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Nano/micro-size particles are widely applied in various fields. Among the various particles
that have been developed, silver particles are among the most important because of their favorable
physical, chemical, and biological characteristics [1]. Thus, numerous studies have been conducted to
evaluate their properties and utilize them in various applications, such as diagnostics, antibacterial
and anticancer therapeutics, and optoelectronics [2–8]. The properties of silver particles are strongly
influenced by their size, morphological shape, and surface characteristics, which can be modified by
diverse synthetic methods, reducing agents, and stabilizers [9].

This Special Issue provides a range of original contributions detailing the synthesis, modification,
properties, and applications of silver materials, particularly in nanomedicine. Nine outstanding papers
describing examples of the most recent advances in silver nano/microparticles are included.

Lee et al. comprehensively described the synthesis of silver nanoparticles by various
physio-chemical and biological methods and elucidate their unique properties which are useful
for applications such as for developing antimicrobial agents, biomedical device coatings, drug delivery
carriers, imaging probes, and diagnostic and optoelectronic platforms [10]. The underlying intricate
molecular mechanisms behind the plasmonic properties of silver nanoparticles on their structures,
potential cytotoxicity, and optoelectronic properties were also discussed.

Several innovative silver-based nanomaterials have been introduced in bio-applications. Kang et al.
reported a functionalized β-cyclodextrin (β-CD)-immobilized silver structure as a drug carrier [11].
Synthesized β-CD derivatives, which have beneficial characteristics for drug delivery including
hydrophobic interior surfaces, were immobilized on the surface of silver-embedded silica nanoparticle
to load doxorubicin (DOX). DOX release and its effects on cancer cell viability were studied. Liu et al.
reported polydopamine (PDA)-assisted silver nanoparticle self-assembly on a sericin (SS)/agar film
with potential wound dressing applications [12]. They prepared an SS/agar composite film, and then
coated PDA on the surface of the film to prepare an antibacterial silver nanoparticle-PDA-SS/agar
film, which exhibited excellent and long-lasting antibacterial effects. Radtke et al. studied silver
ion release processes and the mechanical properties of surface-modified titanium alloy implants [13].
Dispersed silver nanoparticles on the surface of titanium alloy (Ti6Al4V) and titanium alloy modified
with a titania nanotube layer (Ti6Al4V/TNT) as substrates were prepared using a novel precursor with
the formula [Ag5(O2CC2F5)5(H2O)3] and may be suitable for constructing implants with long-term
antimicrobial activity. The properties of silver nanoparticles have been widely studied, including by
surface-enhanced Raman scattering (SERS). Pham et al. reported the control of the silver coating on
Raman label-incorporated gold nanoparticles assembled as silica nanoparticles for developing a strong
and reliable SERS probe for bio-applications [14]. A SERS-active core Raman labeling compound shell
material based on Au–Ag nanoparticles and assembled on silica nanoparticles can be used to solve
signal reproducibility issues in SERS.

Humans and the environment are becoming increasingly exposed to silver nanoparticles,
raising concerns about their safety. Liao et al. focused on the bactericidal and cytotoxic properties of
silver nanoparticles [15]. Silver nanoparticles have been reported to be toxic to several human cell
lines. In their paper, the state-of-the-art of applications in antimicrobial textile fabrics, food packaging
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films, and wound dressings of silver nanoparticles in addition to the bactericidal activity and cytotoxic
effect in mammalian cells are presented. Fehaid et al. conducted an in-depth study of the toxicity
of the size-dependent effect of silver nanoparticles [16]. Since tumor necrosis factor α (TNFα) is
a major cytokine that is highly expressed in many diseased conditions, the size-dependent effect of
silver nanoparticles on the TNFα-induced DNA damage response was studied. Yan et al. focused
on the impacts of silver nanoparticles on plants [17]. They summarized the uptake, translocation,
and accumulation of silver nanoparticles in plants and described the phytotoxicity of silver nanoparticles
towards plants at the morphological, physiological, cellular, and molecular levels. The current
understanding of the phytotoxicity mechanisms of silver nanoparticles were also discussed.

Silver particles can also be used as ink. Mo et al. summarized silver nanoparticle-based ink with
moderate sintering in flexible and printed electronics [18]. They developed methods and mechanisms
for preparing silver nanoparticle-based inks that are highly conductive under moderate sintering
conditions and applied the ink to a transparent conductive film, thin film transistor, biosensor,
radio frequency identification antenna, and stretchable electronics. The authors summarized their
perspectives on flexible and printed electronics.

Silver nano/microparticles are emerging for use in next-generation applications in numerous
fields including nanomedicine. The potential benefits of using silver as a prominent nanomaterial in
the biomedical and industrial sectors have been widely acknowledged. This Special Issue highlights
outstanding advances in the development of silver nano/microparticles as well as their modification
and applications.

Acknowledgments: This work was supported by Konkuk University in 2018.
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Abstract: Over the past few decades, metal nanoparticles less than 100 nm in diameter have
made a substantial impact across diverse biomedical applications, such as diagnostic and medical
devices, for personalized healthcare practice. In particular, silver nanoparticles (AgNPs) have
great potential in a broad range of applications as antimicrobial agents, biomedical device coatings,
drug-delivery carriers, imaging probes, and diagnostic and optoelectronic platforms, since they have
discrete physical and optical properties and biochemical functionality tailored by diverse size- and
shape-controlled AgNPs. In this review, we aimed to present major routes of synthesis of AgNPs,
including physical, chemical, and biological synthesis processes, along with discrete physiochemical
characteristics of AgNPs. We also discuss the underlying intricate molecular mechanisms behind
their plasmonic properties on mono/bimetallic structures, potential cellular/microbial cytotoxicity,
and optoelectronic property. Lastly, we conclude this review with a summary of current applications
of AgNPs in nanoscience and nanomedicine and discuss their future perspectives in these areas.

Keywords: silver nanomaterial; synthesis; characterization; mechanism; cytotoxicity; nanomedicine;
diagnostics; optoelectronics

1. Introduction

Metal nanoparticles have been used in a wide-ranging application in various fields. Specifically,
as shapes, sizes, and compositions of metallic nanomaterials are significantly linked to their physical,
chemical, and optical properties, technologies based on nanoscale materials have been exploited in
a variety of fields from chemistry to medicine [1–3]. Recently, silver nanoparticles (AgNPs) have
been investigated extensively due to their superior physical, chemical, and biological characteristics,
and their superiority stems mainly from the size, shape, composition, crystallinity, and structure of
AgNPs compared to their bulk forms [4–8]. Efforts have been made to explore their attractive properties
and utilize them in practical applications, such as anti-bacterial and anti-cancer therapeutics [9],
diagnostics and optoelectronics [10–12], water disinfection [13], and other clinical/pharmaceutical
applications [14]. Silver has fascinating material properties and is a low-cost and abundant natural
resource, yet the use of silver-based nanomaterials has been limited due to their instability, such
as the oxidation in an oxygen-containing fluid [15]. AgNPs, therefore, have an unrealized potential
compared to relatively stable gold nanoparticles (AuNPs) [6]. Previous discoveries have shown that the
physical, optical, and catalytic properties of AgNPs are strongly influenced by their size, distribution,
morphological shape, and surface properties which can be modified by diverse synthetic methods,
reducing agents and stabilizers [8,16]. The size of AgNPs can be adjusted according to a specific
application—e.g., AgNPs prepared for drug delivery are mostly greater than 100 nm to accommodate
for the quantity of drug to be delivered. With different surface properties, AgNPs can also be formed
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into various shapes, including rod, triangle, round, octahedral, polyhedral, etc [17]. Moreover, AgNPs
are used in antimicrobial applications with proven antimicrobial characteristics of Ag+ ions. These
exceptional properties of AgNPs have enabled their use in the fields of nanomedicine, pharmacy,
biosensing, and biomedical engineering.

In this review, we present a comprehensive and contemporaneous view of the synthesis of AgNPs
by various physio-chemical and biological methods, as well as the mechanism of action based on
their unique properties. In addition, the review focuses on the characteristics of the optical and
physio-chemical properties of AgNPs. Further, insights into understanding how various factors
affect these distinct characteristics are discussed. Finally, promising applications of AgNPs in the
biomedical field from nanomedicine to optoelectronics, including their anti-cancer or anti-bacterial
activity, are presented.

2. Synthesis and Characterization of AgNPs

2.1. Synthesis of AgNPs via Top-Down and Bottom-Up Methods

As mentioned above, numerous types of silver nanostructures with distinctive properties have
been used in various biomedical fields [18]. In particular, silver nanomaterials of varying sizes
and shapes have been utilized in a broad range of applications and medical equipment, such as
electronic devices, paints, coatings, soaps, detergents, bandages, etc [19]. Specific physical, optical,
and chemical properties of silver nanomaterials are, therefore, crucial factors in optimizing their use
in these applications. In this regard, the following details of the materials are important to consider
in their synthesis: surface property, size distribution, apparent morphology, particle composition,
dissolution rate (i.e., reactivity in solution and efficiency of ion release), and types of reducing and
capping agents used. The synthesis methods of metal NPs are mainly divided into top-down and
bottom-up approaches as shown in Figure 1A. The top-down approach disincorporates bulk materials
to generate the required nanostructures, while the bottom-up method assembles single atoms and
molecules into larger nanostructures to generate nano-sized materials [20]. Nowadays the synthetic
approaches are categorized into physical, chemical, and biological green syntheses. The physical
and chemical syntheses tend to be more labor-intensive and hazardous, compared to the biological
synthesis of AgNPs which exhibits attractive properties, such as high yield, solubility, and stability [14].
The following sections discuss diverse synthesis methods in detail, from the synthesis of spherical
AgNPs to shape-controlled Ag colloids, as well as how size-controlled AgNPs are synthesized.
The sections also aim to introduce various routes of synthesis and their mechanisms, elucidating
how shape- and size-controlled synthesis of AgNPs can be achieved through appropriate selection of
energy source, precursor chemicals, reducing and capping agent, as well as concentration and molar
ratio of chemicals.

2.2. Physical Method

The physical synthesis of AgNP includes the evaporation–condensation approach and the laser
ablation technique [21,22]. Both approaches are able to synthesize large quantities of AgNPs with
high purity without the use of chemicals that release toxic substances and jeopardize human health
and environment. However, agglomeration is often a great challenge because capping agents are not
used. In addition, both approaches consume greater power and require relatively longer duration of
synthesis and complex equipment, all of which increase their operating cost.

The evaporation–condensation technique typically uses a gas phase route that utilizes a tube
furnace to synthesize nanospheres at atmospheric pressure. Various nanospheres, using numerous
materials, such as Au, Ag, and PbS, have been synthesized by this technique [23]. The center of the
tube furnace contains a vessel carrying a base metal source which is evaporated into the carrier gas,
allowing the final synthesis of NPs. The size, shape, and yield of the NPs can be controlled by changing
the design of reaction facilities. Nevertheless, the synthesis of AgNPs by evaporation–condensation
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through the tube furnace has numerous drawbacks. The tube furnace occupies a large space, consumes
high energy elevating the surrounding temperature of the metal source, and requiresa a longer duration
to maintain its thermal stability. To overcome these disadvantages, Jung et al. demonstrated that a
ceramic heater can be utilized efficiently in the synthesis of AgNPs with high concentration [24].

 

Figure 1. Diverse synthesis routes of silver nanoparticles (AgNPs). (A) Top-down and bottom-up
methods. (B) Physical synthesis method. Reprinted with permission from [21]. Copyright 2009
Royal Chemical Society. (C) Chemical synthesis method. (D) Plausible synthesis mechanisms of
green chemistry. The bioreduction is initiated by the electron transfer through nicotinamide adenine
dinucleotide (NADH)-dependent reductase as an electron carrier to form NAD+. The resulting electrons
are obtained by Ag+ ions which are reduced to elemental AgNPs.

Another approach in physical synthesis is through laser ablation. The AgNPs can be synthesized
by laser ablation of a bulk metal source placed in a liquid environment as shown in Figure 1B. After
irradiating with a pulsed laser, the liquid environment only contains the AgNPs of the base metal
source, cleared from other ions, compounds or reducing agents [25]. Various parameters, such as laser
power, duration of irradiation, type of base metal source, and property of liquid media, influence
the characteristics of the metal NPs formed. Unlike chemical synthesis, the synthesis of NPs by laser
ablation is pure and uncontaminated, as this method uses mild surfactants in the solvent without
involving any other chemical reagents [20].

2.3. Chemical/Photochemical Methods

Chemical synthesis methods have been commonly applied in the synthesis of metallic NPs as
a colloidal dispersion in aqueous solution or organic solvent by reducing their metal salts. Various
metallic salts are used to fabricate corresponding metal nanospheres, such as gold, silver, iron,
zinc oxide, copper, palladium, platinum, etc. [26]. In addition, reducing and capping agents can easily
be changed or modified to achieve desired characteristics of AgNPs in terms of size distribution, shape,
and dispersion rate [27]. The AgNPs are chemically synthesized mainly through the Brust–Schiffrin
synthesis (BSS) or the Turkevich method [20,28–30]. The strength and type of reducing agents and
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stabilizers should be taken into consideration in synthesizing metal NPs of a specific shape, size,
and with various optical properties. More importantly, as stabilizing agents are typically used to avoid
aggregation of these NPs, the following factors need to be considered for the safety and effectiveness
of the method: choice of solvent medium; use of environment-friendly reducing agent; and selection
of relatively non-toxic substances.

Nucleation and growth of NPs are governed by various reaction parameters, including reaction
temperature, pH, concentration, type of precursor, reducing and stabilizing agents, and molar
ratio of surfactant/stabilizer and precursor [31]. The chemical reduction of these metal salts
can be accomplished by various chemical reductants, including glucose (C6H12O6), hydrazine
(N2H4), hydrazine hydrate, ascorbate (C6H7NaO6), ethylene glycol (C2H6O2), N-dimethylformamide
(DMF), hydrogen, dextrose, ascorbate, citrate (Turkevich method), and sodium borohydride (BSS
method) [32,33]. Brust and co-workers have invented the most widely used synthesis method in
producing thiol-stabilized AuNPs and AgNPs [30]. As shown in Figure 1C, silver ion (Ag+) is
reduced in aqueous solution, receiving an electron from a reducing agent to switch from a positive
valence into a zero-valent state (Ag0), followed by nucleation and growth. This leads to coarse
agglomeration into oligomeric clusters to yield colloidal AgNPs. Previous studies using a strong
reductant (i.e., borohydride) have demonstrated the synthesis of small monodispersed colloids, but it
was found to be difficult to control the generation of larger-sized AgNPs. Utilizing a weaker reductant,
such as citrate, resulted in a slower reduction rate, which was more conducive to controlling the shape
and size distribution of NPs [34].

Stabilizing dispersive NPs during a course of AgNP synthesis is critical. The most common
strategy is to use stabilizing agents that can be absorbed onto the surface of AgNPs, avoiding
their agglomeration [35]. To stabilize and to avoid agglomeration and oxidation of NPs, capping
agents/surfactants can be used, such as chitosan, oleylamine gluconic acid, cellulose or polymers, such
as poly N-vinyl-2-pyrrolidone (PVP), polyethylene glycol (PEG), polymethacrylic acid (PMAA) and
polymethylmethacrylate (PMMA) [27]. Stabilization via capping agents can be achieved either through
electrostatic or steric repulsion. For instance, electrostatic stabilization is usually achieved through
anionic species, such as citrate, halides, carboxylates or polyoxoanions that adsorb or interact with
AgNPs to impart a negative charge on the surface of AgNPs. Therefore, the surface charge of AgNPs can
be controlled by coating the particles with citrate ions to provide a strong negative charge. Compared
to using citrate ions, using branched polyethyleneimine (PEI) creates an amine-functionalized surface
with a highly positive charge. Other capping agents also provide additional functionality. Polyethylene
glycol (PEG)-coated nanoparticles exhibit good stability in highly concentrated salt solutions, while
lipoic acid-coated particles with carboxyl groups can be used for bioconjugation.

On the other hand, steric stabilization can be achieved by the interaction of NPs with bulky
groups, such as organic polymers and alkylammonium cation that prevent aggregation through
steric repulsion. For instance, Oliveira et al. described a Brust synthesis-modified procedure for
dodecanethiol-capped AgNPs, wherein dodecanethiol could bind onto the surface of nanoparticles
and exhibited high solubility without their aggregation in aqueous solution [36]. A phase transfer
of a Au3+ complex can be carried out from aqueous to organic solution in a two-phase liquid–liquid
system, then the complex can be reduced with sodium borohydride (NaBH4) along with dodecanethiol
as a stabilization agent. The authors demonstrated that small alterations in parameters can lead to
dramatic modifications in the structure, average size, and size distribution of the nanoparticles as well
as their stability and self-assembly patterns [16].

Next, the surface of AgNPs conjugated with biomolecules, such as DNA probes, peptides or
antibodies, can be used as a target for specific cells or cellular components. Attaching biomolecules to
AgNPs can be achieved, for instance, by physisorption onto the surface of NPs or through covalent
coupling by ethyl(dimethylaminopropyl) carbodiimide (EDC) to link free amines on antibodies to
carboxyl groups. The photochemical synthesis method also offers a reasonable potential for the
synthesis of shape- and size-controlled AgNPs although multiple synthesis steps may be required.
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Ag nanoprisms can be synthesized by irradiating Ag seed solution with a light at a selected wavelength.
Commonly, the synthesis of bipyramids, nanodiscs, nanorods, and nano-decahedron involves a
two-step process. Ag seeds prepared in the first step are subsequently grown in the second step
by using an appropriate growth solution, by selecting a specific wavelength of light for irradiation,
or by adjusting the duration of microwave irradiation. To synthesize distinctively shaped AgNPs,
selective adsorption of surfactants/stabilizers to specific crystal facets needs to be controlled, since
surfactants/stabilizers can guide growth along a specific crystal axis, generating varied shapes of
AgNPs. The absorbance spectra of AgNPs have been reported to reflect changes in the shape of
AgNPs. Such changes in UV–Vis–NIR spectra were illustrated during the photochemical synthesis
of Ag nanoprisms grown by illuminating small silver NP seeds (λmax of 397 nm) with low intensity
LED [32]. As the seeds were converted to nanoprisms, the peak wavelength at 397 nm decreased
over time, and new peaks appeared at 1330 nm and 890 nm, representing a localized surface plasmon
resonance (LSPR) of the nanoprisms. For instance, the Mirkin group have investigated photo-induced
conversion of spherical AgNPs to triangular prisms. Spontaneous oxidative dissolution of small Ag
particles enabled the production of Ag+ ions that could subsequently be reduced on the surface of Ag
particles by citrate under visible light irradiation [37].

2.4. Green Chemistry

Recently, the biogenic (green chemistry) metal NP synthesis method that employs biological
entities, such as microorganisms and plant extracts, has been suggested as a valuable alternative
to other synthesis routes as illustrated in Figure 1D [5,38,39]. It is known that microorganisms,
such as bacteria and fungi, play a vital role in remediation of toxic materials by reducing metal
ions [40,41]. Quite a few bacteria have shown the potential to synthesize AgNPs intracellularly,
wherein intracellular components serve as both reducing and stabilizing agents [42]. The green
synthesis of AgNPs with naturally occurring reducing agents could be a promising method to replace
more complex physiochemical syntheses since the green synthesis is free from toxic chemicals and
hazardous byproducts and instead involves natural capping agents for the stabilization of AgNPs [16].

A plausible mechanism of AgNP formation by the green synthesis was explored in the biological
system of a fungus, Verticillium species [43,44]. The main hypothesis was that AgNPs are formed
underneath the surface of the cell wall, not in the aqueous solution. Ag+ ions are trapped on the
surface of the fugal cells due to the electrostatic interaction between Ag+ ions and negatively-charged
carboxylate groups of the enzyme. Then, as intracellular reduction of Ag+ ions occurs in the cell wall,
Ag nuclei are formed, which subsequently expand by further reduction of Ag+ ions. The result of
transmission electron microscopy (TEM) analysis indicated that AgNPs were formed in cytoplasmic
space due to the bioreduction of the Ag+ ions [45], yielding a particle size of 25 ± 12 nm in diameter.
Interestingly, the fungal cells continued to proliferate after the biosynthesis of AgNPs. Bacteria
commonly use nitrate as a major source of nitrogen, whereby nitrate is converted to nitrite by nitrate
reductase, utilizing the reducing power of a reduced form of nicotinamide adenine dinucleotide
(NADH). Bacterial metabolic processes of utilizing nitrate, namely reducing nitrate to nitrile and
ammonium, could be exploited in bioreduction of Ag+ ions by an intracellular electron donor [46].
In fact, the utilization of nitrate reductase as a reducing agent is found to play a key role in the
bioreduction of Ag+ ions [47]. For instance, Kumar and colleagues have demonstrated a rationale
of an in vitro enzymatic strategy for the synthesis of AgNPs, based on α-NADPH-dependent nitrate
reductase and phytochelatin [48]. Nitrate reductase purified from a fungus, Fusarium oxysporum, was
used in vitro in the presence of a co-factor, α-NADPH. The process of AgNPs formation required
the reduction of α-NADPH to α-NADP+. Hydroxyquinoline probably acted as an electron shuttle,
transferring electrons generated during the reduction of nitrate to allow conversion of Ag2+ ions
to Ag. As the Ag+ ions were reduced in the presence of nitrate reductase, a stable silver hydrosol
(10–25 nm) was formed and subsequently stabilized by capping peptide. Similarly, AgNPs have been
synthesized in various shapes using naturally occurring reducing agents (i.e., supernatants) in Bacillus
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species [49]. In Bacillus licheniformis, it was demonstrated that electrons released from NADH were
able to drive the reduction of Ag+ ions to Ag0 and led to the formation of AgNPs. Li et al. also showed
the synthesis of AgNPs by reductase enzymes secreted from a fungus, Aspergillus terreus, based on a
similar NADH-mediated mechanism [50]. The synthesized AgNPs were polydispersed nanospheres
ranging from 1 to 20 nm in diameter and exhibited antimicrobial potential to various pathogenic
bacteria and fungi. In another example, Pseudomonas stuzeri isolated from a silver mine was used for
the synthesis of AgNPs in aqueous AgNO3 [51]. The synthesized AgNPs exhibited a well-defined size
and distinct morphology within the periplasmic space of the bacteria.

3. Characterization and Property of AgNPs

3.1. Plasmonic Properties

In many applications, surface chemistry, morphology, and optical properties associated with
each NP variant require a careful selection to acquire the desired functionality of nanomaterials.
In particular, corresponding reaction conditions during the synthesis of silver nanomaterials can be
tuned to produce colloidal AgNPs with various morphologies, including monodisperse nanospheres,
triangular nanoprisms, nanoplates, nanocubes, nanowires, and nanorods (Figure 2). Nowadays, since
the most commonly used Ag and Au nanospheres are isotropic, they are widely utilized nanostructures
for nanoantenna, capitalizing the LSPR phenomena caused by the collective oscillation of electrons
in a specific vibrational mode at the conduction band near the particle surface in response to light.
The optical properties can be varied by changing the composition, size, and shape of NPs which
can affect the collective oscillation of free electrons in metallic NPs at their LSPR wavelengths when
irradiated with resonant light over most visible and near-infrared regions [52,53]. Endowed with the
tunable optical response, the NPs can be utilized as highly bright reporter molecules, efficient thermal
absorbers, and nanoscale antenna, all through amplifying the strength of a local electromagnetic
field to detect changes in the environment. The shape of silver nanoprisms has a specific peak
wavelength that ranges from 400 to 850 nm as a surface plasmon resonance (SPR) band as shown in
Figure 3A [54,55]. The SPR band or absorption spectra for nanoprisms can be measured by the UV–VIS
spectroscopy, whereby the λmax reflects an alteration in the size, shape, and the scattering color of
AgNPs (Figure 3B) [56]. The optical properties of AgNPs have been of particular interest due to the
strong coupling of AgNPs to specific wavelengths of incident light. Ag nanospheres are known to
have rather short LSPR wavelengths in the violet and blue regions of the visible spectrum.

AgNPs can be utilized in bio-sensing by single nanoparticle spectroscopy, such as dark-field
microscopy. Alivisatos and his co-worker described ‘plasmon rulers’ to monitor distances between two
distinct nanoparticles [57]. The distance can be determined by plasmonic coupling of two nanospheres
modified at two ends of a single-stranded DNA (ssDNA) probe with biotin on one end and streptavidin
on the other end. The authors demonstrated the plasmonic coupling between single pairs of silver
and gold nanoparticles to measure the DNA length and tracked the hybridization kinetics over 3000 s.
The plasmonic coupling between two distinct nanoparticles led to more pronounced spectral changes
based on the dimerization of single nanoparticles. For example, DNA hybridization was responsible
for the observed blue-shift in the spectra via an increase in steric repulsion or for the observed drastic
red-shift via aggregation, such as DNA wrapping around DNA-binding dendrimers. In addition,
the distance between the AuNPs was adjusted by controlling the length of ssDNA and by changing
the ionic strength of the buffer. The maximum plasmon resonance (LSPR) shifted to the red region at
high salt concentrations (0.1 M NaCl), indicating a decreased distance between the two AuNPs due to
the reduced electrostatic repulsion of the particles at high ionic strength environments. Conversely,
low salt concentrations (0.005 M NaCl) increased electrostatic repulsions and led to the blue shift of the
maximum LSPR. Along with these results, the hybridization of complementary DNA also resulted in a
significant blue shift, which is expected considering that the structural property of double-stranded
DNA (dsDNA) shows greater stiffness than ssDNA, and hence allowing it to repulse two AuNPs.
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Figure 2. Representative images of electron microscopy of synthesized Ag nanostructures,
demonstrating that diverse sizes and morphologies are made possible by controlling the reaction
chemistry. (A) Silver nanosphere [58], (B) Silver necklaces [59], (C) Silver nanobars [60], (D) Silver
nanocubes [7], (E) Silver nanoprism [61], (F) Silver bipyramids [62], (G) Silver nanostar [63], (H) Silver
nanowire [58], (I) Silver nanoparticle embedded silica particle [64]. All figures were reprinted with
permission from the publisher of each article.

Several reports have demonstrated that AgNPs absorb electromagnetic radiation in the visible
range from 380 to 450 nm, which is known as the excitation of LSPR. The optical properties of
AgNPs of different sizes by gallic acid using biological synthesis methods were characterized by Park
and colleagues [65]. The authors demonstrated that spherical AgNPs of 7 nm have SPR at 410 nm,
while those of 29 nm have 425 nm. In addition, 89 nm-sized AgNPs exhibited a wider band with a
maximum resonance at 490 nm. It was noticed that the width of the SPR band was related to the size
distributions of NPs. For instance, Lee et al. investigated the dependence in the sensitivity of SPR
responses (frequency and bandwidth) that enabled NPs to recognize the changes in their surrounding
environment. They also demonstrated how the optical scattering of Au or Ag nanorods with diverse
sizes and shapes can affect total extinction [66]. Greater enhancement in the magnitude and sharpness
of the plasmon resonance band was observed in nanorods with higher Ag concentration, which could
contribute to superior sensing resolution even with a similar plasmon response. As such, Ag nanorods
have an additional advantage as better scatterers when compared to Au nanorods.
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Figure 3. (A) Photograph of silver nanoprisms (top) and corresponding optical spectra changes of
nanoprisms (bottom). Control on the edge-length of nanoprisms allows the plasmon resonance to
be tuned across the visible and near-infrared portions of the spectrum. Reprinted with permission
from [55]. Copyright 2008 Wiley-VCH. (B) Dark field microscopy images of (left to right) 100 nm
diameter silver triangular nanoprism, 90 nm diameter silver nanosphere, and 40 nm diameter silver
nanosphere, illustrating the ability to tune the scattering color of silver nanoparticle labels based on
size and shape. Reprinted with permission from [56]. Copyright 2001 American Association for the
Advancement of Science.

3.2. Chemical Cytotoxicity

One of the current issues in AgNP-based nanomedicine involves nanotoxicity and environmental
impact of AgNPs on a nanometer scale. To predict the potential cytotoxic effect of AgNPs, it is necessary
to investigate chemical transformation that occurs with AgNPs travelling through the intracellular
environment [15]. The use of AgNPs based on their chemical cytotoxic property has received much
attention as potent anticancer or antibacterial agents. Despite various hypotheses available, the
mechanisms of the antibacterial properties of AgNPs so far have not been established clearly. Based
current literature, the proposed cytotoxic mechanisms can be summarized as follows: (i) adhesion
of AgNPs onto the membrane surface of microbial cells, modifying the lipid bilayer or increasing
the membrane permeability; (ii) intracellular penetration of AgNPs; (iii) AgNP-induced cellular
toxicity triggered by the generation of reactive oxygen species (ROS) and free radicals, damaging
the intracellular micro-organelles (i.e., mitochondria, ribosomes, and vacuoles) and biomolecules
including DNA, protein, and lipids; and (iv) modulation of intracellular signal transduction pathways
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towards apoptosis. Critical parameters, such as ion release, surface area, surface charge, concentration
and colloidal state, can all influence the cytotoxic properties of AgNPs.

The main mechanism of AgNPs regarding their antimicrobial activity can be simplified to their
high surface area in releasing silver ions. AgNPs in an aqueous environment are oxidized in the
presence of oxygen and protons, releasing Ag+ ions as the particle surface dissolves. The release rate of
the Ag+ ions depends on a number of factors including the size and shape of NPs, capping agent, and
colloidal state. For example, it is well known that antibacterial activity is enhanced with the release of
Ag+ ions from AgNPs onto the bacterial cells [11]. In particular, smaller or anisotropic AgNPs with a
larger surface area showed more toxicity and exhibited a faster ion release rate due to high surface
energy originating from highly curved or strained shapes of NPs [67]. The small-sized AgNPs also
exhibited a superior release rate of silver ion particularly into the Gram-negative bacteria. The shape
and higher temperature of AgNPs equally caused a greater degree of toxicity and accelerated the
rate of ion release by more effective dissolution [68,69]. Furthermore, the cytotoxic effect of AgNPs
arises in a similar concentration range for both bacteria and human cells [70]. Therefore, a higher Ag
ion concentration, a faster release rate of the Ag ions, and a larger surface area of AgNP should be
considered for the enhanced antimicrobial treatment in clinical medicine [71]. Moreover, the presence
of chlorine, thiols, sulfur, and oxygen was shown to strongly impact the rate of silver ion release [72].
Silver ions can interact with thiol groups in critical bacterial enzymes and proteins, and subsequently
damage cellular respiration, resulting in cell death. The generation of ROS and free-radicals is another
mechanism of AgNPs causing a cell-death process as illustrated in Figure 4. The potent cytotoxic
activity of AgNPs, such as antibacterial, antifungal, and antiviral action, is mainly due to their ability
to produce ROS and free radical species, such as superoxide anion (O2

−), hydrogen peroxide (H2O2),
hydroxyl radical (OH), hypochlorous acid (HOCI), and singlet oxygen [73]. When in contact with
bacteria, the free radicals have the ability to generate pores on the cell wall, which can ultimately lead
to cell death [10]. AgNPs can also anchor to the surface of the bacterial cell wall and penetrate it to
cause structural changes to the membrane or increase its permeability, all of which trigger cells to die.

Interestingly, the strength of the antibacterial property of AgNPs is correlated with different types
of bacterial species, such as Gram-positive and -negative bacteria. This is because these species differ
in the architecture, thickness, and composition of their cell wall [74]. It is known that Escherichia
coli (E. coli) which is Gram-negative bacteria is more susceptible to Ag+ ions than Gram-positive
Staphylococcus aureus (S. aureus). The reason for different susceptibility lies on the peptidoglycan
which is a key component of the bacterial cell membrane. The cell wall in Gram-positive bacteria
is composed of a negatively-charged peptidoglycan layer with approximately 30 nm in thickness,
whereas Gram-negative bacteria have a peptidoglycan layer of only 3 to 4 nm [31,75]. These structural
differences, including the thickness and composition of the cell wall, explain why Gram-positive
S aureus is less sensitive to AgNPs, and Gram-negative E.coli displays substantial inhibition even
at a low concentration of AgNPs. Loo et al. investigated silver and curcumin NPs against both
Gram-positive and Gram-negative bacteria, and the NPs in 100 μg/mL concentration were able to
distort matured bacterial biofilms. The sustained anti-bacterial effects of this formulation can be
utilized in antimicrobial treatment [76]. Petr Pařil et al. investigated the anti-fungal effects of AgNPs
and copper nanospheres against wood-rotting fungi [77]. The AgNP treatment required a very low
mass of NPs and exhibited high efficiency against Tinea versicolor (T. versicolor) fungi in comparison
to Poria placenta (P. placenta) fungi, showing differing anti-fungal effects of AgNPs against white and
brown-rot fungi, respectively. The details of antimicrobial properties are beyond the scope of this
review and are reviewed elsewhere [9,14,72,78].
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Figure 4. The four main routes of cytotoxic mechanism of AgNPs. 1, AgNPs adhere to the surface of
a cell, damaging its membrane and altering the transport activity; 2, AgNPs and Ag ions penetrate
inside the cell and interact with numerous cellular organelles and biomolecules, which can affect
corresponding cellular function; 3, AgNPs and Ag ions participate in the generation of reactive oxygen
species (ROS) inside the cell leading to a cell damage and; 4, AgNPs and Ag ions induce the genotoxicity.

3.3. Alloy with Other Metals

Alloy NPs exhibit specific properties that are different from their individual NPs. They can
be created directly by combining different metallic nanocrystals (NCs) in specific numbers and
arrangements [79]. As strong electronic coupling exists between two metals, the bimetallic nanocrystals
show more enhanced catalytic, electronic and optical properties compared to monometallic
nanocrystals [80]. The properties of alloy NPs are defined by their internal configuration (i.e.,
arrangement of constituent atoms) and external structures, such as shapes and sizes. The LSPR
wavelength of nanocrystals formed from Ag–Au alloys can be tuned by varying the Au:Ag ratio and,
therefore, can increase gradually with an increase in the percentage of Au in the alloy nanocrystal.
However, metallic atoms are easily bonded in a non-specific manner, lacking the directionality of
covalent bonds and equivalence of molecules. The synthesis methods for alloy NPs can be divided
into two categories: (i) successive/sequential reduction method and (ii) co-reduction/simultaneous
reduction method with metal precursors [81].

Sequential reduction without protective agents is driven thermodynamically and causes the
formation of core–shell NPs or other types of hetero-nanostructures. The sequential reduction method
involves subsequent seed-mediated growth of NPs with metal precursors and reducing agents over
time. The bimetallic colloids with different metals, such as Ag and Au, can be synthesized in several
different ways, resulting in Ag-coated Au or Au-coated colloidal particles. The synthesis can be done
simply by reducing one metal salt on already-formed counterpart metal NPs—e.g., to synthesize
Ag-coated Au colloids, chemically reduce silver salt on the AuNPs [82]. This seed-mediated synthesis
method for core–shell and intermetallic structures is widely used in well-defined bimetallic NPs, due
to its capability to regulate the size, shape and composition of the final compound [83–85]. Reducing
agents also play a vital role in controlling the size distribution. The co-reduction method with different
metal precursors to zero-valent atoms has made bimetallic colloids readily accessible [86]. The key
advantages lie in the simplicity and versatility of the technique. Using this method, several types of
Ag and Au bimetallic core–shell colloids with various shapes have been produced [87]. Bimetallic
colloids with gradient metal distribution or with a layered structure are one of the most interesting
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and promising methods in catalytic applications. In the co-reduction method, however, composition
uniformity is a major drawback due to the high prevalence of sequential reduction. For example,
the Xia group at Georgia Institute of Technology described nucleation and site-selective growth of
Ag on cubic Pd nanocrystal seeds as shown in Figure 5 [80]. Ag atoms were directed to nucleate in a
specific-site and then grown on a specific number of faces on a cubic Pd nanocrystal seed by controlling
reaction kinetics. This approach allowed the fabrication of bimetallic nanocrystals with well-controlled
spatial distributions and tunable LSPR properties. Another example is from Lee and colleagues who
demonstrated programmable synthesis of hybrid liposome-metal NPs which allows self-crystallization
of metal NPs in liposome [88]. They have synthesized seven types of liposome/monometallic and
liposome/bimetallic hybrids with Ag, Au, Pd, Pt, Ag–Au, Au–Pt, and Au–Pd, which were tunable in
size and composition. The resulting NPs showed controllable SPR bands in visible and near-infrared
spectra as well as better colloidal stability caused by an outer liposome structure. This improved
physicochemical property allowed the liposome/NP hybrids to be applied to the intracellular imaging
of living cells via SERS. On the other hand, the enhanced catalytic performance of bimetallic Au–Ag
(core–shell) colloids on luminol-K3-Fe(CN)6 chemiluminescence (CL) has been described by Zhang
and colleagues [89]. Bimetallic Au–Ag NPs were synthesized by a sequential two-step reduction
technique, and subsequently prostate-specific antigen (PSA) specific antibody was conjugated on the
Au–Ag NPs. Since the prepared Ag–Au NPs with synergistic catalytic activity significantly enhanced
the CL reaction, the PSA antibody-Ag–Au NP immune complex was able to successfully applied to
the detection of PSA in human serum sample down to 0.047 pg/mL (S/N = 3).

 

Figure 5. Controlled overgrowth of Ag for bimetallic nanocrystals. (A) Schematic illustration showing
the site-selective growth of Ag on each cubic seed and corresponding transmission electron microscopy
(TEM) images. Well-controlled bimetallic nanocrystals were fabricated along the directed size and
number of facets on a cubic Pd seed. The white dashed lines in the TEM indicate the position of the
cubic Pd seed. (B) Extinction spectra of the Pd–Ag bimetallic nanocrystals with Ag growing on different
numbers of faces of the cubic Pd seed. The LSPR peak blue-shifted with the increase in the number
of faces involved in the Ag growth. Reprinted with permission from [80]. Copyright 2012 American
Chemical Society.

4. Applications of AgNPs

4.1. AgNP-Based Nanomedicine

4.1.1. Plasmonic Nanoantennas

Recently, AgNP has been widely utilized in various subfields of nanomedicine including
nanoelectronics, diagnostics, molecular imaging, and biomedicine. These interesting applications
are based on utilizing an enhanced electromagnetic field on and near the surface of AgNPs. At the
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plasmon resonant wavelength, AgNPs act as nanoscale antennas, increasing the intensity of a local
electromagnetic field. One spectroscopic technique that benefits from the enhanced electromagnetic
field is the Raman spectroscopy, where molecules can be identified by their unique vibrational
modes. However, intrinsic Raman scattering of photons from molecules is weak and requires a
longer measurement duration to obtain a Raman spectrum. Therefore, surface-enhanced Raman
scattering (SERS) from molecules near the surface of plasmonic nanoantenna offers great amplification
of Raman signals. Typically, SERS detection involves adsorption of molecules on Ag or Au
nanoparticle aggregates or solid substrates with plasmonic nanostructures [90,91]. Strong field
enhancement is generated in the nanogaps or interstices known as hot spots within interacting
plasmonic nanostructures [92]. The SERS effect can be used to detect critical proteins and biomolecules,
such as early cancer biomarkers or drug levels in blood and other body fluids. Up until recently,
the SERS effect with hot spots has been the main focus in numerous experimental and theoretical
studies, which can enhance the Raman scattering to the factor of 108 to 1012, allowing the detection of
even a single molecule [93].

Numerous approaches have been made to utilize the plasmonic property of AgNPs. For instance,
techniques to control the distance and spacing of hot spots are essential in quantitative SERS
covering large areas as shown in Figure 6A,B [94]. Strong enhancement of single hot spots may
lead to a false representation of a sample when the signal is mainly determined by a few detection
sites. Nanoparticle superlattices have demonstrated a potential to counterbalance the homogeneous
distribution in sensing hot-spot bands and to enhance the detection performance of the sensor. Sun and
colleagues described a SERS substrate via graphene–AgNPs heterojunction which improved Raman
signals [95]. With increasing the density of AgNPs, Raman scattering of graphene-veiled AgNPs
heterojunction substrate was significantly enhanced by approximately 67 folds compared to R6G
analyte. The cooperative synergy generated by the coupling of graphene and deposited AgNPs
can be utilized to create a strong electromagnetic hot spot for an optical sensing platform. Another
example is a star-shaped Au/AgNPs SERS substrate on Ge (5 nm)/Ag (25 nm)/GE (75 nm)/glass
(germanium–silver multilayers) which was employed via near-infrared (NIR) SERS operation by Lai
and colleagues [96]. The hybrid SERS substrate was operated at a 1064 nm excitation and exhibited
30% higher Raman intensity.

AgNPs can be utilized as highly sensitive NP probes for targeting and imaging of small molecules,
DNA, proteins, cells tissue, and even tumor in vivo (Figure 6C) [97,98]. AgNPs with stronger and
sharper plasmon resonance have been widely used in imaging systems, particularly for cellular
imaging with contrast agents functionalized to AgNPs via surface modification. For example,
a AgNP-embedded nanoshell structure can be used in cancer imaging and photothermal therapy to
explore the location of cancer cells by absorbing light and destroy them via photothermal effect [99].
Kang et al. described NIR-sensitive SERS nanoprobes for an in vivo multiplex molecular imaging
to detect aromatic compounds [100]. The NIR SERS probes with plasmonic Au/Ag hollow-shell
were assembled onto silica nanospheres which exhibited a red-shift of plasmonic extinction band
in the NIR optical window region (700–900 nm). The signals from the NIR-SERS nanoprobe for a
single particle detection exhibited a detectable signal from animal tissues that were 8 mm deep [101].
Jun et al. showed Ag-embedded SERS nanoprobes, called M-SERS dot, which have a Raman signature
for imaging of target cancer cells as well as strong magnetic properties for identifying desirable
cells [102]. AgNP-embedded magnetic nanoparticles (MNPs), which consisted of a magnetic core (18
nm) and a silica shell (16 nm thick) decorated with AgNPs on the surface, were prepared. The M-SERS
dots exhibited strong SERS signals originating from diverse encoding materials, such as AgNPs
and Raman-labels. The Ag-embedded M-SERS dots with highly sensitive SERS signals enabled
targeting, isolation, and imaging of cancer cells. To investigate their specific targeting and sorting
abilities, M-SERS conjugated with targeting antibodies were added into multiple cell population,
and subsequently, the targeted cancer cells could easily be isolated by an external magnetic field.
Hahm et al. described a multilayered core–shell nanoprobe with Ag-embedded silica nanostructure
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for a SERS-based chemical sensor [64]. The multi-layered nanoprobe consisted of a silica core coated
with Raman label, silica shell, and AgNPs. The embedded inner AgNP and Raman label compound
in the nanoprobe served as an internal standard for calibrating SERS signals, while the outer AgNPs
were utilized as a sensing site for analyte detection. These chemical sensors based on the ratiometric
analysis (IAnalyte/IInternal standard) could be applied to various SERS probes for quantitative detection of
a wide variety of targets.

 
Figure 6. Plasmonic AgNPs for plasmonic nanoantennas and diagnostics. (A) Single-layer AgNP
surface-enhanced Raman scattering (SERS) film for a large-scale hot spot. (i) Scanning electron
microscopy (SEM) image of a superlattice of 6 nm. AgNPs were used as a homogeneous single-molecule
SERS substrate. Illustration shows an interparticle gap for hot spots, which is regulated by the
length of a thiolate chain. (ii) Two Raman spectra of single-layered SERS film (left) and quartz
surface (right). The enhancement factor was estimated to be larger than 1.2 × 107. Reprinted with
permission from [94]. Copyright 2015 American Chemical Society. (B) Metal-film induced plasmon
resonance tuning of AgNPs. (i) Schematic illustration of optical scattering spectra of AgNPs on
different substrates. (ii) Single AgNP spectra of AgNPs on a silica spacer layer of varying thickness
d (nm) on a glass substrate with a 50 nm gold film. The inset is a dark-field image of AgNPs with
the corresponding color. The dotted lines represent single particle spectra of AgNPs on a plain glass
substrate. Reprinted with permission from [103]. Copyright 2010 American Chemical Society. (C)
SERS-based intracellular imaging using alkyne-AgNPs nanoprobes. (i) The structure of colloidal
alkyne-AgNP clusters with nano-sized interparticle gaps. (ii) Extinction spectra of the alkyne-AgNPs
nanoprobe. The resonance peaks at 400 nm shifted around 520 nm after metal functionalization.
(iii) Computational simulation of the far- and near-field optical responses. Intensity distributions
of the single particle mode (upper-panels) and the dimer mode (bottom-panels) (iv) Intracellular
Raman imaging of a AgNP nanoprobe within the cytoplasmic space of fibroblast. Distinguishable
hot spots were highlighted by color-dots related to Raman intensity of the akyne 2045 cm−1 band.
Reprinted with permission from [104]. Copyright 2018 Nature Publishing Group. (D) Multiplexed
detection with a tunable wavelength of AgNPs. (i) Different colors of AgNPs during a stepwise
growth. (ii) Corresponding absorption spectra with varying sizes of AgNPs, such as 30, 41, and 47
nm. (iii) Individual testing of Yellow Fever virus (YFV) NS1 protein, Zaire Ebola virus (ZEBOV)
glycoprotein (GP), and Dengue virus (DENV) NS protein using AgNPs. Orange, red, and green
AgNPs were conjugated with monoclonal antibodies specific to YFV NS1, ZEBOV GP, and DENV NS,
respectively. (iv) Multiplexed detection using different AgNPs-based lateral flow assays. Reprinted
with permission from [105]. Copyright 2015 Royal Society of Chemistry.
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4.1.2. Diagnostics with Tunable Wavelength

AgNPs can absorb and scatter light with extraordinary efficiency. A large scattering cross-section
of the nanospheres allows for an individual AgNP to be imaged under a dark-field microscopy
or hyperspectral imaging systems. As mentioned above, AgNPs have been intensively utilized in
several applications, including diagnosis and bioimaging of cancer cells [106]. Furthermore, AgNPs
have been utilized for the detection of p53 in carcinoma cells [107]. Zhang et al. demonstrated
that nanostructures comprising silver cores and a dense layer of Y2O3:Er separated by a silica shell
is an excellent system model to investigate the interaction between upconversion materials and
metals on a nanoscale. Nanoparticles are also potentially promising as fluorescent labels for (single
particle) imaging experiments or bioassays, which require low background or tissue penetrating
wavelengths [108]. Optical properties of AgNPs can be utilized for multiplexed point-of-care (POC)
diagnostics using their size-tunable absorption spectra. As shown in Figure 6D, Yen et al. described a
multicolored AgNPs-based multiplexed lateral flow assay (LFA) for multiple pathogen detections [105].
Multiplexed rapid LFA diagnostics has the ability to discriminate among multiple pathogens, thereby
facilitating effective investigations for diagnosis. Specifically, triangular plate-shaped AgNPs with
varying sizes, such as 30 nm, 41 nm. and 47 nm, have narrow absorbance that are tunable through the
visible spectrum, resulting in an easily distinguishable color. The multicolored AgNPs were conjugated
with antibodies to recognize dengue virus (DENV) NS protein, Yellow Fever virus (YFV) NS1 protein,
and Zaire Ebola virus (ZEBOV) glycoprotein (GP). The limit of detection (LOD) for the biomarkers
of each virus was 150 ng/mL in a single channel. Another example is a colorimetric lead detection
using AgNPs described by Balakumar and co-workers [109]. The synthesized AgNPs exhibited high
sensitivity for the detection of as low as 5.2 nM of Pb2+ in the range of 50 to 800 nM and also showed
selective recognition even in the presence of interfering metal ions. This approach can be used for a
rapid and cost-effective detection of saturnism (lead poisoning) in a water sample.

4.1.3. Surface-Enhanced Fluorescence

Surfaces of metallic nanoparticles can alter the free-space condition of fluorescence with spectral
properties which can result in dramatic spectral changes as shown in Figure 7A [110]. This interactions
between metal surface and fluorophore have been termed variously as surface-enhanced fluorescence
(SEF), metal-enhanced fluorescence (MEF) or radiative decay engineering [111]. The metallic surfaces
exhibit the following features as illustrated in Figure 7B: fluorophore quenching within short distances
(0–5 nm); spatial disparity of incident light (0–15 nm); and changes in the radiative decay rates
(1–20 nm). The enhanced field effect can be leveraged to build an interspace with a shorter distance
between a fluorophore and the surface of a metal nanostructure composed of Ag or Au, increasing
fluorophore emission rate [112]. The enhanced fluorescence can be attributed to two main factors,
which are (i) an enhanced excitation rate by large absorption and scattering cross-section of the
plasmonic nanoparticles to incoming light and (ii) a decrease in fluorescence lifetime of the fluorophore
that allows an excited state to return to the ground state at a higher frequency. In particular, SEF
parameters of the dye/nanoparticle coupled system are related to the distribution of near-field intensity
and their distance-dependent decay function. Such effects depend strongly on the overlap of optical
properties of the fluorophore and nanosphere and on the physical location of the fluorophore around
the particles.
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Figure 7. Surface-enhanced fluorescence. (A) Metal-enhanced fluorescence on a Ag film. (i) The
photograph shows fluorescence spots on quartz (top) and silver (bottom) taken through 530 nm long
pass filter for Cy3-DNA. (ii) Emission spectra of Cy3-DNA on APS-treated slides, with (solid line) and
without silver island films (dotted line). Reprinted with permission from [113]. Copyright 2003 Future
Science Group. (B) Schematic illustration of an aptamer-based AgNP nanosensor, showing the ‘off’
state via fluorophore quenching within short distances (left) and ‘on’ state via turn-on fluorescence
signal (right) based on the spacing distance between the Cyanine 3 and the AgNP surface in the
detection of adenosine. Reprinted with permission from [114]. Copyright 2012 Elsevier.

