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Abstract

Nanotechnology delivers materials and nanoparticles (NPs) with high biological poten-
tial, useful in bioengineering, nanomedicine, and human health protection. Silver
nanoparticles (NPs), because of their wide spectrum of activities and physical and chemi-
cal properties, are nowadays extensively researched. However, careful studies on living
organism should be performed, with strong attention to biocompatibility. Multiple cel-
lular effects, displayed after AgNP treatments, show interesting potential of metal-based
NPs, not only in bio-nanotechnology but also in molecular medicine and anticancer ther-
apy. AgNPs are promising anticancer agents, influencing the cell cycle, inhibiting can-
cer proliferation, and inducing oxidative stress and propagation of programmed cellular
death (apoptosis). Additionally, they protect against bacterial, fungal, and viral infec-
tions. During chemo- and radio-therapies, such antimicrobial protection will be desir-
able because of the decreased immunological resistance of cancer patients. In conclusion,
AgNPs often present in the human environment should be studied for novel findings
and better characteristic. This article discusses advantages of AgNP’s “eco-friendly” pro-
duction, followed by green synthesis, with particular consideration of antimicrobial and
anticancer properties. Cellular processes, induced after AgNP treatments, are focused on
antiproliferative, pro-oxidative, and pro-apoptotic activities of NPs.

Keywords: silver nanoparticles (AgNPs), nanotechnology, anticancer therapies,
microbiological activity, nanoparticles (NPs), cancer cell lines

1. Introduction

Nanotechnology has developed a wide spectrum of engineered materials, composites, and
particles, which in size are defined as nanoscale (below 100 nm) [1]. Comprised of different
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compounds, nanocomposites have opened possibilities for applications in fields of bioengineer-
ing for agriculture [2], green technology [3], antifungal plant protection [4], and different strate-
gies for human and animal health care—from tissue remodeling and scaffold production in
regenerative medicine [5] or antiviral [6], antimicrobial [6, 7], and anticancer therapies [7, 8], in
conventional/unconventional medical and veterinary science (Figure 1) [10, 11].

Among engineered materials various compounds are used including metals: silver (Ag)
[12, 13], gold (Au) [13, 14], copper (Cu) [14], zinc (Zn) [15, 16], gallium (Al) [17], metal
oxides [16], and many others [1, 18, 19]. Based on the physical and chemical approaches
of metal-based nanoparticles, numerous features can be used in their applications, includ-
ing shape recognition, paramagnetic properties, biocompatibility, fluorescence, and optical
density [19]. Some NPs are suitable in diagnostic techniques, because of their paramagnetic
behavior, unique optical properties, and quantum size effect used in bio-imaging (Figure 2)
[18]. NPs can be used separately, as spheres 10 nm [12] or 18 nm in diameter as reported by
Zielinska et al. [20] diluted in aqueous citrate buffer. Colloidal solutions of AgNPs were for
that reason applied at different concentrations of particles per ml of solvent. In combination
with different active compounds such as antibiotics, AGNP complexes, with improved size
of their active surfaces, improved cytotoxicity against bacteria [9]. Because of their anti-
bacterial properties and biocompatibility with human cells, many of active commercially
designed Ag-based compounds are used for nanomaterial production, including by the

coaxial electrospinning process [5].

Differentsized AgNPs
(1-100 nm)

AgNPsin nanomaterials

Legend:

@ AgNPs silver nanoparticle

* Active compound (e.g. antibiotics)

Complexes of AgN Ps Nanofibres in nanomaterial

Figure 1. Types of applications for AgNPs as different-sized single particles in self-organized complexes with active
compounds (e.g., antibiotics) or in nanofabricated materials (based on [5, 9]).
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Figure 2. Physical and chemical properties of AgNPs implicated in their applications (based on [18]).

