; Antiochia, R. Silver nanoparticles in polymeric matrices for fresh
food packaging. J. King Saud Univ. Sci. 2016, 28, 273–279. [CrossRef]

24. Farhoodi, M. Nanocomposite materials for food packaging applications: Characterization and safety evaluation.
Food Eng. Rev. 2016, 8, 35–51. [CrossRef]

25. Hannon, J.C.; Kerry, J.; Cruz-Romero, M.; Morris, M.; Cummins, E. Advances and challenges for the use of
engineered nanoparticles in food contact materials. Trends Food Sci. Technol. 2015, 43, 43–62. [CrossRef]

26. Hoseinnejad, M.; Jafari, S.M.; Katouzian, I. Inorganic and metal nanoparticles and their antimicrobial activity
in food packaging applications. Crit. Rev. Microbiol. 2018, 44, 161–181. [CrossRef] [PubMed]

27. Kuswandi, B. Environmental friendly food nano-packaging. Environ. Chem. Lett. 2017, 15, 205–221. [CrossRef]
28. Llorens, A.; Lloret, E.; Picouet, P.A.; Trbojevich, R.; Fernandez, A. Metallic-based micro and nanocomposites

in food contact materials and active food packaging. Trends Food Sci. Technol. 2012, 24, 19–29. [CrossRef]
29. Narayan, R.J.; Adiga, S.P.; Pellin, M.J.; Curtiss, L.A.; Stafslien, S.; Chisholm, B.; Monteiro-Riviere, N.A.;

Brigmon, R.L.; Elam, J.W. Atomic layer deposition of nanoporous biomaterials. Mater. Today 2010, 13, 60–64.
[CrossRef]

30. Piperigkou, Z.; Karamanou, K.; Engin, A.B.; Gialeli, C.; Docea, A.O.; Vynios, D.H.; Pavão, M.S.G.;
Golokhvast, K.S.; Shtilman, M.I.; Argiris, A.; et al. Emerging aspects of nanotoxicology in health and
disease: From agriculture and food sector to cancer therapeutics. Food Chem. Toxicol. 2016, 91, 42–57.
[CrossRef] [PubMed]

31. De Azeredo, H.M. Antimicrobial nanostructures in food packaging. Trends Food Sci. Technol. 2013, 30, 56–69.
[CrossRef]

32. Rhim, J.-W.; Hong, S.-I.; Park, H.-M.; Ng, P.K.W. Preparation and characterization of chitosan-based
nanocomposite films with antimicrobial activity. J. Agric. Food Chem. 2006, 54, 5814–5822. [CrossRef]
[PubMed]

33. Novikov, S.M.; Popok, V.N.; Evlyukhin, A.B.; Hanif, M.; Morgen, P.; Fiutowski, J.; Beermann, J.;
Rubahn, H.-G.; Bozhevolnyi, S.I. Highly stable monocrystalline silver clusters for plasmonic applications.
Langmuir 2017, 33, 6062–6070. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.nanoso.2018.01.006
http://dx.doi.org/10.1016/j.etap.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28499265
http://dx.doi.org/10.1016/j.btre.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28603692
http://dx.doi.org/10.15446/acag.v67n1.62011
http://dx.doi.org/10.1016/j.jcis.2011.07.017
http://www.ncbi.nlm.nih.gov/pubmed/21824625
http://dx.doi.org/10.1557/adv.2016.336
http://dx.doi.org/10.3390/nano7010006
http://www.ncbi.nlm.nih.gov/pubmed/28336840
http://dx.doi.org/10.1016/j.foodres.2009.03.019
http://dx.doi.org/10.1016/j.jksus.2016.05.004
http://dx.doi.org/10.1007/s12393-015-9114-2
http://dx.doi.org/10.1016/j.tifs.2015.01.008
http://dx.doi.org/10.1080/1040841X.2017.1332001
http://www.ncbi.nlm.nih.gov/pubmed/28578640
http://dx.doi.org/10.1007/s10311-017-0613-7
http://dx.doi.org/10.1016/j.tifs.2011.10.001
http://dx.doi.org/10.1016/S1369-7021(10)70035-3
http://dx.doi.org/10.1016/j.fct.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26969113
http://dx.doi.org/10.1016/j.tifs.2012.11.006
http://dx.doi.org/10.1021/jf060658h
http://www.ncbi.nlm.nih.gov/pubmed/16881682
http://dx.doi.org/10.1021/acs.langmuir.7b00772
http://www.ncbi.nlm.nih.gov/pubmed/28541708