4.2. Biomedical Application of AgNPs

Owing to their intrinsic cytotoxicity, AgNPs have been broadly used as antibacterial and anticancer
agents and for biomedical application in the healthcare industry. The degree of toxicity against cells is
determined by the surface charges of AgNPs [115]. A positive surface charge of AgNPs renders them
more suitable to stay for a longer duration on the tissue surface or luminal side of the blood vessel,
which is a major route for administrating anticancer agents [116]. The intrinsic cytotoxic property of
AgNPs has been applied against various types of cancer cells, such as hepatocellular carcinoma [117],
lung [118] and breast cancer [119,120], and cervical carcinoma [121]. Small sized AgNPs were more
efficient in ROS production [122]. Apart from these cellular mechanisms, AgNPs have also shown
anti-angiogenic and anti-proliferative properties [123,124]. The anti-proliferative property mediated
by AgNPs in cancer cells is due to their ability to damage DNA, break chromosome, produce genomic
instability, and disrupt calcium (Ca2+) homeostasis which induces apoptosis and causes cytoskeletal
instability. The cytoskeletal injury blocks the cell cycle and division, promoting anti-proliferative
activity of cancer cells [89].

For instance, in regard to intracellular transport, Lee et al. characterized the transport of a
single AgNP into an in vivo Zebrafish embryo model system and their effects on early embryonic
development on a single-nanoparticle resolution in real-time. It was found that a single Ag nanoparticle
(5–46 nm) was transported into and out of embryos through chorionic pore channels (CPCs) and
exhibited Brownian diffusion (not an active transport). The diffusion coefficient inside the chorionic
space (3 × 10−9 cm2/s) was ~26 times lower than that in egg water (7.7 × 10−8 cm2/s). Thapa et al.
embedded graphene oxide in AgNPs (GO-AgNP) using glucose as a reducing agent. By covalent
conjugation of methotrexate (MTX) to Go-AgNP via an amide bond, targeting of folate receptors
expressing cancer cells was achieved, and, thus, showing that the combination of anticancer drug
and AgNPs could be used synergistically for treatment of cancer [125]. As another example, Azizi
and colleagues developed a novel nanocomposite with the aim of developing AgNPs as a new
anticancer agent that specifically target tumor cells. Albumin coated AgNPs were synthesized, and their
anti-cancerous effects were evaluated against MDA-MB 231, a human breast cancer cell. The cancer cell
showed morphological changes, and its DNA agarose gel pattern on gel electrophoresis revealed a cell
death process through apoptosis. It was found that AgNPs with a size of 90 nm and with a negative
charge of a zeta-potential of about −20 mV could be specifically taken up by tumor cells. The LD50 of
AgNPs against MDA-MB 231 (5 μM) suggests the AgNPs to be a good candidate as a chemotherapeutic
drug [126]. In therapeutics outside oncology, Ayaz and colleagues have described AgNPs conjugated
with anti-seizure drugs (as a drug carrier) against brain-eating amoebae (Naegleria flowleri) to treat
central nervous system (CNS) infection [127]. Anti-seizure drugs which are known to cross the
blood–brain barrier (BBB) were attached to the surface AgNPs as capping agents. AgNPs conjugated
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with drugs, such as diazepam, phenobarbitone, and phyenytoin, exhibited overall anti-amoebic
activities against both trophozoite and cyst stages. Moreover, significant enhancement of fungicidal
activities was shown against both trophozoite and cyst amoebic stages compared to those of the
drugs alone. The researchers suggested that a feasible mechanism of AgNPs-based drugs which can
penetrate BBB might lie in their ability to bind to the receptors and ion channels on the cell membrane
of amoebae.

The cytotoxic effect of AgNPs has been used extensively in food and healthcare industries, such
as food storage, textile, medical device coating, and environmental sensing [128]. Specific toxicity to
bacteria has led to the integration of silver in a wide variety of products including wound dressings,
packaging materials, and anti-fouling surface coatings. Another interesting approach is AgNP-coated
bandages as they can kill harmful microbes and allow better healing at the injured tissue. In addition,
silver ions as an antimicrobial agent have been used as composites in dental resin and in coatings of
medical instruments [129]. AgNPs have also been utilized in food packaging so that foods can last for
longer without contamination.

4.3. Optoelectronics

Diverse silver nanomaterials have been studied as components of nanocomposite due to their high
dielectric constants in numerous systems. For example, silver nanowires can be used as conductive
coatings in flexible electronics and transparent semiconductors [130]. Similarly, AgNPs have the
potential to be applied in silver paste for efficient contact at electronic interfaces because of their high
conductivity [10]. In particular, AgNPs can be used as antennas enhancing plasmonic activity for
sensing of a specific molecule or in imaging applications. AgNPs can, therefore, be utilized as a sensing
material for environmental monitoring [131]. Prosposito et al. reported that negatively-charged AgNPs
with -34 mV in zeta-potential exhibited a good response to heavy metals, such as nickel (II) [132].
They synthesized AgNPs with an average diameter of 2.5 nm in water phase using silver nitrate as a
precursor, hydrophilic thiol (3-MPS, 3-mercaptopropane sulfonate) as a capping agent, and sodium
borohydride as a reducing agent. The SPR spectral changes in the presence of metal ions, such as Ni2+,
Cr3+, Nd3+, Cu2+, and Ca2+, were observed. AgNP/3-MPS exhibited the LOD of 0.3 ppm and showed
the detection of a low amount of Ni2+ ions in water ranging from 0.1 to 1.0 ppm.

In optothermal applications, Hu and colleagues demonstrated a multi-layered bimetallic
bactericidal nanoprobe comprising a core–shell–shell (Au–Ag–Au) structure for photothermal
heating-mediated controlled release of Ag+ ions [133]. This bactericidal nanoprobe combined two
features of photothermal sterilization based on the outer Au shell as well as the antibacterial effect
of the inner Ag shell or Ag+ ions against surrounding bacteria. The outer shell can be melted even
at low-power NIR laser irradiation (785 nm, 50 mW/cm2). The melting of the shell exposes the
inner Ag shell, facilitating the release of antibacterial Ag+ ions. The bactericidal rate of 100% was
observed in E.coli O157: H7 at 10 g/mL concentration of nanoprobes under 20-min irradiation.
By exploiting the toxicity of Ag, the photothermal approach may alleviate the abuse of broad-spectrum
antibiotics. In vivo biomedical application is another avenue that the photothermal method seems
promising. A similar approach with Au–Ag core–shell nanospheres and NIR femtosecond laser
pulse has been reported, wherein their superior photothermal-induced antibacterial activity was
explored [134]. Positively charged Au–Ag nanosphere (19 nm in Au core; 3 nm in Ag shell) were
attached to the negatively-charged bacterial surface via electrostatic interaction, forming large clusters
on the surface of S. aureus. The NIR irradiation of Au–Ag nanospheres generated heat and ROS. As a
result, Au–Ag nanospheres exhibited a strong antibacterial activity, as low as 7.5 pM in minimum
inhibition concentration (MIC) against S. aureus. The result also showed a removal of up to 85% of a
notoriously recalcitrant bacterial biofilm within 4 min under NIR irradiation.

Another example is shown by Kamimura and co-workers. The authors described surface-plasmon
induced photocatalytic activity based on core@shell (Au–Ag) NPs [135]. Au@Ag NPs and Au–Ag
bimetallic NPs were synthesized by multistep citric reduction and photo-reduction methods,
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respectively. Both types of metallic NPs exhibited strong absorption in the visible wavelength due
to localized LSPR of Ag. They both could oxidize 2-propanol to acetone and CO2 under visible light
irradiation (440–800 nm), but Au@Ag exhibited higher turnover rate than Au–Ag NPs. It was found
that the improvement in chemical stability of Ag was attributable to the formation of a core@shell
structure, which led to the efficient surface plasmon-induced photocatalytic activity.

Metallic nanospheres of Ag or Au has been utilized in optoelectronic light harvesting based on the
plasmonic effect [136,137]. In plasmon-assisted solar energy conversion, metal nanostructures are used
to scatter solar radiation and better able to couple radiation to semiconductor photovoltaic elements.
The efficient extraction of light from LED exploits similar physics where the metal nanostructures
play dual roles as a light scatterer and energy-transducing nanoantennas [8]. In this context, the solar
cells serve to efficiently couple incident light to the AgNPs, from which optical energy propagates as
surface plasmon (SP) polariton [138]. For example, the plasmonic effect triggered by metal NPs was
used to enhance the yield of light absorption in solar cells [139,140]. As the photons of incident light
were encountered by AgNPs, they caused electron vibration and scattering in the NPs, facilitating
more efficient photon absorption. Rho and colleagues have reported dye-sensitized solar cells with
AgNPs-decorated TiO2 nanotube arrays [141,142]. The energy conversion efficiency of the solar
cells increased up to 32% by incorporating AgNPs into the TiO2 film. Another example is polymer
optoelectronic devices with carbon dot-supported AgNPs (CD-AgNPs) which were described by
Choi and co-workers [143]. The SPR effect of CD-AgNPs allowed additional light absorption and a
significant amount of radiative emission in polymer solar cells as well as in polymer light-emitting
diodes (LEDs).

5. Conclusions

AgNPs are emerging as a next-generation application in numerous subfields of nanomedicine, and
potential benefits of using AgNPs as a prominent nanomaterial in biomedical and industrial sectors
have been widely acknowledged. The comprehensive research regarding silver nanomaterials has
been explored in this review to understand the synthesis methods and mechanisms, characterization
of physicochemical properties, and possible toxicity and to discover more promising applications
in oncology, personalized healthcare, and pharmacology. Among the various synthesis methods,
biological green synthesis draws our attention as a promising alternative, due to its safety using
natural agents and nontoxic chemicals. Diverse applications of AgNPs as plasmonic nanoantenna
and biomedical and optoelectronic probes were also highlighted. Lastly, a better understanding of the
cytotoxic mechanisms of AgNPs merits future research to broaden their nanomedical applications in
diagnostics, therapeutics and pharmaceutics.
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Abstract: Cyclodextrins (CDs) have beneficial characteristics for drug delivery, including hydrophobic
interior surfaces. Nanocarriers with β-CD ligands have been prepared with simple surface
modifications as drug delivery vehicles. In this study, we synthesized β-CD derivatives on an
Ag-embedded silica nanoparticle (NP) (SiO2@Ag NP) structure to load and release doxorubicin
(DOX). Cysteinyl-β-CD and ethylenediamine-β-CD (EDA-β-CD) were immobilized on the surface of
SiO2@Ag NPs, as confirmed by transmission electron microscopy (TEM), ultraviolet-visible (UV-Vis)
spectrophotometry, and Fourier transform infrared (FTIR) spectroscopy. DOX was introduced into the
β-CD on the SiO2@Ag NPs and then successfully released. Neither cysteinyl-β-CD and EDA-β-CD
showed cytotoxicity, while DOX-loaded cysteinyl-β-CD and EDA-β-CD showed a significant decrease
in cell viability in cancer cells. The SiO2@Ag NPs with β-CD provide a strategy for designing a
nanocarrier that can deliver a drug with controlled release from modified chemical types.

Keywords: cyclodextrin; doxorubicin (DOX); drug delivery

1. Introduction

Nanomaterial-based carriers have been widely studied as transport vehicles for various
substances, such as drugs, due to their ability to increase local accessibility to the target and enhance
bioavailability [1–4]. It is important to select a suitable nanoparticle (NP) for the fabrication of a
nanocarrier as well as a ligand, which will be immobilized on the NP, to capture and release the
target drug.

In β-cyclodextrin (β-CD), the inner cavity is hydrophobic, and the outside is hydrophilic, which
is beneficial for incorporating hydrophobic materials into the cavity. The formation of an inclusion
complex between β-CD and hydrophobic materials can result in the dissolution of insoluble materials
in water [5–7]. A variety of studies in the food, pharmaceutical, medical, and cosmetic industries
have evaluated the complexation ability of β-CD [8–10]. In the medical field, the inclusion complex
between β-CD and doxorubicin (DOX) was first reported in the 1990s [11], and subsequent studies have
examined its complex-forming ability [12–14]. Surface modification is essential for the introduction of
β-CD as a stable ligand onto NPs (unpublished). In addition, the affinity and materials that can be
captured differ depending on the kind of β-CD functional group. Moreover, little is known about the
amounts of loaded and released DOX using β-CD.
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Metal-embedded silica NPs (SiO2 NPs) have been prepared for various applications and
provide several key advantages over other NPs, such as the potential for plasmon tuning for deep
tissue imaging [15] and photothermal therapy [16], the strong plasmonic property for sensitive
detection [17–22], and easy handling and surface modification [17]. Moreover, metal NPs have affinity
to ligands with unshared electron pairs, such as thiol and amine groups [18,23]. Using the SiO2@Ag
NP structure, a target material can be detected by introducing β-CD, which is used as a capture ligand.
Functionalized β-CD included amine (ethylenediamine) and thiol (cysteinyl) group was introduced on
the metal surface [24,25]. Detection using the assembled structure and β-CD has been reported, but
subsequent analyses of drug delivery are lacking. In addition, drug release using functionalized β-CD
has not been studied.

In this study, we used SiO2@Ag NPs coated with cysteinyl-β-CD and ethylenediamine
(EDA)-β-CD as ligands to capture DOX. The rates of loaded and released DOX depended on the
kind of β-CD. The drug release kinetics differed depending on the kind of immobilized β-CD on the
SiO2@Ag NPs. In addition, we treated breast cancer cells with DOX-loaded SiO2@Ag@β-CD NPs
to assess the cytotoxicity of DOX-loaded cysteinyl-β-CD and EDA-β-CD. Our results suggest that
β-CD derivatives could be used for drug capture and release, and cysteinyl-β-CD might be useful as a
nanocarrier in drug delivery systems.

2. Results and Discussion

As illustrated in Figure 1a, SiO2@Ag NPs, which have the advantage of facile handling and
surface modifications, were used to immobilize β-CD while maintaining the SiO2@Ag NP structure.
Then, the functionalized β-CD was immobilized on SiO2@Ag NPs, and DOX was loaded onto the NPs
to investigate its loading and release.

Figure 1. (a) Procedure for synthesizing SiO2@Ag NPs and introducing β-CD derivatives and DOX.
(b) Chemical structures and illustration of (i) cysteinyl-β-CD and (ii) EDA-β-CD.

First, SiO2 NPs with diameters of 178 ± 6.1 nm were synthesized by the well-known Stöber
method [26,27]. The SiO2 NPs were then functionalized with (3-mercaptopropyl)trimethoxysilane
(MPTS) to introduce thiol groups, which have high affinity to Ag NPs. To allow the stable and
dense immobilization of β-CD derivatives, Ag NPs were embedded on the SiO2 NP surface by the
reduction of silver nitrate with octylamine. Three kinds of ligands (cysteinyl-β-CD, EDA-β-CD,
and methoxypoly(ethylene glycol)sulfhydryl [m-PEG-SH]), prepared following previously reported
methods [25,28], were added after the synthesis of SiO2@Ag NPs. Cysteinyl-β-CD and EDA-β-CD
(Figure 1b) were selected as functionalized β-CDs because they are known to effectively capture
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DOX and the thiol group of cysteinyl-β-CD and diamine of EDA-β-CD have strong affinity to metal
surfaces [23].

To confirm the shape of the produced NPs, transmission electron microscopy (TEM) images
were recorded. As shown in Figure 2a, uniform SiO2@Ag NPs were synthesized, and Ag NPs with
diameters of 16 ± 7 nm were densely immobilized on the SiO2 surface following the reduction
reaction. Following coating with cysteinyl-β-CD or EDA-β-CD, the structure of the SiO2@Ag NPs was
maintained, as shown in Figure 2b,c. However, when the m-PEG-SH solution was used as a ligand,
the Ag NPs detached from the SiO2 NPs, as shown in Figure 2d. The ultraviolet-visible (UV-Vis)
spectra for SiO2@Ag@cysteinyl-β-CD NPs and SiO2@Ag@EDA-β-CD NPs were similar to that for
SiO2@Ag NPs, which absorbed a broad wavelength range from 395 nm to 1000 nm, as shown in
Figure 3. The UV-Vis spectrum for SiO2@Ag-PEG NPs, which had a peak at 401 nm, was narrower
than that for SiO2@Ag NPs and similar to that for Ag NPs [29]. In addition, the solution color of
SiO2@Ag NPs incorporated with β-CDs was not significantly different from that of the SiO2@Ag NPs,
while the solution of SiO2@Ag-PEG NPs turned yellow. The introduction of m-PEG-SH might cause
Ag NPs to detach from SiO2 NPs, and the synthesis of the assembled structure is not easy to control.
Therefore, among the three ligands immobilized on nanostructures, the SiO2@Ag@cysteinyl-β-CD NPs
and SiO2@Ag@EDA-β-CD NPs were used to further analyze DOX loading and release.

Figure 2. TEM images of SiO2@Ag NPs immobilized with three kinds of ligands. (a) Bare SiO2@Ag
NPs, (b) SiO2@Ag@cysteinyl-β-CD NPs, (c) SiO2@Ag@EDA-β-CD NPs, and (d) SiO2@Ag-PEG NPs.
(i) Low-magnification TEM images of the overall morphology of NPs after the addition of ligands.
(ii) High-magnification TEM images of single NPs. Scale bars, (i) 500 nm and (ii) 50 nm.

To confirm that the SiO2@Ag NPs were successfully coated with β-CDs and loaded with DOX,
attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of the synthesized NPs were
recorded after each step, as shown in Figure 4 (see also Figure S1). To compare the FTIR spectra of our
synthesized materials, we normalized the signal of our material at ~3800 cm−1 (background signal).
The IR spectra of the SiO2@Ag NPs coated with two types of β-CDs were similar to that of the SiO2@Ag
NPs; however, two observations corroborated that β-CDs adhered to the SiO2@Ag NPs. The IR spectra
of the two kinds of β-CDs are shown in Figure S2a. The intensity of the band at 1627 cm−1 in the IR
spectrum for SiO2@Ag@cysteinyl-β-CD NPs increased due to the N–H bending vibration of β-CD
derivatives, as shown in Figure 4a. In addition, the intensity of the band at 1635 cm−1, which represents
the N–H bending vibration of β-CD derivatives, was different from that of SiO2@Ag@EDA-β-CD NPs,
as shown in Figure 4b. In particular, the peak around 1000 cm−1 is larger than that in the other spectra.
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This peak is attributed to bonds in the SiO2 NPs such as Si–O–Si and Si–OH. However, the peak
intensity decreases after modification with DOX. In addition, when the cysteinyl-β-CD was introduced
onto the SiO2@Ag surface, some part of the Ag NPs could detach or move to another Ag or thiol group
on SiO2, as shown in Figure 2b. The thiol group included in cysteinyl-β-CD has a higher affinity to Ag
NPs than the amine group. As a result, the surface of SiO2@Ag@cysteinyl-β-CD NPs exhibits more
SiO2, and the FTIR spectra could be larger than the other spectra. This observation can be taken as
evidence that DOX was loaded onto the surface of the NPs.

Figure 3. UV-Vis spectra for SiO2@Ag NPs, SiO2@Ag@cysteinyl-β-CD NPs, SiO2@Ag@EDA-β-CD NPs,
and SiO2@Ag-PEG NPs. (i) SiO2@Ag NPs, (ii) SiO2@Ag@cysteinyl-β-CD NPs, (iii) SiO2@Ag@EDA-β-CD
NPs, and (iv) SiO2@Ag-PEG NPs. (Inset: Photograph of synthesized NP solutions using four kinds of
ligands, showing the color change).

A band at 1424 cm−1 was assigned to the CH2 bending vibration from β-CD derivatives (Figure 4ii).
Although a CH2 group was included in the thiol-functionalized SiO2@Ag NPs, CH2 bending does not
appear in Figure 4i. This is presumably because MPTS is covered with Ag NPs [30]. After loading
DOX onto SiO2@Ag@cysteinyl-β-CD, new bands at 1608 cm−1 and 1574 cm−1, which were assigned to
the aromatic C=C stretching vibration in Figure 4a, clearly indicate the presence of DOX. Moreover,
bands at 1718 cm−1 and 1403 cm−1 appeared, which were assigned to ketone group stretching and
methyl group bending vibrations, respectively. The IR spectra for SiO2@Ag@EDA-β-CD NPs with DOX
showed aromatic C=C stretching vibration bands at 1611 cm−1 and 1575 cm−1. Additionally, ketone
group stretching and methyl group bending vibration bands of DOX at 1724 cm−1 and 1409 cm−1,
respectively, were detected. The IR spectra of DOX is shown in Figure S2b. Thus, we confirmed that
the β-CDs were immobilized on the SiO2@Ag NPs, and DOX was loaded onto the NPs.
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Figure 4. FTIR spectra confirming the introduction of cysteinyl-β-CD, EDA-β-CD, and DOX on
SiO2@Ag NPs. (a) Immobilized cysteinyl-β-CD (N–H bending vibration at 1627 cm−1, CH2 bending
vibration at 1424 cm−1, red) on the SiO2@Ag NPs and DOX (ketone group stretching at 1718 cm−1,
C=C stretching vibration at 1608 cm−1 and 1574 cm−1, and methyl group bending at 1403 cm−1,
blue) on SiO2@Ag@cysteinyl-β-CD NPs. (b) Immobilized EDA-β-CD (N–H bending vibration at
1635 cm−1, CH2 bending vibration at 1424 cm−1, red) on SiO2@Ag NPs and DOX (ketone group
stretching at 1724 cm−1, C=C stretching vibration at 1611 cm−1 and 1575 cm−1, methyl group bending
at 1409 cm−1, blue) on SiO2@Ag@EDA-β-CD NPs. (i) SiO2@Ag NPs, (ii) SiO2@Ag@cysteinyl-β-CD
NPs and SiO2@Ag@EDA-β-CD NPs, (iii) NPs after loading DOX onto SiO2@Ag@cysteinyl-β-CD NPs
and SiO2@Ag@EDA-β-CD NPs.

To evaluate the amount of DOX loaded onto each NP, a DOX solution of 50 μmol/mL
(44 μg/mL) was separately added to 1 mg/mL solutions of SiO2@Ag@cysteinyl-β-CD NP and
SiO2@Ag@EDA-β-CD NP. After vortexing for 12 h to mix the solutions, the supernatant was separated
by centrifugation at 13,000 rpm for 15 min.

The absorbance of the supernatant was measured at 483 nm, and a DOX calibration curve
(Figure S2) was used to evaluate the quantity of DOX loaded onto the synthesized NPs. Figure 5a
shows the percentage of DOX loaded onto two kinds of synthesized NPs. The quantity of DOX
loaded onto SiO2@Ag@cysteinyl-β-CD NPs and SiO2@Ag@EDA-β-CD NPs were 34.4 μg/mg and 32.3
μg/mg, corresponding to 78.2 and 73.6% of the initial DOX, respectively. Thus, slightly more DOX
was loaded onto SiO2@Ag@cysteinyl-β-CD NPs than onto SiO2@Ag@EDA-β-CD NPs. According to
Hassan et al., β-CD is a basket-shaped oligosaccharide with a thinner and broader ring’s edge [14].
The exterior part of β-CD is hydrophilic, and its internal cavity is relatively non-polar. Due to this
construction, non-polar guest can be encapsulated by β-CD to form the inclusion complex between
CDs and guest by generating hydrogen bonding, hydrophobic interaction, van der Waals interaction.
In the same way, DOX can interacts with β-CD to generate the supramolecular complex by host-guest
inclusion. However, it is not easy to explain the mechanism in which DOX were loaded and released
with different rates in SiO2@Ag@cysteinyl-β-CD NPs and SiO2@Ag@EDA-β-CD NPs. However, the
loading of DOX depends on types of the functional group of β-CD previously reported by our group.
Ethylenediamine β-CD derivative can captured various flavonoids [25]. We believed that not only
cavity but also the exterior part of β-CD can interact selectively with DOX.

To confirm the release behavior, the DOX release from each NP was monitored over time by
measuring the UV-Vis absorbance of the supernatant after 1, 6, 12, 24, and 48 h at room temperature.
The supernatant was collected at each time point, and then, a new solution was added for the next
release step. The results are shown as the accumulated values of released DOX, as calculated using the
DOX calibration curve.

Figure 5b shows the release profiles of the two kinds of NPs as a function of time.
The SiO2@Ag@EDA-β-CD NPs released more DOX than the SiO2@Ag@cysteinyl-β-CD NPs during
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the early stage of release as well as more DOX overall than the SiO2@Ag@cysteinyl-β-CD NPs, which
released the lowest levels DOX throughout the release process. Over 48 h, the SiO2@Ag@EDA-β-CD
NPs and SiO2@Ag@cysteinyl-β-CD NPs released 2.15 μg (7.40%) and 1.57 μg (5.48%) of DOX,
respectively. The percentage of released DOX is slightly lower than the reported value of ~10% [31],
but the treatment concentration of DOX was lower than those of previous studies [32,33] to avoid side
effects. The release behavior of DOX from β-CD was reported by Viale et al. [34]. These results reveal
the release kinetics of β-CD with an amine group, i.e., it releases DOX more slowly when it is loaded
onto cationic oligomeric β-CD. This released quantity of DOX from SiO2@Ag@EDA-β-CD NPs could
be explained by the positive charge owing to NH2 at neutral pH.

Figure 5. (a) The percentage of DOX loaded onto each NP; (i) SiO2@Ag@cysteinyl-β-CD NPs and
(ii) SiO2@Ag@EDA-β-CD NPs after adding a DOX solution (44 μg/mL) to the NPs. (b) The quantity
of DOX released from the NPs at room temperature over 48 h. DOX was released more slowly from
SiO2@Ag@cysteinyl-β-CD NPs.

Figure 5 shows that the highest amount of DOX was introduced onto the SiO2@Ag@cysteinyl-
β-CD NPs, and less DOX was released by the SiO2@Ag@cysteinyl-β-CD NPs. Thus, we believe that
DOX is captured by cysteinyl-β-CD in the SiO2@Ag@cysteinyl-β-CD NPs. These results indicate that
the loading and release of DOX on NPs depends on the kind of β-CD ligand. Furthermore, the observed
release behavior indicates that among the two types of NPs examined, the SiO2@Ag@cysteinyl-β-CD
NPs could be a good candidate for capturing and sequestering DOX in drug delivery systems.

To assess cysteinyl-β-CD and EDA-β-CD NPs as an anticancer drug carrier, the cell viability
was measured in cancer cells treated with cysteinyl-β-CD and EDA-β-CD with or without DOX
(Figure 6). The cytotoxic effects of SiO2@Ag, SiO2@Ag@cysteinyl-β-CD, and SiO2@Ag@EDA-β-CD NPs
on breast cancer cells (MCF-7 cells) were negligible up to a concentration of 5 μg/mL (Figure 6a). This
result indicates that our Ag-embedded SiO2 NPs were biocompatible and not significantly cytotoxic.
In contrast, when DOX-loaded cysteinyl-β-CD and EDA-β-CD nanocarriers were incubated with
MCF-7 cells at 37 ◦C with increasing incubation time, the viability of MCF-7 cells significantly decreased
from 1 h to 48 h (Figure 6b). The rate of cytotoxicity with DOX-loaded SiO2@Ag@EDA-β-CD was
faster than that of DOX-loaded SiO2@Ag@cysteinyl-β-CD. In addition, the cell viability of cancer cells
dropped sharply to ~60% after 12 h if incubation with both DOX-loaded cysteinyl-β-CD and EDA-β-CD
nanocarriers, which was maintained until 48 h. This result was consistent with the DOX release time
(Figure 5b) and demonstrated that DOX was completely released from the nanocarriers after 12 h.
The cytotoxicity of DOX loaded onto the nanocarriers was also investigated, as shown in Figure 6c.
The cell viability decreased with increasing DOX concentrations. At low DOX concentrations (<200 nM),
the cell viability was ~80%, which decreased to 60% at 1000 nM. The concentration of DOX needed to
attain 50% cell viability (GI50) was calculated by fitting with a hyperbolic equation, providing GI50
values of 1.323 μM and 1.154 μM for SiO2@Ag@cysteinyl-β-CD and SiO2@Ag@EDA-β-CD, respectively.
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Figure 6. Assessment of cytotoxicity in cancer cells treated with Ag-embedded SiO2 nanocarriers.
(a) MCF-7 cancer cells were treated with each type of NP at increasing concentrations (0.1–5 μg/mL)
for 48 h. The cell viability was measured using the WST-1 assay. (b) Cell viability after treatment with
cysteinyl-β-CD and EDA-β-CD loaded with 1 μM DOX with increasing incubation time (1, 6, 12, 24 and
48 h). The cytotoxicity rate was obtained by fitting with an exponential equation (lines). (c) Cell viability
after treatment with various concentrations of DOX-loaded cysteinyl-β-CD and EDA-β-CD NPs for
48 h. The decrease in cell viability with increasing DOX was fit to the hyperbolic equation (lines).

3. Materials and Methods

3.1. Materials

To synthesize the NPs, tetraethyl orthosilicate (TEOS), ethylene glycol, polyvinylpyrrolidone
(PVP, Mw ≈ 40,000), silver nitrate (AgNO3, 99.99%), octylamine, and MPTS were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used without any purification. Ethyl alcohol (EtOH) and
aqueous ammonium hydroxide (NH4OH, 27%) were purchased from Daejung (Siheung, Korea).
Designed cysteinyl-β-CD and EDA-β-CD were obtained from the Microbial Carbohydrate Resource
Bank (MCRB) at Konkuk University, Korea [25,28], and m-PEG-SH (M.W. 5000) was purchased from
Sunbio (Anyang, Korea). Deionized (DI) water was used in all experiments.

3.2. Synthesis of SiO2@Ag NPs

The SiO2@Ag NPs were synthesized according to a previously reported method [24]. SiO2 NPs
were prepared by a modified Stöber method [26] using 40 mL of 99.9% EtOH, 3 mL of NH4OH, and
1.6 mL of TEOS. The solution was stirred vigorously for 20 h at room temperature and then washed
with 95% EtOH three times. To synthesize the embedded Ag NPs, PVP in 25 mL of ethylene glycol
was mixed with the thiol-functionalized silica solution (30 mg/mL). AgNO3 in ethylene glycol and
octylamine were added in sequence. After a reaction time of 1 h, the sample was washed with 95%
EtOH several times. To obtain a 10 mg/mL SiO2@Ag NP solution, it was dispersed in 3 mL of absolute
EtOH. The NPs were examined with an energy-filtering transmission electron microscope (LIBRA 120;
Carl Zeiss, Oberkochen, Germany) operated at an accelerating voltage of 120 kV.

3.3. Preparation of SiO2@Ag@cysteinyl-β-CD NPs, SiO2@Ag@EDA-β-CD NPs, and SiO2@Ag-PEG NPs

To prepare SiO2@Ag@cysteinyl-β-CD NPs, the cysteinyl-β-CD solution (1 mmol in DI water) was
supplemented with 1 mg of SiO2@Ag NPs. The mixture was vortexed vigorously for 12 h at 25 ◦C.
The suspension was washed one time with 95% EtOH by centrifugation and dispersed in 1 mL of
absolute EtOH. The SiO2@Ag@EDA-β-CD NPs were synthesized using the same method as that for
SiO2@Ag@cysteinyl-β-CD NPs. To synthesize SiO2@Ag-PEG NPs, m-PEG-SH solution (1 mmol in DI
water) was added to 1 mg of SiO2@Ag NPs. The mixture was vortexed vigorously for 12 h at room
temperature and then washed once with 95% EtOH by centrifugation. Finally, it was dispersed in
99% EtOH.
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3.4. Loading of DOX on SiO2@Ag NPs with Ligands (β-CD Derivatives and PEG)

A DOX solution was added to SiO2@Ag@β-CD derivative NP and SiO2@Ag-PEG NP (1 mg/mL)
solutions. The concentration of DOX dispersed in DI water was 50 μmol/mL. The mixture was
vigorously shaken at room temperature for 12 h in the dark. Free DOX was removed by centrifugation
at 13,000 rpm for 15 min. To determine the amount of DOX introduced, a calibration curve was
obtained based on absorbance at 483 nm using various concentrations of DOX in 50% EtOH, as shown
in Figure S3.

3.5. DOX Release

DOX release was observed at room temperature without additional or external factors. To monitor
the release of DOX, the supernatant of DOX-loaded SiO2@Ag@β-CD derivative NPs was measured at
1, 6, 12, 24, and 48 h. The supernatant of each NP was harvested after centrifugation at 13,000 rpm for
15 min. To measure the released amount of DOX, the absorbance of the supernatant was measured at
483 nm using a UV spectrophotometer (OPTIZEN POP; Mecasys, Daejeon, Korea).

3.6. Cell Culture and Cell Viability Assay

The cells used in this study were MCF-7 human breast cancer cells purchased from ATCC
(American Type Culture Collection; code no ATCC® HTB-22TM). MCF-7 cells were cultured
in DMEM (Dulbecco’s Modified Eagle Medium) culture medium (HyClone Laboratories, Logan,
UT, USA) supplemented with 10% fetal bovine serum (HyClone Laboratories) and 1% of
penicillin/streptomycin (Welgene, Daegu, Korea). MCF-7 cells were seeded onto 96-well plates at a
density of 5.0 × 103 cells/well and incubated at 37 ◦C for 24 h. The WST-1 assay was then performed
according to the manufacturer’s instructions 48 h after treatment with NPs of DOX-loaded NPs at
the indicated concentrations. The absorbance was measured by VICTOR X3 multi-label plate reader
(PerkinElmer, Waltham, MA, USA) at 450 nm.

4. Conclusions

Functionalized β-CD derivatives, namely, cysteinyl-β-CD and EDA-β-CD, were successfully
immobilized on SiO2@Ag NPs to load DOX. The percentages of DOX introduced onto each NP
were similar; however, the release behavior differed. In comparison to SiO2@Ag@EDA-β-CD NPs,
the SiO2@Ag@cysteinyl-β-CD NPs captured relatively more and released less DOX. Moreover, the cell
viability was decreased by increasing the concentration of NPs with DOX. These features indicate that
β-CDs, in particular SiO2@Ag@cysteinyl-β-CD NPs, are useful candidate materials for drug capture
and show promise for the development of bioapplications and nanomedicine, with particular potential
for drug delivery systems.
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Abstract: Silver nanoparticles (AgNPs) are extensively applied for their broad-spectrum and excellent
antibacterial ability in recent years. Polydopamine (PDA) has great advantages for synthesizing large
amounts of AgNPs, as it has multiple sites for silver ion binding and phenolic hydroxyl structure
to reduce silver ions to AgNPs. Here, we mixed sericin and agar solution and dried at 65 ◦C to
prepare a sericin (SS)/Agar composite film, and then coated polydopamine (PDA) on the surface
of SS/Agar film by soaking SS/Agar film into polydopamine solution, subsequently synthesizing
high-density AgNPs with the assistance of PDA to yield antibacterial AgNPs-PDA- SS/Agar film.
Scanning electron microscope (SEM), Fourier transform infrared spectroscopy (FT-IR) and X-ray
diffraction (XRD) spectra indicated the successful synthesis of high-density AgNPs on the surface of
PDA-SS/Agar film. PDA coating and AgNPs modification did not affect the structure of sericin and
agar. Furthermore, water contact angle, water absorption and mechanical property analysis showed
that AgNPs-PDA-SS/Agar film had excellent hydrophilicity and proper mechanical properties.
Inhibition zone and growth curve assays suggested the prepared film had excellent and long-lasting
antibacterial ability. In addition, it had excellent cytocompatibility on the fibroblast NIH/3T3 cells.
The film shows great potential as a novel kind of wound dressing.

Keywords: polydopamine; silver nanoparticle; sericin; antimicrobial activity; cytocompatibility

1. Introduction

The antibacterial ability of a material surface is crucial to inhibiting the growth of bacteria on
and around the material, which has great potential in food packaging and biomedical application [1].
Recently, nanomaterials have received increasing interest for their specific properties and applications
in different fields. Silver nanoparticle (AgNP) is a brilliant nanomaterial, as it has a broad inhibitive
effect against a variety of bacteria and fungus [2]. Surface immobilization of AgNPs is one of the most
effective ways to increase the antibacterial property of materials [3].

Silk sericin (SS) is a natural hydrophilic macromolecular protein derived from silkworm cocoon.
Sericin makes up 25–30% of silkworm cocoon, and it wraps silk fibroin fiber with a continuous, viscous
layer that helps the formation of cocoon [4]. Sericin is a polymer protein with a molecular weight
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ranging from 10 to over 300 kDa. Sericin has high contents of serine and aspartate, accounting for
about 33.4% and 16.7%, respectively [4]. Serine and aspartic acid have strong polar side chains. Thus,
sericin can easily copolymerize and blend with other macromolecules to produce biocompatible
materials with enhanced properties [5,6]. Sericin is considered to be one of the skin’s important natural
moisturizing factors due to its excellent hydrophilicity and hygroscopicity [7]. In addition, sericin has a
great deal of excellent properties, such as biocompatibility, oxidation resistance, and anticoagulation [8].
The moisturizing property, the ability of promoting epithelial cell growth and oxidation resistance
mean that sericin possesses great potential in biomedical applications. Silk-based materials have
been attracting increasing interest for biomedical materials and tissue engineering applications in
recent years. Chlapanidas et al. studied the biological properties of silk fibroin from 20 strains,
and then picked the most promising strains in which sericin was developed for cosmetic and
dermatological applications [9]. They also showed that sericin microspheres loaded with tumor
necrosis factor-α (TNF-α) blockers contribute to the down-regulation of cytokines [10]. In addition, a
great deal of research on sericin and silk fibroin-based biomaterials, including the use of silk fibroin
microspheres as a promoting wound healing material or a local coagulant [11–13], and sericin as a
natural carrier for drug delivery, has been documented [14–16]. However, sericin contains a large
amount of random coil structures, resulting in the formation of amorphous and brittle sericin materials
which are not suitable for biomaterial application [17]. Therefore, sericin is usually cross-linked or
blended with other polymers to enhance its mechanical performance. Agar is a macromolecular
polysaccharide with hydrophilic, biocompatible and biodegradable ability [18]. In our previous
study, we developed sericin/agar composite film modified with AgNPs to expand the application
of sericin-based biomaterials [19,20]. AgNPs are synthesized with the assistance of ultraviolet (UV)
light irradiation. However, long-term exposure under UV light may cause damage to sericin. Also,
the aggregation of AgNPs on sericin is a major drawback of the UV-assisted method, as well as other
methods currently available. In addition, the high-density synthesis of AgNPs is another key issue to
be considered in the preparation of AgNPs functionalized materials. Recently, kinds of polymers such
as poly (vinyl pyrrolidone) and polyamide network have been used as three-dimensional substrates
for high-density growth of AgNPs [21,22]. However, most polymers are hydrophobic and not suitable
for biomedical application. Therefore, it is important to find a substance which could not only improve
the density of AgNPs, but also increase the hydrophilicity of the material surface for biomaterial
application. Dopamine (DA) is a small molecule, and is the main component of viscous proteins
secreted by mussels and can self-polymerize to polydopamine (PDA) under alkaline conditions and
adhere to almost any substrate [23,24]. PDA contains several hydrophilic groups, such as -OH, -COOH
and -NH2 [25]. PDA coating is an effective method used in recent years to improve the hydrophilicity
and biocompatibility of materials [26,27]. PDA can not only provide sites for metal ions binding,
but also reduce silver ions to AgNPs with its phenolic hydroxyl groups. PDA has been proved to be
non-toxic to cells [25,28]. Thus, PDA is a very promising candidate for AgNPs synthesis. The issue of
whether PDA can produce biologically active dopamine in vivo has not been well addressed in the
literature on PDA-modified materials.

In this work, we utilized PDA to assist the synthesis of high-density AgNPs on the surface
of PDA-SS/Agar film to yield AgNPs-PDA-SS/Agar film. Scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) confirmed the high-density
synthesis of AgNPs on the surface of the blend film. In addition, the novel film exhibited excellent
hydrophilicity and proper mechanical property. Antibacterial tests indicated that the fabricated film
had excellent antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).
Cell viability assay indicated the composite film had excellent cytocompatibility on the fibroblast
NIH/3T3 cells. AgNPs-PDA-SS/Agar film shows great prospects in novel wound dressing, artificial
skin, tissue engineering and antibacterial packaging. In addition, SS/Agar composite can be prepared
into three-dimensional scaffold and gel materials to expand its application in bone repair and injectable
hydrogel materials.
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2. Results and Discussion

Here, we used PDA to direct the synthesis of the antibacterial AgNPs on the surface of PDA-coated
SS/Agar film. The principle and procedure are briefly shown in Figure 1. The procedure of the
preparation of the films is shown in Figure 1a. Agar solution (2%, w/v) was added into sericin solution
(2%, w/v) to become sericin/Agar mixture, and then dried at 65 ◦C to form SS/Agar composite
film. Next, dopamine hydrochloride powder was dissolved in Tris-HCl buffer (pH 8.5) to become
2% (w/v) polydopamine solution. Then, SS/Agar film was immersed into dopamine solution to
produce PDA-coated SS/Agar film. Furthermore, PDA-SS/Agar film was soaked in AgNO3 solution
at room temperature for 4 h. The PDA layer acts as a secondary reaction platform, which can not only
provide sites for metal ions binding, but also reduce silver ions to AgNPs with its phenolic hydroxyl
groups to promote the synthesis of high-density AgNPs on the PDA-SS/Agar film. The prepared
AgNPs-PDA-SS/Agar film was expected to have excellent antibacterial ability and cytocompatibility
for wound dressing applications.

Figure 1b shows the mechanism of dopamine polymerization and AgNPs synthesis with the
assistance of PDA. First, dopamine was oxidized to form dopamine quinone, and then dopamine
quinone was converted to leukodopaminechrome by cyclization. Leukodopaminechrome was
oxidized to form dopaminechrome. Finally, dopaminechrome was transformed to PDA by means of
rearrangement and polymerization. Almost all dopamine can be converted to PDA under alkaline
conditions. PDA contains active phenolic hydroxyl groups, which can react with silver ions to reduce
them to AgNPs.

Figure 1. A diagram of the preparation of antibacterial AgNPs-PDA-SS/Agar film (a); schematic
diagram of dopamine polymerization and AgNPs synthesis with the assistance of PDA (b).

2.1. Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy (EDS)

The SEM images of SS/Agar, PDA-SS/Agar, AgNPs-SS/Agar and AgNPs-PDA-SS/Agar films
are shown in Figure 2. SS/Agar film exhibited a uniform and smooth surface (Figure 2a), indicating
that sericin and agar were well blended. Figure 2b shows the surface of PDA-SS/Agar film, which
was covered with a layer of ridge-like substance. SS/Agar film was soaked into PDA solution at
room temperature for 12 h to ensure PDA coating on its surface. Thus, we deduced that the ridge-like
substance covering the surface of SS/Agar film was the coated PDA. Figure 2c shows the SEM image
of AgNPs-SS/Agar film without PDA. High-density AgNPs (marked by red arrows) were observed in
the SEM image of AgNPs-PDA-SS/Agar film (Figure 2d). The number of AgNPs in Figure 2d were
much greater than in Figure 2c, which indirectly indicates the existence of PDA on the SS/Agar film,
and suggests that PDA could effectively promote the synthesis of large amounts of AgNPs. Particle size
analysis revealed that the size of the synthesized AgNPs was concentrated at 300–500 nm (Figure 2e).
Most of the particles were spherical in shape. In some cases, AgNPs seemed to be merged, as the
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density of the particles was too high (Figure 2d). Furthermore, EDS confirmed the presence of silver in
the AgNPs-PDA-SS/Agar composite film (Figure 2f).

Figure 2. Surface morphologies of SS/Agar (a); PDA-SS/Agar (b); AgNPs-SS/Agar (c);
AgNPs-PDA-SS/Agar films (d); (e) is the particle size analysis of (d); EDS spectrum of
AgNPs-PDA-SS/Agar film (f). Red arrows indicate high-density AgNPs.

2.2. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were collected to characterize the structure of different films. The results are shown
in Figure 3. The peaks that appeared at 1037 cm−1 and 926 cm−1 in agar film were characteristic
peaks of agar, corresponding to the C=O stretching vibration of 3,6-anhydrogalactose [29]. The two
characteristic peaks at 1614 and 1516 cm−1 in the sericin film corresponded to amid I and II [30],
respectively. Four characteristic peaks at 926, 1037, 1516 and 1614 cm−1 occurred in the spectra of
SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films, indicating the presence of sericin and agar
in the blend films, and that the structure of sericin and agar was not affected after blending. After PDA
coating, two additional characteristic peaks at 1510 and 1601 cm−1 were observed in the spectra of
PDA-SS/Agar and AgNPs-PDA-SS/Agar films, which corresponded to the C=C stretching and N-H
bending vibrations of the indoline or indole structures in PDA, respectively [31,32]. The appearance
of these two peaks demonstrated the successful PDA coating on the SS/Agar film, which was
consistent with the observation of SEM (Figure 2b). The spectra of AgNPs-PDA-SS/Agar film showed
similar characteristic peaks of sericin and agar with that of SS/Agar film, but differed from that of
PDA-SS/Agar film. The possible reason was that the characteristic peak of PDA was close to that of
sericin; thus, PDA coating affected the characteristic peaks of sericin and agar, and resulted in the
change of SS/Agar spectrum. However, when PDA was used to reduce Ag+ to AgNPs, the structure
of PDA was changed; thus, the characteristic peak of PDA disappeared and could no longer affect the
characteristic peaks of sericin and agar. AgNPs alone did not affect the structure of sericin and agar,
and could not change the spectrum of SS/Agar film.
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Figure 3. FT-IR spectra of Agar, Sericin (SS), SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films.

2.3. X-ray Diffraction (XRD)

The XRD patterns of AgNPs-PDA-SS/Agar, PDA-SS/Agar, SS/Agar, sericin and agar films are
shown in Figure 4. The peak located at 2θ = 19.2◦ corresponded to the silk II structure of sericin protein.
The peak at 2θ = 14.9◦ was the characteristic peak of agar [33]. The peak at 2θ = 13.3◦ appeared in all
XRD patterns except sericin, and was ascribed to the characteristic peak of agar with a slight deviation.
The peak at 2θ = 20.3◦ appeared in all composite films, which may be due to the deviation of the
characteristic peak of silk II at 2θ = 19.3◦ after blending with agar [34]. Our results showed that the
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blending of sericin and agar slightly changed the characteristic peak of agar and sericin. After PDA
coating, the XRD patterns of SS/Agar film did not change, indicating that PDA did not affect the
crystal structure of sericin and agar. The diffraction peak at 38.1◦ and 32.4◦ could be assigned to the
(111) and (122) planes of the face-centered cubic structure of Ag [35,36], demonstrating the presence of
AgNPs in the AgNPs-PDA-SS/Agar film.

Figure 4. XRD patterns of Agar, Sericin (SS), SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films.

2.4. Wettability and Water Uptake Ability

The water contact angle of SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films are shown
in Figure 5. The water contact angle of SS/Agar was 78.4◦, indicating the surface of SS/Agar
was hydrophilic. After PDA coating, the water contact angle decreased to 62.3◦, indicating that
the wettability of the composite film increased. Figure 5c shows that the water contact angle of
AgNPs-PDA-SS/Agar film was 81.3◦, suggesting AgNPs modification slightly reduced the wettability
of the material surface. The reason may be AgNPs are hydrophobic substances, and the uniform
distribution of AgNPs on the PDA-SS/Agar composite film would reduce the hydrophilicity of the
film. The water contact angle of AgNPs-PDA-SS/Agar film was still less than 90◦, indicating that the
prepared material was hydrophilic and potentially useful for biomaterial application.

To further explain the hydrophilicity, the swelling property of the material was tested, as illustrated
in Figure 5d,e. The result showed the swelling of AgNPs-PDA-SS/Agar, PDA-SS/Agar and SS/Agar
films in 60 seconds. It is obvious that in two seconds, the composite film absorbed a lot of water,
indicating that the surface of the composite film had excellent hydrophilicity. The water absorption
capacity of PDA-SS/Agar film in a short period of time was better than that of AgNPs-PDA-SS/Agar
and SS/Agar films. After 12–48 h, the swelling ratios of different films were in the range of 150% to
250% (Figure 5e), indicating that the prepared film had excellent water uptake ability. According to the
moist wound healing theory, moisture promotes wound healing, reduces the pain of dressing removal
and scarring and does not destroy freshly formed tissue. Therefore, the excellent hydrophilicity and
wetting properties of the prepared composite film are advantageous for wound dressing or other
potential biomedical applications.
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Figure 5. Water contact angle of SS/Agar (a), PDA-SS/Agar (b), AgNPs-PDA-SS/Agar films (c) and
water absorption of different films (d,e).

2.5. Mechanical Properties

Figure 6a,b shows that SS/Agar and PDA-SS/Agar films had tensile strength exceeding 40 MPa.
It is known that sericin is fragile and lacks mechanical properties, while agar has high tensile
strength [37]. Therefore, the blending of sericin and agar improved the tensile strength of sericin
film. The incorporation of AgNPs into PDA-SS/Agar film resulted in the reduction of tensile strength
to about 25 MPa, when compared with SS/Agar and PDA-SS/Agar films. This may be because
the synthesis of AgNPs on the PDA-SS/Agar film increased the film’s thickness and roughness,
which resulted in a reduction in tensile strength. However, this strength was still competent for some
applications such as wound caring and food packaging. Elongation at break reflects the flexibility
of a material [38]. The elongation at break of SS/Agar was less than 5%. PDA coating increased the
elongation at break of SS/Agar film to about 7%, probably due to an increase in the thickness of the
composite film. Compared with PDA-SS/Agar film, the elongation at break of AgNPs-PDA-SS/Agar
film slightly increased to 8%, indicating the enhanced flexibility of AgNPs-PDA-SS/Agar film.
Similarly, thickness and roughness were likely responsible for the increase of the elongation at break of
AgNPs- PDA-SS/Agar film. The flexible nature of AgNPs-PDA-SS/Agar film would be beneficial for
wound dressing and other potential applications.