2. Characteristics of silver nanoparticles

Silver nanoparticles (AgNPs) are well known because of their wide spectrum of applications
in diverse fields of research; this review will focus on their biological activities. For such rea-
son size-dependent physical and chemical properties of AgNPs are discussed [18]. Living
organisms are one-cell or multicellular structures with typically 10 um across for a single cell,
so the much smaller nanoparticles (NPs) (1-100 nm) can interact with cell surfaces (plasma
membranes, plant cellulose walls, bacterial and fungal cell walls, and membranes). NPs or
their active nano-complexes can penetrate and pass through the organism’s external enve-
lopes. The plasma membrane’s permeability for small-sized AgNPs allows for accumulation
of them in internal compartments of cells. Physical properties of Ag are used for tracking and
visualization of NPs in living organisms and cells using, for example, TEM micrography or
X-ray absorption spectroscopy [21]. The uptake mechanisms of NPs in eukaryotic cells were
observed to be phagocytosis, endocytosis, or micropinocytosis [22] and were rather dose-
dependent with diverse protection or cytotoxicity effects [21]. NPs must be well characterized
before addition to cells and their physical and chemical properties well defined. These proper-
ties result mainly from different protocols of AgNP synthesis, and only nontoxic ones should
be preferred in bioassays using living organisms.

2.1. Synthesis of AgNPs

Different strategies of AgNP synthesis should be focused on novel methods for ecological fab-
rication, allowing toxic chemical discrimination. Some so-called eco-friendly methods were



134 Silver Nanoparticles - Fabrication, Characterization and Applications

developed using ethanol extracts from many plant species, for example, ethanolic extract of Rosa
indica petals [7]. Other procedures followed by encapsulation, microemulsions, or dispersion in
polymeric solutions, based generally on plants or algae, also bacteria [23], and fungi organism.
Intra- or externalization of NPs into one-cell organisms resulted with protein tagging, for exam-
ple, AgNPs covered with proteins from the fungus Coriolus versicolor [24]. Protein-conjugated
NPs could play a role of mimetic envelopes constructed from cellular proteins during inter- or
externalization processes in living one-cell organisms. Bio-AgNP coverings stabilize NPs and
extend the possibilities of their application in living tissues [24]. During simple aqueous synthe-
sis, temperature elevation of a starch solution for 20 h above room temperature, with addition
of silver nitrate and glucose is sufficient to produce eco-starched AgNPs [23]. It was reported
also that virus particles also seem to be useful in NP production (Figure 3) [23].

2.2. Antimicrobial activity
2.2.1. Antibacterial properties

Among the biological activities of AgNPs, an antimicrobial action is already well characterized
[7-9, 25]. The most effective is an antiproliferative impact where in a minimum inhibition con-
centration (MIC) assay, inhibition of bacterial growth on plate cultures is observed. Typically,
the tests are made both Gram-negative and Gram-positive bacteria, with plate agar, liquid
LB medium (lysogeny broth, named also Luria-Bertani medium), or a migration assay. It was
reported, in MIC assays against different bacterial strains and human pathogenic bacteria such
as Streptococcus mutants (MTCC-896), Enterococcus faecalis (IMTCC-439) (Gram-positive), E. coli
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Figure 3. Scheme of green-synthesized “eco-friendly” AgNPs (based on [7, 23, 24]).
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(MTCC-40), and Klebsiella pneumonia (MTCC-740) (Gram-negative), it was reported that addition
of ethanolic petal extract of Rosa indica or AgNO, solutions (each 30 ul) reduced significant micro-
bial proliferation significantly [7]. The mechanism of action that resulted in proliferative poten-
tial reduction during MIC assays was explained by the good permeability of AgNPs through
the bacterial wall and plasma membranes [7]. The cytotoxic effect was improved when bio-
logically synthesized nanoparticles were used together with AgNO, solutions [7]. On the other
hand, addition of Ag* ions to the culture media resulted in reduction of biofilm formation by
bacteria during growth. Anti-biofilm formation effects of AgNPs were observed against Gram-
positive (Enterococcus faecalis and Staphylococcus aureus) and Gram-negative (Shigella sonnei and
Pseudomonas aeruginosa) bacteria in biological assays [6]. Other pathogens, strains of Escherichia
coli, Staphylococcus aurous, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Haemophilus influen-
zae, were inhibited by AgNPs synthesized with leaf extract of Artemisia vulgaris [3]. The inhibi-
tory effect was discussed there in terms of plasma membrane interaction of AgNPs and release
of Ag*ions into the cytoplasm that eventually resulted in disruption of respiratory mechanisms
located in in the bacterial membrane and mesosomes, and also of ion exchange processes, and
blockade of synthesis of sulfur-containing proteins on ribosomes [3]. All of those schemes of
action demonstrate the antimicrobial properties of AgNPs and implicate their usage as anti-
pathogenic agents reducing the proliferative potential of microbes.