Antibiotics 2018, 7, 67 20 of 28

34. Pugazhendhi, S.; Palanisamy, P.K.; Jayavel, R. Synthesis of highly stable silver nanoparticles through a novel
green method using Mirabillis jalapa for antibacterial, nonlinear optical applications. Opt. Mater. 2018, 79,
457–463. [CrossRef]

35. Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver nanoparticles as
potential antibacterial agents. Molecules 2015, 20, 8856–8874. [CrossRef] [PubMed]

36. Le Ouay, B.; Stellacci, F. Antibacterial activity of silver nanoparticles: A surface science insight. Nano Today
2015, 10, 339–354. [CrossRef]

37. Lara, H.H.; Garza-Treviño, E.N.; Ixtepan-Turrent, L.; Singh, D.K. Silver nanoparticles are broad-spectrum
bactericidal and virucidal compounds. J. Nanobiotechnol. 2011, 9, 30. [CrossRef] [PubMed]

38. Miyayama, T.; Arai, Y.; Hirano, S. Health Effects of Silver Nanoparticles and Silver Ions. In Biological Effects
of Fibrous and Particulate Substances; Current Topics in Environmental Health and Preventive Medicine;
Springer: Tokyo, Japan, 2016; pp. 137–147. ISBN 978-4-431-55731-9.

39. Hansen, S.F.; Baun, A. European regulation affecting nanomaterials—Review of limitations and future
recommendations. Dose-Response 2011, 10, 364–383. [CrossRef] [PubMed]

40. Zhou, Q.; Liu, W.; Long, Y.; Sun, C.; Jiang, G. Toxicological effects and mechanisms of silver nanoparticles.
In Silver Nanoparticles in the Environment; Springer: Berlin/Heidelberg, Germany, 2015; pp. 109–138. ISBN
978-3-662-46069-6.

41. Rai, M.; Yadav, A.; Cioffi, N. Silver Nanoparticles as Nano-antimicrobials: Bioactivity, benefits and
bottlenecks. In Nano-Antimicrobials; Springer: Berlin/Heidelberg, Germany, 2012; pp. 211–224. ISBN
978-3-642-24427-8.

42. El-Ansary, A.; Al-Daihan, S. On the Toxicity of Therapeutically Used Nanoparticles: An Overview. Available
online: https://www.hindawi.com/journals/jt/2009/754810/ (accessed on 23 June 2018).

43. Gaillet, S.; Rouanet, J.-M. Silver nanoparticles: Their potential toxic effects after oral exposure and underlying
mechanisms—A review. Food Chem. Toxicol. 2015, 77, 58–63. [CrossRef] [PubMed]

44. Gupta, I.; Duran, N.; Rai, M. Nano-silver toxicity: Emerging concerns and consequences in human health.
In Nano-Antimicrobials; Springer: Berlin/Heidelberg, Germany, 2012; pp. 525–548. ISBN 978-3-642-24427-8.

45. Jamuna, B.A.; Ravishankar, R.V. Environmental risk, human health, and toxic effects of nanoparticles.
In Nanomaterials for Environmental Protection; Wiley-Blackwell: Hoboken, NJ, USA, 2014; pp. 523–535. ISBN
978-1-118-84553-0.

46. Levard, C.; Hotze, E.M.; Lowry, G.V.; Brown, G.E. Environmental transformations of silver nanoparticles:
Impact on stability and toxicity. Environ. Sci. Technol. 2012, 46, 6900–6914. [CrossRef] [PubMed]

47. Marambio-Jones, C.; Hoek, E.M.V. A review of the antibacterial effects of silver nanomaterials and potential
implications for human health and the environment. J. Nanopart. Res. 2010, 12, 1531–1551. [CrossRef]

48. Santos, C.A.D.; Seckler, M.M.; Ingle, A.P.; Gupta, I.; Galdiero, S.; Galdiero, M.; Gade, A.; Rai, M.
Silver Nanoparticles: Therapeutical Uses, Toxicity, and Safety Issues. J. Pharm. Sci. 2014, 103, 1931–1944.
[CrossRef] [PubMed]

49. Gonzalez, C.; Rosas-Hernandez, H.; Ramirez-Lee, M.A.; Salazar-García, S.; Ali, S.F. Role of silver
nanoparticles (AgNPs) on the cardiovascular system. Arch. Toxicol. 2016, 90, 493–511. [CrossRef] [PubMed]

50. Abbasi, E.; Milani, M.; Aval, S.F.; Kouhi, M.; Akbarzadeh, A.; Nasrabadi, H.T.; Nikasa, P.; Joo, S.W.;
Hanifehpour, Y.; Nejati-Koshki, K.; et al. Silver nanoparticles: Synthesis methods, bio-applications and
properties. Crit. Rev. Microbiol. 2016, 42, 173–180. [CrossRef] [PubMed]