Figure 6. Mechanical properties of different films: (a) tensile strength, and (b) elongation at break.
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2.6. Inhibition Zone Assay

Bacterial infection impedes wound healing. So antibacterial ability is necessary for wound
dressing. Figure 7 shows the inhibition zones of AgNPs and PDA-modified or unmodified SS/Agar
film against two common bacteria found in wound infections (S. aureus, E. coli). No inhibition zone
appeared for SS/Agar and PDA-SS/Agar films toward the two types of bacteria. An obvious inhibition
zone occurred in the presence of AgNPs-PDA-SS/Agar film toward E. coli and S. aureus, demonstrating
that the fabricated AgNPs-PDA-SS/Agar film had excellent antibacterial ability. The diameters of the
inhibition zones are shown in Table 1.

Figure 7. The inhibition zones of SS/Agar, PDA-SS/Agar, AgNPs-PDA-SS/Agar films against E. coli (a)
and S. aureus (b). Red dotted circle represents the edge of the inhibition zone.

Table 1. Diameters of the inhibition zones of SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films
against E. coli (a) and S. aureus (b).

Bacteria SS/Agar (cm) PDA-SS/Agar (cm) AgNPs-PDA-SS/Agar (cm)

E. coli 1.10 ± 0.00 1.10 ± 0.00 1.63 ± 0.03
S. aureus 1.10 ± 0.00 1.10 ± 0.00 1.91 ± 0.11

2.7. Bacterial Growth Curve

A bacterial growth curve experiment was carried out to assess the inhibition effect of AgNPs and
PDA treated and untreated SS/Agar film on bacterial growth. Figure 8 shows the growth curves of
E. coli (Figure 8a) and S. aureus (Figure 8b) in the presence of different films, respectively. The growth
of E. coli and S. aureus in the presence of SS/Agar and PDA-SS/Agar films was similar to the control,
indicating that SS/Agar and PDA-SS/Agar films did not have bacteriostatic activity. Compared with
the control, AgNPs-PDA-SS/Agar significantly inhibited bacterial growth up to 20 h, suggesting that
AgNPs-PDA-SS/Agar film had a long-term and efficient inhibition effect on bacterial growth.

2.8. Antimicrobial Stability

AgNPs-PDA-SS/Agar film was treated at different pH (4.0, 7.4, 10.0) for 24 h, and then the
inhibitory effect of the treated film against E. coli and S. aureus was determined. As shown in Figure 8c,d,
in the absence of AgNPs, there was no significant difference in bacterial growth between SS/Agar and
the control at different time points, indicating SS/Agar film had no bacteriostasis ability. Compared
with the control, the bacterial growth was obviously inhibited in the presence of AgNPs-PDA-SS/Agar
film after treatment with different pH, suggesting AgNPs-PDA-SS/Agar film had stable and long-term
antibacterial ability, which was advantageous for wound dressing and other potential applications.
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Figure 8. Bacterial growth curve of E. coli (a) and S. aureus (b) in the presence of different films,
and antimicrobial stability analysis of AgNPs-PDA-SS/Agar film under different pH conditions (c,d).

2.9. Cytocompatibility

To evaluate the cytotoxicity of SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films, cell
counting kit-8 (CCK-8) assay was performed to examine the cells treated with different films. In the
test, the metabolically active cells react with the tetrazolium salt in the CCK-8 solution to produce a
soluble formaldehyde nitrogen dye with maximum absorbance at 450 nm [39]. Optical density (OD)
reflects cell survival and living cells [40]. The results showed there was no significant difference in
cell viability between the control and the experimental group treated with AgNPs-PDA-SS/Agar film
(Figure 9). Notably, the cell viability when treated with PDA-SS/Agar film was higher than that of
the control, indicating PDA was not only non-toxic on cells, but also could promote cell proliferation
to improve cell viability. In addition, the cell morphology under different treatments almost did not
change after 24 h (Figure 10), suggesting that the prepared films had excellent cytocompatibility on the
fibroblast NIH/3T3 cells, which is beneficial for its application in biomaterials.

Figure 9. CCK-8 assay of the cytocompatibility of different films on NIH/3T3 cells. The statically
significant values are expressed by “NS” (not significant), “�” (p < 0.05), “��” (p < 0.01) and “���”
(p < 0.001).
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Figure 10. Microscopic observation of NIH/3T3 cells morphology with control (a), in the presence
of SS/Agar film (b), PDA-SS/Agar film (c) and AgNPs-PDA-SS/Agar film (d). Small box represents
a selected area, big box represents the enlarged image in the small box. White arrows indicate the
observed fibroblast NIH/3T3 cells. The scale bar is 400 μm.

To better visualize the effects of the prepared films on NIH/3T3 cells viability, a living/dead cell
staining assay was performed. In this assay, living cells are stained green, while dead cells are red.
After being treated with different films for 24 h, the fluorescence images clearly showed almost all cells
were stained green, a very few cells (<1‰) were stained red (marked with white arrows, Figure 11),
indicating the excellent cytocompatibility of the films on NIH/3T3 cells. This result was in good
agreement with that of CCK-8 assay and the microscopic observation on cell morphology.

Figure 11. Living/dead cell staining assay of NIH/3T3 cells after being treated with different films.
White arrows indicate a very few cells (<1‰) were stained red.
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3. Materials and Methods

3.1. Materials and Chemicals

The strain of silkworm we used in this work was a commercial silkworm strain 872. Silkworms
were reared in our laboratory with fresh mulberry leaves at 25 ◦C and 75% relative humidity under 12 h
photoperiod. Fresh silkworm cocoons were collected for sericin preparation. Dopamine hydrochloride
and silver nitrate (AgNO3) were purchased from Aladdin (Shanghai, China). Hydrochloric acid
and Tris (hydroxymethyl) aminomethane (Tris) were from Sangon Biotech (Shanghai, China).
Ultrapure water made by a MilliQ water purification system (Millipore, Billerica, MA, USA) was used
in the experiment. The Cell counting kit-8 (CCK-8) used in the experiment was bought from
Beyotime (Beijing, China). LIVE/DEAD cell viability kit was bought from Thermo Fisher Scientific
(Waltham, MA, USA). NIH3T3 (mouse embryonic fibroblast) cell lines were received from the
China Infrastructure of Cell Line Resources. The Dulbecco’s modified Eagle’s medium (DMEM),
Penicillin/Streptomycin, Fetal Bovine Serum (FBS), and Trypsin-EDTA were bought from Gibco BRL
(Gaithersburg, MD, USA).

3.2. Preparation of AgNPs-PDA-SS/Agar Film

Sericin was obtained from silkworm cocoons through high temperature. Silkworm cocoons
were cut into pieces and treated at 121 ◦C and 0.1 MPa for 15 min. Then, sericin was extracted into
solution and separated from silk fibroin by filtration, which is descripted in our previous report [41–43].
Agar was dissolved in water with agitation at 90 ◦C to a final concentration of 2% (w/v). Sericin
solution (2%, w/v) and agar solution (2%, w/v) were well mixed as a ratio of 1:1 at 60 ◦C. Subsequently,
the mixture was dried at 65 ◦C overnight to form SS/Agar film. Next, dopamine hydrochloride was
dissolved in Tris-HCl buffer (pH 8.5) to form polydopamine solution (2%, w/v), the chemical process
was shown in Figure 1b. SS/Agar film was directly placed in freshly prepared polydopamine solution
with stirring at 37 ◦C for 12 h. Then, the PDA-treated blend film was removed, washed by water
for three times, and dried at 25 ◦C for 12 h to obtain PDA-coated SS/Agar composite film. Next,
PDA-SS/Agar film was immersed into AgNO3 solution (10 mM) at 25 ◦C for 4 h. After multiple washes,
the film was dried at 25 ◦C to yield AgNPs modified PDA-SS/Agar film. The average thickness of the
SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films determined by microscope were 145.47 μm,
153.29 μm and 158.90 μm, respectively.

3.3. Material Characteristics

The surface morphologies of SS/Agar, PDA-SS/Agar, AgNPs-SS/Agar and AgNPs-PDA-SS/Agar
films were characterized by JEOL scanning electron microscopy JSM-6510LV (Tokyo, Japan). The films
were cut into strips with a dimension of 1 cm × 1 cm (length × width), dried, and sputtered with
gold prior to SEM test. The accelerating voltage for the test was 20 kV. The working distance was 10
mm. Energy dispersive spectra (EDS) were collected on Oxford INCA X-Max 250 (Abingdon, UK)
during SEM test to analyze the chemical elements. XRD spectra were recorded on PANalytical
x’pert (Almelo, Netherland) within 10–80◦. Nicolet iz10 FT-IR spectrometer (Thermofisher Scientific,
Waltham, MA, USA) was used to obtain FT-IR spectra in the wavenumber of 4000–800 cm−1.

3.4. Hydrophilicity

The hydrophilicity of the prepared films was measured by surveying the sessile drip contact angle
using a KRÜSS DSA100 contact angle analyzer (Hamburg, Germany) at 25 ◦C. Water droplets (4 μL)
were dispensed on the surface of the film and the water contact angle was measured. Five points are
measured for each sample and averaged.
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3.5. Water Absorption Ratio and Moisture Retention Capacity

Water absorption ratio was used to characterize the swelling property of the film. The dry films
(3 cm × 3 cm, length × width) were weighed, and then immersed into water. Afterwards, the swollen
samples were removed from water at different intervals and weighed after the removal of water on the
surface by filter paper. Swelling property was defined as follows:

Water absorption ratio (%) = (m2 − m1)/m1 × 100% (1)

where m1 and m2 were the weights of dry and swollen films, respectively. Three replications per
sample were made to ensure the accuracy of the experiment.

3.6. Mechanical Properties

For film materials, the tensile strength and elongation at break are two common indicators for
mechanical properties. The tensile strength and elongation at break of the films were studied by
SHIMADZU AG-X plus (Tokyo, Japan), which is a common instrument for mechanical properties
analysis. For the test, the films with a dimension of 4 cm × 1 cm (length × width) were measured with
a crosshead speed of 3 mm/min. The length and width of the samples were determined according to
the mold we used, and the stretching rate was suggested by the manufacturer’s protocol and validated
by previous reports [44–46]. At least 8 replicates of an individual film were examined.

3.7. Inhibition Zone Assay

The method presented by Schillinger and Lücke was applied to test anti-bacterial inhibition
zone of the prepared films [47]. Briefly, E. coli and S. aureus were inoculated into Luria-bertani (LB)
medium (pH 7.4) with shaking at 37 ◦C until optical density (OD) value at 600 nm (OD600) reached 1.0.
Then, bacterial suspension (200 μL) was uniformly spread on agar plate in the presence of SS/Agar,
PDA-SS-SS/Agar and AgNPs-PDA-SS-SS/Agar films and incubated at 37 ◦C for 24 h. The diameters
of inhibition zone around the samples were measured.

3.8. Growth Curve Assay

The growth curve analysis was carried out based on Pal’s protocol [48]. Bacteria were inoculated
into LB medium and cultured at 37 ◦C with constant shaking (220 rpm) in the presence of different
films. Then, bacterial suspension (0.5 mL) was collected at different time intervals to measure OD600.
All samples were tested in triplicate.

3.9. Antimicrobial Stability

To test the antibacterial stability of AgNPs-PDA-SS/Agar film, the films (1 cm × 1 cm,
length × width) were soaked in PBS buffers (pH 4.0, 7.4, 10.0). After 24 h, the films were dried
at 25 ◦C and then added into 10 mL bacterial suspensions with the same initial OD600. Bacterial
suspensions (0.5 mL) were collected at different intervals and OD600 was measured to determine the
antibacterial stability of the prepared films.

3.10. Cytotoxicity

The fibroblast NIH/3T3 cells were cultured in Dulbecco’s modified eagle medium at 37 ◦C with
5% CO2 and 95% relative humidity. Prior to the cytotoxicity test, the circular SS/Agar, PDA-SS/Agar
and AgNPs-PDA-SS/Agar films (diameter = 7 mm) were irradiated by UV light overnight to ensure
the sterility of the materials. NIH/3T3 cells (100 μL) were loaded in a 96-well plate at a density of
1 × 104 cells/well and incubated at 37 ◦C for 12 h in the presence of the sterile films. Untreated cells
were set as controls. CCK-8 kit was used to detect cells viability after treated with different films.
After various time, the films were removed from the medium, and CCK-8 solution (10 μL) was added
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into each well and incubated at 37 ◦C. After 1 h, the optical density (OD) were measured at 450 nm
on a Tecan Infinite M200 Pro microplate reader (Männedorf, Switzerland). Cell viability was the
percentage of OD values in the treated and control groups. Each experimental group was tested for
at least three replications. After culture for 24 h, NIH/3T3 cells morphology were observed on a
fluorescence microscope.

In addition, a living/dead cells staining assay was performed to further assess the effect of the
films on NIH/3T3 cells. NIH/3T3 cells were cultured at 37 ◦C as mentioned above. After being
treated with SS/Agar, PDA-SS/Agar and AgNPs-PDA-SS/Agar films for 24 h, the staining solution
(30 μL) was added into each well and incubated with the cells at 37 ◦C for 15 min. The fluorescence
images were recorded on an Invitrogen EVOS FL Auto Cell Imaging System (Waltham, MA, USA).
Each sample was tested in triplicate.

3.11. Statistics

All experiments were performed at least in triplicate, and the results were presented as
average ± standard deviation (SD). Student’s t-test, together with variance analysis, was carried
out to determine the statistical significance between two groups. The statically significant values were
expressed by “�” (p < 0.05), “��” (p < 0.01) and “���” (p < 0.001).

4. Conclusions

In this study, we successfully synthesize high-density AgNPs on PDA-SS/Agar composite film
with the assistance of PDA. AgNPs-PDA-SS/Agar composite film exhibits good hydrophilicity and
proper mechanical properties. In addition, AgNPs-PDA-SS/Agar film has high efficiency and durable
antibacterial ability, and excellent compatibility on the fibroblast NIH/3T3 cells. These excellent
properties facilitate the potential applications of AgNPs-PDA-SS/Agar film in wound dressing, tissue
engineering and antibacterial packaging.
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Abstract: Dispersed silver nanoparticles (AgNPs) on the surface of titanium alloy (Ti6Al4V) and
titanium alloy modified by titania nanotube layer (Ti6Al4V/TNT) substrates were produced by the
chemical vapor deposition method (CVD) using a novel precursor of the formula [Ag5(O2CC2F5)5

(H2O)3]. The structure and volatile properties of this compound were determined using single crystal
X-ray diffractometry, variable temperature IR spectrophotometry (VT IR), and electron inducted
mass spectrometry (EI MS). The morphology and the structure of the produced Ti6Al4V/AgNPs and
Ti6Al4V/TNT/AgNPs composites were characterized by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Moreover, measurements of hardness, Young’s modulus, adhesion,
wettability, and surface free energy have been carried out. The ability to release silver ions from the
surface of produced nanocomposite materials immersed in phosphate-buffered saline (PBS) solution
has been estimated using inductively coupled plasma mass spectrometry (ICP-MS). The results
of our studies proved the usefulness of the CVD method to enrich of the Ti6Al4V/TNT system
with silver nanoparticles. Among the studied surface-modified titanium alloy implants, the better
nano-mechanical properties were noticed for the Ti6Al4V/TNT/AgNPs composite in comparison
to systems non-enriched by AgNPs. The location of silver nanoparticles inside of titania nanotubes
caused their lowest release rate, which may indicate suitable properties on the above-mentioned type
of the composite for the construction of implants with a long term antimicrobial activity.

Keywords: titanium alloy; silver nanoparticles; surface morphology; mechanical properties; surface
free energy; silver ions release

1. Introduction

The design and the manufacture of customized implants using innovative technologies is one of
the main directions in modern implantology development [1,2]. New generation implants fabrication
besides their anatomic fit [3,4] requires the development of new alloys and composite coatings,
which provide them suitable biointegration properties, but also improve their mechanical properties,
durability, hydrophilicity, etc. The implant, in order to be effective, must not only restore the function of
the organ, but also ensure the patient’s comfort, and protect him from negative effects, e.g., formation of
inflammation or allergic reactions. The customization of implants in the patient anatomy is associated
with the development of the numeric image techniques and such three-dimensional (3D) printing
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technology as selective laser sintering (SLS) and selective laser melting (SLM). Both above-mentioned
techniques allow for the formation of three-dimensional metal structures by selective melting of
metal powder in a layer-by-layer manner, which enable the formation of products with new chemical
properties, differing from their macroscopic equivalents [5–7]. The response of the tissues to the
implant is largely controlled by the implant surface morphology and properties. When compared
to smooth surfaces, textured implants surfaces exhibit larger surface area for integrating with bone,
via osseointegration process. Improved bone bonding and accelerated bone formation appears to be
possible with roughened surfaces that are modified with certain treatments, which can be classified
into mechanical, physical, chemical, and electrochemical methods [8]. Our earlier works on the
modification of titanium and Ti6Al4V implants have shown that the fabrication of TiO2 nanotube
(TNT) layers of strictly defined tubes diameter on their surface had an impact on the cell adhesion and
proliferation improvement [9,10].

Another problem, which should be taken into account during the designing new generation
of implants, is the appearance of complications after implant introduction—a possible bacterial
infections. Infections that are related to foreign body are difficult to treat because the bacteria,
which cause these infections, live in well-developed biofilms. In this way, there are protected against
the action of antimicrobials [11,12]. The providing the antimicrobial activity of implant surface is a
complicated issue due to the necessity of the antimicrobial coatings use, which should be universal
versus different strains of bacteria that are present in the organism and/or introduced with the
implant [13]. Surface-modified implants with a layer of titanium dioxide can be enriched with biocides:
antibiotics or other antibacterial agents. Antibiotics can be used for this purpose, however, due to
bacterial resistance and concerns about their long-term effectiveness, they may not produce the desired
effects [14]. Silver is the most well known antimicrobial agent of low toxicity to mammalian cells and
it is effective against more than 650 pathogens. According results of previous studies, it should be
noted that AgNPs are one of the most viable alternatives to antibiotics and they may be used in a wide
range of applications [15–20]. AgNPs can be synthesized using the sol-gel method, electrophoretic
deposition from aqueous suspensions, physical vapor deposition (PVD), chemical vapor deposition
(CVD), and atomic layer deposition (ALD) [21–24]. In our works, we have focused on the use of
CVD methods, which allow the formation of dispersed AgNPs on the substrate surface. The shape,
size, and dispersion level of silver nanoparticles can be controlled, by optimizing the deposition
parameters and also by the type of chemical compound that is used as a precursor [25]. Silver(I)
complexes with fluorinated or non-fluorinated β-diketonates/carboxylates and tertiary phosphines
are the most commonly used as precursors in these techniques [26,27]. Also, the selected silver(I)
carboxylates can be applied as a solid source of metallic particles in CVD techniques, within silver(I)
pentafluoropropionate (Ag(O2CC2F5), as an example. The advantage of this compound is suitable
volatility, low decomposition temperature at low vacuum, and a short deposition time. Moreover,
it is characterized by simple and cheap synthesis [28]. In this paper, we present the results of the
use of trihydrate of the above-mentioned compound as a new silver CVD precursor. The carried out
studies concern the optimization of a CVD method for the production of dispersed AgNPs on the
surface of Ti6Al4V implants that were manufactured by the SLS method, as obtained and modified by
titanium dioxide nanotubes of different diameters. The important part of our works was the estimation
of wettability, surface roughness, and mechanical properties of the produced implants. The results
concerning the above-mentioned issues are not widely discussed in previous reports. Moreover,
the silver ions releasing from the surface is discussed in the presented paper. It is especially important
for the potential application of Ti6Al4V/AgNPs and T6Al4V/TNT/AgNPs composite materials in the
construction of customized implants.
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2. Results

2.1. The Chemical Vapor Deposition of Silver Nanoparticles

2.1.1. Precursor—The Structure and Thermal Properties of [Ag5(O2CC2F5)5(H2O)3]

Simple and inexpensive synthesis of silver(I) pentafluoropropionate, and the especially suitable
properties of this compound as a silver CVD precursor decided its choice for all of our experiments
related to the enrichment of Ti6Al4V implants by AgNPs [28,29]. The purification of Ag(O2CC2F5) by
the slow recrystallization of this compound from anhydrous ethanol enabled obtaining the needle-like
crystals, which quality did not allow for determining their structure on the base of single crystals
x-ray diffractometry. The use of 1:2 EtOH/H2O mixture in the recrystallization process allowed for
the isolation of colorless crystals after five days. Their stability in air and light was higher than pure
Ag(O2CC2F5). Analysis of single crystal X-ray diffraction data exhibits the formation of Ag(I) complex
of the formula [Ag5(O2CC2F5)5(H2O)3], which crystallizes in the triclinic system, space group P-1
(Figure 1, Table 1).

F19

F20

C17

C14

F15

F18

F16

Figure 1. The scheme of the structure of [Ag5(O2CC2F5)5(H2O)3]. For clarity, the position of only
one C2F5 group has been presented (the full structure image is shown in the supplementary file:
pp11a-2000-sch_shape-13b3-checkcif).

The structure of this complex is formed by five differently surrounded Ag(I) atoms, which are
linked by carboxylate bridges and water molecules. However, the presence of three water molecules
(Ow = O7, O8, O9) in the structure of this Ag(I) compound influences on its novelty and thereby its use
as a new silver CVD precursor. Analysis of the single crystal X-ray diffraction data revealed that O7
bridges Ag3 and Ag4 atoms, forming the metal-oxide bonds of lengths 2.547 and 2.426 Å (Table 1).
Simultaneously, O12-O7 and O22-O7 of 2.776 and 2.729 Å suggest the formation of middle hydrogen
bonds [30]. Whereas, O8 and O9 molecules are strongly bonded by Ag4 (2.577 Å) and Ag6 (2.318 Å)
and they are in the field of interactions with Ag1 (2.825 Å) and Ag5 (2.545 Å) (Table 1). The Ow-O
and Ow-F distances below 2.8–3.4 Å, which were found between O42-O8-F70 (2.924 and 3.404 Å),
O11-O9-F15 (2.777 and 3.051 Å) suggest the formation of middle and weak hydrogen bonds.
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Results of the thermal analysis (TG/DTG/DTA) revealed that the thermal decomposition of this
compound proceeds in one step and it is an endothermic process (beginning—453 K, max—598 K,
and ending—613 K).

Table 1. Selected bonds lengths [Å] and angles [◦] for [Ag5(O2CC2F5)5(H2O)3].

Bond Length

Ag1-O12 2.138(5) Ag3-O42 2.205(4) Ag5-O21 2.234(5)
Ag1-O12 i 2.138(5) Ag3-O41 2.218(4) Ag5-O32 2.249(4)

Ag1-O8 2.825(6) Ag3-O7 2.547(4) Ag5-O52 2.379(5)
Ag1-Ag4 i 3.0058(5) Ag3-O51 2.588(4) Ag5-O9 2.641(6)
Ag1-Ag4 3.0058(5) Ag3-Ag3 iii 2.8932(9) Ag5-Ag2 ii 2.8951(7)

Ag2-O31 ii 2.219(5) Ag4-O11 2.324(4) Ag5-Ag6 3.239(2)
Ag2-O22 2.237(5) Ag4-O7 2.426(4) Ag6-O9 2.318(7)
Ag2-O51 2.553(4) Ag4-O51 2.511(4) Ag6-O9 iv 2.412(8)
Ag2-O41 2.610(4) Ag4-O32 2.540(5) Ag6-O52 iv 2.472(6)

Ag2-Ag5 ii 2.8950(7) Ag4-O8 2.577(6) Ag6-O52 2.579(6)
Ag2-Ag5 3.3236(8) Ag6-O21 2.593(5)

Angles

O12-Ag1-O12 i 180.0 O42-Ag3-O41 162.69(16) O21-Ag5-O32 155.4(2)
O12-Ag1-Ag4 i 95.09(12) O42-Ag3-O7 91.16(14) O21-Ag5-O52 93.4(2)

O12 i -Ag1-Ag4 i 84.91(12) O41-Ag3-O7 104.90(15) O32-Ag5-O52 108.9(2)
O12-Ag1-Ag4 84.91(12) O42-Ag3-O51 106.76(16) O21-Ag5-Ag2 ii 82.41(13)

O12 i -Ag1-Ag4 95.09(12) O41-Ag3-O51 84.01(16) O32-Ag5-Ag2 ii 81.11(12)
Ag4 i -Ag1-Ag4 180.0 O7-Ag3-O51 75.23(13) O52-Ag5-Ag2 ii 156.0(2)
O31 i -Ag2-O22 159.63(18) O42-Ag3-Ag3 iii 82.99(11) O21-Ag5-Ag6 52.75(13)
O31 i -Ag2-O51 91.49(16) O41-Ag3-Ag3 iii 79.70(11) O32-Ag5-Ag6 136.00(13)
O22-Ag2-O51 108.03(16) O7-Ag3-Ag3 iii 158.57(10) O52-Ag5-Ag6 51.94(14)

O31 i -Ag2-Ag5 ii 81.38(12) O51-Ag3-Ag3 iii 126.20(10) Ag2 ii-Ag5-Ag6 133.99(5)
O22-Ag2-Ag5 ii 78.26(13) O11-Ag4-O7 153.99(15) O21-Ag5-Ag2 134.02(15)
O51-Ag2-Ag5 ii 163.39(10) O11-Ag4-O51 126.55(15) O32-Ag5-Ag2 61.71(13)
O31 ii -Ag2-Ag5 61.33(14) O7-Ag4-O51 78.78(14) O52-Ag5-Ag2 82.47(13)

O22-Ag2-Ag5 120.51(13) O11-Ag4-O32 88.59(16) Ag2 ii-Ag5-Ag2 83.578(19)
O51-Ag2-Ag5 67.06(10) O7-Ag4-O32 100.33(14) Ag6-Ag5-Ag2 133.31(6)

Ag5 ii -Ag2-Ag5 96.42(2) O51-Ag4-O32 85.85(15) O9-Ag6-O9 iv 154.41(13)
O11-Ag4-O8 93.10(17) O9-Ag6-O52 iv 98.8(3)
O7-Ag4-O8 78.17(17) O9 iv-Ag6-O52 iv 78.7(2)

O51-Ag4-O8 93.07(17) O9-Ag6-O52 78.3(2)
O32-Ag4-O8 178.31(16) O9 iv-Ag6-O52 93.6(2)

O11-Ag4-Ag1 74.81(10) O52 iv-Ag6-O52 156.09(11)
O7-Ag4-Ag1 79.64(9) O9-Ag6-O21 79.1(2)
O51-Ag4-Ag1 148.61(10) O9 iv-Ag6-O21 124.0(2)
O32-Ag4-Ag1 120.40(11) O52 iv-Ag6-O21 122.1(2)
O8-Ag4-Ag1 60.22(15) O52-Ag6-O21 81.03(19)

O9-Ag6-Ag5 53.70(16)
O9 iv-Ag6-Ag5 134.01(17)

O52 iv-Ag6-Ag5 147.11(18)
O52-Ag6-Ag5 46.58(12)
O21-Ag6-Ag5 43.30(11)

i -x,-y,-z; ii -x,-y-1,-z-1; iii -x,-y,-z-1; iv -x-1,-y-1,-z-1.

The analysis of the TG curve revealed that during heating of [Ag5(O2CC2F5)5(H2O)3] between
298 and 773 K under an inert atmosphere (N2), the weight loss of the studied sample was c.a. 63.3%.
It suggested that the metallic silver was a final product of this compound pyrolysis. To assess
the volatility of the isolated Ag(I) compound, the variable temperature IR (VTIR) and the mass
spectrometry (MS EI) studies have been carried out. The use of the VTIR method allowed for the
estimation of the thermal stability of isolated crystals in the temperature range 303-523 K. According to
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VTIR data, the dehydration of [Ag5(O2CC2F5)5(H2O)3] (disappearance of bands at 3436 and 3669 cm−1)
and the clear changes in the way of carboxyl groups interaction with Ag(I) ions (splitting of the
νas(COO) band) were found between 303 and 398 K (Figure 2). The further heating of the studied
compound of up to 523 K led to the formation of the stable system, which consisted of dimeric species.
It was confirmed by the appearance of a single νas(COO) band at 1690 cm−1 [28].

Figure 2. IR spectra of [Ag5(O2CC2F5)5(H2O)3] registered at 303, 398, and 523 K.

The use of mass spectrometry (MS EI) allowed for the determination of the vapor composition at
temperatures 403 and 513 K during the heating of [Ag5(O2CC2F5)5(H2O)3] (Table 2) [28,29]. Analysis
of these data allowed for identifying the following silver(I) containing species: [Ag(O2CC2F5)(H2O)]+

,

[Ag(O2CC2F5)2(H2O)]+, [Ag2(O2CC2F5)3(OC)(H2O)]+, and [Ag2(O2CC2F5)3(OOC) (H2O)2]+ in the
spectrum registered at 403 K. It can indicate that dehydration process proceeds with the partial
decomposition of trihydrate Ag(I) compound. The data presented in Table 2 suggest that the complete
decomposition of this compound proceeds above 503 K, and the following Ag(I) containing species
will be transported in vapors: [Ag(C2F5)]+, [Ag2(C2F5)]+, and [Ag2(O2CC2F5)]+. Their appearance in
vapors suggests that they can be the main source of the metallic silver in CVD processes.

2.1.2. The Enrichment of Ti6Al4V and Ti6Al4V/TNT Substrates by Silver Nanoparticles (AgNPs)

When considering the results of thermal decomposition and volatility studies of [Ag5(O2CC2F5)5

(H2O)3], the overall conditions for carrying out the CVD processes were established. The optimal
conditions have been determined during deposition experiments and the obtained results are listed
in Table 3. The use of scanning electron microscopy (Scanning Electron Microscopy with Energy
Dispersive Spectroscopy (SEM/EDS) method allowed for confirming that the result of the deposition
processes were metallic silver nanoparticles (Figure 3).
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Table 2. Silver(I) fragmentation ions present on the mass spectra (MS EI) of [Ag5(O2CC2F5)5(H2O)3]
registered at 403 and 513 K.

Fragmentation Ions m/z 403 K 503 K 523 K

[Ag(CO)]+ 136 8 - -
[Ag(O2C)]+ 147 21 11 4

[Ag(O2CF)]+ 171 23 >2 -
[Ag(C2F5)]+ 209 10 31 12

[Ag(O2CC2F5)(H2O)]+ 289 100 - -
[Ag2(C2F5)]+ 335 58 100 38

[Ag2(O2CC2F5)]+ 379 - 68 6
[Ag(O2CC2F5)2(H2O)]+ 452 10 - -
[Ag2(O2CC2F5)(C2F5)]+ 498 30 5 >2
[Ag2(O2CC2F5)2(CO)]+ 586 >2 >1 -
[Ag2(O2CC2F5)2(CO)2]+ 598 >1 >1 -

[Ag3(O2CC2F5)(C2F5)(CO)]+ 635 >2 - -
[Ag3(O2CC2F5)2(CO)]+ 679 >1 - -

[Ag2(O2CC2F5)3(OC)(H2O)]+ 752 >1 - -
[Ag2(O2CC2F5)3(OOC)(H2O)2]+ 784 >1 - -

Table 3. Summary of chemical vapor deposition (CVD) conditions for the deposition of silver nanograins.

[Ag5(O2CC2F5)5(H2O)3] Ag(O2CC2F5) [29]

Total reactor pressure (p) [hPa] 5 × 10−1 4
Substrate temperature (TD) [K] 553 563

Vaporization temperature (TV) [K] 508 513
Deposition rate (rD) [mg·min−1] 2.25–2.57 2.56

Carrier gas Ar Ar
Deposition time [min] 30 30
Precursor mass [mg] 100 100
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Figure 3. Energy Dispersive Spectroscopy (EDS) spectrum of Ti6Al4V/AgNPs sample and quantitative data.

Analysis of SEM images of the Ti6Al4V implant (Figure 4a) that were enriched by AgNPs revealed
that the substrate surface is uniformly covered by Ag spherical grains of diameters from 15 up to
27 nm (rD = 2.57 mg·min−1; Figure 4b). Ti6Al4V/TNT/AgNPs nanocomposites were produced during
the two-step procedure. In the first step, the surface of Ti6Al4V implants (produced by the selective
laser sintering (SLS) technique) was modified by titania nanotubes layer using the electrochemical
anodization method. The anodization process was carried out using 5, 15, and 20V potentials,
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and the obtained samples were designated as Ti6Al4V/TNT5, Ti6Al4V/TNT15, and Ti6Al4V/TNT20,
respectively. The SEM images of the produced Ti6Al4V/TNT nanocomposites are presented in
Figure 4c,e,g. According to these data, the produced TNT layers consisted of nanotubes of diameters ca.
35–45 nm (TNT5), 70–80 nm (TNT15), and 100–120 nm (TNT20). Analysis of Raman and DRIFT (diffuse
reflectance infrared Furrier transformation) spectra proved the formation TiO2 amorphous layers.

 

(a) (b)

(d)(c)

(e) (f)

(g) (h)

Figure 4. Scanning electron microscopy (SEM) images of Ti6Al4V (a), Ti6Al4V/AgNPs (b),
Ti6Al4V/TNT5 (c), Ti6Al4V/TNT5/AgNPs (d), Ti6Al4V/TNT15 (e), Ti6Al4V/TNT15/AgNPs (f),
Ti6Al4V/TNT20 (g), and Ti6Al4V/TNT20/AgNPs (h).

Enrichment of TNT layers by AgNPs using CVD technique was the next step. SEM images of
modified titanium alloy implants are presented in Figure 4d,f,h. Dependently to the type of the TNT
morphology layer, the differences in the size and distribution of AgNPs were noticed. Mass differences
before and after CVD process of Ti6Al4V/TNT/AgNPs samples suggest the formation of coatings
containing ca. 1.7 wt% (TNT5), 1.4 wt% (TNT15), and 1.9 wt% (TNT20) of silver grains. On the surface
of Ti6Al4V/TNT5 coating, the dispersed nanoparticles of diameters 34–80 nm, were localized mainly on
the layer surface (rD = 2.54 mg·min−1; Figure 4d). In the case of TNT15 coating, which consists of tubes
of diameters 70–80 nm (TNT15) the size of AgNPs decreased up to 10–18 nm (rD = 2.25 mg·min−1;
Figure 4f). The deposited metallic grains were localized inside of tubes on their walls. A further
increase in the nanotubes diameter (TNT20) was accompanied by an increase of the nanograins size up
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to 25–35 nm (rD = 2.42 mg·min−1, Figure 4h). Also, in this case, AgNP were located on the surface of
tube walls.

2.2. Measurement of the Contact Angle and Surface Free Energy of Biomaterials

Wettability of studied coatings surface and their surface free energy (SFE) were estimated using
two different liquids, i.e., water as a polar liquid and diiodomethane as a dispersive one. In all studied
cases, the values of contact angles, which were measured for water, were larger in comparison
to adequate value for diiodomethane (Table 4). According to these data, the wettability of the
Ti6Al4V/TNT surfaces increases in the row TNT5 < TNT15 < TNT20 (for TNT layers produced
using potential of 5, 15, and 20V, respectively) and is better than for pure Ti6Al4V. The enrichment of
these materials with AgNPs leads to the wettability decrease (increase of hydrophobic properties) and
surface free energy decrease.

Table 4. The results of the contact angle measurement, which was made three times using distilled
water and diiodomethane and the results of the surface free energy (SFE) of biomaterials used in
Owens-Wendt method.

Biomaterial Sample

Average Contact Angle [◦] ± Standard Deviation

SFE [mJ/m2]Measuring Liquid

Water Diiodomethane

Ti6Al4V 108.3 ± 0.09 37 ± 0.16 45.37 ± 0.05
Ti6Al4V/AgNPs 131.9 ± 0.12 89.6 ± 0.50 15.09 ± 0.09
Ti6Al4V/TNT5 <10 36 ± 6.82 >72.06

Ti6Al4V/TNT15 <10 32.3 ± 2.75 >72.30
Ti6Al4V/TNT20 <10 30.7 ± 2.18 >72.42

Ti6Al4V/TNT5/AgNPs 124.2 ± 0.06 41.9 ± 0.47 51.97 ± 0.15
Ti6Al4V/TNT15/AgNPs 120.5 ± 0.1 67.3 ± 0.96 28.46 ± 0.23
Ti6Al4V/TNT20/AgNPs 110.2 ± 0.5 72.3 ± 0.73 21.7 ± 0.05

2.3. Mechanical Properties of Ti6Al4V/AgNPs, Ti6Al4V/TNT, and Ti6Al4V/TNT/AgNPs

The studies have been carried out for Ti6Al4V/AgNPs, Ti6Al4V/TNT, and Ti6Al4V/TNT/AgNPs
systems, where TNT layers were produced using 5V (TNT5) and 15V (TNT15) potentials. The aim was
to estimate mechanical property changes of two different types of TNT coatings that were enriched
by AgNPs, i.e., the network formed by densely packed TiO2 tubes (TNT5) and the layer composed of
separated and ordered nanotubes (TNT15).

2.3.1. Surface Topography

Surface topographies of the obtained coatings and the reference Ti alloy were examined by means
of atomic force microscopy (AFM, NaniteAFM, Great Britain) in the 50 × 50 μm area. Surface roughness
parameter Sa, was determined using software that is an integral part of the device. As demonstrated
by the conducted research, electrochemical anodization increases the roughness parameter Sa for
both coatings that were produced at 5 V and 15 V. For the coating that was obtained at a voltage
of 5V, the increase in the Sa parameter was almost threefold and for the coating obtained with 15V,
more than five times. Also, the implantation of silver ions into electrochemically anodized coatings
further increases the Sa parameter. In the case of the Ti6Al4V/TNT5/AgNPs coating, the Sa parameter
increased by a further 32% and for the Ti6Al4V/TNT15/AgNPs coating by 9.3%. The implantation
of silver ions into the Ti6Al4V substrate causes a threefold increase in surface roughness, from Sa =
0.027 μm to Sa = 0.078 μm (Figure 5).
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Figure 5. Atomic force microscopy (AFM) surface topography and Sa parameter of reference Ti6Al4V,
Ti6Al4V/AgNPs, and Ti6Al4V/TNT/AgNPs composites.

2.3.2. Hardness and Young’s Modulus

Hardness tests were carried out using a Berkovich indenter. All of the tested samples were
subjected to 25 (5 × 5) measurements of nanoindentation. Individual indentations were spaced
20 μm apart (in both axes). Table 5 presents the mechanical properties measured in nanoindentation
tests and Figure 6 exemplary hardness distribution on the area of 50 × 50 μm. The obtained results
revealed that the surface implantation of the Ti6Al4V alloy with silver ions causes a slight increase
in hardness, from 6.18 GPa to 6.81 GPa. On the other hand, after electrochemical anodization of
the titanium alloy surface, the increase in hardness is greater than after surface implantation with
silver ions. A particularly large, more than two and a half times, increase in hardness was noted for
electrochemically anodized coatings that were obtained at 15 V (Ti6Al4V/TNT15).

Table 5. Mechanical properties (hardness, Young’s Modulus and maximum depth of indentation) of
reference Ti6Al4V, Ti6Al4V/AgNPs, and Ti6Al4V/TNT/AgNPs composites.

Biomaterial Sample Hardness [GPa] Young’s Modulus [GPa]
Maximum Depth of

Indentation [nm]

Ti6Al4V 6.18 ± 2.88 230.12 ± 21.68 162.18 ± 12.18
Ti6Al4V/AgNPs 6.81 ± 2.55 187.54 ± 54.33 253.09 ± 51.55
Ti6Al4V/TNT5 7.42 ± 3.30 229.71 ± 88.07 302.40 ± 61.85

Ti6Al4V/TNT15 16.23 ± 8.81 350.64 ± 157.57 168.11 ± 46.04
Ti6Al4V/TNT5/AgNPs 9.86 ± 4.61 253.93 ± 87.14 211.53 ± 56.38
Ti6Al4V/TNT15/AgNPs 13.60 ± 7.24 287.03 ± 92.92 184.46 ± 40.60
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Figure 6. Hardness distribution of Ti6Al4V/TNT5, Ti6Al4V/TNT15, Ti6Al4V/TNT5/AgNPs,
and Ti6Al4V/TNT15/AgNPs composites.

For coating obtained at 5 V (Ti6Al4V/TNT5), the increase in hardness was not so significant;
the value only increased by 20%. After implantation with silver ions electrochemically anodized
coatings, it can be noticed that, depending on the anodizing voltage, the hardness either decreases
or increases. In the case of anodized coating that was obtained at 5 V, after implantation with silver
ions an increase in hardness by 33% (from 7.42 GPa to 9.46 GPa) is observed. However, for anodized
coating that was obtained at 15 V, after implantation with silver ions, a 16% reduction in hardness is
observed (from 16.23 GPa to 13.60 GPa). Similar changes after the silver ion implantation of anodized
coatings, as in the case of hardness, can also be observed for the measured Young’s modulus, i.e.,
an increase in stiffness for the Ti6Al4V/TNT5/AgNPs composite and a decrease in stiffness for the
Ti6Al4V/TNT15/AgNPs composite. In turn, the implantation with silver ions of the surface of the
Ti6Al4V alloy results in the reduction of the Young’s modulus from 230.12 GPa to 187.54 GPa (18.5%).

2.3.3. Adhesion Tests of Ti6Al4V/TNT and Ti6Al4V/TNT/AgNPs Composites

The coatings were subjected to five scratch tests (individual nanosporks were spaced apart by
250 μm). Table 6 presents aggregate results for all investigated coatings and Figure 7 shows exemplary
curves that were obtained in the scratch test. As can be seen from the data presented in Table 6,
electrochemical anodization at 15 volts allows for obtaining coatings with greater adhesion to the
substrate than anodizing at five volts. The critical force resulting in the loss of adhesion is about 39%
higher for the coating obtained at 15 volts than for the coating obtained at five volts.
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Table 6. Results of nano scratch-tests of Ti6Al4V/TNT and Ti6Al4V/TNT/Ag composites.

Nano Scratch—Test Properties

Biomaterial Sample Critical Friction [mN] Critical Load [mN]

Ti6Al4V/TNT5 155.76 ± 69.02 197.713 ± 78.62
Ti6Al4V/TNT15 234.68 ± 21.05 275.03 ± 28.91

Ti6Al4V/TNT5/AgNPs 213.57 ± 49.50 275.11 ± 58.15
Ti6Al4V/TNT15/AgNPs 238.27 ± 53.54 267.74 ± 75.73

Figure 7. Examples of results obtained in the scratch test for Ti6Al4V/TNT5 coating and for
Ti6Al4V/TNT5/AgNPs composite.

In addition, the standard deviation of the average results of the critical force causing the loss of
adhesion to the substrate is about three times greater in the case of coatings that were obtained with the
voltage of five volts. Implantation of electrochemically anodized coatings with Ag ions contributes to
changes in the critical force that causes loss of coating adhesion. Electrochemically anodized coatings
that were obtained at 5 V, after their implantation with Ag ions, show an increase in critical force of
about 39%, while the implantation with Ag ions of coatings obtained at 15 V causes a slight decrease
in adhesion by about 3.6%.

2.4. Evaluation of Stability and Durability of Coating Materials in the Body Fluid Environment

The processes of silver ions releasing from the surface of Ti6Al4V/AgNPs and Ti6Al4V/TNT/
AgNPs samples, immersed in phosphate-buffered saline (PBS) solutions at human body temperature
(310 K), were studied for five weeks. The results of these investigations are presented in Figure 8.

Analysis of inductively coupled plasma mass spectrometry (ICP-MS) data revealed that 3 h after
immersion of Ti6Al4V/AgNPs system in the PBS solution, the concentration of Ag+ ions was 0.18 ppm,
and after 24 and 48 h, it was 0.40 and 0.86 ppm, respectively (Figure 8; extracted graph). Over the next
12 days, a further increase in the concentration of Ag+ in PBS solution was observed up to 2.52 ppm
after 14 days.
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Figure 8. Silver ions released from Ti6Al4V/AgNPs coatings and Ti6Al4V/TNT5/AgNPs; Ti6Al4V/
TNT15/AgNPs; and, Ti6Al4V/TNT20/AgNPs coatings immersed in phosphate buffered saline (PBS).
The extracted graph shows the concentration changes of silver ions released from the surface of
Ti6Al4V/AgNPs in the first 48 h after immersion off the sample in PBS solution.

During the next 14 days, the concentration of Ag+ ions did not change significantly remaining
at 2.51–2.57 ppm (Figure 8). Studies of Ti6Al4V/TNT/AgNPs composites, which were produced
by the deposition of silver nanoparticles on the surface of titanium dioxide nanotubes, showed that
the Ag+ releasing processes were preceded in another way (Figure 8). In our experiments, we have
used Ti6Al4V/TNT substrates of nanotube diameters ca. 35–45 nm (TNT5), 70–80 nm (TNT15),
and 100–120 nm (TNT20). Obtained results revealed that during the first 14 days, the release of silver
ions from the surface of all studied Ti6Al4V/TNT/AgNPs composites immersed in PBS solution,
was not observed. After this time there was a slow increase of Ag+ concentration, reaching the
highest value ca. 0.77 ppm (Ti6Al4V/TNT20/AgNPs) after 35 days, which was three times lower
than in the case of the Ti6Al4V/AgNPs system (Figure 8). Simultaneously, the lowest concentration
of Ag+, which amounted ca. 0.44 ppm (after 35 days) has been noticed for Ti6Al4V/TNT15/AgNPs.
The obtained results revealed the clear impact of AgNPs diameter and the manner of their arrangement
on the surface of TNT layers on the concentration of released silver ions (Figure 4).
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3. Discussion

The implant samples that were fabricated by the selective laser sintering of Ti6Al4V powders (SLS
technology) were used as substrates in all of our experiments, and the results are discussed in this paper.
The appropriate porosity of substrates was obtained by covering their surface with TiO2 nanotube
coatings (TNT), which were produced using the electrochemical anodization method [9,10,31]. In our
works, we have focused on studies on amorphous Ti6Al4V/TNT systems that are produced using
potentials: 5 V (Ti6Al4V/TNT5), 15 V (Ti6Al4V/TNT15), and 20 V (Ti6Al4V/TNT20), which showed
the promising bioactivity [10]. The conversion of amorphous TiO2 layers into anatase phase during
their heating up to 573 K were not noticed, which was confirmed by the analysis of IR and Raman
spectra. This fact was important for our further works that are associated with the use of CVD
technique in order to the enrichment of the Ti6Al4V and Ti6Al4V/TNT substrate surfaces with the
AgNPs. Our earlier experience with the use of the different Ag(I) precursors in CVD experiments
prompted us to choose Ag(O2CC2F5) as a suitable source of dispersed AgNPs [28,29]. However,
during the recrystallization of this compound from a 1:2 EtOH/H2O mixture, the colorless crystals
have been isolated after five days. The analysis of single crystals X-ray diffraction data proved the
formation of trihydrate species of the general formula [Ag5(O2CC2F5)5(H2O)3] (Figure 1, Table 1).
Three water molecules, which are presented in the structure of this compound (differently coordinated
with silver atoms and taking part in possible interactions by hydrogen bonds with oxygen and fluorine
atoms), should impact its properties as the CVD precursor. The results of volatility studies (VT IR
and MS EI) showed that the heating of this compound in the range 303–503 K proceeded with its
dehydration and the releasing of dimeric Ag(I) carboxylate species. Carried out studies exhibited that,
in comparison to its anhydrous form, the isolated trihydrate crystals are characterized by the lower
vaporization temperature at the pressure 5 × 10−1 hPa. Moreover, CVD experiments proved that the
deposition of dispersed AgNPs proceeded with the lower deposition rate rD = 2.25–2.57 mg·min−1

at TD = 553 K (Table 3). The SEM images that are presented in Figure 4 indicated that spherical
nanoparticles of silver of dimeters ca. 34–80 and 24–35 nm were localized on the surface of
Ti6Al4V/TNT5/AgNPs and Ti6Al4V/TNT20/AgNPs coatings, respectively. Simultaneously, in the
case of Ti6Al4V/TNT15/AgNPs, most of silver particles were localized on the walls, inside of tubes.
The differences that are mentioned above can explain the noticed changes in wettability (hydrophilicity)
and in the way of silver ions releasing from Ti6Al4V/TNT/AgNPs composites.

The direct consequence of the TNT layer formation on the surface of Ti6Al4V implant is the surface
wettability increase with simultaneous surface free energy growth (Table 4). The obtained results
are in good accordance with previous reports [32]. The enrichment of Ti6Al4V and Ti6Al4V/TNT
surface by AgNPs lead to a decrease of their wettability and SFE value. The analysis of water contact
angle changes revealed that the AgNPs deposition on the surface of hydrophilic surface of TNT
coatings (water contact angle < 10 deg) lead to the increase of their hydrophobicity (water contact angle
was changed to 110.2–124.2 deg) (Table 4). Simultaneously, it should be noted that hydrophobicity
of studied samples decreases in the row: Ti6Al4V/TNT5/AgNPs > Ti6Al4V/TNT15/AgNPs >
Ti6Al4V/TNT20/AgNPs. This effect can be related to the increase of nanotubes diameter from
35–45 nm up to 100–120 nm, and thus a higher ability to penetrate the interior of the nanotubes by the
liquid. The increase of hydrophobicity of TNT layers (diameter 33 nm) after their decoration by AgNPs
(diameter 35 nm) was also noticed by Caihong et al. [33]. The insertion of an AgNPs-enriched implant
into an aqueous solution is associated with the oxidation of metal nanoparticles and the releasing of
silver ions, which has direct impact on potential antimicrobial properties of the produced coatings [34].
Figure 8 shows that Ag+ ions were released with the high rate in the first 12 days from the surface of
Ti6Al4V/AgNPs system. After this time, the release rate changes indicate saturated behavior, and the
concentration of the Ag+ ions in PBS was close to 2.5 ppm. The higher concentration of these ions
than 10 ppm in the human body can be toxic [35]. Zaho et al. showed a similar way of Ag+ releasing
from the surface of Ti/AgNPs substrates, however the concentration of silver ions in PBS solution after
seven days stabilized on the level 0.13 ppm [36]. In the case of Ti6Al4V/TNT/AgNPs coatings that
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are immersed in PBS solution, the different silver ion releasing pathway has been noticed (Figure 8).
Independently to the TNT diameters (TNT5—35–45 nm, TNT15—70–80 nm, TNT20—100–120 nm),
the silver ions release process was not observed in first seven days. After this time, the Ag+ ions
concentration slowly increases, reaching values 0.44–0.77 ppm after 35 days dependently to the TNT
diameter, AgNPs size, and the way of their distribution. Attention is drawn to the fact that the
release rate of silver ions from Ti6Al4V/TNT20/AgNPs (lowest value of SFE and water contact angle
110.2 deg) is higher in comparison to Ti6Al4V/TNT15/AgNPs (highest value of SFE and water contact
angle 124.2 deg) (Table 4). The earlier studies of Ti/TNT(anatase)/AgNPs composites (tube diameters
were 50, 75, and 100 nm) revealed that Ag+ ions were releasing with the high rate in the first two days
and maintaining concentration at the level 0.25–0.28 ppm [36]. Also, in this case, the highest release
rate was noticed for AgNPs that were deposited on the surface of TNT layer consisted from tubes of
diameter 100 nm. Our earlier studies of Ag+ ions releasing from Ti/TNT/AgNPs composites revealed
that, after 21 days, the concentrations of these ions in PBS solution were close to 0.005–0.008 ppm,
and after 28 days they increased to the level 0.15–0.22 ppm [9].