2.2.2. Antifungal properties

The unicellular fungi, and mostly multicellular fungi, are responsible within plant agricultures
for plant diseases. They are cost-risky and noneconomic for vegetables and fruit farms, also
during long-term production, storage, and transportation procedures. AgNP addition during
plant growth could play a role of environmentally safe anti-fungicides [4, 26, 27]. AgNDPs,
added at different concentrations to agar plates, were very effective against plant phytopatho-
genic fungi in studies of 18 different fungal species [4]. In vitro studies showed a hypotheti-
cal molecular mechanism of action for AgNPs, where released Ag" ions into the cytoplasmic
compartment of fungal cells disrupt respiratory system and have an impact on DNA replica-
tion process and on expression of genes implicated in replication [4, 28, 29]. Multifunctional
bio-applications of AgNPs 20 nm in size were studied for protection against pathogenically
species of fungi, strains of Trichophyton mentagrophytes and Candida species, in immunosup-
pressed patients [30]. Similar effects, with reduction of proliferation, were observed on agar
plate assays against species potentially pathogenic for plants and humans: Penicillium brevi-
compactum, Chaetomium globosum, Cladosporium cladosporioides, Mortierella alpina, Stachybotrys
chartarum, and Aspergillus fumigatus [30].

2.2.3. Antiviral properties

Anti-pathogenic activity of AgNPs is wide, and the spectrum of their action has been reported
against viral infections in plants, animals, and humans [6, 31]. The most effective prevention
against diseases caused by different viruses is an antiviral vaccine. Although effective vac-
cines have not been discovered against every viral infection, antiviral agents are still being
developed, and AgNPs are also in this potential group [31]. Human viral diseases such as
influenza, human immunodeficiency virus, hepatitis, chickenpox, infectious mononucleo-
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sis, herpes keratitis, or viral encephalitis are still studied with novel therapeutics, because of
their high mortality risk in the human population, together with increases of virus resistance
against already used pharmaceuticals [31]. The interaction of AgNPs, synthesized by a bio-
logical method using fungi, was tested against herpes simplex virus types 1 and 2 (HSV-1 and
HSV-2, respectively) and human parainfluenza virus type 3 (HPIV-3) [31]. In these reports the
particular mechanism of prevention against viral infection in Vero cells in vitro was explained
as a physical barrier, built by NPs [31]. Monolayer culture of Vero cells were preincubated
with AgNPs for 1 h at 37°C and then infected with HSV-1, HSV-2, or HPIV-3 and in the next
2 days, the monolayers were fixed and stained with X-gal (HSV-1 and HSV-2) or crystal vio-
let (HPIV-3), and plaque numbers were scored [31]. The final results showed a lower infec-
tiveness of viruses for cells pretreated with AgNPs in comparison to untreated cells without
NPs [31]. Size-dependent mechanical protection against Monkeypox virus infection was also
previously reported in vitro, in tests with 10 nm AgNPs a, with significant inhibition of dis-
ease [32]. In human cells the addition of AgNPs could inhibit enzymes responsible for DNA
replication, a crucial process for further viral infection [31]. Pure AgNPs, synthesized by the
electrochemical method were tested against poliovirus by adding different concentrations of
AgNPs were added to human rhabdomyosarcoma (RD) monolayer cells before viral infection
[33]. The results confirm silver protection against poliovirus infection, with the cell viability
up to 98% at 48 h postinfection [33]. For the food industry it is important to avoid viral infec-
tions within a big farm where the animals are cultured and are crowded. Food production in
India could be endangered by infectious bursal disease (IBD) virus [34] and therefore alterna-
tive technology against IBD virus using AgNPs started to be developed. This strategy is based
on two schemes, inoculation of viral particles first for 2 h with active AgNP solutions and then
injection of such mixtures into embryonated chicken eggs, whereas the second method is first
infection of embryonated chicken eggs with virus and then the AgNP injection. In both strate-
gies the viral infection was reduced [34].