51. Abdelghany, T.M.; Al-Rajhi, A.M.H.; Abboud, M.A.A.; Alawlaqi, M.M.; Magdah, A.G.; Helmy, E.A.M.;
Mabrouk, A.S. Recent advances in green synthesis of silver nanoparticles and their applications: About
future directions. A review. BioNanoScience 2018, 8, 5–16. [CrossRef]

52. Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.K.M.A.; Hossain, K.F.B.; Banik, S.; Hosokawa, T.; Saito, T.;
Kurasaki, M. A systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties
and perspectives. J. Adv. Res. 2018, 9, 1–16. [CrossRef] [PubMed]

53. Beyene, H.D.; Werkneh, A.A.; Bezabh, H.K.; Ambaye, T.G. Synthesis paradigm and applications of silver
nanoparticles (AgNPs), a review. Sustain. Mater. Technol. 2017, 13, 18–23. [CrossRef]

54. Calderón-Jiménez, B.; Johnson, M.E.; Montoro Bustos, A.R.; Murphy, K.E.; Winchester, M.R.; Vega Baudrit, J.R.
Silver Nanoparticles: Technological advances, societal impacts, and metrological challenges. Front. Chem.
2017, 5, 6. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.optmat.2018.04.017
http://dx.doi.org/10.3390/molecules20058856
http://www.ncbi.nlm.nih.gov/pubmed/25993417
http://dx.doi.org/10.1016/j.nantod.2015.04.002
http://dx.doi.org/10.1186/1477-3155-9-30
http://www.ncbi.nlm.nih.gov/pubmed/21812950
http://dx.doi.org/10.2203/dose-response.10-029.Hansen
http://www.ncbi.nlm.nih.gov/pubmed/22942870
https://www.hindawi.com/journals/jt/2009/754810/
http://dx.doi.org/10.1016/j.fct.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25556118
http://dx.doi.org/10.1021/es2037405
http://www.ncbi.nlm.nih.gov/pubmed/22339502
http://dx.doi.org/10.1007/s11051-010-9900-y
http://dx.doi.org/10.1002/jps.24001
http://www.ncbi.nlm.nih.gov/pubmed/24824033
http://dx.doi.org/10.1007/s00204-014-1447-8
http://www.ncbi.nlm.nih.gov/pubmed/25543135
http://dx.doi.org/10.3109/1040841X.2014.912200
http://www.ncbi.nlm.nih.gov/pubmed/24937409
http://dx.doi.org/10.1007/s12668-017-0413-3
http://dx.doi.org/10.1016/j.jare.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30046482
http://dx.doi.org/10.1016/j.susmat.2017.08.001
http://dx.doi.org/10.3389/fchem.2017.00006
http://www.ncbi.nlm.nih.gov/pubmed/28271059


Antibiotics 2018, 7, 67 21 of 28

55. De Matteis, V.; Cascione, M.; Toma, C.C.; Leporatti, S. Silver Nanoparticles: Synthetic Routes, In vitro toxicity
and theranostic applications for cancer disease. Nanomaterials 2018, 8, 319. [CrossRef] [PubMed]

56. Javaid, A.; Oloketuyi, S.F.; Khan, M.M.; Khan, F. Diversity of Bacterial Synthesis of Silver Nanoparticles.
BioNanoScience 2018, 8, 43–59. [CrossRef]

57. Khan, A.U.; Malik, N.; Khan, M.; Cho, M.H.; Khan, M.M. Fungi-assisted silver nanoparticle synthesis and
their applications. Bioprocess Biosyst. Eng. 2018, 41, 1–20. [CrossRef] [PubMed]

58. Khatoon, U.T.; Rao, G.V.S.N.; Mantravadi, K.M.; Oztekin, Y. Strategies to synthesize various nanostructures
of silver and their applications—A review. RSC Adv. 2018, 8, 19739–19753. [CrossRef]

59. Malik, B.; Pirzadah, T.B.; Kumar, M.; Rehman, R.U. Biosynthesis of nanoparticles and their application in
pharmaceutical industry. In Nanotechnology; Springer: Singapore, 2017; pp. 235–252. ISBN 978-981-10-4677-3.

60. Pandiarajan, J.; Krishnan, M. Properties, synthesis and toxicity of silver nanoparticles. Environ. Chem. Lett.
2017, 15, 387–397. [CrossRef]

61. Pinto, R.J.B.; Nasirpour, M.; Carrola, J.; Oliveira, H.; Freire, C.S.R.; Duarte, I.F. Antimicrobial properties and
therapeutic applications of silver nanoparticles and nanocomposites. In Antimicrobial Nanoarchitectonics;
Grumezescu, A.M., Ed.; Elsevier: New York, NY, USA, 2017; Chapter 9; pp. 223–259. ISBN 978-0-323-52733-0.