Up till now, the mechanical properties of TiO2 coatings that are produced by the electrochemical
anodization of titanium alloys have been poorly explored. However, Young’s modulus, hardness,
and adhesion of the coating to the substrate can be the decisive factors in terms of applications,
for example, when considering the production of such coatings on implants elements. The strong
integration of an implant with the bone tissue is crucial for the safe operation of the implant. The loss
of coherence between the bone and the implant due to friction contributes to the implant wear.
The abrasive wear of the implant may additionally cause inflammatory reactions in the patient’s
body. Von Wilmowsky et.al reported in their work [37] that TiO2 nanotube coatings have shown a
“good” qualitative adherence, but other reports [38,39] have qualified such coatings as “not very well
adherent”. The results of our nano scratch-tests revealed that the adhesion of the Ti6Al4V/TNT15
coating to the substrate is slightly greater than the Ti6Al4V/TNT5 coating (Figure 7). This difference
can be result in differences in the way of TNT coatings architecture. The TNT5 layer is composed of
dense packed nanotubes of diameter ca. 35–45 nm and wall thicknesses ca. 12 nm, while the TNT15
consists of separated tubes of diameter ca. 70–80 nm and wall thicknesses ca. 20 nm. After the AgNPs
deposition on the surface of TNT5 coating, the dispersed nanoparticles with diameters of 34–80 nm
were located mainly on the layer surface, which should not impact the adhesion of the coating to the
substrate. However, AgNPs of diameters that are similar to tube sizes can be located inside of tubes or
close them. This can explain the adhesion increase of TNT5 coating from 197.7 mN up to 275.03 mN
after the deposition AgNPs on its surface. In the case of TNT15 coating, which consists of tubes of
diameters 70–80 nm (TNT15), the size of AgNPs decreased to 10–18 nm maximum. The metallic grains
were located inside the tubes on their walls, which caused a slight decrease in the adhesion of the
coating to the substrate (from 275.1 mN to 267.7 mN).

Analysis of data presented in Table 5 revealed a clear increase of nano-mechanical properties
(hardness, Young’s modulus) of Ti6Al4V substrate surface after the formation Ti6Al4V/TNT system.
However, it should be noted that the magnitude of these changes is associated with the morphology of
the produced TNT coatings. The results of our measurements indicate that the hardness (7.42 GPa)
and Young’s modulus (229.71 GPa) of Ti6Al4V/TNT5 coatings are significantly lower than that of
Ti6Al4V/TNT15 coatings (hardness 16.23 GPa and Young modulus 350.64 GPa), despite the fact
that they have a finer nanotubes structure. It can be explained by the increase of both stiffness and
hardness of coatings, which results from an increase of the used voltage in the anodization process.
The earlier works revealed that voltage increase (at a constant process time) is accompanied with
an increase nanotubes diameter, wall thickness, and also their length [40]. Moreover, the increase in
voltage is accompanied by the growth of barrier layer thickness in the lower part of the nanotube,
which results in the formation of larger pores and greater distance between them [41]. As a result
of these processes, the nanotubes of larger diameter and wall thickness are formed. Bauer et al. [42],
revealed that the anodizing of titanium using voltages 10–25 V led to the formation of coatings that are
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composed of separated and ordered nanotubes, while the use of lower voltages led to the formation of
a structure resembling an ordered network. For studied coatings, the above-mentioned morphology
changes were noticed for TNT5 and TNT15 respectively. Simultaneously, the values of the surface
roughness decreased from Sa = 0.137 μm for Ti6Al4V/TNT5 to Sa = 0.075 μm for Ti6Al4V/TNT15.
The phase structure of nanotubes is the next important factor that can influence the hardness and
stiffness of TNT coatings. Analysis of the previous reports showed that anodized TiO2 nanotubes are
amorphous in nature [43–45]. However, the method and parameters of coatings production as well as
their heat treatment may affect the occurrence of crystalline TiO2 phases, such as anatase, rutile, or a
mixture of these polycrystalline forms. It was indicated that amorphous TiO2 nanotubes are softer than
mixture of amorphous and crystallized TiO2 (anatase) nanotubes. Also, the geometry of nanotubes,
i.e., their length and wall thickness will affect the hardness measurement result [46–48]. In addition,
it is well-known that the radius of the nanoindenter’s tip rounding has an effect on the test results.
The porosity of the coatings constitutes an additional parameter affecting their nano-mechanical
properties. Munirathinam and Neelakantan reported [49] that porosity has a significant influence on
the elastic modulus of the nanotubes. In our experiments, the potential of 15 V applied during the
anodizing of the Ti6Al4V alloy was low enough for the formation of a structure with low porosity,
as evidenced by the high Young’s modulus of the Ti6Al4V/TNT15 coating. After enriching produced
coatings by AgNPs, the hardness of the Ti6Al4V/TNT5 coating increased from 7.42 GPa to 9.86 GPa,
while for the Ti6Al4V/TNT15 coating, the hardness decreased from 16.23 GPa to 13.60 GPa. In both
cases, the values of Sa parameters also increased (Figure 5). When considering that during the CVD
process, the amorphousness of TNT coatings does not change, the increase of hardness and the
roughness (from Sa = 0.137 μm up to Sa = 0.181 μm) of the Ti6Al4V/TNT5/AgNPs composite can be
explained by the deposition of AgNPs on the surface of an ordered network, which consists of the
densely packed TiO2 nanotubes. In the case of Ti6Al4V/TNT15/AgNPs, the increase of tubes diameter
(70–80 nm) and the deposition of silver nanoparticles in their interior slightly increase the coating
roughness (Sa = 0.082 μm), but its hardness decreases in comparison to the layer, which consists of
separated and ordered TiO2 nanotubes.

4. Materials and Methods

4.1. Synthesis of Silver CVD Precursor and Conditions CVD Processes Carry Out

The silver(I) pentafluoropropionate has been synthesized according to previously reported
procedure [28,29]. The slow recrystallization of this salt from the 1:2 EtOH/H2O solution led to
the isolation of stable in air and colorless crystals after five days. The light sensitivity of these crystals
required their storage in the light protected container.

Yield: 89.2%; anal. calculated for C10H6F25O13Ag5: C, 8.98%, H, 0.44%; Found: C, 9.09%, H, 0.47%.
13C NMR (75 MHz), δ (ppm): 59.04 (CF2), 117.49 (CF3), 167.25 (COO), 19F NMR (CDCl3, 376 MHz),
δ (ppm): −82.91 (s, 3F), −118.38 (d, J = 21.1 Hz, 2F) Solid NMR spectra were recorded in a Varian
Gemini 200 MHz NMR spectrometer in CDCl3 (Varian Inc., Palo Alto, CA, USA). Single crystal X-ray
diffraction data were collected from a crystal of dimensions 0.57 × 0.51 × 0.38 nm with an Oxford
Diffraction KM4 CCD diffractometer (Oxford Diffraction Ltd., Abingdon, Oxfordshire, UK) (Mo Kα

about wavelength λ = 0.71073 Å). The structure was solved by direct methods and it was refined
with the full-matrix least squares on F2 using the software package SHELX-97 [50]. All of the figures
were prepared in DIAMOND [51] and ORTEP-3 [52]. CCDC: 1477237; contains the supplementary
crystallographic data for [Ag5(O2CC2F5)5(H2O)3]. These data can be obtained free of charge via http:
//www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Crystal data and structure refinement for this compound are given in Table 7.
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Table 7. Crystal data and structure refinement for [Ag5(O2CC2F5)5(H2O)3)].

Formula sum C15 H6 Ag5 F25 O13
Formula weight 1408.55
Crystal system triclinic
Space group P-1

Unit cell dimensions

a = 11.3277(5) Å
b = 13.0765(5) Å
c = 13.7547(5) Å
α = 116.746(4)◦
β = 100.869(3)◦
γ = 99.819(3)◦

Cell volume [Å3] 1709.36(13)
Density (calculated) [Mg/m3] 2.737
Z 2
Absorption coefficient [mm−1] 3.005
F(000) 1320
Crystal size [mm] 0.57 × 0.51 × 0.38
Theta range for data collection [dego] 2.16 to 26.37

Index ranges
−14 ≤ h ≤ 14
−16 ≤ k ≤ 16
−17 ≤ l ≤ 17

Reflections collected 18624
Reflections unique/Rint 6960/0.0424
Completeness to theta = 26.37 99.5%
Transmission Max/Min 0.3947/0.2792
Refinement method Full-matrix least-squares on Fˆ2
Data/restraints/parameters 6960/20/592
Goodness-of-fit on Fˆ2 1.043
Final R indices [I > 2sigma(I)] R1 = 0.0474 wR2 = 0.1339
R indices (all data) R1 = 0.0627 wR2 = 0.1439
Largest diff. peak and hole [e.Å−3] 0.937 and −0.846

R1 = Σ||Fo | − |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 − Fc

2)2]/Σ[w(Fo
2)2]}1/2.

The enrichment of AgNPs on the surface of Ti6Al4V and Ti6Al4V/TNT substrates were carried
out while using CVD method (the horizontal hot-wall reactor) under the conditions that are presented
in Table 2 [29].

4.2. The Production of Ti6Al4V/TNT Substrates and Its Characteristics

Titanium dioxide nanotube layers (TNTs) were fabricated on the surface of implants of the radial
bone (total area implant—20.53 cm2, formed by selective laser sintering (SLS) of Ti6Al4V powder) as a
result of the electrochemical anodic oxidation, according to the method previously described [9,10,31].
This process was carried out at the following voltages: 5 V (TNT5), 15 V (TNT15), and 20 V (TNT20).
The anodizing time was t = 30 min. The morphology of the produced coatings was examined using
a Quanta scanning electron microscope with field emission (SEM, Quanta 3D FEG, Huston USA).
The structure of the produced TiO2 nanotube layers was studied while using Raman spectroscopy
(RamanMicro 200 PerkinElmer (PerkinElmer Inc., Waltham, MA, USA) (λ = 785 nm)) and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT, Spectrum2000, PerkinElmer Inc., Waltham,
MA, USA).

4.3. Measurement of the Contact Angle and Surface Free Energy of Biomaterials

Determination of the wettability was carried out by the measuring of the contact angle. The contact
angle was measured using a goniometer with drop shape analysis software (DSA 10 Krüss GmbH,
Hamburg, Germany). The liquids that were selected for measuring the contact angle were distilled
water (H2O) and diiodomethane (CH2I2). In the case of distilled water, the volume of the drop in the
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contact angle measurement was 3 μL, and in the case of diiodomethane 4 μL. The measurement of
the contact angle was carried out immediately after deposition of the drop. In order to determine
the surface free energy, mathematical calculations were performed using the Owens-Wendt method.
Each measurement was carried out three times.

4.4. Topographies and Mechanical Properties of the Produced Nanocoatings on the Surface of 3D
Printed Implants

Surface topographies were examined by means of atomic force microscopy (AFM, NaniteAFM,
Nanosurf AG, Liestal, Switzerland) using a contactless module with a force of 55 mN in the 50 × 50 μm
area. Hardness tests and Young modulus measurements were carried out using a nanoindenter
(NanoTest Vantage, Micro Materials Ltd., Wrexham, UK) using a pyramidal, diamond, three-sided
Berkovich indenter, with an apical angle of 124.4◦. Hardness tests were performed for the loads of
10 mN. The time of load increase from the zero value to the maximum load 10 mN was 15 s. Indentation
involving one cycle with 5 s dwell at maximum load. Hardness values (H), reduced Young’s modulus
(Er), and Young’s modulus were determined using the Oliver-Pharr method using the NanoTest
results analysis program. In order to convert the reduced Young’s modulus into the Young’s modulus,
a Poisson coefficient of 0.25 was assumed for the coatings.

Tests of coatings adhesion were made using nanoindenter (NanoTest Vantage, Micro Materials
Ltd., Wrexham, UK) and using the Berkovich indenter, as in the case of the nanoindentation tests.

The parameters of scratch tests were as follows: scratch load—0 to 500 mN, loading rate—
3.3 mN/s, scan velocity—3 μm/s, and scan length—500 μm. Based on the dependence of the friction
force (Ft) on the normal force (Fn) in the program for the analysis of NanoTest results, the values of
critical friction force (Lf) and critical force (Lc), which caused the separation of the layer from the
substrate, were determined.

4.5. Evaluation of Stability and Durability of Coating Materials in the Body Fluid Environment

The analysis was carried out on Ag-enriched (a) titanium foil (Ti6Al4V, gradation 5, 99.7% purity,
STREM) and (b) titanium foil with tiatnium dioxide nanotube modified surface (i.e., arrangements
Ti/Ag and Ti/TNT5/Ag; Ti/TNT15/Ag; Ti/TNT20/Ag). Both variants were cut into 7 mm × 7 mm
pieces. These composites were additionally protected with polyglycolide (PGA) and were also analyzed.
The prepared materials were immersed in 15 mL of buffered saline solution, with the concentration
of ions and the osmotic pressure being comparable to that which prevails in human body fluids.
This solution was made by dissolving a PBS tablet with the following composition: 140 mM NaCl,
10 mM phosphate buffer, 3 mM KCl in 100 mL distilled water. The samples were kept in an incubator
at 310 K for 1, 2, 3, 4, 6, 7, 9, 10, 13, 14, 21, 26, 28, and 35 days. Estimation of silver concentration
was performed by mass spectrometry with plasma ionization inductively coupled to a quadrupole
analyzer using an ICP-MS 7500 CX spectrometer with Agilent Technologies collision chamber (Agilent
Technologies Inc., Tokyo, Japan).

5. Conclusions

The direct result of our works was the fabrication of coatings that are composed of the dispersed
AgNPs and/or the TNT/AgNPs nanocomposites on the surface of Ti6Al4V implants, produced in
SLS technology. The TNT layers were produced using electrochemical anodization of Ti6Al4V at 5, 15,
and 20 V, while the CVD method was used in order to enrich Ti6Al4V and Ti6Al4/TNT substrates by
silver nanoparticles. The carried out CVD experiments proved the utility of [Ag5(O2CC2F5)5(H2O)3)]
as a precursor of metallic silver nanoparticles. The enrichment of Ti6Al4V and Ti6Al4V/TNT substrates
with AgNPs increased their surface free energy, roughness, hardness, and Young’s modulus. It also
caused the increase of the hydrophobic properties. Studies of Ti6Al4V/TNT/AgNPs composites that
were immersed in PBS solution proved that the concentration of silver ions released form the surface
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of these materials changes between 0.44 and 0.77 ppm after 35 days. This value is definitely below the
critical level, which could have any negative effect on mammalian cells [35].

Supplementary Materials: Files containing crystallographic data were included as Supplementary Materials at
http://www.mdpi.com/1422-0067/19/12/3962/s1.
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Abstract: Signal reproducibility in surface-enhanced Raman scattering (SERS) remains a challenge,
limiting the scope of the quantitative applications of SERS. This drawback in quantitative SERS
sensing can be overcome by incorporating internal standard chemicals between the core and
shell structures of metal nanoparticles (NPs). Herein, we prepared a SERS-active core Raman
labeling compound (RLC) shell material, based on Au–Ag NPs and assembled silica NPs
(SiO2@Au@RLC@Ag NPs). Three types of RLCs were used as candidates for internal standards,
including 4-mercaptobenzoic acid (4-MBA), 4-aminothiophenol (4-ATP) and 4-methylbenzenethiol
(4-MBT), and their effects on the deposition of a silver shell were investigated. The formation of
the Ag shell was strongly dependent on the concentration of the silver ion. The negative charge of
SiO2@Au@RLCs facilitated the formation of an Ag shell. In various pH solutions, the size of the
Ag NPs was larger at a low pH and smaller at a higher pH, due to a decrease in the reduction rate.
The results provide a deeper understanding of features in silver deposition, to guide further research
and development of a strong and reliable SERS probe based on SiO2@Au@RLC@Ag NPs.

Keywords: silver shell; silica template; Au–Ag alloy; nanogaps; SERS detection

1. Introduction

Surface-enhanced Raman scattering (SERS) has been widely used for various applications due
to its excellent ultrasensitive molecular fingerprinting, and its non-destructive and photostable
properties [1–5]. Much effort has been focused on the use of different nanoparticles (NPs) as
a substrate for SERS detection, such as silver NPs [6,7], gold NPs [8–11], and metal-embedded graphene
oxide [12,13]. Although these nanostructures can enhance the SERS signal, difficulty in controlling the
density of hot spots on the surface of a SERS substrate makes them unsuitable for accurate quantitative
SERS assays [14].

Internal standards have been used to correct variations in SERS intensity in quantitative SERS
assays [14–17]. Internal standard-based quantitative SERS methods can be classified into three
categories [14]: (i) internal standard addition detection mode [18,19]; (ii) internal standard tagging
detection mode [20–22]; (iii) and ratiometric SERS indicator-based detection mode [14,23]. However,
the concurrent presence of target molecules and internal standard compounds on the surface of
a SERS-enhancing substrate can lead to the issue of competitive adsorption between the internal
standard and the target analytes in both the addition and tagging detection modes. On the other hand,
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the ratiometric SERS indicator-based detection mode may avoid competition between the internal
standard and target molecules, as the target molecules cannot adsorb onto the surface of the SERS
substrate. However, difficulties in finding or synthesizing an appropriate SERS probe for a specified
target have been a limiting factor in the general application of the ratiometric SERS indicator-based
detection mode [14].

Core-shell nanomaterials have attracted attention and have been employed for various
applications, such as solar cells [24–26], photocatalysis [27–30], sensors [31,32], biomedical
diagnosis [33–35], and imaging [36,37]. This is due to their outstanding features [38], including
versatility [39], economy [40], tunability [41,42], stability, dispersibility [43], biocompatibility [44],
and controllability [45]. Since their localized surface plasmon resonance (LSPR) can become tunable by
controlling the bimetallic component or structure, core-shell nanomaterials have been extensively used
as a substrate to enhance Raman signals of probe molecules with exquisite sensitivity. The dynamic
exchange between the target molecules and internal standard is bypassed, as the internal standard is
embedded between the core and shell layers. However, the unstable sol form of “core-shell” substrates
can cause faster agglomeration than solid substrates [46,47]. To overcome this problem, SERS-active
core-Raman labeling chemical (RLC)-shell NPs (CRLCS NPs) have been used in SERS application,
especially to avoid the competitive adsorption between the internal standard and target molecules, by
embedding the internal standard in core-shell NPs as enhancing substrates [15,17,48,49]. Although the
presence of RLC between the Au core and the Ag shell enables a strong and reliable SERS probe, to our
knowledge the effect of RLC property on the growth of an Ag shell—which can be a critical factor in
fabricating the homogeneous structure of core-shell materials—has not been investigated.

Recently, our group reported Au–Raman Labeling Chemical–Ag NP assembled silica
NPs (SiO2@Au@RLC@Ag NPs) as strong and reliable SERS probes with an internal standard.
SiO2@Au@RLC@Ag NPs were synthesized using an Au seed-mediated Ag growth method on the
surface of a silica template, followed by incorporating RLC on their surfaces [50–52]. Herein, we
investigated the effect of experimental conditions and RLC properties on the growth of an Ag shell
on the surface of SiO2@Au. Three kinds of RLCs with a positive charge (4-aminothiphenol: 4-ATP),
a negative charge (4-mercaptobenzoic acid: 4-MBA), and a neutral charge (4-methylbenzenthiol:
4-MBT) were used to investigate the effect of the charge properties of RLC on the growth of the Au
shell. In addition, the influence of pH on the formation of the Ag shell was investigated.

2. Results and Discussion

To prepare SiO2@Au@RLC@Ag NPs, silica NPs (ca. 150 nm in diameter) were synthesized using
the Stöber method [53] and used as a template for embedding the Au NPs. The surface of silica NPs
was first functionalized with amine groups by (3-Aminopropyl) triethoxysilane (APTS) to prepare the
aminated silica NPs, as shown in Figure 1. Simultaneously, colloidal Au NPs (7 nm) were prepared by
NaBH4, according to the method reported by Martin et al., although with slight modifications [54,55].
Then, the Au NPs were incubated with the aminated silica NPs by gentle shaking to prepare an Au
NPs embedded SiO2 (SiO2@Au NPs), since an amine functional group plays a crucial role in attaching
the Au NPs through strong electrostatic attraction. Subsequently, three types of RLC with a positive
charge (4-aminothiphenol: 4-ATP), a negative charge (4-mercaptobenzoic acid: 4-MBA) and a neutral
charge (4-methylbenzenthiol: 4-MBT) were introduced on the surface of SiO2@Au NPs through the
strong affinity between thiol groups and Au, to investigate the effect of charge properties of RLCs on
the growth of the Au shell. Finally, the Ag shell was deposited on the SiO2@Au@RLC, to enhance
the Raman signal of RLCs by reducing a silver precursor (AgNO3) in the presence of ascorbic acid
and polyvinyl pyrrolidine (PVP) as a stabilizer and structure-directing agent under mild reducing
conditions [51]. In addition, the presence of the Ag shell can prevent the leakage of RLC from the Au
surface, and also provide a better chance of generating numerous hot spots on the silica surface to
detect target molecules.
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Figure 1. Illustration of a typical preparation of Au@Raman Labeling Compound@Ag embedded
silica nanoparticles for a surface-enhanced Raman scattering (SERS) probe. Au NPs embedded silica
nanoparticles were incubated with three different Raman labeling compounds, including 4-ATP, 4-MBA,
and 4-MBT, and coated with an Ag shell by the reduction of silver nitrate in the presence of ascorbic
acid and polyvinyl pyrrolidone.

As expected, the Au NPs exhibited a typical UV peak at ~520 nm, as shown in Figure S1a. After the
Au NPs were coated on the surface of SiO2, the maximum peak of SiO2@Au was red-shifted to 530 nm.
The zeta potential was used to confirm the result, and the SiO2 NPs had a zeta potential value of
−44.6 ± 0.1 mV. When the surface of the SiO2 NP was incubated with APTS, the zeta potential value of
SiO2@NH2 was increased to −27.7 ± 0.6 mV, due to the positive property of NH2 groups. Throughout
the entire NH2 groups, the Au NPs were immobilized on the surface of SiO2@NH2 due to electrostatic
attraction. Since the surface of the Au NPs was stabilized by BH4

-, the zeta potential of SiO2@Au was
decreased to −55.4 ± 6.1 mV (Figure S1b).

2.1. Preparation of SiO2@Au@RLC@Ag

Three types of SiO2@Au@RLC@Ag nanomaterials with three different RLCs were successfully
prepared in our study. The RLCs included 4-aminothiophenol (4-ATP) with a positive -NH3

+ group;
4-MBA with a negative -COO− group; and 4-methylbenzenethiol (4-MBT) with a neutral -CH3 group.
The presence of -SH groups on their structures ensured that the RLCs bound to the surface of SiO2@Au,
and exhibited their functional groups of -NH3

+, -COO−, or -CH3 in the solution. As can be seen in
Figure 2a, the structure of SiO2@Au@RLC@Ag was confirmed by the TEM analysis to show that the
Ag shell was well coated on the surface of all RLCs-modified SiO2@Au.

The UV-Vis spectra of SiO2@Au@RLC@Ag were consistent with the TEM images (Figure 2b).
In general, all solutions of SiO2@Au@RLC@Ag NPs showed a broad band from 320 to 800 nm,
indicating the generation of bumpy structures on the Ag shell and the creation of hot-spot structures
on the surface of SiO2@Au@RLC@Ag NPs [56]. At 300 μm AgNO3, a typical peak of SiO2@Au@RLCs
was around 450 nm, due to the increase in the particle size of Au@RLC@Ag. However, the differences
in the size of Au@Ag alloys and the distance of the nanogap between these alloys greatly affected
their plasmon properties in the range of 700–800 nm, producing a continuous spectrum of resonant
multimode [50,52,56–59]. The zeta potential of SiO2@Au@RLCs was measured (Figure S2) to explain
the formation of the Ag shell on the surface of SiO2@Au@RLCs. As mentioned previously, the zeta
potential of SiO2@Au was −55.4 ± 6.1 mV. When RLCs were modified on the surface of SiO2@Au,
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the zeta potential of all structures increased significantly. RLCs possess the -SH groups, which
have a stronger affinity to Au NPs than NH2 groups on the surface of SiO2. Thus, RLCs may
absorb on the surface of Au NPs, and some of the Au-RLC complex can migrate from the surface
of SiO2@Au NPs, leading the zeta potential of RLCs-modified SiO2@Au NPs to be less negative.
Yet, since the difference exists in functional groups of RLCs, SiO2@Au@RLC still possess a difference
in surface charge of −35.2 ± 0.5 mV (4-ATP), −33.4 ± 1.3 mV (4-MBT) and −44.4 ± 6.9 mV (4-MBA),
respectively. Nevertheless, the presence of negative charges on the surface of SiO2@Au@RLC facilitated
the attraction of Ag+ ions to their surface and reduced them to Ag NPs.

Figure 2. (a) Transmission electron microscopy (TEM) images, (b) UV-Vis absorption spectra of
(i) SiO2@Au@4-ATP@Ag, (ii) SiO2@Au@4-MBA@Ag and (iii) SiO2@Au@4-MBT@Ag synthesized in
water, and (c) their normalized Raman intensity at 1077 cm−1. All SiO2@Au was fixed at 200 μg.
Concentration of Raman Labeling Chemical was 1 mM and that of AgNO3 was 300 μM.

Raman signals of three SiO2@Au@RLC@Ag nanomaterials were also measured (Figure 2c).
The Raman intensity of SiO2@Au@4-MBA@Ag at 1075 cm−1 was the strongest compared to that
of SiO2@Au@4-ATP@Ag and SiO2@Au@4-MBT@Ag. Raman signals of SiO2@Au@4-ATP@Ag and
SiO2@Au@4-MBT@Ag were equal to those of the 68.3% and 7.9% of SiO2@Au@4-ATP@Ag, respectively.

2.2. Effect of Silver Ion Concentration on Ag Shell Coating on SiO2@Au@RLCs

To examine the effect of silver ion concentration on a silver shell coating of SiO2@Au@RLC,
4-MBA, 4-ATP, and 4-MBT were first introduced on the surface SiO2@Au NPs. The Ag shell was then
deposited onto SiO2@Au@RLCs by the reduction of AgNO3, using ascorbic acid. The TEM analysis
was performed to confirm the structure of SiO2@Au@RLC@Ag, as shown in Figures S3–S5. When the
AgNO3 concentration was increased from 50 to 300 μM, the size of Au@RLC@Ag alloy NPs became
greater. However, Ag NPs (ca. 50–100 nm) appeared separately at higher concentrations of AgNO3

(>300 μM). This is possibly due to the formation of extra Ag NPs, made by nucleation in the solution
during the reduction of high the AgNO3 concentration.

UV-Vis spectroscopies of the solution of SiO2@Au@RLC@Ag nanomaterials were recorded
(Figure 3). The absorbance band of the SiO2@Au@RLC@Ag prepared with 4-ATP, 4-MBA, and 4-MBT
appeared at 430–450 nm at low concentrations of AgNO3 (50 μM). The bands extended from 430 nm to
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1000 nm when the AgNO3 concentration was increased to 700 μM. At the same time, their absorbance
intensities were increased with a higher AgNO3 concentration. The results indicated that the silver
shell was well coated on the surface of SiO2@Au@RLC in deionized water. Indeed, the Raman
intensities of the SiO2@Au@RLC@Ag prepared with 4-ATP, 4-MBA, and 4-MBT became greater with
an increase in the thickness of the Ag shell when AgNO3 increased from 50 μM to 200 μM. The Raman
intensity plateaued when AgNO3 increased up to 300 μM. To compare the exact effects of Ag coating
on the Raman signal of SiO2@Au@RLC@Ag without considering the differences in the intrinsic Raman
properties of RLCs, we calculated the slopes of SiO2@Au@RLC@Ag in the range of 50 to 200 μM.
The slopes of the normalized Raman signal were 0.105, 0.156, and 0.012 unit/μM, which correspond to
4-ATP, 4-MBA, and 4-MBT, respectively. The results indicate that the Ag shell coating significantly
affected the Raman signals of these three SiO2@Au@RLC@Ag.

Figure 3. UV-Vis absorption spectra of (a) SiO2@Au@4-ATP@Ag, (b) SiO2@Au@4-MBA@Ag,
(c) SiO2@Au@4-MBT@Ag nanoparticles, and (d) the normalized Raman spectra of the particles coated
with different concentrations of AgNO3 in water. All SiO2@Au was fixed at 200 μg. Concentration of
RLCs was 1 mM.

2.3. Effect of pH Solution on the Ag Shell Coating of SiO2@Au@RLC@Ag NPs

To confirm the effect of both pH and RLCs characteristics on the Ag shell coating of
SiO2@Au@RLCs, we adjusted the pH of the solution during the reduction of Ag+. The coating
of the Ag shell on the surface of SiO2@Au@RLCs was strongly dependent on the pH of the solution
(Figures 4–6). At a high pH, smaller sized silver nanoparticles were obtained, compared to those
obtained at a low pH, due to the low reduction rate of AgNO3 precursors [60]. The coating of
the Ag shell on the surface of SiO2@Au@4-MBT was rapid and worked well at a pH of 5.0, but
became sluggish and difficult in acidic or basic pH values (Figure 4a and Figure S6). The Raman
signals of SiO2@Au@4-MBT@Ag nanomaterials were measured (Figure 4b,c). The Raman signals of
SiO2@Au@4-MBT@Ag were too weak and unclear because of small Au@4-MBT@Ag alloys with thin
Ag shells. This result was consistent with the TEM images we observed in Figure 4a.
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Figure 4. (a) TEM images and (b,c) Raman spectra of SiO2@Au@4-MBT@Ag synthesized at different
pH solutions. All SiO2@Au was fixed at 200 μg. Concentration of RLCs was 1 mM and that of AgNO3

was 300 μM.

When 4-ATP was used as an RLC, the size of SiO2@Au@4-ATP@Ag became smaller when the
pH was increased from 4.0 to 9.0 (Figure 5 and Figure S7). The coating of the Ag shell on the surface
of SiO2@Au@4-ATP was rapid and worked well from an acidic to a basic pH solution. As a result,
the Raman signals of SiO2@Au@4-ATP@Ag were observed clearly (Figure 5b,c). According to previous
reports, pKa values of 4-ATP on a gold surface range from 5.3 to 5.9 [61,62]. At a low pH (pH < 5),
NH2 groups of 4-ATP on the surface of Au NPs exist in a protonated form (NH3

+), and have a stronger
affinity with Ag NPs generated in a bulk solution during the reduction of AgNO3 than with those
generated during the deposition of the Ag shell on the surface of the SiO2@Au@4-ATP [63]. This may
lead to the formation of large Ag NPs on the surface of SiO2@Au@4-ATP, as can be seen in TEM images
(Figure S7), but did not significantly increase the Raman signal of 4-ATP (Figure 5). At a high pH
(pH > 6), the deposition of the Ag shell on SiO2@Au@4-ATP dominated more, leading to a greater
intensity of Raman signal in 4-ATP (Figure 5a).
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Figure 5. (a) TEM images and (b,c) Raman spectra of SiO2@Au@4-ATP@Ag synthesized at different
pH solutions. All SiO2@Au was fixed at 200 μg. Concentration of RLCs was 1 mM and that of AgNO3

was 300 μM.

Similarly, when 4-MBA was used as an RLC, the size of SiO2@Au@4-MBA@Ag became smaller
when the pH was increased from 4.0 to 9.0 (Figure 6 and Figure S8). The coating of the Ag shell
on the surface of SiO2@Au@4-MBA was also well obtained from an acidic to a basic pH solution.
The carboxyl groups of 4-MBA existed in a protonated form (-COOH) at a low pH, lower than their pKa

(pKa ≈ 5) [64–66]. The presence of -COOH inhibited the coating of the Ag shell on the surface of the
SiO2@Au@4-MBA (Figure 6) and caused a low signal in 4-MBA (Figure 6). Similarly, the deprotonated
form of the carboxylate groups (-COO−) became dominated on the surface of the SiO2@Au@4-MBA
when the pH of the solution was raised and reached a value higher than the pKa value of 4-MBA. They
also led to an increase of the Raman signal of 4-MBA in the pH range of 5.0 to 6.0. It is known that,
as the pH of solution increases continuously, silver oxide or silver chloride is formed [67], which can
inhibit the coating of the Ag shell on the surface of SiO2@Au@4-MBA (Figure S8), with an obvious
decrease in the Raman signal of 4-MBA from a pH of 7.0 to 9.0.
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Figure 6. (a) TEM images and (b,c) Raman spectra of SiO2@Au@4-MBA@Ag synthesized at different
pH solutions. All SiO2@Au was fixed at 200 μg. Concentration of RLCs was 1 mM and that of AgNO3

was 300 μM.

3. Experiment

3.1. Materials

Tetraethylorthosilicate (TEOS), 3-aminopropyltriethoxysilane (APTS), silver nitrate (AgNO3),
chloroauric acid (HAuCl4), 4-mercaptobenzoic acid (4-MBA), ascorbic acid (AA), polyvinylpyrrolidone
(PVP), sodium borohydride (NaBH4), and thiram were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without further purification. Ethyl alcohol (EtOH) and aqueous ammonium hydroxide
(NH4OH, 27%) were purchased from Daejung (Siheung, Korea).

3.2. Preparation of SiO2@Au NP Templates

Silica NPs (~150 nm) were prepared using the Stöber method [53]. The silica NPs (50 mg mL−1,
4 mL) were dispersed in 4 mL of absolute EtOH, and 250 μL of APTS and 40 μL of NH4OH were
added to the colloidal solution to aminate the silica NPs. The mixture was stirred vigorously for 6 h at
25 ◦C, followed by stirring for 1 h at 70 ◦C. The aminated silica NPs were obtained after centrifugation
at 8500 rpm for 15 min, and then washed several times with EtOH to remove excess reagent.

The colloidal Au NPs were prepared by reducing HAuCl4, using NaBH4 as a reducing agent.
The reduction of HAuCl4 created small Au NPs (~7 nm) with a net negative surface charge. In order
to embed Au NPs into the silica NP surface, the Au NPs (1 mM, 10 mL) and aminated SiO2 solution
(1 mg·mL−1, 1 mL) were mixed and sonicated for 30 min and incubated in a shaker overnight [50].
Then, Au NP-embedded silica NPs (SiO2@Au NPs) were obtained by centrifugation at 8500 rpm for
15 min, and washed several times with EtOH to remove unbound Au NPs. The SiO2@Au NPs were
re-dispersed in absolute EtOH to obtain a SiO2@Au NP suspension of 1 mg·mL−1.
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3.3. Incorporating RLC into SiO2@Au

RLC solution (1 mL, 10 mM in EtOH) was added to the SiO2@Au (1.0 mg), and the suspension
was stirred vigorously for 2 h at 25◦C. The colloids were centrifuged and washed several times with
EtOH. The NPs were re-dispersed in 1.0 mL of absolute EtOH to obtain 1 mg·mL−1 SiO2@Au NPs
modified with RLC (SiO2@Au@RLC).

3.4. Preparation of SiO2@Au@RLC@Ag NPs

Au-Ag core-shell NPs were prepared in an aqueous medium by the reduction and deposition of
Ag with ascorbic acid onto the Au NPs in a polyvinylpyrrolidone (PVP) environment. Briefly, 0.2 mg
of SiO2@Au@RLC was dispersed in 9.8 mL of water containing 10 mg PVP, and kept still for 30 min.
Twenty microliters of 10 mM silver nitrate was added to the solution, followed by the addition of
20 μL of 10 mM ascorbic acid. This solution was incubated for 15 min to reduce the Ag+ ion to Ag.
The reduction steps were repeated to obtain the desired AgNO3 concentration. SiO2@Au@4-MBA@Ag
NPs were obtained by centrifugation of the solution at 8500 rpm for 15 min, and the NPs were washed
several times with EtOH to remove excess reagent. SiO2@Au@4-MBA@Ag NPs were re-dispersed in
0.2 mL of absolute EtOH to obtain 1 mg·mL−1 SiO2@Au@4-MBA@Ag NP suspension.

3.5. SERS Measurement of the SiO2@Au@RLC@Ag NPs

SiO2@Au@RLC@Ag NPs were measured in a capillary tube, and SERS signals were measured
using a confocal micro-Raman system (LabRam 300, JY-Horiba, Tokyo, Japan) equipped with an optical
microscope (BX41, Olympus, Tokyo, Japan). The SERS signals were collected in a back-scattering
geometry using a ×10 objective lens (0.90 NA, Olympus) and a spectrometer equipped with
a thermoelectric cooled Charge-Coupled Device (CCD) detector. A 532 nm diode-pumped solid-state
laser (CL532-100-S; Crystalaser, US) was used as a photo-excitation source, exerting 10 mW laser power
at the sample. The strong Rayleigh scattered light was rejected using a long-pass filter. Selected sites
were measured at random, and all SERS spectra were integrated for 5 s. The size of the laser beam spot
was about 2 μm.

3.6. Transmission Electron Microscopy (TEM) Measurements

Our material was dispersed in EtOH to obtain a final concentration of 1 mg mL−1, and 10 μL of
the dispersed solution was dropped onto a 400 mesh Cu grid (Pelco, Fresno, CA, USA) and dried in air.
Field energy transmission electron microscopy (Libra 120, Carl Zeiss, Germany) was used to analyze
our materials. The acceleration voltage was 120 kV.

4. Conclusions

In summary, we have prepared three types of SiO2@Au@RLC@Ag materials with three different
RLCs, including 4-MBA, 4-ATP, and 4-MBT. The effect of RLCs on the deposition of the silver shell
was also investigated. The formation of the Ag shell was strongly dependent on the negative charge of
SiO2@Au@RLCs, the concentration of the silver ion, and the pH solution. In general, the size of Ag
NPs was greater at a lower pH and became smaller at a higher pH due to the decrease in reduction
rate. Especially, the pH of the solution played an important role in the formation of the Ag shell on the
surface of SiO2@Au@RLCs, by affecting the local surface charge of the RLCs. For the neutral group
of -CH3, the Ag shell was coated with difficulty on RLC-modified SiO2@Au, whereas the presence
of the positive charge of -NH3

+ on the surface of SiO2@Au facilitated the coating of the Ag shell,
leading to a greater intensity of Raman signal in 4-ATP. The negative charge of -COO− led to a well
coated Ag shell, and increased the Raman signal of 4-MBA in the pH range of 5.0 to 6.0. However, it
inhibited the coating of the Ag shell on the surface of SiO2@Au@4-MBA, with an obvious decrease in
the Raman signal of 4-MBA from a pH of 7.0 to 9.0 due to the formation of silver oxide or silver chloride.
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This study provides a thorough understanding of silver deposition, to support further research and
the development of strong and reliable SERS probes based on SiO2@Au@RLC@Ag NPs.
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1258/s1.

Author Contributions: Conceptualization, X.-H.P. and B.-H.J.; Data curation, X.-H.P., E.H., E.K., B.S.S., Y.H. and
H.-M.K.; Formal analysis, X.-H.P.; Investigation, X.-H.P.; Methodology, E.H.; Supervision, D.H.J. and B.-H.J.;
Writing–original draft, X.-H.P.; Writing–review & editing, D.H.J. and B.-H.J.

Funding: This work was supported by the KU Research Professor Program of Konkuk University and
funded by basic Science Research Program through the NRF funded by the Ministry of Education
(NRF-2018R1D1A1B07045708) and Science, ICT & Future Planning (NRF 2016M3A9B6918892) and funded by the
Korean Health Technology R&D Project, Ministry of Health & Welfare (HI17C1264).

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

References

1. Schlücker, S. Surface-enhanced raman spectroscopy: Concepts and chemical applications. Angew. Chem.
Int. Ed. 2014, 53, 4756–4795. [CrossRef] [PubMed]

2. Wang, Y.; Yan, B.; Chen, L. Sers tags: Novel optical nanoprobes for bioanalysis. Chem. Rev. 2013, 113,
1391–1428. [CrossRef] [PubMed]

3. Culha, M.; Cullum, B.; Lavrik, N.; Klutse, C.K. Surface-enhanced raman scattering as an emerging
characterization and detection technique. J. Nanotechnol. 2012, 2012, 15. [CrossRef]

4. Jun, B.-H.; Kim, G.; Jeong, S.; Noh, M.S.; Pham, X.-H.; Kang, H.; Cho, M.-H.; Kim, J.-H.; Lee, Y.-S.; Jeong, D.H.
Silica core-based surface-enhanced raman scattering (sers) tag: Advances in multifunctional sers nanoprobes
for bioimaging and targeting of biomarkers#. Bull. Korean Chem. Soc. 2015, 36, 963–978.

5. Goodacre, R.; Graham, D.; Faulds, K. Recent developments in quantitative sers: Moving towards absolute
quantification. TrAC Trends Anal. Chem. 2018, 102, 359–368. [CrossRef]

6. Zhao, J.; Zhang, Z.; Yang, S.; Zheng, H.; Li, Y. Facile synthesis of mos2 nanosheet-silver nanoparticles
composite for surface enhanced raman scattering and electrochemical activity. J. Alloys Compd. 2013, 559,
87–91. [CrossRef]

7. Zhu, C.; Meng, G.; Zheng, P.; Huang, Q.; Li, Z.; Hu, X.; Wang, X.; Huang, Z.; Li, F.; Wu, N. A hierarchically
ordered array of silver-nanorod bundles for surface-enhanced raman scattering detection of phenolic
pollutants. Adv. Mater. 2016, 28, 4871–4876. [CrossRef]

8. Du, Y.; Wei, W.; Zhang, X.; Li, Y. Tuning metamaterials nanostructure of janus gold nanoparticle film for
surface-enhanced raman scattering. J. Phys. Chem. C 2018, 122, 7997–8002. [CrossRef]

9. Kasera, S.; Biedermann, F.; Baumberg, J.J.; Scherman, O.A.; Mahajan, S. Quantitative sers using the
sequestration of small molecules inside precise plasmonic nanoconstructs. Nano Lett. 2012, 12, 5924–5928.
[CrossRef]

10. Lim, D.-K.; Jeon, K.-S.; Hwang, J.-H.; Kim, H.; Kwon, S.; Suh, Y.D.; Nam, J.-M. Highly uniform and
reproducible surface-enhanced raman scattering from DNA-tailorable nanoparticles with 1-nm interior gap.
Nat. Nano 2011, 6, 452–460. [CrossRef]

11. Li, C.; Wang, L.; Luo, Y.; Liang, A.; Wen, G.; Jiang, Z. A sensitive gold nanoplasmonic sers quantitative
analysis method for sulfate in serum using fullerene as catalyst. Nanomaterials 2018, 8, 277. [CrossRef]
[PubMed]

12. Liang, A.; Li, X.; Zhang, X.; Wen, G.; Jiang, Z. A sensitive sers quantitative analysis method for ni2+
by the dimethylglyoxime reaction regulating a graphene oxide nanoribbon catalytic gold nanoreaction.
Luminescence 2018, 33, 1033–1039. [CrossRef]

13. Liang, A.; Wang, H.; Yao, D.; Jiang, Z. A simple and sensitive sers quantitative analysis method for urea
using the dimethylglyoxime product as molecular probes in nanosilver sol substrate. Food Chem. 2019, 271,
39–46. [CrossRef] [PubMed]

14. Zhang, X.-Q.; Li, S.-X.; Chen, Z.-P.; Chen, Y.; Yu, R.-Q. Quantitative sers analysis based on
multiple-internal-standard embedded core-shell nanoparticles and spectral shape deformation quantitative
theory. Chemometr. Intell. Lab. Syst. 2018, 177, 47–54. [CrossRef]

83



Int. J. Mol. Sci. 2019, 20, 1258

15. Shen, W.; Lin, X.; Jiang, C.; Li, C.; Lin, H.; Huang, J.; Wang, S.; Liu, G.; Yan, X.; Zhong, Q.; et al.
Reliable quantitative sers analysis facilitated by core–shell nanoparticles with embedded internal standards.
Angew. Chem. Int. Ed. 2015, 54, 7308–7312. [CrossRef]

16. Kammer, E.; Olschewski, K.; Bocklitz, T.; Rosch, P.; Weber, K.; Cialla, D.; Popp, J. A new calibration concept
for a reproducible quantitative detection based on sers measurements in a microfluidic device demonstrated
on the model analyte adenine. Phys. Chem. Chem. Phys. 2014, 16, 9056–9063. [CrossRef]

17. Zhou, Y.; Ding, R.; Joshi, P.; Zhang, P. Quantitative surface-enhanced raman measurements with embedded
internal reference. Anal. Chim. Acta 2015, 874, 49–53. [CrossRef]

18. Zhang, L.; Li, Q.; Tao, W.; Yu, B.; Du, Y. Quantitative analysis of thymine with surface-enhanced raman
spectroscopy and partial least squares (pls) regression. Anal. Bioanal. Chem. 2010, 398, 1827–1832. [CrossRef]

19. Chen, Y.; Chen, Z.-P.; Zuo, Q.; Shi, C.-X.; Yu, R.-Q. Surface-enhanced raman spectroscopy based on conical
holed enhancing substrates. Anal. Chim. Acta 2015, 887, 45–50. [CrossRef]

20. Lorén, A.; Engelbrektsson, J.; Eliasson, C.; Josefson, M.; Abrahamsson, J.; Johansson, M.; Abrahamsson, K.
Internal standard in surface-enhanced raman spectroscopy. Anal. Chem. 2004, 76, 7391–7395. [CrossRef]

21. Chen, Y.; Chen, Z.-P.; Jin, J.-W.; Yu, R.-Q. Quantitative determination of ametryn in river water using
surface-enhanced raman spectroscopy coupled with an advanced chemometric model. Chemometr. Intell.
Lab. Syst. 2015, 142, 166–171. [CrossRef]

22. Xia, T.-H.; Chen, Z.-P.; Chen, Y.; Jin, J.-W.; Yu, R.-Q. Improving the quantitative accuracy of surface-enhanced
raman spectroscopy by the combination of microfluidics with a multiplicative effects model. Anal. Methods
2014, 6, 2363–2370. [CrossRef]

23. Chen, Y.; Chen, Z.-P.; Long, S.-Y.; Yu, R.-Q. Generalized ratiometric indicator based surface-enhanced raman
spectroscopy for the detection of cd2+ in environmental water samples. Anal. Chem. 2014, 86, 12236–12242.
[CrossRef]

24. Hammond, P.T. Form and function in multilayer assembly: New applications at the nanoscale. Adv. Mater.
2004, 16, 1271–1293. [CrossRef]

25. Wang, F.; Deng, R.; Wang, J.; Wang, Q.; Han, Y.; Zhu, H.; Chen, X.; Liu, X. Tuning upconversion through
energy migration in core–shell nanoparticles. Nat. Mater. 2011, 10, 968. [CrossRef]

26. Huang, X.; Han, S.; Huang, W.; Liu, X. Enhancing solar cell efficiency: The search for luminescent materials
as spectral converters. Chem. Soc. Rev. 2013, 42, 173–201. [CrossRef]

27. Maeda, K.; Domen, K. Photocatalytic water splitting: Recent progress and future challenges. J. Phys.
Chem. Lett. 2010, 1, 2655–2661. [CrossRef]

28. Zhang, N.; Liu, S.; Fu, X.; Xu, Y.-J. Synthesis of m@tio2 (m = au, pd, pt) core–shell nanocomposites with
tunable photoreactivity. J. Phys. Chem. C 2011, 115, 9136–9145. [CrossRef]

29. Zhang, N.; Liu, S.; Xu, Y.-J. Recent progress on metal core@semiconductor shell nanocomposites as
a promising type of photocatalyst. Nanoscale 2012, 4, 2227–2238. [CrossRef]

30. Pelaez, M.; Nolan, N.T.; Pillai, S.C.; Seery, M.K.; Falaras, P.; Kontos, A.G.; Dunlop, P.S.M.; Hamilton, J.W.J.;
Byrne, J.A.; O’Shea, K.; et al. A review on the visible light active titanium dioxide photocatalysts for
environmental applications. Appl. Catal. B Environ. 2012, 125, 331–349. [CrossRef]

31. Strobbia, P.; Languirand, E.R.; Cullum, B.M. Recent Advances in Plasmonic Nanostructures for Sensing: A
Review. Opt. Eng. 2015, 54, 100902. [CrossRef]

32. Loo, C.; Lin, A.; Hirsch, L.; Lee, M.-H.; Barton, J.; Halas, N.; West, J.; Drezek, R. Nanoshell-enabled
photonics-based imaging and therapy of cancer. Technol. Cancer Res. Treat. 2004, 3, 33–40. [CrossRef]

33. Janib, S.M.; Moses, A.S.; MacKay, J.A. Imaging and drug delivery using theranostic nanoparticles. Adv. Drug
Deliv. Rev. 2010, 62, 1052–1063. [CrossRef] [PubMed]

34. Chen, G.; Roy, I.; Yang, C.; Prasad, P.N. Nanochemistry and nanomedicine for nanoparticle-based diagnostics
and therapy. Chem. Rev. 2016, 116, 2826–2885. [CrossRef] [PubMed]

35. Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Au nanoparticles target cancer. Nano Today 2007, 2, 18–29. [CrossRef]
36. Gobin, A.M.; Lee, M.H.; Halas, N.J.; James, W.D.; Drezek, R.A.; West, J.L. Near-infrared resonant nanoshells

for combined optical imaging and photothermal cancer therapy. Nano Lett. 2007, 7, 1929–1934. [CrossRef]
37. Loo, C.; Lowery, A.; Halas, N.; West, J.; Drezek, R. Immunotargeted nanoshells for integrated cancer imaging

and therapy. Nano Lett. 2005, 5, 709–711. [CrossRef]
38. Ghosh Chaudhuri, R.; Paria, S. Core/shell nanoparticles: Classes, properties, synthesis mechanisms,

characterization, and applications. Chem. Rev. 2012, 112, 2373–2433. [CrossRef]

84



Int. J. Mol. Sci. 2019, 20, 1258

39. Pandikumar, A.; Lim, S.-P.; Jayabal, S.; Huang, N.M.; Lim, H.N.; Ramaraj, R. Titania@gold plasmonic
nanoarchitectures: An ideal photoanode for dye-sensitized solar cells. Renew. Sustain. Energy Rev. 2016, 60,
408–420. [CrossRef]

40. Jiang, H.-L.; Akita, T.; Xu, Q. A one-pot protocol for synthesis of non-noble metal-based core–shell
nanoparticles under ambient conditions: Toward highly active and cost-effective catalysts for hydrolytic
dehydrogenation of nh3bh3. Chem. Commun. 2011, 47, 10999–11001. [CrossRef]

41. Caruso, F.; Spasova, M.; Salgueiriño-Maceira, V.; Liz-Marzán, L.M. Multilayer assemblies of
silica-encapsulated gold nanoparticles on decomposable colloid templates. Adv. Mater. 2001, 13, 1090–1094.
[CrossRef]

42. Oldenburg, S.J.; Averitt, R.D.; Westcott, S.L.; Halas, N.J. Nanoengineering of optical resonances.
Chem. Phys. Lett. 1998, 288, 243–247. [CrossRef]

43. Li, J.-F.; Zhang, Y.-J.; Ding, S.-Y.; Panneerselvam, R.; Tian, Z.-Q. Core–shell nanoparticle-enhanced raman
spectroscopy. Chem. Rev. 2017, 117, 5002–5069. [CrossRef]

44. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with plasmonic
nanosensors. Nat. Mater. 2008, 7, 442. [CrossRef]

45. Raemdonck, K.; Demeester, J.; De Smedt, S. Advanced nanogel engineering for drug delivery. Soft Matter
2009, 5, 707–715. [CrossRef]

46. Gao, J.; Zhao, C.; Zhang, Z.; Li, G. An intrinsic internal standard substrate of au@ps-b-p4vp for rapid
quantification by surface enhanced raman scattering. Analyst 2017, 142, 2936–2944. [CrossRef]

47. Hahm, E.; Cha, M.G.; Kang, E.J.; Pham, X.-H.; Lee, S.H.; Kim, H.-M.; Kim, D.-E.; Lee, Y.-S.; Jeong, D.H.;
Jun, B.-H. Multi-layer ag-embedded silica nanostructure as sers-based chemical sensor with dual-function
internal standards. ACS Appl. Mater. Interfaces 2018, 10, 40748–40755. [CrossRef]

48. Feng, Y.; Wang, Y.; Wang, H.; Chen, T.; Tay, Y.Y.; Yao, L.; Yan, Q.; Li, S.; Chen, H. Engineering “hot”
nanoparticles for surface-enhanced raman scattering by embedding reporter molecules in metal layers. Small
2012, 8, 246–251. [CrossRef]

49. Gandra, N.; Singamaneni, S. Bilayered raman-intense gold nanostructures with hidden tags (brights) for
high-resolution bioimaging. Adv. Mater. 2013, 25, 1022–1027. [CrossRef]

50. Pham, X.-H.; Lee, M.; Shim, S.; Jeong, S.; Kim, H.-M.; Hahm, E.; Lee, S.H.; Lee, Y.-S.; Jeong, D.H.; Jun, B.-H.
Highly sensitive and reliable sers probes based on nanogap control of a au-ag alloy on silica nanoparticles.
RSC Adv. 2017, 7, 7015–7021. [CrossRef]

51. Shim, S.; Pham, X.-H.; Cha, M.G.; Lee, Y.-S.; Jeong, D.H.; Jun, B.-H. Size effect of gold on ag-coated au
nanoparticle-embedded silica nanospheres. RSC Adv. 2016, 6, 48644–48650. [CrossRef]

52. Pham, X.-H.; Hahm, E.; Kang, E.; Ha, Y.N.; Lee, S.H.; Rho, W.-Y.; Lee, Y.-S.; Jeong, D.H.; Jun, B.-H.
Gold-silver bimetallic nanoparticles with a raman labeling chemical assembled on silica nanoparticles
as an internal-standard-containing nanoprobe. J. Alloys Compd. 2019, 779, 360–366. [CrossRef]

53. Stöber, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in the micron size range.
J. Colloid Interface Sci. 1968, 26, 62–69. [CrossRef]

54. Martin, M.N.; Basham, J.I.; Chando, P.; Eah, S.-K. Charged gold nanoparticles in non-polar solvents: 10-min
synthesis and 2d self-assembly. Langmuir 2010, 26, 7410–7417. [CrossRef]

55. Martin, M.N.; Li, D.; Dass, A.; Eah, S.-K. Ultrafast, 2 min synthesis of monolayer-protected gold nanoclusters
(d < 2 nm). Nanoscale 2012, 4, 4091–4094.