Antiviral activity of silver nanoparticles (AgNPs) is still unknown and needs to be studied,
because of its usefulness for human applications. However, not only direct action on virus
particles is important in developing novel strategies against viral infections. In many cases
an intermediate carrier/host is required in the replication cycle of a virus, and a strategy was
developed against such a vector using AgNPs fabricated with Pedalium murex, an ancient
Indian medicinal plant’s seed extract, for inducing mortality in mosquito’s larvae stage [6].
Zika virus needs the vector Aedes aegypti for a complete replication cycle and spreading the
disease. AgNDPs fabricated with P. murex extract tested on fourth instar mosquito larvae
reduced the viability of Zika vector after 24 h [6]. This promising finding showed a wide spec-
trum of applications of different fabricated AgNPs alone against different viral infections and
diseases. The mode of action could be direct or indirect.

2.3. Anticancer activity

Combined cancer therapy allows limitation of the side effects of chemotherapy, decreas-
ing effective doses or inducing cellular self-protection against damaging agents [35]. For
many aspects of conventional therapies, combinations of novel drugs and NPs together with
already well known compounds, is still tested. Searching for more effective protocols for drug
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administration leads to the modification of already existing procedures and combining phar-
macological agents with natural, unconventional molecules. Metal-based AgNPs, known as
pro-oxidative in different cancer cell lines [36] including breast MCF-7 and lung A549 cells
[37] and squamous carcinoma SCC-25 cells [12], have shown novel applications in photody-
namic therapy [37, 38]. The alkaloid berberine was tested on squamous carcinoma cells as an
antiproliferative and pro-apoptotic agent alone [22, 39-41] or in combination with AgNPs
that improved its anticancer properties [12]. The antimicrobial activity of AgNPs as aseptic or
preservative agents has been known since decades, and they also serve for synthesis of novel
nanomaterials with potential applications in regenerative medicine [5]. For many applica-
tions, compounds such as metal NPs should be carefully examined, especially when they are
easily applied by living organisms.