62. Rafique, M.; Sadaf, I.; Rafique, M.S.; Tahir, M.B. A review on green synthesis of silver nanoparticles and their
applications. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1272–1291. [CrossRef] [PubMed]

63. Ramanathan, S.; Gopinath, S.C.B. Potentials in synthesizing nanostructured silver particles. Microsyst. Technol.
2017, 23, 4345–4357. [CrossRef]

64. Siddiqi, K.S.; Husen, A.; Rao, R.A.K. A review on biosynthesis of silver nanoparticles and their biocidal properties.
J. Nanobiotechnol. 2018, 16, 14. [CrossRef] [PubMed]

65. Syafiuddin, A.; Salmiati; Salim, M.R.; Kueh, A.B.H.; Hadibarata, T.; Nur, H. A Review of silver nanoparticles:
Research trends, global consumption, synthesis, properties, and future challenges. J. Chin. Chem. Soc. 2017,
64, 732–756. [CrossRef]

66. Khan, S.U.; Saleh, T.A.; Wahab, A.; Khan, M.H.U.; Khan, D.; Khan, W.U.; Rahim, A.;
Kamal, S.; Khan, F.U.; Fahad, S. Nanosilver: New Ageless and Versatile Biomedical Therapeutic
Scaffold. Available online: https://www.dovepress.com/nanosilver-new-ageless-and-versatile-biomedical-
therapeutic-scaffold-peer-reviewed-fulltext-article-IJN (accessed on 23 June 2018).

67. Li, Z.; Wang, Y.; Yu, Q. Significant parameters in the optimization of synthesis of silver nanoparticles by
chemical reduction method. J. Mater. Eng. Perform. 2010, 19, 252–256. [CrossRef]

68. Ajitha, B.; Divya, A.; Kumar, K.S.; Reddy, P.S. Synthesis of silver nanoparticles by soft chemical method: Effect
of reducing agent concentration. In Proceedings of the International Conference on Advanced Nanomaterials
Emerging Engineering Technologies, Chennai, India, 24–26 July 2013; pp. 7–10.

69. Xu, G.; Qiao, X.; Qiu, X.; Chen, J. Preparation and characterization of stable monodisperse silver nanoparticles
via photoreduction. Colloids Surf. A Physicochem. Eng. Asp. 2008, 320, 222–226. [CrossRef]

70. Afify, T.A.; Saleh, H.H.; Ali, Z.I. Structural and morphological study of gamma-irradiation synthesized silver
nanoparticles. Polym. Compos. 2017, 38, 2687–2694. [CrossRef]

71. Eid, M.; Araby, E. Bactericidal effect of poly(acrylamide/itaconic acid)–silver nanoparticles synthesized
by gamma irradiation against pseudomonas aeruginosa. Appl. Biochem. Biotechnol. 2013, 171, 469–487.
[CrossRef] [PubMed]

72. Fatema, U.K.; Rahman, M.M.; Islam, M.R.; Mollah, M.Y.A.; Susan, M.A.B.H. Silver/poly(vinyl alcohol)
nanocomposite film prepared using water in oil microemulsion for antibacterial applications. J. Colloid
Interface Sci. 2018, 514, 648–655. [CrossRef] [PubMed]

73. An, J.; Luo, Q.; Li, M.; Wang, D.; Li, X.; Yin, R. A facile synthesis of high antibacterial polymer nanocomposite
containing uniformly dispersed silver nanoparticles. Colloid Polym. Sci. 2015, 293, 1997–2008. [CrossRef]

74. Thuc, D.T.; Huy, T.Q.; Hoang, L.H.; Tien, B.C.; Van Chung, P.; Thuy, N.T.; Le, A.-T. Green synthesis of
colloidal silver nanoparticles through electrochemical method and their antibacterial activity. Mater. Lett.
2016, 181, 173–177. [CrossRef]

75. Yin, B.; Ma, H.; Wang, S.; Chen, S. Electrochemical Synthesis of silver nanoparticles under protection of
poly(N-vinylpyrrolidone). J. Phys. Chem. B 2003, 107, 8898–8904. [CrossRef]