56. Bastús, N.G.; Merkoçi, F.; Piella, J.; Puntes, V. Synthesis of highly monodisperse citrate-stabilized silver
nanoparticles of up to 200 nm: Kinetic control and catalytic properties. Chem. Mater. 2014, 26, 2836–2846.
[CrossRef]

57. Genov, D.A.; Sarychev, A.K.; Shalaev, V.M. Metal-dielectric composite filters with controlled spectral
windows of transparency. J. Nonlinear Opt. Phys. Mater. 2003, 12, 419–440. [CrossRef]

58. Biswas, A.; Eilers, H.; Hidden, F.; Aktas, O.C.; Kiran, C.V.S. Large broadband visible to infrared plasmonic
absorption from ag nanoparticles with a fractal structure embedded in a teflon af® matrix. Appl. Phys. Lett.
2006, 88, 013103. [CrossRef]

59. Yang, J.-K.; Kang, H.; Lee, H.; Jo, A.; Jeong, S.; Jeon, S.-J.; Kim, H.-I.; Lee, H.-Y.; Jeong, D.H.; Kim, J.-H.; et al.
Single-step and rapid growth of silver nanoshells as sers-active nanostructures for label-free detection of
pesticides. ACS Appl. Mater. Interfaces 2014, 6, 12541–12549. [CrossRef] [PubMed]

85



Int. J. Mol. Sci. 2019, 20, 1258

60. Alqadi, M.K.; Abo Noqtah, O.A.; Alzoubi, F.Y.; Alzouby, J.; Aljarrah, K. Ph effect on the aggregation of silver
nanoparticles synthesized by chemical reduction. Mater. Sci. Poland 2014, 32, 107–111. [CrossRef]

61. Bryant, M.A.; Crooks, R.M. Determination of surface pka values of surface-confined molecules derivatized
with ph-sensitive pendant groups. Langmuir 1993, 9, 385–387. [CrossRef]

62. Zhang, H.; He, H.-X.; Mu, T.; Liu, Z.-F. Force titration of amino group-terminated self-assembled monolayers
of 4-aminothiophenol on gold using chemical force microscopy. Thin Solid Films 1998, 327–329, 778–780.
[CrossRef]

63. Bayram, S.; Zahr, O.K.; Blum, A.S. Short ligands offer long-term water stability and plasmon tunability for
silver nanoparticles. RSC Adv. 2015, 5, 6553–6559. [CrossRef]

64. Koivisto, J.; Chen, X.; Donnini, S.; Lahtinen, T.; Häkkinen, H.; Groenhof, G.; Pettersson, M. Acid–base
properties and surface charge distribution of the water-soluble au102(pmba)44 nanocluster. J. Phys. Chem. C
2016, 120, 10041–10050. [CrossRef]

65. Clark, R.A.; Trout, C.J.; Ritchey, L.E.; Marciniak, A.N.; Weinzierl, M.; Schirra, C.N.; Christopher Kurtz, D.
Electrochemical titration of carboxylic acid terminated sams on evaporated gold: Understanding the
ferricyanide electrochemistry at the electrode surface. J. Electroanal. Chem. 2013, 689, 284–290. [CrossRef]

66. Zhang, H.; Zhang, H.-L.; He, H.-X.; Zhu, T.; Liu, Z.-F. Study on the surface dissociation properties of
6-(10-mercaptodecaoxyl)quinoline self-assembled monolayer on gold by chemical force titration. Mate. Sci.
Eng. C 1999, 8, 191–194. [CrossRef]

67. Ma, Y.; Li, W.; Cho, E.C.; Li, Z.; Yu, T.; Zeng, J.; Xie, Z.; Xia, Y. Au@ag core−shell nanocubes with finely tuned
and well-controlled sizes, shell thicknesses, and optical properties. ACS Nano 2010, 4, 6725–6734. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

86



 International Journal of 

Molecular Sciences

Review

Bactericidal and Cytotoxic Properties of
Silver Nanoparticles

Chengzhu Liao 1,*, Yuchao Li 2 and Sie Chin Tjong 3,*

1 Department of Materials Science and Engineering, Southern University of Science and Technology,
Shenzhen 518055, China

2 Department of Materials Science and Engineering, Liaocheng University, Liaocheng 252000, China;
liyuchao@lcu.edu.cn

3 Department of Physics, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China
* Correspondence: liaocz@sustc.edu.cn (C.L.); aptjong@gmail.com (S.C.T.)

Received: 7 December 2018; Accepted: 17 January 2019; Published: 21 January 2019

Abstract: Silver nanoparticles (AgNPs) can be synthesized from a variety of techniques including
physical, chemical and biological routes. They have been widely used as nanomaterials for
manufacturing cosmetic and healthcare products, antimicrobial textiles, wound dressings, antitumor
drug carriers, etc. due to their excellent antimicrobial properties. Accordingly, AgNPs have gained
access into our daily life, and the inevitable human exposure to these nanoparticles has raised concerns
about their potential hazards to the environment, health, and safety in recent years. From in vitro cell
cultivation tests, AgNPs have been reported to be toxic to several human cell lines including human
bronchial epithelial cells, human umbilical vein endothelial cells, red blood cells, human peripheral
blood mononuclear cells, immortal human keratinocytes, liver cells, etc. AgNPs induce a dose-, size-
and time-dependent cytotoxicity, particularly for those with sizes ≤10 nm. Furthermore, AgNPs can
cross the brain blood barrier of mice through the circulation system on the basis of in vivo animal
tests. AgNPs tend to accumulate in mice organs such as liver, spleen, kidney and brain following
intravenous, intraperitoneal, and intratracheal routes of administration. In this respect, AgNPs
are considered a double-edged sword that can eliminate microorganisms but induce cytotoxicity
in mammalian cells. This article provides a state-of-the-art review on the synthesis of AgNPs,
and their applications in antimicrobial textile fabrics, food packaging films, and wound dressings.
Particular attention is paid to the bactericidal activity and cytotoxic effect in mammalian cells.

Keywords: silver ion; bacteria; cytotoxicity; cell culture; membrane; reactive oxygen species; polymer
nanocomposite; food packaging; wound dressing; administration route

1. Introduction

Nanotechnology is a multidisciplinary field that brings together researchers in diverse scientific
disciplines such as biology, chemistry, material science and physics for developing advanced functional
materials at the nanoscale level. The physicochemical and biological properties of nanomaterials differ
significantly from the corresponding bulk materials due to their extremely large surface area to volume
ratio. Recent advances in nanotechnology allow the synthesis of various types of novel nanomaterials
for industrial and biomedical applications [1–10]. Among these, metal nanoparticles with unique
optical properties have gained much attention in the field of nanomedicine, for drug delivery, imaging,
and sensing purposes [11–13]. In particular, silver nanoparticles (AgNPs) exhibit several attractive
properties, including excellent electrical conductivity, chemical stability, antifungal, and bactericidal
properties. As such, AgNPs find attractive applications in textiles, healthcare products, cosmetics,
cancer therapies, wound dressings, catalysts, food packaging films, water treatments, electronic
devices, corneal replacements, etc. (Figure 1) [14–29]. For example, clothing textiles that are in close
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contact with human skin create a warm and humid environment for microorganisms. Sweaty fabrics
are perfect breeding grounds for bacteria. Thus, antimicrobial fabrics are coated with AgNPs to
inhibit bacterial adhesion and growth [30,31]. Biomedical products with AgNPs are typically used to
prevent bacterial infections by accelerating wound healing [21,27–29], and treating tumor through a
rapid breakdown of infected cells [24,25]. AgNPs with doxorubicin and alendronate serve as effective
antitumor drug carriers for the HeLa cell line [13].

 
Figure 1. Applications of AgNPs. Reproduced from [22], Springer Open.

Conventional antibiotics such as tetracycline and streptomycin have been widely used to inhibit
bacterial infections. However, these antibacterial agents are ineffective to inhibit multidrug-resistant
bacterial strains. This is because such bacteria are getting more resistant to biocidal action of antibiotic
molecules. Therefore, it deems necessary to develop biomaterials that target drug-resistant bacteria.
In this respect, AgNPs with large surface areas can provide a better contact for interacting with
bacteria compared to conventional silver microparticles. Nanosilver in the form of colloidal silver
and silver nitrate have been used for more than 100 years as a biocidal agent in the United States [32].
AgNPs have been reported to be effective in killing both gram-negative and gram-positive bacteria
strains [23,33–35]. However, AgNPs are more effective in destroying gram-negative bacterial strains
than gram-positive because gram-positive bacteria have one cytoplasmic membrane and a relatively
thick cell wall comprising of several peptidoglycan layers (20–80 nm), while gram-negative bacteria
have an external layer of lipopolysaccharide (LPS) followed by a thin layer of peptidoglycan and an
innermost plasma membrane (Figure 2) [36,37]. AgNPs can also eliminate multidrug resistant (MDR)
bacteria by interfering with their defense mechanisms. They can be used alone or in combination with
antibiotics [15,38–40]. Gurunathan et al. indicated that biosynthesized AgNPs are very effective in
killing MDR bacteria Prevotella melaninogenica and Arcanobacterium pyogenes [38]. Katva et al. reported
that AgNPs combined with gentamicin and chloramphenicol exhibit a better antibacterial effect in
Enterococcus faecalis than both antibiotics alone. Enterococcus faecalis is a MDR bacteria which is resistant
to a wide range of antibiotics [40]. The antibacterial activity of AgNPs is known to be shape-, size-,
charge-, and dose-dependent [15,41–43]. Xia et al. reported that a series of Ag nanocrystals with
controlled shapes and sizes can be synthesized from silver salts by using different combinations of
seeds and capping agents [44]. Recently, Hosseinidoust et al. reported a one-pot green synthesis
of colloidally stable AgNPs having triangular, hexagonal and dendritic shapes without using toxic
chemicals and seeds [45].

In general, AgNPs act like a double-edged sword with beneficial and harmful effects, i.e., they can
eliminate bacteria but also induce cytotoxicity. Due to the versatility of AgNPs in many consumer and
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health products, there is growing public concern about the risk of using those products because AgNPs
may pose potential health hazards. Furthermore, extensive application and production of AgNPs
would increase their release into aquatic environments such as rivers and lakes. For instance, AgNPs
can be released from antimicrobial fabrics into water during washing, thereby polluting groundwater
environment [23,46,47]. Once AgNPs enter freshwater environment, they usually oxidize into Ag+ ions
that are toxic to aquatic organisms. Moreover, ionic silver is immobilized to a large extent as a sparingly
soluble salt like AgCl or Ag2S [23]. By accumulating in aquatic organisms, AgNPs can enter the human
body through the food chain. However, little is known about the long-term safety and toxic effects of
AgNPs in the aquatic environment. Humans can be exposed to AgNPs via several routes including
inhalation, oral ingestion, intravenous injection, and dermal contact. AgNPs then enter human cells
either by endosomal uptake or by diffusion (Figure 2) [36]. The American Conference of Governmental
Industrial Hygienists (ACGIH) has established threshold limit values for metallic silver (0.1 mg/m3)
and soluble compounds of silver (0.01 mg/m3). As recognized, extended exposure to Ag through oral
and inhalation can lead to Argyria or Argyrosis, i.e., chronic disorders of skin microvessels and eyes in
humans [23,48]. In vitro cell culture studies have indicated toxic effects of AgNPs in immortal human
skin keratinocytes (HaCaT), human erythrocytes, human neuroblastoma cells, human embryonic
kidney cells (HEK293T), human liver cells (HepG2), and human colon cells (Caco2) [49–55]. In vivo
animal studies have revealed toxic effects of AgNPs in rodents by accumulating in their liver, spleen,
and lung [56,57]. Similarly, AgNPs-mediated cytotoxicity in mammalian cells [55,58–62] depends
greatly on the nanoparticle size, shape, surface charge, dosage, oxidation state, and agglomeration
condition as well as the cell type. This article provides a state-of-the-art review on the recent
development in the synthesis of AgNPs, their antibacterial activity, and cytotoxic effects in mammalian
cells, especially in the past five years. Proper understanding of the interactions between AgNPs and
mammalian cells is essential for the safe use of these nanoparticles. This knowledge enables scientists
to develop functional AgNPs with improved biocompatibility to mammalian cells for combating
MDR bacteria.

 
Figure 2. Uptake of AgNPs by mammalian cells (A) and by bacteria (B). (A) AgNPs can cross the
plasma membrane by diffusion (1), endocytotic uptake (2,3), and disruption of membrane integrity (4).
(B) AgNPs permeate the cell walls of gram-negative and gram-positive bacteria. Reproduced from [36],
MDPI under the Creative Commons Attribution License.

2. Synthesis of AgNPs and Their Polymer Nanocomposites

AgNPs can be prepared from physical, chemical, and biological routes [63]. The physical route
has a distinct advantage in forming high-purity AgNPs. However, it is a low yield process, which often
requires high temperature and power consumption, thereby limiting their application in the industrial
sector. In contrast, AgNPs can be produced in large quantities through chemical and biological routes
due to their cost-effectiveness. In this respect, we focus mainly on nanoparticle fabrication using
chemical and biological routes in this section. The physical synthesis process generally employs
thermal, laser, or arc discharge power to form AgNPs with nearly narrow size distribution. In this
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context, evaporation condensation and laser ablation strategies are commonly adopted to form AgNPs.
The former approach is carried out by simply placing a source metal, i.e., silver target inside the tube
furnace, and then vaporized silver into a carrier gas under atmospheric pressure at high temperatures.
The vapor is then condensed to form nanoparticles. The drawbacks of this approach include high
power consumption and long heating time to reach thermal stability. Jung et al. modified this
process by using a small ceramic heater with a local heating area for vaporizing silver metal [64].
The temperature gradient in the vicinity of the heater surface is very steep, such that the vapor can
cool at a rapid rate, thereby condensing into spherical AgNPs with diameters of 6.2–21.5 nm without
agglomeration. Alternatively, laser ablation can be used to synthesize AgNPs from a silver target
placed in a solution under laser beam irradiation. The nanoparticle size of colloids depends on the
laser wavelength, ablation time, and duration of laser pulses [65–67]. The limitation of this process is
the high cost of laser facility.

2.1. Wet Chemical Route

The wet chemical route is by far the most economical and commonly used process for
preparing nanosilver colloidal dispersions in water or organic solvents. This route includes chemical
reduction, microwave-assisted synthesis, microemulsion, photoreduction, electrochemical approach,
etc. [41–43,62,68–72]. Among these, chemical reduction is a relatively simple, high yield and
cost-effective process through the chemical reduction of silver salt in water or an organic solvent to form
a colloidal suspension. This strategy requires silver salt, reducing agent and stabilizing/capping agent.
Silver nitrate is the most widely used silver salt precursor. Sodium borohydride (NaBH4), ascorbic acid,
glucose, hydrazine, sodium citrate, and ethylene glycol (EG) are typical reductants for reducing silver
ions [71–74]. Sodium borohydride is a strong reductant for forming fined and monodispersed AgNPs.
Weak reducing agents such as sodium citrate, ascorbic acid, and glucose lead to the formation of
relatively large AgNPs, having a wider size distribution; sodium citrate plays the role of a reducing and
a stabilizing agent [73]. As recognized, colloidal AgNPs tend to contact or link with each other to form
aggregates as a result of the attractive Van der Waals forces. The agglomeration of colloidal AgNPs can
be prevented by the use of stabilizing agents. The stabilizing effect of polymer-based capping agents
or non-ionic surfactants of AgNPs suspensions is based on the charge repulsion or steric hindrance
to counteract the van der Waals attraction between colloidal nanoparticles. As such, electrostatic or
steric stabilization of colloidal AgNPs is achieved through adsorption of macromolecules or organic
compounds to the surfaces of the nanoparticles. Citrate-capped AgNPs exhibit negative surface
charge due to the carboxylic moiety of citrate. This leads to electrostatic repulsion between AgNPs,
thereby preventing agglomeration of nanoparticles [71,75]. Typical polymer-based capping agents are
polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), polyethylene glycol (PEG) and polysaccharides,
while non-ionic surfactants including Brij, Tween, and Triton X-100 are employed to stabilize AgNPs
during the formation process [76,77]. These stabilizers also play important roles in controlling the
size and shape of AgNPs. The properties and bactericidal activities of AgNPs are greatly influenced
by their size and shape. Thus, researchers have spent much effort on the size- and shape-controlled
synthesis of AgNPs by using different capping agents. Organic solvents have some advantages over
aqueous solutions such as high yield and narrow particle size distribution. In certain cases, solvent
itself can also serve as a reducing agent [78]. As an example, the polyol process utilizing EG as both
solvent and reductant in the presence of PVP at 160 ◦C is known to be effective to reduce silver nitrate
to yield AgNPs [79,80]. In addition, microwave irradiation is more energy efficient than thermal
heating in the polyol process. Microwave irradiation offers fast and homogeneous heating of the
reaction medium, typically in a time period of few seconds. As such, it provides uniform nucleation
and growth conditions for AgNPs [81].

The formation of colloidal solutions via silver salt reduction generally proceeds through two
stages: nucleation and subsequent growth. The nucleation stage involves the reduction of Ag+ to Ag0

atoms, and subsequent aggregation of Ag0 atoms to form clusters, (Ag0)n, according to the reactions:
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nAg+ → nAg0 → (Ag0)n, or via a stepwise reduction mechanism: Ag+ → Ag0 → Ag2
+ → Ag4

+ →· · ·→
(Ag0)n. When the critical size is reached, nanoparticle nuclei will grow accordingly [74]. These stages
can be manipulated by monitoring reaction conditions such as pH, temperature, precursors, reductants
and stabilizers. Thus, the shape, size and size distribution of AgNPs can be controlled by varying the
reaction parameters. As mentioned above, sodium citrate is a weak reductant leading to the formation
of polydispersed AgNPs. Agnihotri et al. demonstrated that the size of AgNPs can be controlled by
using a co-reduction approach, i.e., NaBH4 acts as a primary reductant, while citrate ions act as both a
secondary reductant and a capping agent (Figure 3) [41]. Recently, Ajitha et al. fabricated PVA-capped
AgNPs by reducing silver nitrate with NaBH4 in ethanol solvent in the presence of PVA [82]. The pH
of the suspensions was further regulated by adding sodium hydroxide. They reported that the size of
AgNPs decreases with increasing pH of the solutions, as revealed by transmission electron microscope
(TEM) images (Figure 4a,b). The lattice spacing (i.e., 0.23) of AgNP (111) plane in high-resolution TEM
image (Figure 4c), and the presence of rings in selected area electron diffraction pattern (Figure 4d)
reveal the formation of nanocrystalline silver.

 
Figure 3. Schematic representation of size-controlled AgNPs synthesis employing the co-reduction
strategy. Reproduced from [41], the Royal Society of Chemistry.

 
Figure 4. Cont.
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Figure 4. TEM images of AgNPs formed at (a) pH 6, and (b) pH 12. (c) High-resolution TEM image and
(d) selected area electron diffraction pattern of AgNP. Reproduced from [82] with permission of Elsevier.

The size, geometry, morphology and homogeneity of AgNPs can also be manipulated by means
of microemulsion technique. Several surfactants can be used to form microemulsion, including cationic
cetyltrimethylammonium bromide (CTAB), anionic sodium dodecyl benzene sulfonate (SDBS) and sodium
dodecyl sulfate (SDS), and nonionic Triton X-100 [83,84]. Water-in-oil (W/O) microemulsions or reverse
micelles are often employed to prepare metallic nanoparticles [85–87]. They consist of nanosized water
droplets suspended in a continuous oil phase and stabilized by surfactant molecules located at the oil/water
interface. Thus, reactants can be introduced into water droplets acting as microreactors, leading to the
formation of nanoparticles with uniform size distributions. For preparing metallic nanoparticles, two W/O
microemulsions containing respective metal salt and reductant are mixed together to produce nanoparticles.
As a result, an exchange of the reactants between micelles takes place during the collisions of water droplets,
leading to coalescence, fusion, and mixing of the reactants. The size and shape of nanoparticles depend on
the size and shape of water droplets, and the type of surfactant employed [88]. For instance, silver nitrate
solubilized in the water core of one microemulsion can act as a source of silver ions, hydrazine hydrate
dispersed in the water core of another microemulsion as a reducing agent, cyclohexane as the continuous
phase, SDS as the surfactant, and isoamylalcohol as the cosurfactant [85]. It is noted that microemulsion
process needs large quantities of surfactants and organic solvents, thus increasing the cost of production
and polluting the environment. As the surfactants and solvents are mostly toxic [83], recent attention is
paid to the use of natural plant extracts as the oil phase and reductant, or microorganisms as biosurfactants
to produce AgNPs [86,87].

Similarly, organic solvents and reductants used in the chemical reduction process, such as
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), hydrazine, and sodium borohydride are
toxic chemicals. This toxicity poses a threat to the environmental and living organisms. In this respect,
photoreduction of silver salt through ultraviolet (UV) light without using toxic reductants and solvents
can be used to form AgNPs. Thus, this is a simple and ecofriendly strategy to produce AgNPs [89–91].
For example, AgNPs can be synthesized from [Ag(NH3)2]+ aqueous solution under UV irradiation
using PVP as both reducing and stabilizing agents The resultant particles exhibit nano-size (4–6 nm),
monodisperse and uniform size distribution [90]. Lu et al. prepared AgNPs with and without PVP as
a surface capping agent by employing photochemical synthesis [89].

2.2. Biological Route

In recent years, green synthesis has opened up a new direction for forming AgNPs with different
sizes and shapes without using toxic reductants and stabilizers [92]. The advantages of green synthesis
over chemical and physical routes including ecofriendly, cost-effective, natural abundance and easy
to scale-up for mass production of nanoparticles. In this respect, bacteria, plant extracts, fungi,
polysaccharides and their derivatives can be used as the reducing agents and stabilizers. Biosynthesis of
AgNPs using certain bacterial strains shows little industrial and medical applications because it may
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pose health risk to humans. Therefore, plant extracts such as leaves, stems, fruits and seeds are
attractive reagent materials to form green AgNPs. Natural plants generally contain carbohydrates,
fats, proteins, nucleic acids and pigments that can act as effective reducing agents and stabilizers
for silver ions. In particular, polysaccharides possess many functionalities such as hydroxyl groups
and a hemiacetal reducing end that play crucial roles in both the reduction and the stabilization of
metallic nanoparticles [93]. Polysaccharides and their derivatives include chitosan, cellulose, starch,
hyaluronic acid and heparin. In addition, whole leaf extracts are rich in polyphenols such as flavonoids,
which are effective reductants for fabricating AgNPs [93]. Furthermore, parameters like nature of
plant extract, pH, and reaction time greatly affect the size, shape, and morphology of green AgNPs.
Extensive studies have been conducted by researchers on the biosynthesis of AgNPs, especially using
plant leaves [94–102].

One main drawback of biosynthesis of AgNPs is the long reaction time. Microwave-assisted
synthesis has attracted a great interest in biosynthesis because it can increase the reaction rate and
product yield compared to conventional thermal heating [103]. Several successful reports relating
microwave-assisted biosynthesis of AgNPs can be found elsewhere [104–110]. Peng et al. synthesized
spherical AgNPs with sizes of 8.3–14.8 nm in an aqueous medium using bamboo hemicelluloses as
a stabilizer and glucose as a reductant under microwave irradiation [104]. Ali et al. biosynthesized
AgNPs with Eucalyptus globulus leaf extract (ELE) and AgNO3 with and without microwave
irradiation (Figure 5) [106]. The solution mixture was heated with microwave radiation at 2450 MHz
for 30 s. The size of biosynthesized AgNPs ranged from 1.9–4.3 and 5–25 nm, with and without
microwave treatment, respectively. The size of microwave-treated AgNPs (scheme-II) was smaller than
that formed by conventional process at room temperature (scheme-I), because the extent of nucleation
and capping was faster with microwave heating than synthesis at 37 ◦C. By heating with microwave
radiation for 60 s, the reaction rate increased such that more nucleation sites were formed due to the
availability of −OH ions at high temperatures. Organic constituents such as flavanoids and terpenes
in ELE were reported to be surface active molecules to stabilize AgNPs [106].

Figure 5. Graphical representation of AgNPs synthesis with Eucalyptus globulus leaf extract (ELE)
and silver nitrate depicting scheme-I (without microwave treatment) and scheme-II with microwave
irradiation. Reproduced from [106] with permission of Public Library of Science.
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2.3. AgNP-Polymer Nanocomposites

As aforementioned, AgNPs find extensive applications in wound dressings, food packaging films
or containers, antimicrobial fabrics, clinical scaffolds, etc. For those applications, AgNPs are typically
embedded in the polymer matrix to form polymer nanocomposites. In this respect, polymers with
high flexibility are ideal materials for protecting nanoparticles from mechanical damage [111,112].
A typical example is Acticoat™ Flex 3 dressing for burn care, i.e., a flexible polyethylene cloth coated
with AgNPs at a concentration between 0.69 and 1.64 mg/cm2. This dressing can release a sustained
amount of nanocrystalline silver and silver ions to the wound area [27]. Moreover, immobilization of
AgNPs onto textile fibers can also impart colors to the fabrics in addition to antimicrobial features due
to the surface plasmon resonance effect of silver. This avoids the use of toxic agents to fix colorants to
the textiles [30,31,113]. In this respect, AgNPs function as a simultaneous colorant and antimicrobial
agent for fabrics [113]. Traditional polymer microcomposites are usually employed as components for
structural engineering applications due to their light weight and low cost [114–118]. However, polymer
microcomposites are reinforced with fillers of micrometer scale at loadings ≥ 30 wt% to achieve
desired mechanical performance. The additions of microfillers with high loading levels lead to poor
processability and low ductility of resultant composites. On the contrary, polymer nanocomposites
only require low nano-filler loadings (say 0.1–1 wt%) for electronic, medical, and structural engineering
applications. These nanocomposites have been prepared by means of solution mixing, electrospinning,
extrusion or injection molding [119–122].

The fabrication techniques for AgNP-polymer nanocomposites vary from one to another
depending on their specific intended applications. Water-soluble polymers such as PVA, PEG,
and polyacrylic acid (PAA) are commonly used as hydrogels in tissue engineering. Hydrogels are
crosslinked polymer networks that swell in water. Polymeric hydrogels can be simply prepared by
freeze-thawing cyclic processing without the utilization of chemical crosslinkers [123,124]. The freezing
step at low temperatures induces a liquid–liquid phase separation due to the formation of ice
crystals that expel polymer chains. This creates polymer-poor and polymer-rich phases accordingly.
Upon thawing, the ice crystals melt, leaving behind pores between cross-linked polymer regions.
Repeated freeze-thawing cycles of the polymer solution lead to the formation of crystallites that act as
cross-linking sites, so a hydrogel with a high swelling capacity can be produced [125]. AgNP-polymer
composite hydrogels can be prepared by introducing pre-formed AgNPs into a water-soluble polymer
matrix, or the formation of AgNPs in-situ through chemical reduction in aqueous polymer solution.
In the latter case, metal salt is dissolved in aqueous polymer solution, followed by in situ reduction
with sodium borohydride and freeze-thawing cycles [126,127].

In the case of antimicrobial fabrics, the dip-coating method is commonly adopted in which the fabrics
are immersed in a silver salt solution followed by chemical reduction [128–133]. In some cases, UV- or
microwave-radiation is used to speed up the reaction rate and to control the size of AgNPs on fabric
fibers [134,135]. Babaahmadi and Montazer reported one-step in situ synthesis of Ag NPs on polyamide
(nylon) fabrics through the reduction of silver nitrate with stannous chloride (SnCl2) using CTAB as
a stabilizer [129]. Montazer et al. then prepared AgNPs using [Ag(NH3)2]+ complex with PVP as a
reducing/stabilizing agent under UV irradiation. These nanoparticles were finally deposited onto nylon
fabric using a simple dip-pad technique [134]. In a later study, they introduced AgNPs within the polymeric
chains of polyamide-6 fabric by using [Ag(NH3)2]+ complex [133]. The silver complex was reduced directly
by the functional groups of polyamide chains without using any reductants. Moreover, nitrogen atoms of
polyamide chains can stabilize AgNPs through coordination between the amide groups and silver.

As recognized, AgNPs can be deposited on fabrics more effectively by using plasma treatment
through the creation of active groups on fabric fibers [136]. Recently, Zille et al. carried out dielectric
barrier discharge (DBD) plasma treatment on polyamide 6,6 (PA 6,6) fabrics, followed by coating with
colloidal AgNPs of different sizes [137]. Plasma pre-treatment promoted formation of oxygen species
on fabric fibers, facilitating both ionic and covalent interactions between the oxygen species and AgNPs
on the fibers. This led to the deposition of fined AgNPs on PA 6,6 fibers. Ilic et al. employed radio
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frequency (RF) plasma to etch the fibers of polyester fabrics in order to enhance binding efficiency of
colloidal AgNPs onto polyester fibers [138]. They found that plasma treatment positively affected the
loading of AgNPs on the fibers and antibacterial activity of polyester nanocomposite materials.

3. Antibacterial Activity

AgNPs are well known for their remarkable antimicrobial properties against various pathogens
including bacteria, fungi, and viruses. However, the mechanisms responsible for the bactericidal effect of
AgNPs remain unclear. There is an ongoing debate over whether AgNPs or silver ions exert a cytotoxic
effect on microorganisms. The killing effect of AgNPs have been proposed to be associated with a direct
contact of nanoparticles to the bacterial cell wall, followed by penetrating into cytoplasm. Direct contact
of AgNPs with large surface areas on a bacterial cell wall could lead to membrane damage, resulting in
the leakage of cellular contents and eventual cell death [139–142]. In particular, AgNPs with sizes below
10 nm are more toxic towards bacteria [141]. By penetrating into the cytoplam, AgNPs may interact with
biomolecules such as proteins, lipids, and DNA. In certain cases, AgNPs can interact with the respiratory
enzyme system, thereby generating reactive oxygen species (ROS) such as hydrogen peroxide (H2O2),
hydroxyl (OH–) and superoxide (O2

−) radicals that induce oxidative stress and damage to proteins and
nucleic acids [38]. Herein, we present literature reports that support this mechanism. Earlier work by Sondi
and Salopek-Sondi indicated that the accumulation of AgNPs (12 nm) on the cell wall of Escherichia coli
(E. coli) leads to the formation of pits [139]. Those pits cause a loss of outer membrane integrity, resulting
in the release of LPS molecules and membrane proteins, and causing eventual cell death. Morones et al.
reported that AgNPs (1–10 nm) anchor to the cell wall of E. coli and disturb its normal function such as
permeability and respiration. The nanoparticles also penetrate into cytoplasm and interact with protein
and DNA leading to cellular death [143]. Moreover, AgNPs can also release silver ions, resulting in further
cell damage. Recently, Gahlawat et al. also demonstrated that AgNPs (10 nm) attach to the cell wall of
cholera, thereby interrupting permeability and metabolic pathways of the cell and causing cell death [140].

On the contrary, the cytotoxic effect of AgNPs against bacteria may result from the oxidative
dissolution of Ag+ ions from AgNPs. As is known, metals can be chemically oxidized in aqueous
solutions to give metallic ions [144–146]. In this respect, AgNPs can be oxidized in aerated aqueous
solutions to yield Ag+ ions [23]. Xiu et al. demonstrated that silver ions released from AgNPs in aerobic
conditions are fully responsible for antibacterial activity (Figure 6) [147]. Small AgNPs (ca 5 nm) can release
more Ag+ ions than large AgNPs (11 nm) under aerobic conditions due to their higher surface-to-volume
ratio. In an anaerobic environment, very little Ag+ ions are released, so AgNPs themselves are non-toxic to
bacteria. The antimicrobial action of Ag+ ions is closely related to their interaction with thiol (sulfhydryl)
groups [148]. Thus, Ag+ ions can react with the -SH groups of cell wall-bound enzymes and proteins,
interfering with the respiratory chain of bacteria and disrupting bacterial cell wall. Moreover, those ions
released from AgNPs can penetrate the cell wall into the cytoplasm, thereby degrading chromosomal
DNA [149], or reacting with thiol groups of the proteins in cytoplasm. Consequently, DNA loses its
replication ability and the proteins essential to the ATP production becomes inactivated. In general,
smaller silver particles can enter the cytoplasm more easily than larger particles [150]. AgNPs that
have penetrated inside the cell can also release Ag+ ions, thereby generating free radicals and oxidative
stress accordingly. Bondarenko et al. reported that there exists a synergistic effect between these
two mechanisms for antibacterial activity. Direct cell−nanoparticle contact promotes the release
of silver ions from AgNPs, thereby enhancing the amount of cellular uptake of particle-associated
Ag+ ions [151]. Ivask et al. demonstrated that positively charged ions released from AgNPs tend to
interfere with the normal function of the bacterial electron transport chain of E. coli, thereby facilitating
the formation of reactive oxygen species (ROS) [152]. ROS generation is mostly responsible for
the bacterial death because it facilitates lipid peroxidation, but inhibits ATP production and DNA
replication. Elevated ROS levels in bacterial cells can result in oxidative stress [153]. Figure 7 shows a
schematic representation of bactericidal effects due to AgNPs- induced membrane damage and silver
ion release from the nanoparticles, or the combination of these two effects [154]. These mechanistic
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effects can be summarized into an initial attachment of AgNPs or Ag+ ions to the bacterial cell wall,
their subsequent penetration inside the cell, followed by ROS and free radical generation, DNA damage
and protein denaturation.

Figure 6. Dissolved Ag+ concentration vs. air exposure time for PEG-AgNPs with sizes of 5 and
11 nm under aerobic conditions. No Ag+ ions can be detected (<1 μg/L) under anaerobic conditions.
Reproduced from [147] with permission of the American Chemical Society.

 
Figure 7. Bactericidal mechanisms of AgNPs due to their direct contact with the bacterial cell wall and
the release of silver ions. Reproduced from [154] with permission of Elsevier.
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The antibacterial efficacy of AgNPs relates to the kinds of pathogenic bacteria. Gram-negative
bacteria are generally more prone to Ag+ invasion than gram-positive bacteria due to the difference
in their cell wall structures (Figure 2). As aforementioned, gram-positive bacteria possess a very
thick cell wall containing many peptidoglycan layers, thereby serving as a barrier for Ag+ ions
penetration into the cytoplasm. However, gram-negative bacteria only have a single peptidoglycan
layer, thus Ag+ ions can easily damage the cell wall. The bactericidal effects of AgNPs also depend
on the nanoparticle characteristics, including the size, shape, surface charge, dose and particle
dispersion state [41–43,133–161]. Generally, well-dispersed AgNPs in physiological solutions exhibit
greater bactericidal efficacy than agglomerated AgNPs. Moreover, the killing effect of AgNPs against
gram-negative and gram-positive bacteria increases with decreasing particle size. Lu et al. prepared
AgNPs of different sizes (~5, 15 and 55 nm) using a simple reduction method and found that
AgNPs (5 nm) exhibited the highest antibacterial activity against oral bacteria [157]. Agnihotri et
al. synthesized AgNPs of various sizes, i.e., 5, 7, 10, 15, 20, 30, 50, 63, 85 and 100 nm, and reported
that AgNPs with sizes below 10 nm exhibited the best antibacterial activity for E. coli than larger
nanoparticles (Figure 8) [41].

 
Figure 8. Disk diffusion assay results for AgNPs of various sizes against E. coli. The zone of inhibition
is highlighted with a dashed circle indicating a noticeable antibacterial effect. Reproduced from [41],
the Royal Society of Chemistry.

AgNPs can be produced in different shapes depending upon synthesized conditions [44,45,72].
Accordingly, AgNPs exhibit shape-dependent efficacy of bactericidal activities. Pal et al. reported
that AgNPs with the same surface areas but different shapes exhibit dissimilar antibacterial activity.
They found that truncated triangular silver nanoplates with a {111} lattice plane as the basal plane
exhibit the strongest biocidal effect, compared with spherical and rod-shaped nanoparticles [160].
This is because the reactivity of silver is favored by a high-atom-density {111} plane. From the
disk-diffusion tests, the bactericidal efficacy against E. coli of 107 CFU/mL takes the following order:
truncated triangular > spherical > rod-shaped AgNPs. Very recently, Archaya et al. investigated the
bactericidal effects of spherical and rod-shaped AgNPs against gram positive (S. aureus, B. subtilis) and
gram negative (E. coli, K. pneumoniae AWD5, P. aeruginosa) bacterial strains [161]. Among these
strains, Klebsiella pneumoniae can cause pneumonia, bloodstream infection and wound infection.
Klebsiella bacteria show resistance to antibiotics and pose serious threat to human health, as outlined
by the World Health Organization [162]. Their results indicated that the bactericidal activity of both
spherical and rod-shaped AgNPs is dose- and time- dependent. Spherical AgNPs are more effective
than rod-shaped AgNPs in killing Klebsiella bacteria (Figure 9).
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Figure 9. Killing kinetics of K. pneumoniae AWD5 exposed to (A) spherical AgNPs at concentrations of
184–207 μg/mL and (B) rod-shaped AgNPs at 320–720 μg/mL. Results were expressed as means ± SD;
n = 3. p < 0.05 was considered statistically significant. Reproduced from [161], Nature Company under
the Creative Commons Attribution License.

From the literature, the positive charge of the Ag+ ions is critical for their bactericidal activity
through electrostatic attractions between the negatively charged cell wall of the bacteria and positively
charged Ag+ ions [37]. The carboxyl, phosphate, hydroxyl, and amine groups associated with the thick
peptidoglycan layer of the cellular wall of gram-positive bacteria render them with a negative charge.
Similarly, those functional groups associated with LPS in the outer membrane confer an overall negative
charge to the gram-negative cell wall [163]. As stated, the bactericidal effect of AgNPs is influenced
by their surface charges. Thus, the capping agent and stabilizers used to prevent the aggregation of
colloidal nanoparticles inevitably exert an influence on their surface charges [156,158,164]. Badawy et
al. investigated the effect of surface charge of AgNPs capped with PVP, citrate (CT) and branched
polyethyleneimine (BPEI) on bactericidal activity against the bacillus species. The BPEI-AgNPs are
electrosterically stabilized through adsorption of the BPEI polyelectrolyte containing amine groups,
which ionize in the solution to create charged polymers [164]. Electrosteric stabilization derives from
both electrostatic repulsion and steric stabilization. Zeta potential of CT-AgNPs has a very negative
value of −38 mV due to the carboxylic moiety of citrate. Consequently, there exists an electrostatic
repulsion between the negatively charged CT-AgNPs and bacterial cell wall, thereby forming an
electrostatic barrier that restrains the cell-particle interactions and thus reducing toxicity. The zeta
potential of PVP-AgNPs is less negative, i.e., −10 mV, thus promoting cell-particle interactions and
resulting in a higher toxicity than CT-AgNPs. The electrostatic repulsion changes to attraction by
exposing bacteria to positively charged BPEI-AgNPs (+40 mV). In this case, BPEI-AgNPs interact
strongly with the negatively charged moieties in the bacteria membrane (e.g., proteins) and induce
changes in structural integrity of the bacteria cell wall, leading to the leakage of cytoplasmic contents
and eventual cell death. These results reveal surface charge-dependent toxicity of AgNPs capped with
different stabilizing agents on the bacillus species [164]. Thus, electrosterically coated BPEI-AgNPs
exhibit a higher toxicity than electrostatically capped CT-AgNPs and sterically stabilized PVP-AgNPs.
Similarly, Lee et al. demonstrated that PEI-AgNPs exhibit a positive zeta potential of +49 mV. PEI is
a cationic polymer in which the amino groups provide AgNPs with a positive charge and stability
against agglomeration [158]. Moreover, PEI-AgNPs show excellent bactericidal activity against S.
aureus and K. pneumoniae. Recently, Abbaszadegan et al. studied the effect of surface charge of AgNPs on
antimicrobial activity against gram-positive (S. aureus, Streptococcus mutants, and Streptococcus pyogenes)
and gram-negative bacteria (E. coli and Proteus vulgaris) [156]. They indicated that positively-charged
AgNPs exhibit the highest bactericidal activity against all bacterial strains. The negatively charged
AgNPs have the least, while neutral AgNPs show intermediate antibacterial activity.
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3.1. Biosynthesized AgNPs

Ali et al. employed Eucalyptus globulus leaf extract (ELE) to stabilize colloidal AgNPs during
synthesis. They reported that ELE-AgNPs are effective antibacterial and antibiofilm agents for
gram-negative P. aeruginosa and E. coli, gram positive methylene resistant S. aureus (MRSA) and
methylene sensitive S. aureus (MSSA) [106]. Figure 10 shows the disk diffusion assay results for these
bacterial strains exposed to ELE-AgNPs with concentrations ranging from 25–100 μL. Gurunathan and
coworkers carried out a comprehensive study on antibacterial activity of biosynthesized AgNPs
prepared from quercetin against S. aureus and P. aeruginosa [107]. Several bioassays for detecting
colony-forming unit (CFU), lactose dehydrogenase (LDH), ROS generation, malondialdehyde (MDA),
glutathione (GSH), etc. were employed to assess antibacterial activity. The AgNPs exhibited a spherical
feature with an average size of 11 nm. The minimum inhibitory concentrations (MICs) of AgNPs
against P. aeruginosa and S. aureus were 1 and 2 μg/mL, respectively. The bactericidal effect of AgNPs
on bacteria came from the generation of ROS and MDA, and the leakage of proteins and sugars
in bacterial cells. Figure 11 shows the dose- and time-dependent bactericidal activities of AgNPs
for both bacterial strains. Complete growth inhibition concentration and time were determined to
be 1 μg/mL AgNPs and 20 h for P. aeruginosa, while those for S. aureus were 2 μg/mL and 24 h,
respectively. Figure 12 shows the ROS and MDA levels of both bacterial strains treated with AgNPs.
Apparently, high ROS and MDA levels were observed in both strains, leading to abnormal cell
metabolism and function, and eventual cell death. MDA was a product of lipid peroxidation, thus
serving as an indicator of oxidation stress. On the basis of these results, Gurunathan and coworkers
demonstrated that biosynthesized AgNPs is an effective therapeutic agent for treating mastitis-infected
goats in husbandry.

Figure 10. Assessment of antibacterial activity of ELE and ELE-AgNPs by disk diffusion assay.
Reproduced from [106] with permission of Public Library of Science.
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Figure 11. (Left): Effect of AgNPs concentration on bacterial cell viability. Bacterial survival was
determined at 24 h based on a colony-forming unit (CFU) count assay. (Right): Time-dependent
bactericidal effect of AgNPs on P. aeruginosa and S. aureus. Results were expressed as means ± SD; n = 3.
p < 0.05 was considered statistically significant. Reproduced from [107], MDPI under the Creative
Commons Attribution License.

Figure 12. Effects of AgNPs on ROS (left panel) and MDA (right panel) levels. Results were expressed
as means ± SD of n = 3; p < 0.05 was considered statistically significant as compared to control (con)
groups. Reproduced from [107], MDPI under the Creative Commons Attribution License.

With the increasing use of antibiotics in animal husbandry, bacteria have developed resistance
to antibiotics that pose serious threats to human health. The creation of multi-drug resistant bacteria
is increasing at an alarming rate. In this respect, AgNPs appear to be a promising therapeutic
agent against microbial pathogens in husbandry, especially for bacteria with antibiotic resistance.
Very recently, Gurunathan et al. synthesized AgNPs (10 nm) using apigenin as a reducing and
stabilizing agent [38]. They reported that as-synthesized AgNPs were very effective in eliminating
multidrug resistant bacteria Prevotella melaninogenica and Arcanobacterium pyogenes. From the cell
viability assay, antibacterial activity of AgNPs was dose-dependent, and the minimum inhibitory
concentration (MIC) values of AgNPs against P. melaninogenica and A. pyogenes were determined to be
0.8 and 1.0 μg/mL, respectively. The minimum bactericidal concentration (MBC) values of AgNPs
against P. melaninogenica and A. pyogenes were 1.0 and 1.5 μg/mL, respectively. The antibacterial
activity of AgNPs was derived from the ROS generation, LDH leakage and DNA damage in bacterial
cells. Figure 13 depicts a typical anti-biofilm activity of AgNPs on P. melaninogenica and A. pyogenes.
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Figure 13. Anti-biofilm behavior of AgNPs on P. melaninogenica and A. pyogenes. (Left): Bacterial
strains were treated with AgNPs of different concentrations. (Right): Bacterial strains were incubated
with 0.8 and 1.0 μg/mL of AgNPs, respectively, for 24 h. p < 0.05 was considered statistically
significant as compared to control groups. Reproduced from [38], MDPI under the Creative Commons
Attribution License.