2.3.1. Antiproliferative activity

Use of AgNPs in the food industry, as antimicrobial preservatives, has an impact on the human
digestive tract. Interactions of AgNPs with healthy cells (epithelial cells, mucous membrane
cells, etc.) and cancer cells (squamous, liver, or colon cells) through the gastrointestinal tract
has implicated diverse actions of NPs as anti- or pro-oncogenic factors. Knowledge about
processes of carcinogenesis are still unclear; however, applications of AgNPs as anticancer
agents is nowadays strongly developed. The most widely used AgNPs disrupt the prolifera-
tive system and cell cycle of cancer cells, with finally inhibition of proliferation. Tested on
squamous carcinoma SCC-25 cells, colloidal solutions of 10-nm-diameter NPs at a dose of
10 ng/ml arrested the cell cycle in the sub-G1 or GO/G1 phase after 24 and 48 h, respectively
[12]. The cells responded with a failure of mitosis, and in the treated population there were
not as many bi-nucleated and doublet cells as in controls. DNA synthesis was also stopped,
probably because of DNA damage (single- and double-stranded breaks, sSBs and dSBs) and
because of the presence of AgNP’s inside the cell nuclei. This suggestion was confirmed by
measuring production of reactive oxygen species (ROS) in parallel cytometric assays, which
damage DN, influence the S-phase of the cell cycle, and inhibit replication [12]. Additionally,
cell proliferation was monitored by colorimetric MTT assays, where absorbance measured
at 570 nm is proportional to the amount of cells in each well on a plate. This simple assay
showed that after AgNP treatment, viability and proliferation of SCC-25 cells decreased in
dose-dependent manner with increased concentration of AgNPs [12]. Larger 20 nm diam-
eter AgNPs also displayed antiproliferative effects at higher concentrations (up to 20 ug/ml)
in two cancer cell lines, HepG2 (liver) and Caco-2 (colon) when cytotoxicity was estimated
fluorometrically by the resazurin (Alamar Blue) reduction assay [42] in which nonfluorescent
Alamar Blue is taken up by viable cells and reduced by mitochondria to the fluorescent prod-
uct resorufin. Fluorescence is proportional to the viability of the cells and corresponds to the
cell number [42]. After 24 h of incubation with AgNPs, viability and proliferation of HepG2
cells were more reduced than those of Caco-2 cells; however, in both cell lines they were
significantly lower than untreated controls [42]. Tests on different human cell line models
showed tissue-dependent sensitivity and the importance for applied doses potentially used
in anticancer therapies of NPs. The same research group, working again with HepG2 and
Caco-2 cells, discussed the genotoxic potential of AgNPs as a result of chromosome damage
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during mitosis, where chromosomal abnormalities occurred as seen by micronucleus forma-
tion (Mn assay) [43]. The nanosilver genotoxicity resulted in viability reduction in a dose-
dependent manner and was explained by cytokinesis blockade [43], which could be a result
of abnormal formation of histone H2A, that disrupts cellular division and proper chromatin
(chromosome) formation [44]. AgNDPs act also as epigenetic factors and influence genetic pro-
files in treated cells [45]. It was reported that several genes could be impacted by AgNPs,
especially those related to the cell cycle, where they could be upregulated or downregulated.
The most important findings were connected with genes coding for cell cycle checkpoint
proteins and also for DNA repair pathways during the S-phase [45-47]. All of these molecu-
lar disruptions resulted in the antiproliferative action of AgNPs in living cells, especially in
cancer and cancer stem cells [44].

2.3.2. Pro-oxidative activity

Most of the findings about toxically effects of AgNPs in antimicrobial and anticancer defense,
based on the mitochondrial activation and reactive oxygen species overproduction, are inter-
preted as pro-oxidative properties. AgNPs possess the ability to induce mitochondrial chain and
complex disruption that leads to superoxide anion leakage [12, 22, 48]. After AgNP internaliza-
tion, into cytoplasm compartments, typically Ag* ions are released which influence mitochon-
drial enzymes and also interact with -SH groups of proteins and glutathione (GSH). In such
situation the ROS scavenging potential of GSH decreased and oxidative stress occurred [44].
DNA damage changed gene expression, and cellular death could be manifested as programmed
death (apoptosis) [44]. In photodynamic therapy (PDT), AgNPs caused tumor cell sensitization
via intracellular ROS overproduction [19, 37, 38]. Ag ions are captured by free electrons, which
affect mitochondrial membrane potential (W) and leads to an increase in mitochondrial mem-
brane permeability [45]. The production of intracellular ROS is amplified by the next generation
of oxidizing agents and lowered production of ATP by mitochondria in tumor cells [45]. The
ROS production and damages resulting from oxidative stress are AgNP size-dependent; smaller
NPs cause greater ROS overproduction [1]. Those observations result from the ability of AgNPs
to interact with cellular components and to penetrate to organelles (mitochondria, nuclei, lipo-
somes, endoplasmic reticulum, etc.) and to release free Ag* ions there (Figure 4) [1].