76. Cioffi, N.; Colaianni, L.; Pilolli, R.; Calvano, C.; Palmisano, F.; Zambonin, P. Silver nanofractals:
Electrochemical synthesis, XPS characterization and application in LDI-MS. Anal. Bioanal. Chem. 2009,
394, 1375–1383. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/nano8050319
http://www.ncbi.nlm.nih.gov/pubmed/29748469
http://dx.doi.org/10.1007/s12668-017-0496-x
http://dx.doi.org/10.1007/s00449-017-1846-3
http://www.ncbi.nlm.nih.gov/pubmed/28965140
http://dx.doi.org/10.1039/C8RA00440D
http://dx.doi.org/10.1007/s10311-017-0624-4
http://dx.doi.org/10.1080/21691401.2016.1241792
http://www.ncbi.nlm.nih.gov/pubmed/27825269
http://dx.doi.org/10.1007/s00542-017-3382-0
http://dx.doi.org/10.1186/s12951-018-0334-5
http://www.ncbi.nlm.nih.gov/pubmed/29452593
http://dx.doi.org/10.1002/jccs.201700067
https://www.dovepress.com/nanosilver-new-ageless-and-versatile-biomedical-therapeutic-scaffold-peer-reviewed-fulltext-article-IJN
https://www.dovepress.com/nanosilver-new-ageless-and-versatile-biomedical-therapeutic-scaffold-peer-reviewed-fulltext-article-IJN
http://dx.doi.org/10.1007/s11665-009-9486-7
http://dx.doi.org/10.1016/j.colsurfa.2008.01.056
http://dx.doi.org/10.1002/pc.23866
http://dx.doi.org/10.1007/s12010-013-0357-1
http://www.ncbi.nlm.nih.gov/pubmed/23857355
http://dx.doi.org/10.1016/j.jcis.2017.12.084
http://www.ncbi.nlm.nih.gov/pubmed/29310094
http://dx.doi.org/10.1007/s00396-015-3589-5
http://dx.doi.org/10.1016/j.matlet.2016.06.008
http://dx.doi.org/10.1021/jp0349031
http://dx.doi.org/10.1007/s00216-009-2820-y
http://www.ncbi.nlm.nih.gov/pubmed/19452142


Antibiotics 2018, 7, 67 22 of 28

77. Baker, C.; Pradhan, A.; Pakstis, L.; Pochan, D.J.; Shah, S.I. Synthesis and antibacterial properties of silver
nanoparticles. J. Nanosci. Nanotechnol. 2005, 5, 244–249. [CrossRef] [PubMed]

78. Velmurugan, P.; Iydroose, M.; Mohideen, M.H.A.K.; Mohan, T.S.; Cho, M.; Oh, B.-T. Biosynthesis of silver
nanoparticles using Bacillus subtilis EWP-46 cell-free extract and evaluation of its antibacterial activity.
Bioprocess Biosyst. Eng. 2014, 37, 1527–1534. [CrossRef] [PubMed]

79. Rajeshkumar, S.; Bharath, L.V. Mechanism of plant-mediated synthesis of silver nanoparticles—A review on
biomolecules involved, characterisation and antibacterial activity. Chemico-Biol. Interact. 2017, 273, 219–227.
[CrossRef] [PubMed]

80. Terenteva, E.A.; Apyari, V.V.; Dmitrienko, S.G.; Zolotov, Y.A. Formation of plasmonic silver nanoparticles
by flavonoid reduction: A comparative study and application for determination of these substances.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2015, 151, 89–95. [CrossRef] [PubMed]

81. Abou El-Nour, K.M.M.; Eftaiha, A.; Al-Warthan, A.; Ammar, R.A.A. Synthesis and applications of
silver nanoparticles. Arab. J. Chem. 2010, 3, 135–140. [CrossRef]

82. Iravani, S.; Korbekandi, H.; Mirmohammadi, S.V.; Zolfaghari, B. Synthesis of silver nanoparticles: Chemical,
physical and biological methods. Res. Pharm. Sci. 2014, 9, 385–406. [PubMed]

83. Jokar, M.; Rahman, R.A. Study of silver ion migration from melt-blended and layered-deposited silver
polyethylene nanocomposite into food simulants and apple juice. Food Addit. Contamin. Part A 2014, 31,
734–742. [CrossRef] [PubMed]

84. Cao, X.L.; Cheng, C.; Ma, Y.L.; Zhao, C.S. Preparation of silver nanoparticles with antimicrobial activities
and the researches of their biocompatibilities. J. Mater. Sci. 2010, 21, 2861–2868. [CrossRef] [PubMed]

85. Rehan, M.; El-Naggar, M.E.; Mashaly, H.M.; Wilken, R. Nanocomposites based on chitosan/silver/clay
for durable multi-functional properties of cotton fabrics. Carbohydr. Polym. 2018, 182, 29–41. [CrossRef]
[PubMed]
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