3.2. Polymer-AgNPs Nanocomposites

3.2.1. Nanocomposite Fabrics

As recognized, direct contact of AgNPs with human body inevitably leads to cytotoxicity and
genotoxicity. Accordingly, it is necessary to immobilize AgNPs into polymeric materials to isolate them
from the human body, and to control the release of Ag+ ions. In recent years, considerable attention has
been paid to produce antimicrobial composite fabrics due to their attractive applications in healthcare
and medical sectors [165]. However, the poor laundering durability of nanocomposite fabrics limits
their applications as a result of weak bonding between the polymer fabrics and nanoparticles [166,167].
In particular, hospital textiles are laundered at elevated temperatures for many cycles to minimize the
risk of contaminated linens and to prevent the spread of various diseases. Mechanical vibration coupled
by high temperature conditions in washing machines can detach AgNPs from the fabrics. Some efforts
have been taken by researchers to improve the adherence of AgNPs to fabric fibers including plasma
deposition, choice of fabric materials, graft polymerization, etc. [134,168,169]. For instance, El-Rafie et
al. applied 50 and 100 ppm biosynthesized AgNPs to cotton fabrics, and reported that the reduction
rate of bacterial colonies was higher than 90% against S. aureus and E. coli before washing [167].
The antibacterial activity of the composite fabrics againsts both bacterial strains reduced by more that
40% after 20 washing cycles. The absence of chemical interactions between the AgNPs and cotton
fibers led to poor binding of AgNPs to cotton fabrics. Consequently, some AgNPs were removed
from the fabrics during washing cycles. Montazer et al. employed UV radiation to synthesize AgNPs
using [Ag(NH3)2]+ and PVP. The as-sythesized PVP-AgNPs were deposited onto nylon fabrics using a
dip-pad technique [134]. In the process, PVP-AgNPs with respective concentrations of 100 and 200 ppm
were deposited onto nylon fabrics, and then exposed to E. coli and S. aureus. The bacterial reduction
levels of unwashed and washed nanocomposite fabrics (10, 20, and 30 washes) were evaluated; the
results are listed in Table 1. Apparently, nanocomposite fabrics exhibited good antibacterial property
by eliminating E. coli up to 99% after 30 washes. This is because AgNPs coated on the fabric fibers
were resistant to E. coli after repeated laundries. Moreover, capped PVP of the AgNPs can establish
chemical linkages with polyamide chains of nylon, leading to a strong adherence of AgNPs to nylon.
However, bactericidal activity of the fabric with 100 ppm AgNPs decreased slightly after repeated
washing. The bacterial reduction percentage of S. aureus decreased slightly from 99.99% to 86.92% after
30 washes. This rate was acceptable for antimicrobial fabrics after several washing cycles.

101



Int. J. Mol. Sci. 2019, 20, 449

Table 1. Bacterial reduction percentages of PVP-AgNP/nylon nanocomposite fabrics against E. coli
and S. aureus. Reproduced from [134] with permission of Elsevier.

Bacterium AgNP Content (ppm) in Fabrics
Percentage of Bacterial Reduction Number of Washing

0 10 20 30

E. coli 100 99.99 99.99 99.46 99.20
E. coli 200 99.99 99.99 99.99 99.55

S. aureus 100 99.99 99.86 99.27 86.92
S. aureus 200 99.99 99.57 99.27 91.03

As mentioned above, Zille et al. pretreated PA6,6 fabrics with DBD-plasma, followed by immersion
in commercial colloidal AgNPs dispersions (10, 20, 40, 60 and 100 nm particle size) containing sodium
citrate as a stabilizer to form PA6,6/AgNP composite fabrics [137]. Figure 14 shows the percentage of
bacterial reduction vs. the size of AgNPs deposited on plasma-treated PA6,6 fabrics upon exposure to
E. coli and S. aureus for 1 day and 30 days It can be seen that bacterial growth inhibition for S. aureus is
size-dependent at day 1. The inhibition effect against S. aureus increases with decreasing nanoparticle size.
The value decreases from 95% for the 10 nm-AgNPs, down to 19% for the 100 nm-AgNPs. The inhibition
effect is associated with the release of Ag+ ions from the AgNPs in the solution during antimicrobial tests.
Thus, more Ag+ ions are released from smaller AgNPs than larger nanoparticles due to their larger surface
area-to-volume ratio. Upon exposure to E. coli at day 1, AgNPs with sizes of 10, 20 and 40 nm exhibit full
bacteria inhibition, while AgNPs with sizes ≥60 nm show partial killing. Thus, AgNPs are more effective
in eliminating E. coli due to their thin wall structure, as mentioned previously. At day 30, considerable
amounts of Ag+ ions are released from the nanocomposite fabrics, and the growth of both S. aureus and E.
coli are completely inhibited with the exception of 100 nm-AgNPs [137].

 

Figure 14. Percentage of bacterial reduction (E. coli and S. aureus) as a function of the size of AgNPs after
exposure of 1 day and 30 days. Data are presented as mean values ± SD (n = 3). Reproduced from [137]
with permission of the American Chemical Society.

3.2.2. Food Packaging Nanocomposite Films

In recent years, there has been a growing demand in food industries to develop antimicrobial food
packaging films, bottles and containers to avoid microbial food spoilage and to extend or preserve
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shelf life. Food packaging is employed to protect foods, vegetables and fruits from environmental
and bacterial contaminations to ensure their quality and food safety. Oxidation, microbial invasion,
and metabolism are the main factors causing deterioration of foods and fruits during production,
transportation, and storage [170]. Nowadays, AgNPs, silver nitrate and nanoclay are commonly used
in the food packaging industry to resist microbial contamination and to improve barrier properties,
thus prolonging shelf life and freshness of packaged foods and drinks [171–174]. As mentioned
previously, colloidal nanosilver and silver nitrate have been used for more than 100 years in the United
States [32]. Martınez-Abad et al. incorporated silver nitrate (0.1–10%) into ethylene-vinyl alcohol
copolymer (EVOH) films and studied their antimicrobial behavior against listeria monocytogenes and
salmonella spp. [175]. They employed the bacterial challenge test [176] to assess antimicrobial resistance
of EVOH composite films against low protein food samples (lettuces, apple peels, and eggshells)
and high protein food samples (chicken, marinated pork loin, and cheese) contaminated with those
bacterial strains. Figure 15 shows representative viable bacterial counts on apple peels with listeria
monocytogenes, and then treated with EVOH composite films containing 0.1, 1 and 10 wt% AgNO3.
Composite film with 10% AgNO3 and control (silver nitrate solution) show a 4–5 log reduction in
microbial population, while films with 0.1 and 1 wt% AgNO3 display little antimicrobial effect, i.e.,
a decrease of about 2 log bacterial counts after 24 h exposure. These results indicate that antimicrobial
resistance of the composite films with 0.1 and 1 wt% AgNO3 on food samples are somewhat poorer
than aqueous silver nitrate solution. This is due to the confinement of AgNO3 in the polymer matrix,
thereby restricting the release of sufficient amounts of Ag+ ions to combat microorganisms. Thus, only
composite film with high filler loading level, i.e., 10 wt% AgNO3 can achieve a similar antibacterial
effect as silver nitrate solution.

Figure 15. Viable counts in the challenge test on apple peels with L. monocytogenes versus silver nitrate
aqueous solution (black square), EVOH (circle), and EVOH composite films with 0.1 wt% Ag+ (diamond),
1 wt% Ag+ (square), and 10 wt% Ag+(triangle). Reproduced from [175] with permission of the American
Chemical Society.

In general, AgNPs exhibit a beneficial effect over silver nitrate salt in food packaging films
because AgNPs allow a sustained release of Ag+ ions due to the size-related Ag+/Ag0 ratio on their
surfaces [177]. In this respect, low AgNPs loadings are added in polymeric films to release sufficient Ag+

ions to ensure effective bactericidal activity [178]. More recently, Tavakoli et al. fabricated polyethylene
(PE) films with 1, 2 and 3 wt% AgNPs using the extrusion process [173]. They reported that PE/AgNP
packaging films decrease mold and coliform attack on walnuts, hazelnuts, almonds and pistachios for
extended periods, thereby increasing shelf life and preserving the quality of nuts. The widespread
use of polymer/AgNPs packaging films and containers in the food industry has resulted in increased
concerns over the migration of AgNPs from the films or containers into foods. In this context,
Huang et al. exposed commercial PE/nanosilver film bags to four kinds of food-simulating solutions,
representing water, acid, alcohol and fatty foods, at 25–50 ◦C for 3 to 15 days, respectively. They found
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the migration of Ag0 from commercial PE/nanosilver films into food-stimulants on the basis of atomic
absorption spectroscopic measurements [179]. It is considered that Ag+ ions are also released from
nanocomposite films upon exposure to food-simulating solutions. Moreover, Ag+ ions are easily
reduced to Ag0 in the presence of acid environments. Indeed, Echegoyen and Nerin reported the
presence of both elemental Ag0 and Ag+ ions in commercial polyolefin packaging films and containers
with nanosilver. Furthermore, microwave oven heating accelerates the migration of these species into
stimulant solutions due to the structural modification of the polymer matrix [180].

3.2.3. Nanocomposite Wound Dressings

Hydrogels have been developed and used in the medical sector to enhance wound healing.
They find attractive clinical applications due to their biocompatibility, high water content, and good
absorption of wound exudates. By incorporating AgNPs or silver nitrate into hydrogels, their
antimicrobial resistance can be improved through reduction in infections. In this respect, antimicrobial
polymer/AgNPs and polymer/AgNO3 hydrogels for wound dressing applications have attracted
considerable attention in recent years [126,127,181–184]. As an example, Oliveira et al. fabricated
PVA/AgNO3 hydrogels loaded with 0.25% and 0.5% AgNO3 [184]. The nanocomposite hydrogels
exhibited significant inhibition against both gram-positive and gram-negative bacteria due to the
Ag+ ions released from silver nitrate (Figure 16a). Culturing mouse fibroblasts with nanocomposite
hydrogels revealed good cell membrane integrity and cell viability (Figure 16b), indicating that
nanocomposite hydrogels are non-toxic.

  
(a) (b) 

Figure 16. (a) Inhibition zones of all samples exposed to S. aureus, E. coli and C. albicans. There is a
significant difference between the levels indicated by arrows, * p < 0.05. (b) Cell viability of mouse
fibroblasts after 24 h incubation with nanocomposite hydrogels. CVDE (cell density), NR (membrane
integrity assay) and XTT (mitochondrial activity). ‘Control’ is the negative control, whereas ‘latex’ is
the positive control. Reproduced from [184] with permission of the Royal Society Publishing.

4. In Vitro Cell Cultivation

As aforementioned, AgNPs have been widely used for antibacterial and therapeutic
applications, including fabrics, food packaging materials, wound dressings, and cancer
therapy [22,24,25,27,30,31,113,171–174,184]. These routes can lead to increasing exposure of AgNPs to
human cells [185]. Cellular uptake of AgNPs takes place either via diffusion (translocation), endocytosis
or phagocytosis [186]. Upon entering the cytoplasm, AgNPs themselves or Ag+ ions can generate
ROS, leading to DNA damage, protein denaturation, and apoptosis [23,187]. AgNPs of different sizes
and shapes tend to accumulate in the mitochondria, thereby inducing mitochondrial dysfunction, i.e.,
a reduction in mitochondrial membrane potential (MMP), and promoting ROS creation. This leads
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to the damage of intracellular proteins and nucleic acids (Figure 17a) [52–55,185,188–194]. Grzelak et
al. and AshaRani et al. have demonstrated that the disruption of mitochondrial respiratory chain
by AgNPs would increase ROS generation and interrupt ATP synthesis, thereby resulting in DNA
damage [189,190]. The ROS generation can also cause cell membrane damage through the release
of lactate dehydrogenase (LDH). Furthermore, AgNPs can interact with the membrane proteins and
activate signaling pathways, leading to the inhibition of cell proliferation. On the other hand, Ag+ ions
released from AgNPs can also induce ROS generation [192,195], especially for cellular uptake through
endocytosis [49,51]. In this context, AgNPs confined in an acidic lysosomal environment dissolute
into Ag+ ions. These ions initiate cascades or series of events that lead to intracellular toxicity, termed
as the “lysosome-enhanced Trojan horse effect” [51]. Furthermore, some AgNPs, which translocate
into cytoplasm through diffusion or channel proteins, are oxidized by cytoplasmic enzymes, thereby
releasing Ag+ ions. Those ions interact with thiol groups of mitochondrial membrane proteins, causing
mitochondrial dysfunction and generating ROS accordingly (Figure 17b). In the case of bacterial cells,
several factors such as nanoparticle size, shape, surface area, surface charge, surface functionalization,
and particle dispersion state also affect cytoxicity in mammalian cells [188,191]. Therefore, AgNPs
tend to induce size-, dose- and time-dependent toxicity by creating ROS, oxidative stress, and DNA
damage [189,193,194]. Figure 17a,b summarize possible mechanisms of AgNPs-, or Ag+-induced
toxicity in mammalian cells [190,192].

(a) 

(b) 

Figure 17. Proposed mechanisms of (a) AgNPs- and (b) silver ion-induced cytotoxicity.
Reproduced from [190] and [192] with permission of BioMed Central Ltd and Elsevier, respectively.

Industrial activities involved in manufacturing AgNPs and their associated products have raised
concerns over their release into the environment via several processes, including particle synthesis
during manufacturing and incorporation into products, recycling, and disposal [196]. During industrial
fabrication and laboratory synthesis, AgNPs in the form of powder or liquid may enter the human
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body through inhalation and dermal contact [197]. Inhaled nanoparticles can reach the lung alveoli,
which is the deepest region of the respiratory system. AgNPs have several adverse health effects upon
entering the pulmonary alveoli, because of their prolonged interaction with the lung cells. Fordbjerg et
al. studied the effect of gene expression profiling in adenocarcinomic human alveolar basal epithelial
cells (A549) by treating them with AgNPs [198]. They reported that AgNPs at 12.1 μg/mL modified
the regulation of more than 1000 genes of A549 cells. The upregulated genes included members of
the metallothionein, heat shock protein, and histone families. Moreover, ROS was also generated but
did not cause apoptosis at 12.1 μg/mL AgNPs. Han et al. prepared AgNPs using both green and
chemical reduction methods [193]. They demonstrated that the toxicity of AgNPs in A549 cells was
dose-dependent, resulting from ROS generation and oxidative stress. In addition, green AgNPs were
more toxic at lower concentrations than chem-AgNPs. The IC50 values for bio-AgNPs and chem-AgNPs
were 25 μg/mL and 70 μg/mL, respectively. IC50 was the concentration of AgNPs with a 50% reduction
in cell viability. Very recently, Gurunathan et al. synthesized green AgNPs from silver nitrate using
biomolecule quercetin, and treated A549 with a combination of AgNPs and antitumor drug, i.e.,
MS-275 derived from histone deacetylases (HDACs) [199]. The as-synthesized AgNPs exhibited dose-
and size-dependent toxicity against A549 cells. Combined AgNPs and MS-275 markedly induced
apoptosis as a result of ROS accumulation, LDH leakage, mitochondria dysfunction, activation of
caspase 9/3, up and down regulation of pro-apoptotic genes and anti-apoptotic genes, respectively.
For human bronchial epithelium (BEAS-2B) cells [200–202], Gliga et al. employed pristine AgNPs
(50 nm), PVP-AgNPs (10 nm,) and CT-AgNPs (10, 40 and 75 nm) to interact with BEAS-2B [201].
They reported that only AgNPs with a size of 10 nm induce cytotoxicity regardless of the surface
coating. The cytotoxicity was associated with DNA damage and the release of intracellular Ag.
Similarly, Kim et al. demonstrated that Ag-NPs induced a significant increase in the ROS level and
oxidative DNA damage in the BEAS-2B cells [202].

The widespread use of antimicrobial textiles, wound dressings, and cosmetics containing AgNPs has
increased human dermal exposure to those nanoparticles. Sapkota et al. demonstrated that biosynthesized
AgNPs exhibit dose-dependent toxicity towards human keratinocytes (CRL-2310) [203]. At 10 μg/mL, cell
viability was 98.76%, but the viability further decreased to 74.5% at 100 μg/mL. Carrola et al. indicated that
Ag+ ions released intracellularly from CT-AgNPs caused a dose-dependent ROS generation in human skin
keratinocytes (HaCaT) [49]. Further, CT-AgNPs (10 nm) agglomerated considerably in culture medium
compared to CT-AgNPs (30 nm). As such, agglomerated CT-AgNPs (10 nm) became less cytotoxic
than CT-AgNPs (30 nm). Avalos et al. studied genotoxic effects of PEI/PVP-coated AgNPs (4.7 nm)
and uncoated AgNPs (42 nm) on normal human dermal fibroblasts (NHDFs) and human pulmonary
fibroblasts (HPFs) [204]. In vitro exposure of NHDFs and HPFs to coated (0.1–1.6 μg/mL) and uncoated
AgNPs (0.1–6.7 μg/mL) for 24 h triggered DNA strand fragmentation in a dose- and size-dependent
manner. Furthermore, smaller PEI/PVP-AgNPs were more genotoxic than larger AgNPs. In another study,
they also found that smaller AgNPs (4.7 nm) were more toxic than pristine AgNPs (42 nm) in NHDFs on
the basis of MTT and LDH measurements. The oxidative stress parameters showed a dramatic increase of
ROS but a depletion in glutathione levels [205].

Hou et al. studied toxicity of AgNPs (20 nm) in three human cell lines, i.e., human bronchial
epithelial cells (16HBE), human umbilical vein endothelial cells (HUVECs), and human hepatocellular
liver carcinoma cells (HepG2) (Figure 18A–D) [206]. HUVECs are commonly used in vitro model for
assessing toxicity of nanoparticles to endothelium [207–209]. 16HBE cells originate from human airway
epithelial cells, thus representing potential toxicity due to inhalation, while HUVECs and HepG2 cells are
the target cells for AgNPs upon entering blood circulation. Human blood vessels are composed of a thin
layer of endothelial cells known as the endothelium. Capillary endothelium differs in structure depending
upon the tissue type in which it is located. Continuous endothelium is closely packed together and
linked with tight junctions, anchored to a basement membrane. It is found in the blood vessel, skin, lung,
and nervous tissues. Fenestrated endothelium is found in the capillaries of kidney and endocrine glands,
while discontinuous endothelium is found in the liver. As recognized, nanoparticles come into first contact
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with vascular endothelium once they enter the circulation system. Vascular endothelium in different
tissues has its own distinctive properties including surface receptors and intercellular junctions [209].
From Figure 18A–C, a dose- and time-dependent manner of cell viability can be readily seen, especially
for 16HBE. Thus, the toxicity of AgNPs on these cell lines takes the order: 16HBE > HepG2 > HUVECs.
The toxicity of 16HBE arises from the activation of endoplasmic reticulum (ER) stress signaling pathway.
ER stress response is markedly induced in the 16HBE cells, but not in HUVECs and HepG2 cells [206].
Shi et al. also reported a dose-dependent toxicity of AgNPs on HUVECS [54]. In their study, AgNPs induce
intracellular ROS formation, reduce cell proliferation, and cause cell membrane damage, leading to cell
dysfunction and eventual apoptosis. These adverse effects are attributed to the activation of IKK/NF-κB
pathways as a result of the oxidative stress. Guo et al. investigated the cytotoxicity of citrate-coated AgNPs
(10, 75, and 110 nm) towards HUVECs [210]. AgNPs can be readily taken up by vascular endothelial cells,
resulting in cell leakiness via altering inter-endothelial junctions.

 

Figure 18. (A–C) Cell viability vs AgNP concentration for 16HBE, HUVECs and HepG2 cells
determined from CCK-8 assay at different time points. (D) Inductively coupled plasma mass
spectrometry results showing cellular uptake of AgNPs upon exposure at a dose of 2 mg/cm2 AgNPs
for 24 h. Data are expressed as means ± SD, n = 5. Reproduced from [206] with permission of Elsevier.

From the in vitro model in the literature, AgNPs triggered pro-inflammatory cytokines in brain
endothelial cells, thereby causing an increased permeability of the cell layer. Trickler et al. studied
inflammatory responses of rat brain microvessel endothelial cells (rBMECs) exposed to AgNPs of
different sizes (25, 40 and 80 nm) and concentrations [58]. They reported that exposure of AgNPs to
BMECs induce pro-inflammatory cytokines such as interleukin IL-1β, tumor necrosis factor (TNF-α),
and prostaglandin E2 (PGE2). The pro-inflammatory response followed a size- and time-dependent
manner, with IL-1β preceding both TNF-α and PGE2 for AgNPs (25 nm). The interactions of the
Ag-NPs with endothelial cells also induced cellular damage in the form of perforations in rBMEC
monolayers. The secretion of pro-inflammatory cytokines together with an increase of vascular
permeability of rBMECs allowed the entry of substances into the brain tissues, inducing neuronal
cell death. Very recently, Sokolowska et al. studied toxic effects induced by AgNPs on three kinds of
endothelial cell lines, i.e., HUVEC, human brain endothelial cell (HBEC5i) and human endothelial cell
line for blood vessel (EA.hy926) [59]. The viability of these three cell lines decreased with increasing
AgNPs concentration. HBEC5i cells were much less vulnerable to AgNPs induced toxicity than
EA.hy926 and HUVEC cells (Figure 19A). These three cell lines also exhibited a dose-dependent
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membrane damage, in which HBEC5i cells were less susceptible to the damage compared to
EA.hy926 and HUVEC cells (Figure 19B). They attributed the higher cell viability against AgNPs to
the presence of specialized cellular components of the brain barrier.

Figure 19. (A) Cell viability and (B) membrane damage of HBEC5i, HUVEC and EA.hy926 cells vs
AgNPs concentrations after 24 h exposure to nanoparticles. Data are presented as means ± SD. * p <
0.05; ** p < 0.01; **** p < 0.0001. Reproduced from [59] with permission of Elsevier.

The liver is one of the target organs once AgNPs enter the bloodstream [194,211,212]. Xue et al.
demonstrated that AgNPs (15 nm) induce toxicity in HepG2 cells under a dose- and time-dependent
manner. They also assessed the effect of solvents (deionized water and culture medium) for dispersing
AgNPs on cytotoxicity [194]. The toxic effects were attributed to ROS generation, mitochondrial injury,
and oxidative stress, leading to cell apoptosis (Figures 20 and 21). AgNPs-induced cytotoxicity was
more severe in water than culture medium because of the dissolution of AgNPs into Ag+ ions in water.
Singh et al. biosynthesized AgNPs from silver nitrate using leaf extract of Morus alba as a reductant [212].
They then exposed green AgNPs to HepG2, and observed a dose-dependent cytotoxicity with an IC50

value of 20 μg/mL. The cytotoxic effect of green AgNPs was compared with the standard anticancer drug
5-Fluorouracil (5-FU) and pure Morus alba extract. The IC50 values of 5-FU and M. alba were recorded,
respectively, as 30 and 80 μg/mL. Apparently, AgNPs showed nearly a same trend in destroying cancer
cells as that of standard drug, showing potential application for hepatocellular therapy.

Red blood cells (RBCs) or erythrocytes contain no nucleus and organelles such as mitochondria;
thus, they have limited repair capability following injury. Direct interaction of nanoparticles with
RBCs can damage their membranes, leading to membrane rupture or hemolysis. Kim and Shin studied
hemolysis, deformability, and morphological change of human RBCs exposed to AgNPs (30 and
100 nm) and silver nanowires (AgNWs) for 2 h [50]. They reported that hemolysis of RBCs is size-
and dose-dependent in which small AgNPs induce higher hemolysis than large AgNPs. The shape
of silver nanomaterials had little influence on hemolysis. They attributed cytotoxicity to the direct
interaction of AgNPs with the RBCs, leading to the generation of oxidative stress, membrane injury,
and eventual hemolysis. Chen et al. also reported a size- dependent hemolysis effect for murine RBCs
(Figure 22a) [213]. Serious hemolysis was found at AgNPs (15 nm) contents ≥ 10 μg/mL (Figure 22b).
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Figure 22c showed the TEM image of RBCs prior to AgNPs exposure. Figure 22d showed the
internalized AgNPs in RBCs, leading to membrane injury, lipid peroxidation, and eventual hemolysis.
Very recently, Ferdous et al. studied the interactions of PVP and citrate coated AgNPs (10 nm) of
various concentrations (2.5, 10, 40 μg/mL) with murine RBCs [214]. AgNPs induced significant
dose-dependent hemolysis, resulting from cellular uptake of AgNPs and oxidative stress generation.

Figure 20. Dose-and time-dependent ROS generation in HepG2 cells exposed to AgNPs in:
(A) deionized water and (B) cell culture medium. Data are expressed as means ± SD. There was
significant difference between the treated and control groups (* p < 0.05; ** p < 0.01), and between the
24- and 48-h groups (# p < 0.05). Reproduced from [194] with permission of Wiley.

 
Figure 21. Dose-and time-dependent MMP reduction of HepG2 cells exposed to AgNPs in
(A) deionized water and (B) cell culture medium. Data are expressed as means ± SD. There was
significant difference between the treated and control groups (* p < 0.05; ** p < 0.01), and between the
24- and 48-h groups (# p < 0.05). Reproduced from [194] with permission of Wiley.

  
(a) (b) 

Figure 22. Cont.
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(c) (d) 

Figure 22. (a) Schematic representation showing size-dependent hemolysis of RBCs due to AgNPs.
(b) Percentage hemolysis vs AgNPs concentrations. TEM images of RBCs (c) without and (d) with AgNPs
(15 nm) treatment. Individual AgNP in (d) is outlined with a red circle, while AgNPs are aggregate using
black arrows. Reproduced from [213] with permission of the American Chemical Society.

Macrophages are well known phagocytic cells of the innate immune system, acting as a first line
of defense against pathogens. They exist in nearly all mammalian tissues and are involved in bacteria
killing, wound healing, restoring tissue homeostasis, and regulating immune response. AgNPs also
exhibit a toxic effect on macrophages, especially those with the smallest particle sizes. Figure 23 shows
typical size- and dose- dependent toxicity in murine alveolar macrophages induced by AgNPs of different
sizes [215]. The IC50 values of AgNPs (15 nm), AgNPs (30 nm) and Ag (55 nm) were recorded as 27.87
± 12.23, 33.38 ± 11.48, and >75 μg/mL respectively. Apparently, AgNPs (15 nm) showed the highest
cytotoxicity as expected. Yang et al. studied the cytotoxic and immunological effect of AgNPs (5 nm,
28 nm and 100 nm) on innate immunity using human peripheral blood mononuclear cells (PBMCs)
(Figure 24a,b) [216]. They reported a dose-dependent toxicity of AgNPs on PBMCs in which AgNPs
(5 nm) were the most toxic nanoparticles. Furthermore, AgNPs with sizes of 5 nm and 28 nm induced
inflammasomes to generate IL-1β and subsequent caspase-1 activation. Inflammasomes formation was
derived from the leakage of cathepsins due to the disruption of lysosomal membranes, and the K+ efflux
via cell membrane pores triggered by AgNPs. In addition, AgNPs (5 nm) and AgNPs (28 nm) increased
the production of mitochondrial superoxide. At the same concentration, AgNPs (5 nm) induced more
production of hydrogen peroxide that was toxic to cells [216]. Martinez-Gutierrez et al. treated the human
monocytic cell line (THP-1) with AgNPs (24 nm), and reported that monocytes secrete inflammatory
cytokines IL-6 and TNF-α at AgNPs contents ≥ 10 μg/mL [217]. Butler et al. examined the genotoxic
effects of AgNPs (10, 20, 50 and 100 nm) on THP-1 cells, and indicated that AgNPs (10 and 20 nm) induce
micronucleus nucleation and DNA strand breaks [60]. Micronucleus formation only required very low
AgNPs dosages, i.e., 15 μg/mL for AgNPs (10 nm), and 20 μg/mL for AgNPs (20 nm). Silver ions released
from AgNPs endocytosed by THP-1 were mainly responsible for the DNA damages.

 
Figure 23. Effect of AgNPs concentration on mitochondrial metabolism (MTT assay) in murine alveolar
macrophages treated with AgNPs for 24 h. The data were expressed as means ± SD (n = 3). p < 0.05 was
considered significant. Reproduced from [215] with permission of the American Chemical Society.
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Figure 24. Cytotoxicity and IL-1β generation in PBMCs. (a) PBMCs were treated with AgNPs for 6 h
and cell viability was determined with CCK-8 assay. (b) PBMCs were treated with AgNPs (5 nm) for
6 h and supernatant levels of IL-1β were assessed by ELISA. LPS (50 pg/mL) was pre-treated for 2 h
before AgNPs exposure. Results were presented as means ± SD. One-way ANOVA analysis showed
significance (p < 0.0001) (a,b), and Student’s t-test between certain pairs (b) was used for statistical
analysis. Reproduced from [216] with permission of Elsevier.

From the literature, AgNPs can cross the brain blood barrier (BBB) through the blood circulation
system [58,218]. An earlier study by Trickler et al. reported that AgNPs increased the BBB permeability
in primary rat brain endothelial cells, and induced a size-dependent pro-inflammatory response by
secreting PGE2, TNF-α and Il-1β [58]. Cramer et al. studied the effect of AgNPs’ surface coatings
(citrate and ethylene oxide (EO) on neurotoxicity of primary porcine brain capillary endothelial
cells (PBCECs) [219]. Neutral red uptake assay revealed that cell viability decreased markedly from
100% to 58% and 71%, respectively, upon exposure to EO-AgNPs and CT-AgNPs at 50 μg/mL.
Furthermore, AgNPs disturbed cell barrier integrity and tight junctions, and induced oxidative
stress and DNA strand breaks. Those adverse effects were reduced to a lesser extent using citrate
coating. Liu et al. examined the toxic effect of AgNPs (23 nm) on embryonic neural stem cells
(NSCs) from human and rat fetuses [220]. In addition, mitochondrial metabolism (MTT assay) was
substantially reduced, while LDH leakage and ROS generation were markedly increased under a
dose-dependent manner. AgNPs-induced neurotoxicity was further revealed by up-regulated Bax
protein expression, and an increased number of TUNEL-positively stained cells [220]. From the
literature, the Trojan-horse effect in murine astrocytes and microglial cells due to AgNPs uptake also
led to ROS generation [189]. As such, intracellular Ag+ ions interacted with thiol-groups of cysteine
(CYS) protein, producing Ag(CYS) and Ag(CYS)2 species. Yin et al. studied the effects of AgNPs
(34 nm) and Ag+ ions in the form of silver nitrate on neurotoxicity of mouse embryonic stem cells
(mESCs) [221]. They demonstrated that both AgNPs and Ag+ ions perturbed mESCs global and neural
progenitor cell-specific differentiation processes. AgNPs and Ag+ ions induced anomalous expression
of neural ectoderm marker genes at concentrations lower than 0.1 μg/mL [221]. Ma et al. studied the
cytotoxic effect of AgNPs (30 nm) on murine hippocampal neuronal HT22 cells [222]. They reported
that cytotoxicity is caused by mitochondrial membrane depolarization, increased ROS generation,
and caspase-3 activation. Mitochondrial membrane depolarization results from a loss of mitochondrial
membrane integrity, leading to a decrease of MMP. Caspase-3 is the main caspase responsible for
apoptosis execution [223]. Apparently, brain tissue with high lipid content is particularly vulnerable
to the oxidative stress. By treating HT22 cells with both AgNPs and sodium selenite, cell viability
increases significantly due to selenium, and can suppress ROS generation and caspase-3 activation.

With the fast development of material examination techniques in recent years, atomic force
microscopy (AFM) has been used increasingly in the biological field [224,225]. AFM measures the
surface roughness and elastic modulus of a material by moving its tip across the specimen surface.
The force between the tip and the sample is measured through the deflection of cantilever during
scanning [224]. For biomaterials, changes in biophysical properties (cell height and roughness) as
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well as biomechanics (elastic modulus) can be analyzed accordingly. Thus, AFM is a powerful tool
to analyze the interaction between the cells and AgNPs at high accuracy. In this respect, Subbiah et
al. employed AFM to investigate the physicomechanical responses of A549, human bone marrow
stromal cells (HS-5) and mouse fibroblasts (NIH3T3) exposed to AgNPs [226]. Bioassays (CCK-8, GSH,
and lipid peroxidation) were also concurrently performed. As such, the results were compared and
correlated with those of AFM. From their study, AgNPs exhibited a dose-dependent reduction in
glutathione (GSH), but showed an increased manner with the MDA level. AgNPs bonded directly
to GSH and inhibited the enzymes for GSH synthesis, leading to GSH depletion and ROS buildup.
As recognized, GSH depletion is an early event during apoptosis, which occurs before the loss of
cell viability [227]. From the AFM measurements, it was seen that treatment using AgNPs leads to a
substantial change in cell morphology due to enhanced cell surface roughness. Moreover, the stiffness
of AgNP-treated cells also increases markedly because of the deposition of AgNPs on the cell surfaces.
Figure 25A–C show the correlation between cell viability and AFM results.

More recently, Jiang et al. combined AFM and bioassays to study cytotoxic effect of AgNPs on
human embryonic kidney 293T cells (HEK293T cells) [55]. In their study, AFM was used to measure
cellular viscosity from the force-displacement curve. The measurements showed that cellular viscosity
decreases with increasing AgNPs concentration, demonstrating that structural changes occur in kidney
cells upon exposure to AgNPs. Bioassays (comet, gene expression profiling) tests showed that severe
DNA damage occurs in HEK293T cells due to downregulation of antiapoptosis Bcl2-t and Bclw genes,
and upregulation of the proapoptosis Bid gene. Table 2 summarizes the cytotoxic effects of AgNPs on
human cell lines.

Figure 25. Correlation between cell viability and the roughness or stiffness of (A) HS-5, (B) NIH3T3 and
(C) A549 cells before and after treatment with AgNPs. NP: nanoparticles; Y. M.: Young’s modulus.
Reproduced from [226] with permission of Dove Medical Press Ltd.
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5. In Vivo Animal Model

An in vivo model for AgNP-induced cytotoxicity is performed directly on the tissues of a whole
living animal under a controlled environment. The tests are expensive, time consuming, and subjected
to several restrictions due to ethical issues. The experiments are typically performed on rodents (rats,
mice and guinea pigs) through oral administration, intravenous (i.v.) injection, intraperitoneal (i.p.)
injection, intratracheal (i.t.) instillation, subcotaneous injection, etc. [228]. The in vivo cytotoxic effects
of AgNPs depend on several factors such as nanoparticle size and dose, administration route, exposure
time and type of animal model. From published literature reports, AgNPs accumulate mainly in the
target organs of animals through several administration routes, thereby inducing toxic effects such as
cell dysfunction, inflammation, DNA damage, and animal death [229–237].

Liver is one of the main target organs for administration routes involving translocation of
AgNPs in the blood circulation system [229–240]. Kupffer phagocytic cells in the liver are essential
for particle removal following intravenous administration. As such, AgNPs are deposited in the
Kupffer cells after injection [236,237]. Accumulated AgNPs in the liver may cause several negative
effects such as the generation of ROS, pathological changes in liver morphology, and enzyme activity.
Dziendzikowska et al. intravenously injected AgNPs (20 and 200 nm) to male Wistar rats at a dose
of 5 mg/kg [234]. AgNPs were translocated from the bloodstream to liver, spleen, kidneys, lungs
and brain, with the liver being the main target organ. Silver concentrations in these organs of the
rats treated with AgNPs (20 nm) were significantly higher than those treated with AgNPs (200 nm).
Furthermore, silver concentrations in these organs displayed a time- and size-dependent accumulation
manner. Lee et al. intraperitoneally injected AgNPs into Sprague-Dawley (SD) rats, and reported that
AgNPs accumulated mainly in the liver [235]. AgNPs caused a significant increase of caspase-3 level
in the liver of treated rats from day 1 until day 30. Although autophagy was induced following i.p.
injection at day 1, failure to preserve autophagy in the following days led to liver dysfunction and
eventual apoptosis.

Recently, Recordati et al. intravenously injected CT- and PVP-coated AgNPs as well as silver
acetate into CD-1 mice [229]. Commercial CT-AgNPs and PVP-AgNPs with sizes of 10, 40 and 100 nm
were used in their study. Cytotoxic effects were strongly size-dependent, while coating type (CT
or PVP) had no impact on biodistribution of AgNPs in the organ tissues. Histological examination
revealed that AgNPs were predominantly accumulated in the spleen and liver, and to a lesser extent
in the kidney and lung (Figure 26). Very high silver concentrations were detected by inductively
coupled plasma mass spectrometry (ICP-MS) in the spleen and liver, followed by lung, kidney and
brain. AgNPs (10 nm) were found to be the most toxic nanoparticles (Figure 27). Silver acetate (AgAc)
at the same dosage (10 mg/kg) was also detected in these organs after administration. Very recently,
Yang et al. also demonstrated that AgNPs (3 nm) were mainly deposited in the liver and spleen of
male mice, followed by the kidney, heart, lungs and testis, and the least accumulation was found in
the stomach, intestine following i.v. injection [230]. RT-qPCR analysis of the liver revealed substantial
changes in the gene expression profiles, i.e., upregulation of several genes such as p53, caspase-3,
caspase-8, transferrin (Trf), and Bcl-2. As is known, caspases are enzymes that cause apoptosis by
cleaving cellular proteins. Initiator caspases such as caspase 2, 8, 9 and 10 initiate the apoptotic process,
leading to the activation of effector caspases, i.e., caspase 3, 6 and 7 [222]. Wen et al. intravenously
injected SD rats with CT-AgNPs (6.3 nm) at a dosage of 5 mg/kg body weight (bw) respectively [231].
They reported that the lungs, spleen, and liver were enriched with Ag content on the basis of ICP-MS
measurements. In addition, the silver concentration distribution in the organs from highest to lowest
took the following sequence: lung > spleen > liver > kidney > thymus > heart. Furthermore, AgNPs
induced chromosome aberration in bone marrow cells.
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Figure 26. Histological examination of silver tissue localization by autometallography staining.
Representative images of spleen, liver, kidney, and lung (scale bar = 20 μm), from AgNPs (10, 40,
100 nm) and silver acetate treated mice. In the spleen, silver was localized within the cytoplasm
of macrophages especially in the spleen white pulp (WP) and red pulp (RP). Triangles indicate the
accumulation of silver in organ tissues. Reproduced from [229], BioMed Central Ltd under the Creative
Commons Attribution License.

 
Figure 27. Silver tissue concentration after i.v. injection of AgNPs and AgAc in mice. Data are expressed
as means ± SD. The inset illustrates a magnified view showing Ag concentration in the kidney, brain,
and blood. Statistical significance: a = p < 0.05; b = p < 0.01. Reproduced from [229], BioMed Central
Ltd under the Creative Commons Attribution License.
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From in vitro cell cultivation, AgNPs increased the permeability of tight junctions of brain
endothelial cells [219]. The ICP-MS measurements of in vivo animal model showed the presence
of a small amount of AgNPs in the mice brain [229,232,234]. Thus, AgNPs can cross the brain blood
barrier (BBB) through the bloodstream, thereby inducing neurotoxicity and neuronal death. Hadrup et
al. reported that AgNPs (14 nm) with doses of 4.5 and 9 mg/kg bw/day and ionic silver in the form
of silver acetate (9 mg/kg bw/day) increased the dopamine concentration in the brain of female rats
following 28 days of oral administration, resulting in cellular apoptosis [241]. Wen et al. conducted
intranasal instillation of PVP-AgNPs (26.2 ± 8.9 nm) in neonatal SD rats with doses of 0.1 and
1 mg/kg bw/day, and ionic silver in the form of silver nitrate for 4 and 12 weeks, respectively [232].
Dose-dependent silver accumulation occurred for both AgNPs and silver ions in the liver, lung and
brain. The highest silver concentration was found in the liver at week 4, while it shifted to the
brain after week 12. Their findings revealed the potential neuronal damage from the intranasal
administration of AgNPs or silver colloid-based products [232]. Xu et al. administered intragastrically
a low dose (1 mg/kg bw/day) and a high-dose (10 mg/kg bw/day) into SD rats for 14 days [242,243].
A low dosage induced neuron shrinkage and astrocyte swelling. The adverse effect of AgNPs was
attributed to the presence of lymphocytes around astrocytes. More recently, Dabrowska-Bouta et al.
investigated the influence of AgNPs on the toxicity of cerebral myelin [244]. In that study, Wistar rats
were exposed to 0.2 mg/kg bw per day of AgNPs (10 nm) via the gastrointestinal route. They observed
enhanced lipid peroxidation and decreased concentrations of protein and non-protein –SH groups in
myelin membranes.

We now consider cytotoxic effects induced by AgNPs and ionic silver in mice following oral
administration [238,245–248]. Liver and kidney are the main target organs for mice administered orally
with AgNPs. These organs play crucial roles in the clearance of exogenous substances. Bergin et al.
administered CT- and PVP-AgNPs with sizes of 20 and 110 nm, and doses of 0.1, 1 and 10 mg/kg into
Black-6 mice for three days through oral gavage [245]. Nearly 70.5–98.6% of administered AgNPs was
excreted in feces following oral administration. Thus, no toxicity and significant tissue accumulation
of AgNPs were found in treated mice. Boudreau et al. introduced AgNPs of different sizes and
dosages into SD rats via oral gavage [246]. They found low accumulation of silver in tissues of rats
treated with AgNPs of larger sizes, i.e., 75 and 100 nm. In contrast, tissues from rats treated with
smaller AgNPs (10 nm) at 36 mg/kg bw/day showed significant silver accumulation in the kidneys,
spleen and liver. In the kidneys, silver was localized within the renal tubular epithelium. Qin et al.
studied the toxicity of PVP-AgNPs and AgNO3 in male and female SD rats treated with repeated oral
administration at doses of 0.5 and 1 mg/kg bw daily for 28 days. They found no significant toxic
effects of AgNPs and AgNO3 up to 1 mg/kg in terms of the body weight, organ weight, food intake,
and histopathological examination [238]. However, ICP-MS results revealed the presence of silver in
the liver, kidney, spleen and, plasma (Figure 28A,B). The total Ag contents in organs were significantly
lower in the AgNPs-treated rats than those in the AgNO3 treated rats. In addition, silver was detected
in the testis of male rats. Statistical difference in silver concentrations was found in major organs of
male rats treated with AgNPs, while no difference of Ag distributions was observed in female rats.
The gender-related difference in AgNPs’ distribution may be related to hormonal regulation in these
organs. van der Zande et al. also indicated that silver contents in the liver, spleen, testis, and kidney of
rats are mainly derived from the Ag+ ions of AgNO3, and to a much lesser extent from AgNPs after
oral administration for 28 days [248].
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Figure 28. Silver concentrations in major organs and plasma of (A) male and (B) female rats. Values are
presented as means ± SD, n = 5. The asterisk (*) indicates significant difference between AgNPs and
AgNO3 treatment groups at p < 0.05. Means with the same capital letters are not significantly different
among AgNPs groups (p < 0.05) and same small letter are not statistically different among AgNO3

groups by the Tukey test (p < 0.05). Reproduced from [238] with permission of Wiley.

Environmental airborne AgNP levels (5–289 mg/m3) in occupational settings such as factories
or laboratories are harmful to the lung tissues of humans due to the inhalation of nanoparticles [249].
Therefore, intratracheal instillation and inhalation in animal models provide relevant information for
assessing toxicity arising from airborne nanoparticles [250]. Studies on intratracheally instilled AgNPs
into mice have been carried out in recent years [57,251–254]. For instance, Anderson et al. studied the
effects of size, surface coating, and dose on the persistence of silver in the lung of the rats through i.t.
instillation of AgNPs for 1, 7, and 21 days. Silver retention in the lung was assessed at those mentioned
timepoints. Four different AgNPs: 20 nm or 110 nm in size and coated with either citrate or PVP,
at 0.5 mg/kg and 1.0 mg/kg doses were adopted in their study [251]. These dosages were chosen to
simulate an environmental particle exposure (5–289 mg/m3) in manufacturing industries [249]. CT-AgNPs
was found to persist in the lung up to 21 days with retention higher than 90%, while PVP-AgNP
showed lower retention in the lung, i.e., <30%. As a result, CT-AgNPs triggered lung macrophages
for nanoparticle clearance. Larger nanoparticles were more rapidly cleared from the lung airways than
smaller particles. Table 3 lists the recent in vivo animal studies relating cytoxicity of AgNPs through
different administration routes.
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In this review, we have discussed many cases relating the toxic effects of AgNPs in mammalian
cells under in vitro and in vivo conditions. However, AgNPs would show no cytotoxicity toward
mammalian cells and have high antibacterial efficacy in certain cases. AgNPs capped with
appropriate polymers at certain concentrations do not exhibit cytotoxicity. Jena et al. reported
that chitosan-capped AgNPs exhibit antibacterial activity against P. aeruginosa, S. typhi, and S.
aureus, and they do not exhibit cytotoxic effects on mouse macrophage cell line (RAW264.7) at the
bactericidal concentration [255]. Tam and coworkers demonstrated that CT-AgNPs promoted wound
healing in mice through the modulation of fibrogenic cytokines, in addition to their antimicrobial
properties [21,28]. Furthermore, AgNPs enhanced the differentiation of fibroblasts into myofibroblasts,
thereby promoting wound contraction [28]. Pallavicini et al. synthesized AgNPs and coated with
a biopolymer peptin acting both as a reductant and a stabilizing agent [29]. The as-synthesized
AgNPs showed bactericidal activity against E. coli and S. epidermidis, and also facilitated normal
human dermal fibroblasts (NHDFs) proliferation and wound healing on model cultures. Alarcon et al.
functionalized AgNPs with thiol-LL37 cathelicidin peptide (LL37-SH), and then incorporated them
into collagen hydrogels [26]. In in vitro experiments, the resulting hydrogel nanocomposites exhibited
high antibacterial activity against P. aeruginosa, while showing no toxicity toward HUVEC and human
corneal epithelial cell (HCEC). Finally, subcutaneous implantation of hydrogel nanocomposites into
mice did not increase the secretion of pro-inflammatory cytokine IL-6 [26].

6. Conclusions

The article provides a comprehensive and state-of-the art review on the synthesis of AgNPs,
their antibacterial activity, and cytotoxic effect in mammalian cells. The bactericidal activity of
AgNPs has led to their widespread use in cosmetics, medical products, antimicrobial dressings,
etc. However, the extensive use of AgNPs has raised significant public concerns over the safety and
environment impacts of these products. In this respect, it deems necessary to study the interaction
between AgNPs and biological cells in order to achieve a better understanding of the health risks
arising from the use of nanoparticles. AgNPs have been shown to be toxic to numerous bacterial strains.
The antibacterial activity against both gram-negative and gram-positive bacteria is found to be size-,
shape-, dose-, charge- and time-dependent. Several studies have revealed that the membrane damage,
mitochondrial dysfunction, ROS generation, oxidative stress and DNA damage are responsible for
the cellular damage of treated bacterial cells. However, the exact bactericidal mechanisms of AgNPs
remain unclear. The bactericidal effect may arise from either AgNPs themselves, released silver ions,
or a combination of both.

Cell culture studies revealed that AgNPs are able to induce cytotoxicity in human cell lines
including human bronchial epithelial cells, HUVECs, red blood cells, macrophages, liver cells, etc.,
particularly for those with sizes ≤10 nm. The cytotoxicity of AgNPs has been reported to be a dose-,
size- and time-dependent manner. Similarly, there is much debate in the literature on whether AgNPs
or silver ions exert toxic effects in mammalian cells. In vivo animal model tests have shown that
AgNPs can pass the BBB of mice through the circulation system, thereby inducing neurotoxicity and
neuronal death. Furthermore, AgNPs tend to accumulate in mice organs such as liver, spleen, kidney
and brain following intravenous, intraperitoneal, and intratracheal routes of administration.

In spite of the widespred use of AgNPs in healthcare and cosmetic applications, several challenges
remain to be overcome. The development of AgNPs and their nanocomposites, having both
antimicrobial properties and no cytotoxic effects, is crucial for treating bacterial infections. AgNPs have
been shown to be nontoxic in mouse fibroblasts, NHDFs and HCECs [21,26,28,29]. However, they
are considered to be toxic to most human cell lines. More recently, biosynthesized AgNPs have been
reported to be effective in killing multidrug-resistant bacteria [38,40,106,107]. Green synthesis of
AgNPs generally suffers from some drawbacks, such as selection of appropriate plant extract, long
reaction time, and difficulty in controlling the size and shape of AgNPs. The nature of biomolecules
present in the plant extracts plays a crucial factor in the biosynthesis of AgNPs. In this respect,
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the quality of selected extract is considered to be of great importance [256]. Thus, it needs a systematic,
reproducible, and scaled-up process for preparing green AgNPs with desirable antimicrobial properties
and low toxicity. Finally, many in vitro studies in the literature employed several specific bioassays for
evaluating cytotoxic effects of AgNPs. Standardization of bioassays is useful because it can provide a
reliable and reproducible data for evaluating the mechanism responsible for cytotoxicity of AgNPs.
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Abstract: Silver nanoparticles (AgNPs) are widely used in many consumer products due to their
anti-inflammatory properties. Therefore, the effect of exposure to AgNPs should be investigated in
diseased states in addition to healthy ones. Tumor necrosis factor-α (TNFα) is a major cytokine that
is highly expressed in many diseased conditions, such as inflammatory diseases, sepsis, and cancer.
We investigated the effects of two different sizes of AgNPs on the TNFα-induced DNA damage
response. Cells were exposed to 10 and 200 nm AgNPs separately and the results showed that the
200 nm AgNPs had a lower cytotoxic effect with a higher percent of cellular uptake compared to the
10 nm AgNPs. Moreover, analysis of reactive oxygen species (ROS) generation and DNA damage
indicated that TNFα-induced ROS-mediated DNA damage was reduced by 200 nm AgNPs, but not
by 10 nm AgNPs. Tumor necrosis factor receptor 1 (TNFR1) was localized on the cell surface after
TNFα exposure with or without 10 nm AgNPs. In contrast, the expression of TNFR1 on the cell
surface was reduced by the 200 nm AgNPs. These results suggested that exposure of cells to 200 nm
AgNPs reduces the TNFα-induced DNA damage response via reducing the surface expression of
TNFR1, thus reducing the signal transduction of TNFα.