2.3.3. Pro-apoptotic activity

After AgNP internalization into cancer cells, a cascade of processes starts with loss of inner
homeostasis and redox state destabilization. A series of free radical waves damages mito-
chondrial and nuclear membranes and propagates oxidative stress. Additionally, in S-phase
(DNA replication) of the cell cycle, damaged DNA is not repaired effectively because repair
enzymes are blocked by Ag+ ions and replication stops [12, 49]. Because of uncoupling in
mitochondria and effects on mitochondrial membrane potential, the ROS level increases to
propagate the canonical apoptotic pathway (Figure 4). The mitochondria-dependent apopto-
sis pathway was studied in SCC-25 cells at the transcriptional level, where expression of the
genes Bax and Bcl-2 was assayed [12, 50]. The pro-apoptotic Bcl-2 gene was upregulated after
24 h of treatment with AgNPs [12]. ROS production in Caco-2 cells was manifested also by
an inflammatory state that resulted in cellular death due to release of the pro-inflammatory
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cytokine interleukin(IL)-8 after 24 h of AgNP exposure [49]. This state was also propagated
between cells by external pro-apoptotic signals. Use of AgNPs as good pro-apoptotic agents
in cancer therapy seems to be reasonable. Toxicity of AgNPs is shown through the intrinsic
ROS-mediated mitochondrial apoptotic pathway [49]. AgNPs could propagate a free radi-
cal wave, with further lysosomal rupture and free radical accumulation. Lysosomal damage
leads to cathepsin release into the cytoplasm, which is a signal for lysosome-mediated apop-
tosis [1, 51]. Any of these disruptions have been described as cytotoxic effects of AgNPs of
different origins; however, the most desirable one is the lethal apoptotic effect on cancer cells.

2.4. Applications of AgNPs

The numerous physical and chemical properties of AgNPs implicate possible applications
in the human environment: in agriculture, food industry, cosmetology and finally in human
health protection and medicine [1, 2, 13, 19]. Metal-based particles, because of their paramag-
netic property and optical density (Figure 2), are widely used in bio-imaging as well as in
electron microscopy, in magnetic resonance, in computed tomography for visualization, and
in molecular diagnostics [19, 21, 50]. AgNPs, as cellular sensitizers with pro-oxidative and
pro-apoptotic potential, also serve as therapeutic agents in photodynamic therapy against
cancer cells [37, 38]. In future applications some possible controversies must be resolved:
dosage for different tissues, because of tissue-specific biocompatibility and side effects dur-
ing therapy or microbial resistance against NPs. Some effects of AgNPs appear to be dual
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Figure 4. Pro-oxidative activities of AgNPs in cancer cells.
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and even opposite in different situations, such as anti- or pro-oxidative, anti- or pro-apop-
totic, biosensing, or bioresisting-activity depending on the type of organism or cells [30].
Nanotechnology allows for technical applications of AgNPs, for example for fabrication in
material technology [5]. Size-dependent activities and the ability to form different complexes
with natural or pharmaceutical compounds have opened further applications for AgNDPs,
especially in biomaterials, health care, cancer therapy, environment protection, agriculture,
and chemical synthesis [5, 9, 52]. Biomedical applications, particularly in nanomedicine, are
nowadays the most desirable.

3. Conclusions

Silver nanoparticles, because of their wide spectrum of activities and physical and chemical
properties, are nowadays studied extensively. However, careful studies on living organisms
should be performed, with strong attention to biocompatibility. Multiple effects displayed
after AgNP treatment show an interesting potential of metal-based NPs, not only in bion-
anotechnology but also in molecular medicine and anticancer therapy. AgNPs are promising
anticancer agents: they influence the cell cycle, inhibit cancer cell proliferation, induce oxida-
tive stress, and propagate programmed cellular death (apoptosis). Additionally, they protect
against bacterial, fungal, and viral infections. During chemo- and radio-therapies, such anti-
microbial protection is desirable, because of the decreased immunological resistance of cancer
patients. In conclusion, more studies on AgNPs should be carried out for novel findings and
better characteristic of silver NPs.
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