Keywords: silver nanoparticles; tumor necrosis factor; DNA damage; TNFR1

1. Introduction

Nanotechnology is an advanced field that studies very small materials ranging from 0.1 to 100 nm [1].
Silver nanoparticles (AgNPs) are a high-demand nanomaterial for consumer products [2]. Because of
their potent antimicrobial activity, AgNPs are incorporated into many products such as textiles, paints,
biosensors, electronics, and medical products including deodorant sprays, catheter coatings, wound
dressings, and surgical instruments [3–6]. Most of the medical applications create concerns over human
exposure, due to the properties of AgNPs which allow them to cross the blood brain barrier easily [7].

The characteristics of AgNPs, including morphology, size, size distribution, surface area, surface
charge, stability, and agglomeration, have a significant impact on their interaction with biological
systems [8–10]. All of these physicochemical characteristics affect nanoparticle–cellular interactions,
including cellular uptake, cellular distribution, and various cellular responses such as inflammation,
proliferation, DNA damage, and cell death [11–13]. Therefore, to address safety and improve quality,
each characteristic of AgNPs should be clearly determined and separately assessed for its effects on
different cellular responses. In this study, we focused on the effect of AgNP size on the cellular response.
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Several research groups have investigated the effects of AgNPs with sizes ranging from 5 to 100 nm
on different cell lines; the cytotoxic effect of AgNPs on human cell lines (A549, SGC-7901, HepG2,
and MCF-7) is size-dependent, with 5 nm being more toxic than 20 or 50 nm and inducing elevated
reactive oxygen species (ROS) levels and S phase cell cycle arrest [14]. In RAW 264.7 macrophages
and L929 fibroblasts, 20 nm AgNPs are more potent in decreasing metabolic activity compared to the
larger 80 and 113 nm nanoparticles, acting by inhibiting stem cell differentiation and promoting DNA
damage [15]. Because of the importance of nanoparticle size and its impact on cellular uptake and
response, in this study we hypothesized that larger AgNPs with sizes above 100 nm might induce
different cellular responses than those of less than 100 nm because of different cellular uptake ratios
and mechanisms. Therefore, we investigated the size-dependent effect of AgNPs on a lung epithelial
cell line in vitro to elucidate the molecular mechanisms underlying the pulmonary cellular response.

To increase applications for AgNPs, we should consider their effects on diseased subjects as well as
healthy ones. Inflammatory diseases, asthma, infections, and cancer are common diseases for which the
effects of exposure to AgNPs should be investigated. Tumor necrosis factor-α (TNFα), a pro-inflammatory
cytokine and a regulator of immunological reactions in many physiological and pathological conditions [16],
is a common molecule that is enhanced in most diseased conditions. TNFα is involved in many signal
transduction pathways, such as NF-KB activation, MAPK activation, and cell death signaling, resulting in
different cellular responses such as inflammation, DNA damage, proliferation, differentiation, and cell
death [17–19]. TNFα cellular responses are mainly mediated by one of the two tumor necrosis factor (TNF)
receptors (TNFR1 and TNFR2), which elicit different intracellular signals and are without any significant
domain homology [20,21]. DNA damage is a very important response because it regulates the cell fate
toward death, proliferation, or carcinogenesis; TNFα-induced DNA damage is mostly oxidative and
mediated by ROS generation in many cell types [22]. In this study, we hypothesized that AgNPs affect
DNA damage along with their known anti-apoptotic and anti-inflammatory effects, so we focused on the
TNFα-induced DNA damage response.

We investigated the size-dependent effect of AgNPs, and our results revealed that the expression
of TNFR1 on the cell surface was reduced by 200 nm AgNPs but not by 10 nm AgNPs, suggesting
a reduction in TNFα-induced DNA damage by 200 nm AgNPs.

2. Results

2.1. Effect of AgNPs on Cell Viability

The size of AgNPs is one of their most important characteristics and influences their uptake by
cells and the cellular response. Our aim was to clarify the size-dependent cytotoxic effect of AgNPs.
Many studies have investigated the effect of AgNPs in particle sizes ranging from 10 to 100 nm;
however, nanoparticles larger than 100 nm might have different effects because they can induce
different mechanisms of cellular uptake or have a different uptake ratio. We therefore conducted a cell
viability assay to determine the differences between 10 nm and 200 nm AgNPs on the viability of
NCI-H292 cells. As shown in Figure 1, the percentage of viable cells decreased in a dose-dependent
manner in cells exposed to 10 nm and 200 nm AgNPs (increasing the concentration of AgNPs reduced
the percentage of viable cells). Cells exposed to 200 nm AgNPs showed lower cytotoxic effects
compared to the 10 nm AgNP-exposed cells; the percentages of viable cells after 24 h exposure to 1, 2.5,
5, 10, 25, 50, 75, and 100 μg/mL of 200 nm and 10 nm AgNPs were 110.1%, 109.8%, 109.3%, 107.2%,
98.2%, 87.4%, 74.5%, and 73.1%; and 98.2%, 99.7%, 94.2%, 86,1%, 59.9%, 38.8%, 29.4%, and 26.2%,
respectively. These results demonstrated that the 200 nm AgNPs had a lower cytotoxic effect than the
10 nm AgNPs, showing the impact of nanoparticle size on cytotoxicity.
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Figure 1. Effect of silver nanoparticles (AgNPs) (10 nm and 200 nm) on the viability of NCI-H292 cells.
Viability of cells exposed to 10 nm and 200 nm AgNPs separately at concentrations of 0, 5, 10, 25, 50,
75, and 100 μg/mL. Cells were exposed to AgNPs for 24 h, then cell viability was determined using
a CellTiter-Glo® luminescent cell viability assay. The results are shown as means ± SD, n ≥ 3, for each
group; *0.01 < P < 0.05, ** P < 0.01. * Represents significance compared to the control group.

2.2. Cellular Uptake of AgNPs

Cellular uptake of nanoparticles plays an important role in cellular responses including
proliferation, inflammation, DNA damage, and cell death. We therefore estimated the cellular uptake of
10 nm and 200 nm AgNPs, and the results are shown in Figure 2. The percentage of cells incorporated
with 200 nm AgNPs was higher than the percentage of cells incorporated with 10 nm AgNPs, resulting
in an increase in cell density as expressed by side scatter (SSC) as shown in the right panel of Figure 2A.
After 24 h of exposure, uptake of 200 nm AgNPs occurred in 30.5% of cells, while uptake of 10 nm
AgNPs occurred in only 11.5% of cells, as shown in Figure 2B. These results revealed that larger AgNP
size (200 nm) induced higher cellular uptake than a smaller size (10 nm).

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. Uptake ratios of 10 nm and 200 nm AgNPs by NCI-H292 cells. Cells were incubated with
AgNPs at a concentration of 100 μg/mL for 24 h. Cellular uptake of AgNPs was calculated using
FACS based on the side scatter (SSC). (a) Gated forward and side scatter plot of most cells depending
on the control population; the cells exposed to 200 nm AgNPs showed higher SSC in the right panel.
(b) Percentage of cells incorporated with 10 nm and 200 nm AgNPs. The results are shown as means ± SD,
n ≥ 3, for each group; ** P < 0.01.

2.3. Interference of AgNPs with TNFα-Induced ROS Generation

In many disease states such as inflammatory disease, infections, and cancer, TNFα acts as a major
cytokine. TNFα has been reported to be involved in ROS generation resulting in DNA damage and cell
death [23]. Therefore, we conducted a DCF assay to understand how different sizes of AgNPs affect
TNFα-induced ROS generation. As shown in Figure 3, cells exposed to TNFα (20 ng/mL) only, 10 nm
AgNPs (100 μg/mL) only, or both showed highly significant increases in ROS generation compared to
the negative control group. Moreover, cells exposed to TNFα (20 ng/mL) + 200 nm AgNPs (100 μg/mL)
showed a significant decrease in ROS generation compared to the TNFα-exposed group. These data
suggested that the 200 nm AgNPs, but not the 10 nm AgNPs, reduced TNFα-induced ROS generation.
Also, only 10 nm AgNPs induced ROS generation on their own.

 
Figure 3. Reactive oxygen species (ROS) production in NCI-H292 cells. Cells were exposed to tumor
necrosis factor-α (TNFα) (20 ng/mL) and AgNPs 10 nm (100 μg/mL) or AgNPs 200 nm (100 μg/mL)
separately and together for 24 h. ROS production is expressed by the produced DCF amount. The results
are shown as means ± SD, n ≥ 3, for each group; ## and ** indicate P < 0.01. ## represents a significant
increase compared to the Control -ve group, ** represents a significant decrease compared to the
TNFα-exposed group. Cont. -ve are the non-treated cells and Cont. +ve are the cells exposed to H2O2
to induce ROS generation.

137



Int. J. Mol. Sci. 2019, 20, 1038

2.4. Effect of AgNPs on TNFα-Induced DNA Damage

ROS-mediated DNA damage is well known to be induced by TNFα. Since TNFα-induced ROS
generation was affected by AgNPs, DNA damage was also evaluated as an important cellular response
that is influenced by ROS generation and regulates cell fate.

For this purpose, we transfected a B-cell Translocation Gene 2 (BTG2) promoter-reporter plasmid
to detect the DNA damage response. As shown in Figure 4, the fold inductions of the BTG2 response
in cells exposed to TNFα (20 ng/mL) only, 10 nm AgNPs (100 μg/mL) only, or both, were significantly
increased compared to the control group. However, cells exposed to TNFα (20 ng/mL) + 200 nm
AgNPs (100 μg/mL) showed a significant decrease in the fold induction of the response compared to
the TNFα-exposed group. These results suggest that 200 nm AgNPs might regulate TNFα-induced
DNA damage.

 
Figure 4. BTG2 response in NCI-H292 cells. Cells were transfected with BTG2 promoter-reporter plasmid,
and then the transfected cells were exposed to TNFα (20 ng/mL) and AgNPs 10 nm (100 μg/mL) or
AgNPs 200 nm (100 μg/mL) separately and together for 24 h. The results are shown as means ± SD,
n ≥ 3, for each group; # indicates 0.01 < P < 0.05, ##, ** indicates P < 0.01. # represents a significant
increase compared to the control group. * represents a significant decrease compared to the TNFα
-exposed group.

DNA damage is regulated by the DNA damage response (DDR) signaling pathway, which uses
signal sensors, transducers, and effectors; the ataxia-telangiectasia mutated (ATM) and ATM- and
Rad3-Related (ATR) proteins are the most upstream DDR kinases that are activated by the sensors
of the DDR pathway [24]. Therefore, we used PCR array to detect the regulation of genes associated
with ATM/ATR signaling as a featured pathway for DDR. Genes that were upregulated by more than
1-fold are listed in Table 1. In particular, the expressions of ATM, the CHK1 checkpoint homolog of
Schizosaccharomyces pombe (CHEK1), the RAD21 homolog of S. pombe (RAD21), structural maintenance
of chromosomes 1A (SMC1A), and tumor protein p53 (TP53) genes were increased by ≥ 1.9-fold in cells
exposed to TNFα (20 ng/mL). Also, these same genes exhibited ≥ 1.2-fold induction in cells exposed
to TNFα (20 ng/mL) + 10 nm AgNPs (100 μg/mL). However, in cells exposed to TNFα (20 ng/mL)
+ 200 nm AgNPs (100 μg/mL), the expression of these genes showed downregulation of ≤ 0.8-fold,
indicating a reduction in TNFα-induced DNA damage by 200 nm AgNPs. To confirm the induction of
the above five genes, we conducted real-time PCR analysis. As shown in Figure 5, none of the genes
in cells exposed to TNFα + 10 nm AgNPs showed any significant difference in expression compared
to the TNFα-exposed group, except for SMC1A, which showed a significant decrease from 2.5- to
1.8-fold induction. In contrast, for cells exposed to TNFα (20 ng/mL) + 200 nm AgNPs (100 μg/mL),
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all five genes showed significant downregulated expression compared to the TNFα-exposed group,
especially TP53, RAD21, and CHEK1, which were downregulated from 2.5 to 0.9, 1.6 to 0.4, and 2.3 to
0.5, respectively. The mRNA expressions of these genes involved in the DDR signaling demonstrated
that most of the TNFα-induced upregulated genes were downregulated by 200 nm but not 10 nm
AgNPs, suggesting that 200 nm AgNPs reduced the TNFα-induced DNA damage.

Table 1. Induction of mRNA expression of DNA-damage genes in NCI-H292 cells.

Symbol of Genes Description of the Genes
Fold Regulation Vs. Control

TNFα
TNFα + 10 nm

AgNPs
TNFα + 200 nm

AgNPs

ATM Ataxia telangiectasia
mutated 2.1 1.9 0.8

CDK7 Cyclin-dependent kinase 7 3.8 6.9 1

CHEK1 CHK1 checkpoint homolog
(S. pombe) 2.9 4.4 0.4

DDIT3 DNA-damage-inducible
transcript 3 2.1 2.7 1.8

RAD21 RAD21 homolog (S. pombe) 1.9 2.9 0.3

RAD51 RAD51 homolog (S.
cerevisiae) 1.5 1.6 0.6

SIRT1 Sirtuin 1 1.3 3.5 0.8

SMC1A Structural maintenance of
chromosomes 1A 1.9 1.2 0.7

SUMO1 SMT3 suppressor of mif two
3 homolog 1 (S. cerevisiae) 2.5 4.1 1.6

TP53 Tumor protein p53 2.6 2.8 0.6

Cells were exposed to TNFα (20 ng/mL) only, or TNFα + 10 nm AgNPs (100 μg/mL), or TNFα + 200 nm AgNPs
(100 μg/mL) for 8 h. Expressions of mRNAs were measured using a DNA damage RT2 Profiler PCR Array. Fold
regulation values more than 1 were considered as positive regulation (upregulation).

 
Figure 5. Expression of DNA damage marker mRNAs in NCI-H292 cells. Cells were exposed to TNFα
(20 ng/mL) only, TNFα + AgNPs 10 nm (100 μg/mL), or TNFα + AgNPs 200 nm (100 μg/mL) for 8 h.
Expressions of mRNAs were measured using RT-PCR. The results are shown as means ± SD, n ≥ 3,
for each group; *0.01 < P < 0.05, **P < 0.01, and each represents significant differences compared to the
corresponding TNFα-exposed group.
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2.5. Localization of Tumor Necrosis Factor-α Receptor 1 (TNFR1)

TNFα has two receptors, TNFR1 and TNFR2. TNFR1 is the major receptor, exists in most cell
types, and mediates the NF-KB activation signaling pathway, which is involved in ROS generation
and DNA damage [25]. Our above-mentioned results indicated that the 200 nm AgNPs, but not the
10 nm AgNPs, affected TNFα-induced ROS production and DNA damage. Also, the cellular uptake
of the 200 nm was higher than that of the 10 nm AgNPs. We hypothesized that TNFR1 might have
a role in this effect. We examined the localization of TNFR1 by immunofluorescence staining using
confocal microscopy as shown in Figure 6. The results revealed that TNFR1 is slightly aggregated and
distributed on the membranes of TNFα-exposed cells as shown in Figure 6a. Also, it was distributed
over the entire membrane of cells exposed to TNFα (20 ng/mL) + 10 nm AgNPs (100 μg/mL) as shown
in Figure 6b. In contrast, Figure 6c shows that TNFR1 was localized inside the cells with very few
localized on the membranes of cells exposed to TNFα (20 ng/mL) + 200 nm AgNPs (100 μg/mL).
These data suggest that 200 nm AgNPs reduced the expression level of TNFR1 on the cell membrane,
and this reduction in surface expression of TNFR1 reduced the signal transduction of TNFα, resulting
in a reduction in TNFα-induced DNA damage.

 
Figure 6. Localization of TNFR1 in NCI-H292 cells using confocal microscopy. Blue shows the nucleus,
green shows the receptors (TNFR1), and blue and green together are the merged form. White arrows
show TNFR1. (a) NCI-H292 cells were exposed to TNFα (20 ng/mL), and TNFR1 was distributed
on the cell membrane with some aggregations. (b) NCI-H292 cells were exposed to both TNFα
(20 ng/mL) + 10 nm AgNPs (100 μg/mL), and TNFR1 localization was scattered over the entire
cell membrane. (c) NCI-H292 cells were exposed to both TNFα (20 ng/mL) and 200 nm AgNPs
(100 μg/mL), and TNFR1 was localized inside cells with very few receptors on the cell membrane.
Exposure was 24 h for all experiments. Scale bar is 10 μm for all panels.
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3. Discussion

AgNPs are considered to be a double-edged sword that can induce opposing effects. AgNPs
have a well-known potential anti-inflammatory effect [26,27], but they can also induce inflammatory
responses [28–30]. Moreover, our previous research found an anti-apoptotic effect of AgNPs [31],
while some other reports have found that AgNPs can induce apoptosis [32,33]. The size of AgNPs is
one of the most important characteristics that modulates their opposing effects. Therefore, size should
be clearly determined, and each effect specified for each size. Generally, after the internalization of
AgNPs into cells, many different cellular responses are seen such as proliferation, inflammation, DNA
damage, and cell death. The determination of specific cellular responses to specific sizes would provide
better details about the molecular mechanisms of the induced responses.

Here, we investigated the size-dependent effects of polyvinylpyrrolidone (PVP)-coated AgNPs.
We used 10 and 200 nm particles, hypothesizing that they would have different behaviors when
interacting with lung epithelial cells. Interestingly, our results showed that the 200 nm particles were
less cytotoxic (Figure 1), despite the significant increase in their cellular uptake (Figure 2) compared
to the 10 nm AgNPs. These results suggest that thorough uptake of the 200 nm particles by cells
might occur via endocytosis of their spheres, and while being held in endosomes they are not easily
ionized, which results in their low cytotoxic effect. In contrast, uptake of the 10 nm AgNPs occurred
easily through the cell membrane to the cytoplasm. However, the cytoplasmic environment would
enhance the ionization of AgNPs, allowing the Ag ions to induce a strong cytotoxic effect. By the same
mechanism, the results shown in Figure 3 indicated that ROS generation in cells exposed to 10 nm
AgNPs was significantly increased compared to control cells because of this ionization. Dissolution
of AgNPs and ion release are always related to their cytotoxicity; it has been found that the smaller
nanoparticles are more toxic because of their larger surface area which induces faster dissolution
and ion release [34,35]. On the other hand, the PVP coating of AgNPs could increase the stability
of the nanoparticles (NPs) and reduce the amount of released Ag ions in the culture medium [36].
Therefore, the difference in the produced cytotoxic effect of 10 nm and 200 nm AgNPs could be due to
a combination of both ion release from the nanoparticles and different ways of cellular uptake and
uptake ratios.

TNFα is highly expressed and is involved in many acute and chronic inflammatory diseases
and cancer; it also induces many different signal transduction pathways that regulate cellular
responses [37,38]. Since our goal was to investigate the effects of exposure to different sizes of AgNPs
under diseased states, we used TNFα as a DNA damage-inducing agent. The relationship between
AgNPs of different sizes and the TNFα-induced DNA damage response was analyzed. The results of
DNA damage analysis by BTG2 response (Figure 4), gene expression by PCR array (Table 1), and RT-PCR
(Figure 5) were all consistent with the ROS generation after exposure of the cells to 10 and 200 nm
AgNPs. All results confirmed that the 200 nm AgNPs reduced TNFα-induced DNA damage. In contrast,
10 nm AgNPs could induce DNA damage by their own action without affecting that induced by TNFα.
These results suggest that the 200 nm AgNPs can reduce DNA damage in diseased conditions that occurs
via TNFα.

In order to understand the molecular mechanism of the change in TNFα-induced DNA damage
response by the differently sized AgNPs, TNFR1 localization was determined by confocal microscopy.
TNFR1 is a receptor of TNFα, and when they bind together TNFα signal transduction is induced.
Therefore, TNFR1 might play a role in the different effects of the 10 and 200 nm AgNPs. As shown
in Figure 6, in cells exposed to TNFα only, TNFR1 was distributed on the cell membrane surface
with few aggregations. Also, in cells exposed to TNFα and 10 nm AgNPs together, TNFR1 was
distributed homogenously on the cell membrane. In contrast, TNFR1 was localized mainly inside
cells with very few receptors scattered on the membrane surface during exposure to both TNFα
and 200 nm AgNPs. These results prompted us to propose the molecular mechanism shown in
Figure 7. In cells exposed to TNFα only, TNFα specifically binds to TNFR1 by receptor/ligand binding,
and they move together into cells to release TNFα and free the receptors to return to the cell membrane
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to bind more TNFα. This normal binding cycle induces TNFα signal transduction, leading to the
ROS-mediated DNA damage response. However, in cells exposed to both TNFα and 200 nm AgNPs,
the nanoparticles might attach to TNFR1/TNFα to form a TNFR1/TNFα/NP complex, which is then
endocytosed inside of cells by receptor-mediated endocytosis. TNFα would then be easily released
from the receptor and induce signal transduction, while TNFR1 might remain in complex with the
200 nm AgNPs. This complex might change the receptor properties such as shape, molecular weight,
and surface characteristics, resulting in a disturbance of the receptor’s normal pathway of returning
to the cell membrane, causing less TNFR1 localization on the cell membrane and more inside cells,
as shown in Figure 6C. In cells exposed to both TNFα and 10 nm AgNPs, TNFα enters cells by normal
TNFR1/TNFα binding. Then, TNFα is released from the receptors and they return to the surface of the
cell membrane. Meanwhile, the 10 nm AgNPs uptake by cells occurs through the membrane without
any receptor-dependent uptake, so they do not affect the localization of TNFR1 on the membrane
surface, as shown in Figure 6B. This mechanism would explain the role of TNFR1 in the size-dependent
effect of AgNPs on TNFα-induced DNA damage. It indicates that the 200 nm AgNPs hinder recycling
of the TNFR1 to the cell membrane, resulting in a decrease in TNFα signal transduction followed by
a decrease in the DNA damage response. In contrast, the 10 nm AgNPs have no effect on localization of
TNFR1 to the cell membrane. Therefore, TNFα signal transduction and DNA damage are not affected
by 10 nm AgNPs. This indicates an independent mode of action for 10 nm AgNPs.

Figure 7. Proposed molecular mechanism explaining why TNFα-induced DNA damage was reduced
by 200 nm AgNPs but not by 10 nm AgNPs, and how 200 nm AgNPs decreased membrane localization
of TNFR1.

In this study, we investigated the cellular response of the lung epithelial cell line after exposure to
TNFα and AgNPs. However, AgNPs not only affect the epithelial cells but also induce changes in the
cellular responses of the immune cells specially the macrophages [39,40], therefore, we suggest further
testing of the effect of AgNPs on the cellular responses of TNFα in macrophage cell lines.

In addition, the properties of TNFα imply that TNFα blockers are useful as a therapy for many
different diseases like Alzheimer’s disease [41] or as an adjuvant for cancer treatment [42]. There are
currently successful applications in the treatment of chronic inflammatory diseases such as rheumatoid
arthritis [43,44] using TNFα blockers. Our findings suggest that 200 nm AgNPs could serve as
a promising TNFα blocker. Further in vivo testing is needed to discover their therapeutic potential as
a new strategy to block TNFα using a laboratory animal model of inflammatory diseases to support
our in vitro findings.
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4. Materials and Methods

4.1. Cell Culture

Human pulmonary epithelial cell line NCI-H292 (ATCC CRL-1848TM) cells were cultured in an
incubator with a humidified atmosphere containing 5% CO2 at 37◦C. RPMI-1640 medium (L-glutamine
with phenol red, Nacalai Tesque, Japan) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (HFBS, Biowest, USA), 100 μg/mL penicillin, and 10 μg/mL streptomycin (Nacalai Tesque) was
used to culture the cells.

4.2. Silver Nanoparticles (AgNPs)

Polyvinylpyrrolidone (PVP)-coated AgNPs with two different sizes of 10 nm and 200 nm (Cat.
Nos. 795925 and 796026, respectively; Sigma-Aldrich, USA) were used in this study. Electronic light
scattering (zeta potential and particle size analyzer ELSZ-2000, Otsuka Electronics, Japan) was used to
analyze the particle sizes and zeta potentials. The average hydrodynamic diameter of 10 nm AgNPs
in deionized water was 12.0 ± 1.8 nm, the polydispersity index was 0.191, and the zeta potential
was −21.45 mV. For the 200 nm AgNPs, the average hydrodynamic diameter in deionized water was
221.9 ± 50.9 nm, the polydispersity index was 0.026, and the zeta potential was −27.59 mV. AgNP
suspensions were concentrated and sterilized by autoclaving (121 ◦C for 20 min), then the working
solutions were prepared by resuspension in RPMI 1640 medium for cell exposure.

4.3. Tumor Necrosis Factor-α (TNFα)

Recombinant human TNFα (Peprotech, USA) was reconstituted in water to 100 μg/mL.
The working dilutions were prepared using sterilized culture medium (RPMI-1640) containing
a carrier protein.

4.4. Cell Viability Assay

The viability of NCI-H292 cells was measured using a CellTiter-Glo® luminescent cell viability
assay (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Cells were seeded
at a density of 1 × 104 cells/well in an opaque 96-well plate and incubated at 37 ◦C and 5% CO2

overnight, then the cells were checked for 80–90% confluency. Cells were exposed to 10 nm and 200 nm
AgNPs (final concentrations of 0, 5, 10, 25, 50, 75, and 100 μg/mL) separately for 24 h. CellTiter-Glo®

reagent was added to each well, and the percent of viable cells was calculated based on quantification
of adenosine triphosphate (ATP) using a luminometer (TECAN, Japan).

4.5. Cellular Uptake Assay

To check the percentage of cells that incorporated AgNPs, NCI-H292 cells were seeded at
a concentration of 8 × 104 cells/well in a 24-well plate (Costar, Washington, DC, USA). After overnight
incubation, the cells were exposed to a final concentration of 100 μg/mL of both 10 nm and 200 nm
AgNPs. After 24 h of exposure, the cells were washed twice with phosphate buffered saline (PBS) and
collected by trypsinization using trypsin EDTA (Wako, Japan) and centrifugation. Then, the cells were
resuspended in 1 mL PBS supplemented with 6% HFBS and kept on ice until analysis.

The percentage of cells taking up AgNPs was analyzed using a flow cytometer (FACS, SP6800
spectral analyzer, Sony Biotechnology, Japan). Forward scatter (FSC) is the laser light scattered at
narrow angles to the axis of the laser beam and is proportional to the cell size. Side scatter (SSC) is
the laser light scattered at a 90◦ angle to the axis of the laser and is proportional to the intracellular
density, which is increased by the uptake of nanoparticles. The mean SSC for each group of cells was
calculated depending on the peak intensities of treated cells compared to the control cells using the
software supplied with the instrument.
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4.6. DCF Assay for Oxidative Stress Determination

To quantify intracellular ROS, a ROS assay kit (OxiSelectTM, Cell Biolabs, Inc., USA) was
used. This assay is based on the cell permeable fluorogenic probe 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), which diffuses into cells and is deacetylated by intracellular esterases to the
nonfluorescent 2′,7′-dichlorodihydrofluorescein (DCFH). In the presence of ROS, DCFH is rapidly
oxidized to the highly fluorescent 2′,7′-dichlorodihydrofluorescein (DCF). The fluorescence intensity is
proportional to the intracellular ROS levels.

According to the manufacturer’s protocol, cells were cultured at a density of 1 × 104 cells/well in
a black 96-well plate and incubated overnight. Subsequently, media were removed, and cells were
washed twice gently with DPBS (14190, GIBCO, Invitrogen, Carlsbad, CA, USA) and incubated with
DCFH-DA/media solution for 30 min in the dark at 37 ◦C. Then, after removing the solution and
washing the cells with DPBS, the DCFH-DA-loaded cells were exposed to TNFα (20 ng/mL) and
10 nm AgNPs (100 μg/mL) or 200 nm AgNPs (100 μg/mL) separately and together for 24 h. Parallel
sets of wells containing DCFH-DA-loaded cells without any further exposure were used as a negative
control. Another set of DCFH-DA-loaded cells were exposed to hydrogen peroxide (H2O2) and used as
a positive control. The fluorescence of DCF was measured at regular intervals at an excitation/emission
wavelength of 480 nm/530 nm using a fluorometric plate reader (Microplate Fluorometer, Twinkle
LB 970, BERTHOLD TECHNOLOGIES, BadWildbad, Germany). The amounts of produced DCF were
calculated based on a DCF standard curve.

4.7. Dual-Luciferase Reporter Assay for BTG2 Response Assessment

4.7.1. Plasmids Employed

pGL3-Control vector (E1741, Promega) was used as an empty control reporter plasmid. BTG2
promoter-reporter plasmid (the region from nt −100 to −20 bp of the BTG2 gene containing a p53
binding site mutation) was used to detect DNA damage. Both reporter plasmids contain SV40
promoters and enhancer sequences that result in strong expression of the luciferase encoding gene
(luc+) in different types of mammalian cells. Also, pRL-CMV vector (E2261, Promega), which is
a Renilla luciferase-encoding control plasmid, was used as an internal control for variations in the
transfection efficiency.

4.7.2. Transfection

pGL3 blank control reporter plasmid or BTG2 promoter-reporter plasmid and pRL-CMV internal
control plasmid were co-transfected into NCI-H292 cells. LipofectamineTM LTX reagent with a PlusTM
reagent kit (Invitrogen) was used to perform the transfection according to the manufacturer’s protocol.
Cells were cultured at a density of 2 × 105/mL in a 24-well plate and incubated overnight at 37 ◦C.
Opti-MEM medium (Life Technologies, Carlsbad, CA, USA) was used to dilute the Lipofectamine LTX
reagent and plasmids, then the Plus reagent was added to the diluted plasmids. Diluted plasmids with
Plus reagent were added to the diluted Lipofectamine LTX reagent at 1:1 ratio and incubated for 5 min
at room temperature. Finally, the plasmid–lipid complexes were added to the cells and incubated at
37 ◦C for at least 24 h before exposure to TNFα and AgNPs.

4.7.3. Assessment of Luciferase Activity

After exposure of transfected cells to TNFα (20 ng/mL) and 10 nm AgNPs (100 μg/mL) or 200 nm
AgNPs (100 μg/mL) separately and together for 24 h, the luciferase activities were assessed using
a Dual-Luciferase Reporter Assay System (E1910, Promega) according to the manufacturer’s protocol.
Cells were lysed using 1× passive lysis buffer and gentle shaking for 10 min, then cell lysates were
transferred to tubes containing luciferase assay reagent II (LAR II). Firefly luciferase (F) signals were
measured, then Stop & Glo reagent was added to the tubes and the Renilla luciferase (R) signals were
also measured. The firefly and Renilla luciferase signals were recorded using a luminometer (Lumat
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LB9507, BERTHOLD TECHNOLOGIES) according to the instrument manual. The changes in luciferase
activities were calculated using the following equation:

Δ Fold activity = (F/R) sample ÷ (F/R) control.

4.8. Gene Expression Analysis

4.8.1. Polymerase Chain Reaction (PCR) Array

To analyze the expression of genes involved in DNA damage, PCR array analysis was conducted
as follows. NCI-H292 cells were seeded at a concentration of 4 × 105 cells/60 mm cell culture dish.
After overnight incubation, the cells were exposed to TNFα (20 ng/mL) only, or together with 10 nm
AgNPs (100 μg/mL) or 200 nm AgNPs (100 μg/mL). After 8 h of exposure, the cells were detached by
trypsinization and collected by centrifugation, and then the total cellular RNA was extracted using an
RNeasy kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s protocol. An aliquot
(1 μg) of the extracted total RNA was reverse transcribed into cDNA using a RT2 First Strand kit
(SABiosciences/Qiagen), and the expression of 89 Human DNA Damage Signaling Pathway genes was
measured using a RT2 profiler PCR array kit (SABiosciences/Qiagen) according to the manufacturer’s
protocol. PCR array analysis was performed using an ABI PRISM 7000 sequence detection system
(Applied Biosystems, Singapore, Singapore).

4.8.2. Real-Time (RT) PCR

For mRNA expression analysis, cells were seeded and exposed to TNFα and AgNPs, then total
RNA and cDNA were synthetized as mentioned for the PCR array. The PCR primers for human SMC1A,
ATM, TP53, RAD21, and CHEK1 were purchased from SABiosciences/Qiagen. The reaction mixture
was composed of 12.5 μL RT2 SYBR Green qPCR Master Mix (SABiosciences/Qiagen), 1 μL 10 μM
gene-specific RT2 qPCR forward and reverse primers, 2 μL cDNA, and nuclease-free water to a final
volume of 25 μL. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a house-keeping
gene to normalize the data. RT-PCR analysis was performed using the same machine used for PCR
array, and the thermocycling conditions were 95◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s
and 60 ◦C for 1 min.

4.9. Immunostaining and Confocal Laser Scanning Microscopy

To localize tumor necrosis factor receptor 1 (TNFR1), NCI-H292 cells were seeded in a CELLview
cell culture dish (Greiner Bio-one North America Inc., Monroe, NC, USA) at a density of 1.5 × 104
cells/compartment and incubated for 24 h. The cells were exposed to TNFα (20 ng/mL) only,
or together with 10 nm AgNPs (100 μg/mL) or 200 nm AgNPs (100 μg/mL). After 24 h of exposure,
the cells were washed with 1× PBS fixed with 4% formaldehyde solution in PBS (Wako) at room
temperature, permeabilized with 0.1% Triton X-100, and then blocked with 10% normal goat serum
in PBS for 1 h. The cells were then incubated overnight at 4◦C with rabbit polyclonal anti-TNF
receptor 1 antibody (Abcam, Cambridge, UK) followed by incubation with labeled goat anti-rabbit
IgG H&L (Alexa Fluor 488) (Abcam) for 1 h at room temperature. Nuclear DNA was stained with
DAPI (4′, 6-diamidino-2-phenylindole) (Dojindo, Kumamoto, Japan) for 5 min at room temperature.
Microscopic observations and images were acquired using a confocal laser-scanning microscope
(LSM510 META, Carl Zeiss Inc., Jena, Germany) with a 63 × 1.4 Plan-Apochromat oil immersion lens.

4.10. Statistical Analysis

Statistical analysis was performed using Student’s t-test. Differences and significances between
means of different groups were determined using one-way ANOVA with Duncan’s multiple
comparison tests. P values less than 0.05 were considered statistically different. Data are presented as
means ± standard deviation (SD) with at least three independent replicates (n ≥ 3).
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5. Conclusions

In this study, we found that 200 nm AgNPs, but not 10 nm AgNPs, reduced DNA damage
in NCI-H292 cells and proposed a mechanism for this effect. This mechanism works by reducing
membrane localization of TNFR1 and thus decreasing TNFα signal transduction, leading to a reduction in
TNFα-induced DNA damage. Also, the mechanism explains why 10 nm AgNPs induced ROS-mediated
DNA damage by their own action without affecting TNFR1 and TNFα signal transduction.
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Abstract: Nanotechnology was well developed during past decades and implemented in a broad
range of industrial applications, which led to an inevitable release of nanomaterials into the
environment and ecosystem. Silver nanoparticles (AgNPs) are one of the most commonly used
nanomaterials in various fields, especially in the agricultural sector. Plants are the basic component
of the ecosystem and the most important source of food for mankind; therefore, understanding
the impacts of AgNPs on plant growth and development is crucial for the evaluation of potential
environmental risks on food safety and human health imposed by AgNPs. The present review
summarizes uptake, translocation, and accumulation of AgNPs in plants, and exemplifies the
phytotoxicity of AgNPs on plants at morphological, physiological, cellular, and molecular levels.
It also focuses on the current understanding of phytotoxicity mechanisms via which AgNPs exert
their toxicity on plants. In addition, the tolerance mechanisms underlying survival strategy that
plants adopt to cope with adverse effects of AgNPs are discussed.

Keywords: plants; AgNPs; phytotoxicity; uptake; reactive oxygen species (ROS)

1. Introduction

Due to their small size (between 1 and 100 nm) and unique chemical and physical characteristics,
engineered nanomaterials (ENMs) were developed and expanded for application in many industrial
sectors and daily life. Among various types of ENMs, silver nanoparticles (AgNPs) are the most
commonly applied nanomaterial. It is reported that nearly 25% of all nanotechnology consumer
products involve AgNPs [1]. Because of their well-known antibacterial and antifungal properties, they
can be used in household products, food packaging, textiles, medical devices, antiseptics in healthcare
delivery, and personal healthcare [2–6]. AgNPs can also be used in electronic devices and wastewater
treatment because of their good electrical conductivity and photochemical properties [6,7].

In the agriculture sector, AgNPs were developed as plant-growth stimulators [8,9], fungicides to
prevent fungal diseases [10], or agents to enhance fruit ripening [11,12]. The growing consumption of
AgNPs inevitably increases the chance of release into the environment during AgNP synthesis and
incorporation into products, as well as handling and recycling or disposal of these products [13–15].
AgNPs are expected to flow into environment as surface waters (e.g., lakes, streams, and rivers) [16],
and the main pathway is through biosolids from wastewater treatment [17,18]. Indeed, AgNPs
are detected widely in water and soil; they accumulate in the soil or water reservoirs in large
quantities [19–21]. An analysis of the wastewater from a sewage treatment plant indicated existence of
AgNPs with a size of 9.3 nm and a concentration of 1900 ng/L [22]. Moreover, the concentrations of
AgNPs in surface water and sewage treatment are increasing significantly [21,23–25]. In agriculture,
AgNP-contaminated water may permeate into fields through fertilization and irrigation [26].
The released AgNPs have the ability to permeate different media and eventually enter the plant
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rhizosphere [27,28]. Therefore, the AgNPs are inevitably taken up by crops and easily enter into the
food chain [29], not only posing impacts on food production and food quality, but also posing a risk to
human health [30–33].

Silver is the second most toxic metal to aquatic organisms after mercury [34]. Actually, AgNPs
can leach silver ions (Ag+), which are persistent, bioaccumulative, and highly toxic to organisms [35].
Therefore, the release of AgNPs into ecosystems raises great concerns about their safety and
environmental toxicity. As plants are a vital part of ecosystem and the primary trophic level in
ecosystems, representing the base of the food chain [36,37], a good understanding of the impacts of
AgNPs on plants is of paramount importance for assessing their toxicity [38]. Hence, the present
review describes the uptake and translocation of AgNPs, and gives a detailed summarization of the
impacts of AgNPs on plants. The phytotoxicity mechanisms via which AgNPs cause impacts on plants
and the tolerance mechanisms through which plants alleviate the detrimental effects of AgNPs are
discussed for a better understanding of interactions between plants and AgNPs.

2. Uptake and Translocation of AgNPs in Plants

In plants, AgNPs are transported via the intercellular spaces (short-distance transport) and via
vascular tissue (long-distance transport) [29,39–41]. After exposure to plants, NPs penetrate cell walls
and plasma membranes of epidermal layers in roots, followed by a series of events to enter plant
vascular tissues (xylem), and move to the stele. Xylem is the most important vehicle in the distribution
and translocation of NPs [42]. Through xylem, AgNPs can be taken up and translocated to leaves. In
Arabidopsis thaliana, AgNPs can be taken up by the roots and transported to the shoots [29]. Geisler-Lee
et al. found that AgNPs was taken up and progressively accumulated in the root tips, from border
cells to root cap, epidermis, columella, and initials of the root meristem [39]. A further study indicated
that AgNPs attached to the surface of primary roots in Arabidopsis and then entered root tips at an
early stage after exposure. After 14 days, AgNPs gradually moved into roots and entered lateral root
primordia and root hairs. After multiple lateral roots were developed, AgNPs were present in vascular
tissue and throughout the whole plant from root to shoot [40].

The cell wall of the root cells is the main site through which AgNPs enter in plant cells [43].
In order to enter into the plant, AgNPs need to penetrate the cell wall and plasma membranes of
epidermal layer of roots. The cell wall is a porous network of polysaccharide fiber matrices and, thus,
acts as natural sieve [44,45]. The small-sized AgNPs can pass through the pores, whereas larger AgNPs
are unable to enter into plant cells and are thereby sieved out [43].

Interestingly, AgNPs can induce the formation of new and large-sized pores, which permits the
internalization of large AgNPs through the cell wall [44]. AgNPs can also be transported within the
plant cell through the plasmodesmata process [29,46,47]. Plasmodesmata are pores of 50–60 nm in
diameter and connect adjacent neighboring plant cells. In Arabidopsis, AgNPs are found to aggregate
in plasmodesmata and in the cell wall [39], suggesting that there may be blockage of intercellular
communication, which may be caused by the mechanical presence of AgNPs at these sites and may
affect nutrient intercellular transport [40].

In addition to the root pathway, AgNPs can also be taken up through plant leaves. Geisler-Lee et al.
found that if cotyledons of the Arabidopsis seedlings were immersed in AgNP-containing medium, AgNPs
could be taken up and accumulated in stomatal guard cells [40]. Larue et al. found that AgNPs were
effectively trapped on lettuce leaves by the cuticle after foliar exposure, and AgNPs could penetrate the
leaf tissue through stomata [48]. In addition, Li et al. compared the uptake of AgNPs in soybean and rice
following root versus foliar exposure, and found that foliar exposure resulted in 17–200 times more Ag
bioaccumulation than root exposure [49].

Once the AgNPs enter into vascular tissues of crops, they can be taken up and transported to
the leaves or other organs through long-distance transport [27,29,40]. Therefore, it is possible that
the fruits, seeds, and other edible parts of plants may also be subjected to contamination by AgNPs
through translocation.
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3. Phytotoxicity of AgNPs

3.1. Phytotoxicity at the Morphological Level

After exposure to AgNPs, significant changes in the morphology of plants were observed. Growth
potential, seed germination, biomass, and leaf surface area are the commonly used parameters for
assessing the phytotoxicity of AgNPs in plants [27,42,43]. It was demonstrated that AgNP exposure
could inhibit seed germination and root growth, and reduce biomass and leaf area. Jiang et al.
found that AgNPs significantly decreased plant biomass, inhibited shoot growth, and resulted in root
abscission in Spirodela polyrrhiza [50]. Kaveh et al. showed that exposure to higher concentrations (from
5 to 20 mg/L) of AgNPs resulted in reduction of the biomass in Arabidopsis [51]. Dimkpa et al. found
that AgNPs reduced the length of shoots and roots of wheat in a dose-dependent manner in wheat [52].
Similarly, Nair and Chung showed that AgNPs significantly reduced root elongation, and shoot and
root fresh weights in rice [53]. Stampoulis et al. demonstrated that AgNPs (>100 mg/L) inhibited
seed germination and reduced biomass in zucchini (Cucurbita pepo) [54]. Similar results regarding
the toxicity on seed germination, biomass accumulation, and root and shoot growth by AgNPs were
reported in other studies involving various plant species, including Arabidopsis [55], Brassica nigra [56],
Lemna [57], Phaseolus radiatus and Sorghum bicolor [58], Lolium multiflorum [59], rice [60], wheat [61],
Lupinus termis L. [62], and so on. A summary of compiled descriptions of the effects of AgNPs in plants
is shown in Table 1.

Table 1. Summary of studies on phytotoxicity of silver nanoparticles (AgNPs) in plants.

Size (Diameter in nm) Concentration Species Impacts References

25–70;
7.5–25.0

10, 20, 40, 50 ppm Wheat
(Triticumaestivum L.)

Caused various types of chromosomal aberrations [63]

5–10 0, 0.1, 0.3, 0.5 mg/L Lupinus termis L. Reduction in shoot and root elongation, shoot and root fresh
weights, total chlorophyll, and total protein contents;
Decreased sugar contents and caused significant foliar proline
accumulation;
Caused metabolic disorders

[62]

37.4 ± 13.4 (AgNP-B a);
29.0 ± 6.0 (AgNP-PVP b);
21.5 ± 4.2 (AgNP-Citrate)

5, 10 μg/mL Bryophyte
(Physcomitrella patens)

Inhibited the growth of the protonema;
Changed the thylakoid and chlorophyll contents

[64]

79.0 ± 8.0 0.05–2 mg/L Lemna minor Caused decays on growth rate and fronds per colony;
Induced oxidative stress

[65]

3.1–8.7 20, 200, 2000
mg/kg

Wheat (Triticum
aestivum L.)

Caused lower biomass, shorter plant height, and lower grain
weight;
Decreases in the contents of micronutrients (Fe, Cu, and Zn);
Decreased the contents of arginine and histidine

[61]

17.2 ± 0.3 0, 1, 10 and 30
mg/L (soybean);
0, 0.1, 0.5, 1 mg/L
(rice)

Soybean;
Rice

Significantly reduced plant biomass;
Increased the malondialdehyde and H2O2 contents of leaves

[49]

12.9 ± 9.1 0.01, 0.05, 0.1, 0.5, 1
mg/L

Capsicum annuum Decreased plant height and biomass;
Causued a significant increase in total cytokinins in the leaves

[12]

20 1000, 3000 μM Pisum sativum Declined growth, photosynthetic pigments, and chlorophyll
fluorescence;
Inhibited activities of glutathione reductase (GR) and
dehydroascorbate reductase (DHAR).

[66]

61.2 ± 33.9 (AgNP-Citrate);
9.4 ± 1.3 (AgNP-PVP); 5.6
± 2.1 (AgNP-CTABc)

25, 50, 75, 100 μM Allium cepa Caused oxidative stress;
Led to strong reduction of the root growth

[67]

20 5, 10, 20 mg/L Allium cepa Induced various chromosomal aberrations in both mitotic and
meiotic cells

[68]

200–800 1 mg/L Trigonella
foenum-graecum L.

Enhancement in plant growth and diosgenin synthesis [69]

20 10–150 mg/L Arabidopsis thaliana Inhibited root gravitropism;
Reduced auxin accumulation in root tips;
Downregulated expression of auxin receptor-related genes

[70]

47 1, 3 mM Mustard (Brassica sp.) Declined growth of Brassica seedlings;
Induced oxidative stress

[71]

35, 73 10 mg/L Cucumber (Cucumis
sativus);
Wheat (Triticum
aestivum L.)

Teduced growth;
Upregulation of genes involved in the ethylene signalling
pathway

[72]
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Table 1. Cont.

Size (Diameter in nm) Concentration Species Impacts References

5–50 800 μg/kg Vicia faba L. Declined germination;
Decreased shoot and root length;
Retarded the process of nodulation;
Caused early senescence of root nodules

[73]

20 0, 2, 10, 20 mg/L Potato (Solanum
tuberosum L.)

Total reactive oxygen species (ROS) and superoxide anions were
increased;
Significant increases in the activities ofsuperoxide dismutase (SOD),
catalase, ascorbate peroxidase, and glutathione reductase (GR);
Higher ion leakage and cell death

[74]

35–40 50, 75 mg/L Triticum aestivum;
Vigna sinensis;
Brassica juncea

50 ppm treatment promoted growth and increased root nodulation
in cowpea;
Improved shoot parameters at 75 ppm in Brassica

[75]

2 0, 125, 250, 500
mg/L

Raphanus sativus Water content was reduced;
Root and shoot lengths were reduced at 500 mg/L treatment;
Significantly less Ca, Mg, B, Cu, Mn, and Zn

[76]

41 100–5000 mg/L Arabidopsis thaliana Reduced root length, leaf expansion and photosynthetic efficiency;
Induced ROS accumulation;
Induced Ca2+ in cytoplasm, inhibited plasma membrane K+

efflux and Ca2+ influx currents

[77]

100 50–100 μM Arabidopsis thaliana Accumulated more amino acids [78]

10 1, 2, 5, 8, 10 mg/L Wolffia globosa Caused oxidative damage, higher malondialdehyde (MDA) content
and an upregulation of SOD activity;
Decreased contents of chlorophyll a, carotenoids and soluble
protein

[79]

20 5 mg/L Arabidopsis thaliana 111 genes were unique in AgNPs and enriched in three biological
functions: response to fungal infection, anion transport, and cell
wall/plasma membrane related.

[80]

10, 20, 40, 80 0.2 μg/L Arabidopsis thaliana Inhibition of root hair development;
Repressed transcriptional responses to microbial pathogens,
resulting in increased bacterial colonization

[81]

60–100 (Ag2S-NPs);
15–20 (AgNPs)

0–20mg/L
(Ag2S-NPs);
0–1.6 mg/L
(Ag-NPs)

Cowpea (Vigna
unguiculata L. Walp.);
Wheat (Triticum
aestivum L.)

Ag2S-NPs reduced growth by up to 52%;
Ag accumulated as Ag2S in the root and shoot tissues after exposed
to Ag2S-NPs

[82]

20 75–300 μg/L Arabidopsis thaliana Prolonged vegetative and shortened reproductive growth;
Decreased germination rates of offspring

[40]

6, 20 0.5, 5, 10 mg/L Spirodela polyrhiza Dose dependent increase in levels of ROS, SOD, peroxidase, and the
antioxidant glutathione content;
Chloroplasts accumulated starch grains and had reduced
intergranal thylakoids.

[83]

20 0, 0.2, 0.5, 1 mg/L Arabidopsis thaliana Significantly reduced total chlorophyll and increased anthocyanin
content;
Increased lipid peroxidation; a dose-dependent increase in ROS
production;
Significant upregulated the expression of sulfur assimilation,
glutathione biosynthesis, glutathione S-transferase, and glutathione
reductase genes

[84]

20 0, 0.2, 0.5, 1 mg/L Oryza sativa L. Significant reduction in root elongation, shoot and root fresh
weights, total chlorophyll, and carotenoids contents;
Caused significant increase in H2O2 formation and lipid
peroxidation in shoots and roots, increased foliar proline
accumulation, and decreased sugar contents;
Caused a dose dependent increase in ROS generation;
Changes in mitochondrial membrane potential in the roots of
seedlings

[53]

8, 45, 47 2–100 μM Arabidopsis thaliana Induced root growth promotion (RGP) and Cu/Zn superoxide
dismutase (CSD2) accumulation;
Inhibited ethylene (ET) perception and could interfere with ET
biosynthesis

[85]

20,30–60, 70–120, 150 0.1, 1, 10, 100, 1000
mg/L

Oryza sativa L. Seed germination and seedling growth were decreased [86]

20, 40, 80 67–535 μg/L Arabidopsis thaliana Inhibited seedling root elongation;
AgNPs were apoplastically transported in the cell wall and
aggregated at plasmodesmata

[39]

20 5–25 mg/L Arabidopsis thaliana Upregulation of stress related genes, downregulation of pathogen
and hormonal stimuli genes;
Oxidative stress

[51]

10 0.2, 0.5, 3 mg/L Arabidopsis thaliana Root growth inhibition;
Disrupted the thylakoid membrane structure and decreased
chlorophyll content;
Caused alteration of transcription of antioxidant and aquaporin
related genes

[55]

11 ± 0.7 (Citrate) 0.05, 0.1, 1, 18.3,
36.7, 73.4 mg/L

Zea mays Brassica
oleracea

Cell erosion in maize root apical meristem [87]
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Table 1. Cont.

Size (Diameter in nm) Concentration Species Impacts References

18.34 0.30–60 mg/L Oryza sativa L. Damage the cell morphology and its structural features;
Total soluble carbohydrates significantly declined;
Caused production of the ROS and local root tissue death

[88]

10 0.5, 1.5, 2.5, 3.5, 5
mg/kg

Triticum aestivum Teduced the length of shoots and roots;
Caused oxidative stress in roots;
Induced expression of a metallothionein gene involved in
detoxification

[52]

10–15 0, 100, 1000 mg/L Tomatoes (Lycopersicon
esculentum)

Significant decreases in root growth;
Decreased chlorophyll contents and Higher SOD activity;
Less fruit productivity,

[89]

5, 10, 25 0.01–100 mg/L Arabidopsis thaliana;
poplars

Stimulatory effect on root elongation, fresh weight, and
evapotranspiration at sublethal concentrations;
Toxicity increased with decreasing AgNPs size

[90]

20 (AgNP-PVP) 6
(AgNP-GAd)

1, 10, 40 mg/L Eleven species of
wetland plants

40 mg/L AgNPs-GA exposure significantly reduced the
germination rate of three species and enhanced the germination
rate of one species.

[91]

<100 250, 750 mg/L Cucurbita pepo Reduction in plant biomass and transpiration [92]

5–25 0, 5, 10, 20, 40
mg/L

Phaseolus radiates;
Sorghum bicolor

Inhibition of plant growth [58]

<100 0, 100, 500 mg/L Cucurbita pepo Decreased rate of transpiration [93]

60 12.5, 25, 50, 100
mg/L

Vicia faba Increased the number of chromosomal aberrations and micronuclei,
and decreased the mitotic index

[94]

190–1100 0, 25, 50, 100, 200 or
400 mg/L

Brassica juncea Increase in root length and increase in vigor index;
Improved photosynthetic quantum efficiency and higher
chlorophyll contents;
Induced the activities of antioxidant enzymes, resulting in reduced
reactive oxygen species levels

[95]

20, 100 5 μg/L Lemna minor L. Inhibition of plant growth [57]

25 50, 500, 1000 mg/L Oryza sativa Broken the cell wall and damaged the vacuoles of root cells [96]

24–55 0–80 mg/L Allium cepa Induced cell death and DNA damage through generation of ROS [97]

<100 100 ppm Allium cepa Disturbed mitosis, reduction in mitotic index, declined metaphase,
sticky chromosome, disintegration and breakdown of cell wall

[98]

20 100 mg/L Green asparagus Higher ascorbic acid and total chlorophyll contents [99]

a AgNP-B: AgNPs without surface coating; b AgNP-PVP: polyvinylpyrrolidone-coated silver nanoparticles;
c AgNP-CTAB: cetyltrimethylammonium bromide-coated silver nanoparticles; d AgNP-GA: gum arabic-coated
silver nanoparticles.

3.2. Phytotoxicity at Physiological Level

Phytotoxicity of AgNPs to plants at the physiological level is predicted by reduction of chlorophyll
and nutrient uptake, decline of transpiration rate, and alteration of hormone. AgNPs can disrupt
the synthesis of chlorophyll in leaves and, thus, affect the photosynthetic system of the plants [43].
Qian et al. showed that AgNPs could accumulate in Arabidopsis leaves, further disrupt the thylakoid
membrane structure, and decrease chlorophyll content, leading to the inhibition of plant growth [55].
Nair and Chung reported that, after exposure to AgNPs for one week, total chlorophyll and carotenoids
contents were decreased significantly in rice (Oryza sativa L.) seedlings [53]. Vishwakarma et al. found
that AgNPs could accumulate in mustard (Brassica sp.) seedlings and caused severe inhibition
in photosynthesis [71]. A recent study showed that AgNP exposure changed the thylakoid in
Physcomitrella patens, and AgNPs decreased the chlorophyll b content and disturbed the balance
of some essential elements in the leafy gametophytes [64]. In Lupinus termis L. seedlings, after exposure
to AgNPs for ten days, the shoot and root elongation and fresh weights, total chlorophyll, and total
protein contents were significantly reduced [62]. In Cucurbita pepo, the rate of transpiration was
remarkably reduced after AgNP exposure [54,92,93].

In addition, AgNPs can affect the fluidity and permeability of the membrane and, consequently,
influence water and nutrient uptake. Zuverza-Mena et al. demonstrated that AgNP exposure on
radish (Raphanus sativus) sprout caused a decrease in water content in a dose-dependent manner; the
nutrient content (Ca, Mg, B, Cu, Mn, and Zn) was also significantly reduced, suggesting that AgNPs
may affect plant growth by changing water and nutrient content [76].

It was reported that AgNPs also affect plant hormones. Sun et al. found that the root gravitropism
of Arabidopsis seedling was inhibited by exposure to AgNPs in a dose-dependent manner. Further
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analysis indicated that AgNPs reduced auxin accumulation, while gene expression analysis suggested
that auxin receptor-related genes were downregulated upon AgNP exposure [70]. Vinković et al.
conducted hormonal analysis using ultra-high-performance liquid chromatography electrospray, and
found that AgNP accumulation in pepper tissue resulted in a significant increase in total cytokinin
levels, suggesting the importance of cytokinin in the plant’s response to AgNPs stress [12]. Wang et al.
found that Ag2S-NPs could reduce the growth of cucumber and wheat; expressions of six genes
involved in ethylene signalling pathway were significantly upregulated in cucumber after exposure to
Ag2S-NPs, suggesting that Ag2S-NPs could affect plant growth through an interface with the ethylene
signaling pathway [72].

3.3. Cytotoxicity and Genotoxicity

AgNPs can also cause toxicity at the cellular and molecular level in plants. Many studies showed
that the inhibition of plant growth after AgNP exposure is accompanied with alteration of cell structure
and cell division. Yin et al. found that Lolium multiflorum seedlings failed to develop root hair, and the
cortical cells were highly vacuolated and collapsed, while the epidermis and root cap were also damaged
after exposure to 40 mg/L AgNPs [59]. Pokhrel and Dubey observed that AgNPs could reduce the size of
the vacuole and lead to the reduction of cell turgidity and cell size in maize (Zea mays L.) and cabbage
(Brassica oleracea var. capitata L.) [87,100]. Similarly, Mazumdar found that after AgNPs enter the cell of
Brassica campestris; vacuoles and cell wall integrity were damaged, and other organelles might also be
affected [63,101]. Likewise, Mirzajani et al. found that AgNPs with a concentration of to 60 μg/mL could
penetrate the cell wall, and damage the cell morphology and its structure in rice [88]. In addition, Kumari
et al. reported that AgNP exposure in Allium cepa significantly decreased the mitotic index and impaired
cell division, resulting in chromatin bridge, stickiness, disturbed metaphase, multiple chromosomal breaks,
and cell disintegration [98]. Similarly, Patlolla et al. demonstrated that AgNP treatment significantly
increased the chromosomal aberrations and micronuclei, and decreased the mitotic index (MI) in root tip
cells of broad bean (Vicia faba L.), suggesting that cell cycle and mitosis in root tip cells was disrupted by
AgNPs [94]. A recent study confirmed that the root tip cells of wheat could readily internalize the AgNPs.
After AgNP internalization, the root tip cells exhibited various types of chromosomal aberrations, such as
incorrect orientation at metaphase, chromosomal breakage, spindle dysfunction, fragmentation, unequal
separation, and distributed and lagging chromosomes, which seriously interfered with cell function [63].
The uptake, translocation, and major phytotoxicity of AgNPs in plants are illustrated in Figure 1.

Figure 1. Schematic diagram representing uptake, translocation, and major phytotoxicity of silver
nanoparticles (AgNPs) in plant (modified from Reference [102]). Generally, AgNPs are taken up by
underground tissues (primary roots and lateral roots), then translocated to aboveground parts (stem, leaf,
flower, etc.), where they can reduce biomass, decrease leaf area, affect pollen viability, and inhibit seed
germination. At the cellular level, AgNPs enter into various organelles, leading to the production of excess
reactive oxygen species (ROS), thereby causing cytotoxicity and genotoxicity, such as membrane damage,
chlorophyll degradation, vacuole shrinkage, DNA damage, and chromosomal aberrations.
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4. Toxicity Mechanisms

4.1. AgNP-Induced Oxidative Stress

The main mechanism underlying the phytotoxicity of AgNPs is the production of excess reactive
oxygen species (ROS) induced by AgNPs, resulting in oxidative stress in plant cells [100,103]. A number
of studies demonstrated that ROS production is significantly elevated in plants after exposure to AgNPs.
There are four types of ROS produced in plant cells, including singlet oxygen (1O2), superoxide (O2

•−),
hydrogen peroxide (H2O2), and hydroxyl radical (HO•) [36,104]. Under normal environmental
conditions, ROS are generated as byproducts of normal metabolic pathways in organelles such as
chloroplasts, mitochondrion, and peroxisomes [36,105]. Under stressed conditions, however, excessive
amounts of ROS are generated and cause severe oxidative damage to plant biomolecules through
electron transfer [106]. The production of excess ROS induced by AgNP exposure can subsequently lead
to oxidative stress, cause peroxidation of polyunsaturated fatty acids (known as lipid peroxidation),
and damage the cell membrane permeability and alter cell structure, directly damaging protein and
DNA, resulting in potential cell death and growth inhibition in plants (Figure 1) [36,100,107–109].
For example, Panda et al. reported that AgNP-P (phyto-synthesized from silver nitrate AgNO3) or
AgNP-S (commercial AgNPs from Sigma–Aldrich) application in Allium cepa significantly increased
the generation of superoxide (O2

•−) and H2O2; they also induced cell death to different extents in
a dose-dependent fashion, following an order of AgNP-S > AgNP-P at doses ≥20 mg/L. Moreover,
AgNP-P significantly decreased the mitotic index. Comet assay suggested that DNA damage was
significantly enhanced after AgNP-P and AgNP-S treatments in a dose-dependent manner, whereby
AgNP-S (threshold dose ≥ 10 mg/L) is more genotoxic than AgNP-P (threshold dose ≥ 20 mg/L) [97].
Qian et al. found that AgNPs could accumulate in Arabidopsis leaves and change the transcription of
antioxidant and aquaporin genes, suggesting that AgNPs can change the balance between oxidant
and antioxidant systems [55]. Similarly, Speranza et al. checked the in vitro toxicity of AgNPs to
kiwifruit pollen, and found that changes in ROS generation paralleled the entire germination dynamics
of kiwifruit pollen. The AgNP treatment delayed H2O2 production, whereas AgNPs dramatically
induced ROS overproduction at the late stage during pollen germination, leading to decreases in
pollen viability and performance [110]. Moreover, Torre-Roche et al. found that AgNP exposure with
concentration at 500 and 2000 mg/L caused significant increases (54–75%) in malondialdehyde (MDA)
formation in soybean (Glycine max) [111]. MDA is a major peroxidation product under stress conditions
and is indicative of the extent of lipid peroxidation [112]. Similarly, Nair and Chung reported that lipid
peroxidation increased significantly after exposure to 0.2, 0.5, and 1 mg/L AgNPs in Arabidopsis [84].
In rice, Nair and Chung found that exposure to 0.5 and 1 mg/L AgNPs resulted in a significant increase
in H2O2 formation and lipid peroxidation in shoots and roots; further analysis suggested that ROS
production was promoted by AgNPs in a dose-dependent manner [53]. Thiruvengadam et al. reported
the impact of AgNP exposure in turnip seedlings, and found that a higher concentration of AgNPs
caused excessive generation of superoxide radicals and increased lipid peroxidation; H2O2 formation
was also significantly increased after exposure to 5 and 10 mg/L AgNPs. Dichlorofluorescein (DCF)
fluorescence indicated a sharp increase in ROS production in turnip seedling roots, suggesting the
existence of oxidative stress in the roots after AgNP exposure. Further analysis by comet assay and
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay confirmed that
DNA damage was significant, suggesting that AgNPs can induce cell death through apoptosis [113].

4.2. Silver-Specific Toxicity

It was shown that AgNPs can leach ionic silver (Ag+) into the surroundings through the oxidation
of zero-valent Ag [114]. During AgNP uptake and translocation, Ag+ is released from AgNPs, resulting
in oxidative stress through the generation of ROS and disturbing cell function, causing phytotoxicity
by binding to cell components and modifying their activities [115–117]. For example, Speranza et al.
analyzed the ion release kinetics of AgNPs in the pollen culture medium, and found that AgNPs
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rapidly dissolved into ions and reached a maximum of 11.8 wt.% ion release. The released Ag+ caused
a fivefold increase in H2O2 production over controls; moreover, the released Ag+ damaged pollen
membranes and inhibited germination to a greater extent than the AgNPs themselves, suggesting that
Ag+ may excert its impacts mostly through chemical or physicochemical interactions with nucleic acids
to induce DNA damage [110]. A gene expression study by microarray in Arabidopsis compared gene
expression profiles between AgNP and silver ion (Ag+) treatments and found a significant overlap
between genes differentially expressed in the two treatments, suggesting a similarity between plants’
responses to AgNPs and Ag+ [51]. Actually, when AgNPs oxidize in water, they can make bonds with
anions and transform into the characteristics of heavy metals, which is more hazardous [43,118]. It was
demonstrated that the conversion of AgNPs to a complex of anion or heavy metal could cause toxic
effects on various living organisms [25,119–121].

Ag+ can also affect photosynthesis through competitive substitution of Cu+ in plastocyanin (Pc).
Pc is a soluble copper-binding protein found in the thylakoid lumen of the chloroplast. It functions
as an electron carrier to transfer electrons from cytochrome b6/f to photosystem 1 (PS1) in the
photosynthetic electron-transfer (ET) chain [122,123]. Pc contains a type 1 copper site, where the
copper ion is surrounded by two histidine ligands (His87, His37) and a cysteine ligand (Cys84) [124].
Ag+ can competitively replace Cu+ and bind to Pc, which results in disturbance or inactivation of
the photosynthetic electron transport. Sujak found that Ag-substituted Pc occupied the active Pc
electron transfer site of the cytochrome f, and caused a decrease in the turnover of the cytochrome
complex [125]. Similarly, Jansson and Hansson demonstrated that Ag(I)-substituted Pc competitively
inhibited electron transfer between normal Cu-containing Pc and PS1 [126]. Since both AgNPs and
dissolved silver can be toxic to plants, the phytotoxicity of AgNPs becomes complicated, as the plant is
subjected to both silver-specific and nanoparticle-specific biological effects [51]. Therefore, it is difficult
to say whether the phytotoxicity is caused by ionic sliver or by intrinsic properties of AgNPs in certain
AgNP application scenarios.

4.3. AgNP-Specific Toxicity

Although the phytotoxicity of AgNPs was associated with the impact of dissolved Ag+ on plants,
the phytotoxicity effect could not be explained solely by the activity of the released Ag+ ions. In some
case, AgNPs can be even more toxic than free Ag+ ions even at the same concentrations of Ag+ [127].
In another study, AgNP exposure to Cucurbita pepo caused more reduction in biomass and transpiration
when compared with bulk Ag [93]. These studies suggest that free Ag+ ions contribute only partially
to the phytotoxicity of AgNPs, while the intrinsic properties of AgNPs are critical for the phytotoxicity
of AgNPs.

Indeed, the physical interactions between AgNPs and plant cell-transport pathways can influence
the phytotoxicity of AgNPs [29]. Uptake of AgNPs into plant tissue may cause inhibition of apoplastic
trafficking by clogging of pores and barriers in the cell wall or the nano-sized plasmodesmata, thereby
effectively inhibit the apoplastic flow of water and nutrients [43,128].

A number of studies suggested that the effect and phytotoxicity of AgNPs are closely associated
with the nature of the interactions between plants and AgNPs, which are determined by the intrinsic
properties of AgNPs [100,129]. These physical and chemical properties of AgNPs, including size,
shape, exposure concentration, surface coating, Ag form, and aggregation state, greatly influence the
effect of AgNPs on different aspects of plant morphology, physiology, and biochemistry [130].

Among these properties, the size of AgNPs is critical for the phytotoxicity of AgNPs [129].
The smaller-sized AgNPs have a larger surface area to mass ratio, which allows better interference with
cell membrane function by directly reacting with the membrane. Meanwhile, a higher proportion of the
atoms of the particle on the surface can affect the interfacial reactivity and the ability to pass through
physiological barriers [129,131]. It was shown that smaller AgNPs could accumulate to higher levels in
plants and be more toxic than their bulk particles. Geisler-Lee et al. checked the impact of AgNPs with
different sizes (20, 40, and 80 nm) on Arabidopsis, and found that smaller AgNPs accumulated more in
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seedlings than larger AgNPs (20 nm > 40 nm > 80 nm) at low concentrations. Moreover, smaller-sized
AgNPs had a greater impact on root browning [39]. In another study, Wang et al. reported that smaller
AgNPs (5 and 10 nm) accumulated to higher levles in poplar tissues than the larger 25-nm AgNPs when
applied within the particle subinhibitory concentration range; both Arabidopsis and poplar showed
susceptibility to the toxic effects of AgNPs, and this susceptibility increased with decreasing AgNP
size [90]. Various phytotoxicity studies using different sizes of AgNPs suggested that phytotoxicity is
negatively correlated with the size of AgNPs, as AgNPs with smaller size are generally more toxic to
the plants than larger AgNPs [33,83,91,130]. For example, Yin et al. showed that AgNP toxicity was
influenced by AgNP surface area; smaller AgNPs (6 nm) more strongly affected plant growth than
larger (25 nm) AgNPs when applied with similar concentrations in Lolium multiflorum [59]. Similarly,
another study showed that 6-nm gum arabic coated silver nanoparticles (AgNP-GA) have stronger
effects on germination and growth of wetland plants than 21-nm polyvinylpyrrolidone-coated silver
nanoparticles (AgNP-PVP) [91]. Abdel-Azeem and Elsayed examined the effect of different sizes of
AgNPs (20, 50, and 65 nm) on Vicia faba and found that the effect of AgNPs on the mitotic index and
chromosomal aberrations was AgNP size-dependent, as smaller-sized AgNPs caused a lower mitotic
index and root growth values, confirming that smaller AgNPs are more toxic to Vicia faba [132].

Although these studies demonstrated that smaller AgNPs cause more phytotoxicity than larger
AgNPs, this correlation between AgNP size and phytotoxicity is not always true for every AgNP
exposure scenario. For example, Thuesombat et al. examined the effects of different sized AgNPs
(20, 30–60, 70–120, and 150 nm) on seed germination and seedling growth in jasmine rice (Oryza
sativa L. cv. KDML 105), and found that smaller AgNPs accumulated to higher levels than larger
AgNPs, which is consistent with previous studies. However, both seed germination and seedling
growth were decreased with increasing size; the 20-nm AgNPs treatment resulted in the less negative
effects on seedling growth when compared to treatment with the larger AgNPs (150 nm), which is
contrary to previous reports. Further analysis found that 20-nm AgNPs were trapped in the roots
rather than transported to the leaves, thereby causing less phytotoxicity on seedling growth than
150-nm AgNPs [86].

Numerous studies on the phytotoxicity of AgNPs revealed that the phytotoxicity of AgNPs
is positively correlated with the concentration of AgNPs during exposure. AgNPs can only cause
negative effects on plants when applied with a concentration above a certain threshold. Mirzajani et al.
showed that AgNPs were unable to change cell morphology or structure of rice root when present
in low concentrations (30 μg/mL), whereas, with an increased concentration of 60 μg/mL, AgNPs
not only penetrated the cell wall, but also destroyed the cell morphology and the structural features.
Moreover, 30 μg/mL AgNPs even accelerated root growth, while AgNPs at 60 μg/mL restricted root
growth [88]. Oukarroum et al. reported that AgNP treatment induced intracellular ROS production
in the aquatic plant Lemna gibba; the induced oxidative stress was positively correlated with the
increasing concentration of AgNPs [133]. Similarly, Thuesombat et al. showed that seed germination
and subsequent seedling growth were decreased with increased concentrations of AgNPs in jasmine
rice [86]. Cvjetko et al. found that AgNPs induced oxidative stress and exhibited phytotoxicity only
when applied in higher concentrations in Allium cepa roots [67].

Engineered AgNPs are typically stabilized against aggregation through surface coating, using
organic or inorganic compounds to coat the surface of AgNPs to obtain electrostatic, steric, or
electrostatic repulsive forces between particles [134]. Surface coating may change AgNP properties
such as optical properties, dispersion, and shape [65,135], thereby influencing the toxicity of AgNPs to
plants. Cvjetko et al. compared the toxicity of three types of AgNPs with different surface coatings
(citrate, polyvinylpyrrolidone (PVP), and cetyltrimethylammonium bromide (CTAB)) on Allium cepa
roots, and found that plants treated with AgNP-CTAB had significantly higher Ag content than plants
treated with AgNP-citrate and AgNP-PVP, leading to strong inhibition of root growth and oxidative
damage. Among the treatments of three types of AgNPs, AgNP-CTAB caused the highest toxicity,
whereas AgNP-citrate showed the weakest effects, as AgNP-citrate was much bigger in size and
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aggregated to larger particles. These observations suggest that the toxicity of AgNPs is correlated with
the size and surface coating [67]. Similarly, Pereira et al. found that AgNP-PVP was more deleterious
on the growth rate and fronds per colony than AgNP-citrate in Lemna minor, whereby AgNP-PVP
reduced the growth rate 1.5-fold more than AgNP-citrate [65]. In another study, Liang et al. observed
the responses of Physcomitrella patens to AgNPs with different surface coatings at the gametophyte
stages, and found that AgNPs without surface coating caused the worst damage to the chlorophyll of
protonemata, whereas AgNP-PVP and AgNP-citrate just displayed negligible influence, suggesting
that surface coating alleviated the damage of AgNPs to the chlorophyll of protonemata. However,
at the leafy gametophyte stage, exposure to AgNP-citrate led to the highest weight loss of leafy
gametophytes, followed by AgNP-PVP and AgNPs without surface coating [64]. These observations
suggest that the effects of AgNPs with different surface coatings on plants are complicated and are
associated with the stability of AgNPs, as well as different plant systems.

In addition, the morphology of AgNPs also influences the effect of AgNPs on plants. Syu et al.
studied the impacts of AgNPs with three different shapes (spherical, decahedral, and triangular) on
Arabidopsis, and found that decahedral AgNPs induced the highest degree of root growth promotion
but the lowest levels of Cu/Zn superoxide dismutase (CSD2) accumulation. Triangular AgNPs also
enhanced root growth, whereas spherical AgNPs exhibited no root growth promotion, but induced
the highest levels of anthocyanin and CSD2 accumulation, suggesting that different morphologies of
AgNPs exhibited different levels of effects on Arabidopsis [85]. A schematic diagram of AgNPs-specific
toxicity is shown in Figure 2.

Figure 2. Schematic diagram showing AgNP-specific toxicity. The phytotoxicity of AgNPs is
determined by AgNP properties, including size, shape, concentration, and surface coating of AgNPs.

Based on various studies on the phytotoxicity of AgNPs, it is evident that the interaction between
plants and AgNPs is highly complicated and is not only dependent on the intrinsic properties of
AgNPs, but is also influenced by plant species, developmental stages, different tissues, and sample
preparation methodologies.

5. Tolerance Mechanisms

Phytotoxicity of AgNPs is highly associated with oxidative stress, which is caused by the
production of excess amounts of ROS after AgNP exposure. To avoid the detrimental effects of
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ROS, a set of antioxidant defense mechanisms are activated in plant cells. The defense mechanism
involves the activities of enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), guaiacol peroxidase (GPX), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR) [100,136]. As different types of ROS have different modes of action and
exhibit different effects on cellular organelles of plant cells, they can be balanced or removed by specific
antioxidant enzymes [36,137]. For example, there are three types of SOD in plant cells, including
Fe-SOD, Mn-SOD, and Cu-Zn-SOD, and they can rapidly convert highly toxic ROS (O2

•−) to less
toxic species (H2O2). CAT can convert H2O2 to H2O and O2. APX is able to convert H2O2 to H2O
via ascorbate oxidation into monodehydroascorbate (MDA) and dehydroascorbate (DHA), both of
which can be recycled to produce more ascorbate via the catalysis of MDA reductase (MADR) and
DHAR [36]. Upon exposure to AgNPs, activities of these enzymatic antioxidants are elevated in plant
cells to protect the cells from oxidative stress. For example, Zou et al. observed obvious oxidative
damage to Wolffia globosa when the plants were exposed to 10 mg/L AgNPs. Meanwhile, the SOD
activity was increased by 2.52 times, suggesting that the ROS-scavenging mechanism was activated [79].
Similarly, elevated SOD activity was also observed after AgNP exposure in tomatoes (Lycopersicon
esculentum) [89]. Enhancement of peroxidase and catalase activity was also observed in Bacopa monnieri
(Linn.) after AgNP treatment [74,83,138]. Jiang et al. found that the catalase activity in cells of
Spirodela polyrhiza was significantly increased. Moreover, the SOD and peroxidase activity, and the
antioxidant glutathione content were increased in a dose-dependent manner after exposure to 6-nm
AgNPs [83]. In addition, Bagherzadeh Homaee and Ehsanpour examined the effects of AgNPs on
potato (Solanum tuberosum L.) and observed that the activities of SOD, CAT, APX, and GR were all
significantly increased in AgNP-treated plantlets [74].

Non-enzymatic antioxidants, such as anthocyanin, ascorbate, glutathione, and thiols, also
contribute to the antioxidant defense mechanisms [100,136]. Anthocyanin is a kind of pigment that
is implicated in tolerance to various biotic or abiotic stresses, such as herbivores and pathogens,
drought, cold, ultraviolet (UV) radiation, and heavy metals [139]. Anthocyanin commonly
serves as a non-enzymatic antioxidant to scavenge free radicals and chelate metals under stress
conditions [36,104,106,139]. It was reported that anthocyanin accumulation was significantly induced
in the spherical AgNP-treated Arabidopsis seedlings and was dose-dependent [85]. Similarly,
anthocyanin accumulation was also significantly increased after exposure to higher concentrations
of AgNPs in turnip [113]. In addition, other antioxidants such as ascorbic acid, carotenoids, and
proline are also implicated in antioxidant defense responses of plants to AgNPs. Carotenoids are able
to induce antioxidant activity and potentially reduce the toxic effects of ROS [140,141]. After AgNP
exposure, a large increase in shoot carotenoid content was observed in rice, suggesting that plants
employ carotenoid to reduce the effects of ROS caused by AgNPs [88]. An increase in ascorbic acid
content was observed in Asparagus officinalis [99].

At the molecular level, the expression changes of genes that are associated with the response
to AgNPs may underlie the antioxidant defense mechanisms of plants in response to AgNPs.
Dimkpa et al. checked the transcription of a gene encoding metallothionein (MT), which is a
cysteine-rich protein involved in detoxification by metal ion sequestration, and found that the
expression of this gene was highly induced after AgNP treatment in wheat (Triticum aestivum L.) [52].
A gene expression study by microarray suggested that AgNP exposure to Arabidopsis led to the
upregulation of genes that are associated with response to metal and oxidative stress, including genes
encoding SOD, cytochrome P-450-dependent oxidase, and peroxidase, whereas AgNP exposure
caused the downregulation of genes that are involved in response to pathogens and hormonal
stimuli [51]. In Arabidopsis, the expressions of sulfur assimilation, glutathione biosynthesis, glutathione
S-transferase, and glutathione reductase genes were significantly upregulated after exposure to
AgNPs [84]. Sulfur metabolism in plants plays an important role in stress tolerance, especially
in metal detoxification and in the maintenance of cellular redox homeostasis [117,142]. In addition,
exposure of AgNPs to rice seedlings led to the differential transcription of genes associated with

159



Int. J. Mol. Sci. 2019, 20, 1003

oxidative stress tolerance in shoots and roots, such as FSD1, MSD1, CSD1, CSD2, CATa, CATb, CATc,
APXa, and APXb [53].

6. Potential Risk in Human Health Posed by AgNPs via Food Chain

Plants are producers in the ecosystem and represent the primary trophic level in the food chain.
Regarding the food safety issue, most of the harvested edible tissues or organs of vegetables or cereals
are consumed by livestock and humans. Since AgNPs can be taken up and accumulated in plants, they
can further pose a risk to human health through invading the food chain and ultimately transferring
to the human body. Actually, it was demonstrated that AgNPs could cycle in the ecosystem through
various trophic levels in an aquatic or terrestrial food chain [9,100,143,144].

In aquatic ecosystems, planktonic algae as primary producers are located at the base of the aquatic
food chain; therefore, algae were selected as the basic trophic level to investigate trophic transfer of
AgNPs in a few studies. McTeer et al. investigated the bioavailability, toxicity, and trophic transfer of
AgNPs between the alga Chlamydomonas reinhardtii and the grazing crustacean Daphnia magna, which
belong to two different trophic levels. Nano Ag derived from AgNPs was accumulated into microalgae.
After feeding on Ag-containing algae, Daphnia magna accumulated nano-derived Ag, confirming the
trophic transfer of AgNPs between algae and Daphnia magna [145]. Similarly, Kalman et al. studied
the bioaccumulation and trophic transfer of AgNPs in a simplified freshwater food chain comprising
the green alga Chlorella vulgaris and Daphnia magna. After AgNPs were accumulated in algae, the
Ag-contaminated algae were fed to Daphnia magna. Ag uptake in Daphnia magna was observed a few
days later. Further analysis indicated that diet is the dominant pathway route of Ag uptake in Daphnia
magna [144]. In addition, a recent study used paddy microcosm systems to estimate the trophic transfer
of AgNP-citrate and AgNP-PVP among various trophic level organisms (aquatic plants, biofilms, river
snails, and Chinese muddy loaches). After exposure, AgNPs rapidly coagulated and precipitated on
the sediment. Stable isotope analysis indicated a close correlation between the Ag content in the prey
and that in their corresponding predators, demonstrating the impact of AgNPs on ecological receptors
and food chains [146].

In terrestrial food chains, studies on the potential trophic transfer of AgNPs remain scarce.
However, the terrestrial trophic transfer of other metallic nanoparticles was investigated, such as
AuNPs [147], CeO2-NPs [148], and La2O3-NPs [149]. In a simulated terrestrial food chain, tobacco
hornworm (Manduca sexta) caterpillars were fed tomato leaf that were surface-contaminated with
AuNPs. Later, the transfer of AuNPs from tomato to tobacco hornworm was observed [147]. Hence,
these studies imply a possibility that AgNPs may also be transferred in the terrestrial food chains.

Both in vivo and in vitro studies demonstrated the toxicity of AgNPs on mammalian cells. For
example, AgNP exposure reduced lung function and produced inflammatory lesions in the lungs of
rat [150], and resulted in the accumulation of AgNPs in the olfactory bulbs and in the brain of rats [151].
Since AgNPs can be accumulated and transferred in the food chain, they may become dangerous to
humans. Indeed, AgNPs exposure to human cells can stimulate inflammatory and immunological
responses, cause oxidative stress, and lead to cellular damage [152–154]. Therefore, there is an urgent
need to increase our understanding of the bioaccumulation and trophic transfer of AgNPs in the food
chain, which is critical for assessing and mitigating their potential harm to human health.

7. Conclusions and Perspectives

Due to the immense application of AgNPs in various fields in modern society, their dispersal
and permeation into the ecosystem became inevitable. Hence, a great concern is arising related to the
potential risk of destruction in the ecosystem, decline in food quality and yield, and even undermining
of human health imposed by AgNPs. To this concern, understanding how AgNPs transfer through
the ecosystem and exert impacts on plants is of crucial importance. During the past decade, the
research communities undertook the responsibility to increase our knowledge of the impacts of AgNPs
on plants, by carrying out numerous studies regarding the interactions between plants and AgNPs.
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Most of these studies revealed the detrimental effects of AgNPs on plants in various aspects, including
at morphological, physiological, cellular, and molecular levels. However, a few studies reported the
positive effects of AgNPs on plant growth and development. These contradictory results indicate the
complexity of the responses of plants to AgNPs, which are not only determined by the properties of
AgNPs (size, concentration, shape, surface coating, Ag chemical form, etc.), but are also dependent on
the plant system used (species, tissue, organ, developmental stage, etc.) and experimental methodology
(medium, exposure method, exposure time, etc.)

In response to AgNPs, it is rational that multiple detoxification strategies may be activated;
different plant species may employ different detoxification mechanisms to eliminate the toxic effects of
AgNPs. Therefore, it is difficult to make a general conclusion on how different detoxification pathways
in response to diverse AgNPs conditions are activated in different plant species. To address this issue,
it is necessary to use representative species, such as the commonly used model plant Arabidopsis, to
evaluate the phytotoxicity of AgNPs and tolerance mechanisms. Meanwhile, the establishment of
a standardized methodology is required to conduct normalized AgNP exposure, thereby allowing
comparisons between different species.

Although joint efforts by research communities generated essential knowledge of the impacts of
AgNPs on plants, most of these experimental outcomes were based on laboratory experiments under
controlled conditions that are likely far from field conditions, such as the exposure method (hydroponic
vs. soil), exposure dosage, and time (acute vs. chronic). Therefore, it is hard to predict whether the
phytotoxicity of AgNPs and tolerance mechanisms under laboratory conditions are the same as under
field conditions. To this end, the establishment of well-designed, plant life-cycle experimental systems
under environmentally realistic conditions is required to accurately evaluate the impacts of AgNPs on
plants and to generate environmentally relevant implications.

In addition, most studies performed during the last decade focused on the impacts of AgNPs on
plants at the morphological and physiological levels; however, the profound impacts of AgNPs at the
molecular level did not draw enough attention. Benefits from the development of systems biology
and multiple omics methodologies, such as transcriptomics, proteomics, and metabonomics, can be
employed in future studies to comprehensively assess the phytotoxicity mechanism of AgNPs and
tolerance mechanisms in plants.
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Abstract: Printed electronics on flexible substrates has attracted tremendous research interest research
thanks its low cost, large area production capability and environmentally friendly advantages.
Optimal characteristics of silver nanoparticles (Ag NPs) based inks are crucial for ink rheology,
printing, post-print treatment, and performance of the printed electronics devices. In this review,
the methods and mechanisms for obtaining Ag NPs based inks that are highly conductive under
moderate sintering conditions are summarized. These characteristics are particularly important when
printed on temperature sensitive substrates that cannot withstand sintering of high temperature.
Strategies to tailor the protective agents capping on the surface of Ag NPs, in order to optimize the sizes
and shapes of Ag NPs as well as to modify the substrate surface, are presented. Different (emerging)
sintering technologies are also discussed, including photonic sintering, electrical sintering, plasma
sintering, microwave sintering, etc. Finally, applications of the Ag NPs based ink in transparent
conductive film (TCF), thin film transistor (TFT), biosensor, radio frequency identification (RFID)
antenna, stretchable electronics and their perspectives on flexible and printed electronics are presented.

Keywords: silver nanoparticles; flexible and printed electronics; moderate sintering; protective agent;
substrate modification; photonic sintering; transparent conductive film; biosensor

1. Introduction

Over the past few decades, silver nanoparticles (Ag NPs) have made a substantial impact
on various fields, such as biomedical [1–3], optoelectronics [4,5], catalysis [6–9], imaging [10–12],
etc., due to their superior physical, chemical and biological characteristics compared to their
macroscale counterparts. For instance, Ag NPs have made great progresses in the development
of novel antimicrobial agents [13–16], drug-delivery formulations [17–19], detection and diagnosis
platforms [20–22], performance-enhanced biomaterial and medical devices [23,24], etc. In the emerging
and fast growing multidisciplinary research field, flexible and printed electronics (FPE), Ag NPs
have also been a key component of conductive ink [25–27]. FPE refers to the application of printing
technologies for the fabrication of electronic circuits and devices on flexible substrates [28,29]. It differs
from the traditional manufacturing technologies of electronic devices, e.g., photolithography, vacuum
deposition and electroless plating process. The traditional technologies involve multiple steps, require
high cost equipment and production environment (clean room), and the use of environmentally
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undesirable chemicals, which result usually in the formation of large amounts of waste. In contrast,
FPE may be viewed as an additive manufacture method that brings about the possibility of preparing
relatively high-resolution devices in a much simpler, faster and more cost-effective way.

Like other emerging science and technologies, advances in materials [30–35] have been a major
driving force for FPE, including printable organic and inorganic materials: conductive, semi-conductive
and insulative. Among the conductive materials, Ag NPs hold a unique position when making high
performance conductive ink because of their high electric conductivity and good oxidation resistance.
For Ag NPs based printed electronics, there are two major factors that dominate the conductivity of
the printed device, e.g., packability of Ag NPs and sintering. The morphology and size distribution
of Ag NPs are responsible for packability. A good packability means a dense Ag NPs based film
structure, which is essential for good conductivity. After Ag NPs based conductive ink was printed on
the substrate, the sintering process is often needed to remove or decompose the protective agents from
the surfaces of Ag NPs, enabling direct physical contacts between Ag NPs, and to establish a dense
and conductive network throughout the printed feature. As the devices are usually printed on heat
sensitive flexible substrates, it is crucial to keep the sintering in a moderate condition. Thus, obtaining
Ag NPs based ink, which only requires for moderate sintering and high conductivity, is of the utmost
important for the development of FPE.

In this review, recent developments in Ag NPs based conductive inks with moderate sintering and
their applications in the FPE are summarized, with particular emphasis on the methods and mechanisms
to achieve highly conductive Ag NPs based ink under moderate sintering. The review describes the
relevant strategies in Section 2, including tailoring the protective agents capping on the surfaces of Ag
NPs, optimizing the sizes and shapes of the Ag NPs, and substrates modification. Some emerging
sintering technologies, e.g., infra-red sintering, intense pulsed light sintering, laser sintering, electrical
sintering, plasma sintering and microwave sintering, are also included. Applications of the Ag NPs
based ink for FPE devices are presented in Section 3, including the transparent conductive film,
thin film transistor, biosensor, stretchable electronics and radio frequency identification antenna.
Finally, we conclude this review with a summary and discussions on the perspectives and challenges
of the Ag NPs based ink and the related sintering techniques in FPE areas in Section 4.

2. Strategies of Achieving Highly Conductive Ag NPs Based Ink under Moderate Sintering

For Ag NPs based ink, sintering means that the Ag NPs begin to make physical contact with each
other and form a continuous percolating network in the printed pattern. To achieve a high conductivity,
further sintering is required to transform the initially very small contact areas into thicker necks and,
eventually, to a dense layer. In the initial stage of sintering, the driving forces are mainly surface
energy reduction due to the Ag NPs’ large surface-to-volume ratio, a process known as Ostwald
ripening [35]. Ostwald ripening triggers surface and grain boundary diffusion within the coalesced Ag
NPs. Grain boundary diffusion allows for neck formation and neck radii increase, which is diminished
by the energy required for grain boundary creation. As the sintering develops into a deep level,
the relative density of the printed Ag NPs based film increase and the electric conductivity increase
too. In this section, we focus the attention on the strategies of obtaining highly conductive Ag NPs
based ink under moderate sintering and their mechanisms. The key influential factors related to the
moderate sintering of Ag NPs based ink, such as protective agents, Ag NPs size and shapes, substrate
modification as well as the emerging selective sintering techniques, are discussed in the following.

2.1. Protective Agents

Protective agents are commonly used to improve the stability of the metallic nanoparticles
suspension. It is well known that the protective agents could be adsorbed onto the surface of the
nanoparticles thus controlling their nucleation and growth rates as well as preventing agglomeration
and sedimentation of the prepared nanoparticles [36–38]. Meanwhile, the adsorbed protective agents,
even though as thin as a few nanometers or only in a mono molecular layer, are found to prevent

171



Int. J. Mol. Sci. 2019, 20, 2124

electrons from moving between the metallic nanoparticles and decrease the conductivity of the printed
film [39,40]. Thus, post-treatment is usually employed to reduce the protective agents covering and
to sinter the metallic nanoparticles, both resulting in improved conductivity. Therefore, a better
understanding of the sintering process as well as the effects of the protective agents on the conductivity
of the printed Ag NPs based pattern is needed. Usually, two kinds of protective agents are commonly
used in Ag NPs based inks: first, the polymers bearing carboxylate, amino or hydroxyl functional
groups, such as poly(acrylic acid) (PAA) [41–44], poly(vinyl pyrolidone) (PVP) [45–49] and poly(vinyl
alcohol) (PVA) [50,51]; second, the small molecular compounds with a long alkyl chain and polar head,
such as alkanethiols [52–54], alkylamines [53,55,56] and carboxylic acids [57,58]. Through investigating
the behavior of protective agent in sintering, some efforts have been made to improve the conductivity
of the Ag NPs based ink under moderate sintering.

Magdassi et al. [41], Grouchko et al. [42] and Tang et al. [46] realized room temperature sintering of
the Ag NPs capped polymer protective agents by adding the destabilizing agents, oppositely charged
Cl- containing electrolyte, into the ink to promote the Ag NPs aggregation and coalescence in the
drying processes. The optimized electric conductivities achieved were 20%, 41% and 40%, respectively,
of that of bulk silver. The destabilizing agents, which contain Cl- ions, cause detachment of the
anchoring groups of the protective agents from the surface of Ag NPs and thus enable their sintering
(Figure 1). Further study showed that this sintering is dependent on coalescence and Ostwald ripening
spontaneous behaviors of Ag NPs after they have been destabilized. In addition, these two behaviors
could be extremely affected by the size of the Ag NPs [46]. On this basis, Layani et al. [59] reported
a rapid and simple process to obtain high conductive printed patterns, above 30% of bulk silver, by
sequential printing of the Ag NPs based ink and solutions of electrolyte such as NaCl and MgCl2
(Figure 2).

 

Figure 1. (a) schematic illustration of the Ag NPs before (left) and after (right) the addition of NaCl,
and (b) schematic illustration of the protective agents detachment, which leads to the Ag NPs sintering
(the green lines represent the polymeric stabilizer; the blue spheres represent the sintering agent).
Reproduced with permission from [42]; Copyright 2011 American Chemical Society.
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Figure 2. Scheme of the double printing process. First, a pattern of Ag NPs based ink is printed,
followed by printing a salt solution on top of the silver pattern. Reproduced with permission from [59];
Copyright 2012 Royal Society of Chemistry.

The influence and behavior of small molecules protective agents on the conductivity and sintering
of the Ag NPs based ink were also investigated. Previously, we prepared Ag NPs, with dodecylamine
(DDA) and dodecanethiol (DDT) as the protective agent, and studied the effect of protective agents
on the properties of the Ag NPs based film in the post-treatment [53]. The results showed that the
molecular structure of the DDA and DDT as well as the bonding strength between the protective agents
and the Ag NPs surface affect the conductivity, sintering temperature and morphology of the Ag NPs
based film significantly. The bonding energy of Ag-S being higher than that of Ag-N and a higher
alkyl chain ordering of capping DDT molecules lead to a stronger interaction between the alkyl chains
than that of capping DDA molecules. Thus, Ag-DDA film requires a lower treatment temperature to
convert it into conductive than that of Ag-DDT film. The results showed that the printed Ag-DDA
NPs based film even could transfer from insulative into conductive with an electric resistivity as low
as 15.1 μΩ·cm after air storage at room temperature for less than seven days. In addition, the electric
resistivity of the Ag-DDA NPs based ink after 60 min heat-treatment at 140 ◦C reached 2.9 μΩ·cm,
which is 1.8 times the bulk Ag resistivity. Jung et al. [60] achieved low temperature sintering and
highly conductive Ag NPs based ink by ligand exchange and ligand reduction using an acetic acid
(AA) immersion treatment. The original surface capping agent of oleylamine (OA) was replaced by
AA through the ligand exchange, simultaneously resulting in the capping ligand weight reduction by
10 wt.%. The ligand exchange was explained by the difference in adsorption energy of the two ligands,
as estimated by density functional theory (DFT) calculation. The relative energy difference between
the state of OA being adsorbed and the state of AA being adsorbed is approximately −1.98 ev. Thus,
AA adsorption is energetically much more favorable than the OA adsorption. Both the reduced ligand
weight and relatively lower bonding energy between Ag NPs and ligand contributed to the lower
sintering temperature of the Ag NPs based ink compared to its counterpart before ligand exchange.

2.2. Ag NPs Sizes and Shapes

It is well known that nanomaterials usually exhibit novel specific properties that may be
significantly different from that of bulk materials in mechanical, optical, electrical, thermal and
magnetic properties. For instance, according to the phenomenological model and the experimental
observations presented by Buffat and coworker (Figure 3a) [61], the melting temperature of gold
particles significantly drops when the diameter is smaller than 5–7 nm. This size dependent melting
temperature decrease is also observed and investigated in Ag NPs [62]. The Ag NPs approximately
2 nm show melting behavior at significantly low temperatures (≈150 ◦C) compared to the melting
temperature of bulk Ag (960 ◦C), as illustrated in Figure 3b. This huge melting temperature depression
is not only very interesting from a fundamental research perspective, but indicates that the atomic
diffusion becomes very active in nanoparticles near the surface which is very important for the
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flexible and printed electronics applications requiring low temperature processing. On the other hand,
the shape and size distribution of the nano-Ag fillers in conductive ink could affect the packing density,
filler interconnect and morphology of the printed film during post treatment process, which have a
significant impact on the conductivity and sintering of the Ag NPs based ink [63].

 
Figure 3. Experimental and theoretical values of the melting point temperature of (a) gold particles.
Reproduced with permission from [61]. Copyright 1986 American Physical Society; (b) silver particles as
the function of decreasing particle size; reproduced with permission from [62]; Copyright 2006 Springer.

Balantrapu et al. [64] and Ding et al. [65] studied the relationship between the size distribution and
electrical properties of the printed Ag NPs based film. The results showed that the electric resistivity
and sintering of the printed pattern are highly dependent on the Ag NPs size distribution. The Ag NPs
based ink with bimodal distribution or relatively broad size distribution is more favorable to form
extensive conductive 3D network in the printed pattern during sintering by forming a large number of
contact points in different sized Ag NPs. In addition, the voids caused by volumetric shrinkage of
the relatively large Ag NPs during sintering could be filled with relatively small Ag NPs, resulting in
a compact morphology and high conductivity of the printed film. The optimal electrical resistivity
values of ~6.7 μΩ·cm and ~3.83 μΩ·cm were achieved by Balantrapu et al. and Ding et al. at 200 ◦C
and 160 ◦C, respectively. Seo et al. [66] focused their research on the effects of both the Ag NPs size and
the type of protective agents on the conductivity and morphology of the Ag NPs based film during the
sintering process. It was found that the size of the Ag NPs was the main factor influencing the initial
decrease in the resistivity because of the neck formation between Ag NPs and the type of protective
agents was the most important factor for determining the final resistivity of the conductive films due
to interconnections of the Ag NPs via extended neck formation. The lowest resistivity (2.2 μΩ·cm) was
obtained for the film that was prepared using 3.4 nm Ag NPs, hexylamine as a stabilizer, and sintered
at 220 ◦C. Han et al. [67], Yang et al. [68] and Lee et al. [69] investigated the shape influence on
the electrical property of the nano-Ag based film by using the Ag NPs (spherical shape), nanorods,
nanoplates and their mixtures as the conductive fillers. It was found that, when combining the Ag
NPs with Ag nanoplates or nanorods at a certain ratio as the conductive filler, the different shapes
of nano-Ag mixture based ink demonstrate a higher conductivity at a relatively low temperature
compared to that of single Ag NPs based ink. The conductive mechanism research shows that the
small sized Ag NPs provide sufficient energy to motivate the grain and lattice transport to facilitate
strong bonding and the large sized Ag nanoplates or nanorods stack densely to reduce the porous
space in the pattern. Specifically, Han et al. obtained the resistivity of 10.3 μΩ·cm at 100 ◦C for 30 min
which was only 6.5 times of the bulk Ag by mixing Ag NPs and nanoplates with the weight ratio of 1:1.

2.3. Substrate Facilitated Sintering

In the above sections, we have discussed that the sintering and electrical property of the Ag
NPs based ink could be tailored by controlling the property of protective agents and optimizing the
shape and size distribution of Ag NPs. In this section, we pay attention to another key component
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of the flexible and printed electronics: the substrate. It is well known that the requirements when
printing for electronics are totally different from those for printing graphic arts. Graphic printing
needs images or text with a good visual impression, whereas electronic applications require continuous
and homogeneous patterns with restrictions on the layer thickness, roughness, and print resolution.
Therefore, the substrates, whether plastics or papers, must be able to offer some or most of the following
properties: thermal stability, dimensional stability, barrier properties, solvent resistance, low coefficient
of thermal expansion, a smooth surface and optical clarity for display purposes. MacDonald et al. [70]
reported the issues associated with the selection of a plastic film with the required property set for
development and the leading candidate materials for plastic-based flexible electronics. In addition,
Tobjörk et al. [71] reviewed recent progress in the development of electronic devices on paper substrates.

A recent research provides an extremely interesting approach, where substrate modification leads
to the spontaneous coalescence and sintering of Ag NPs at a relatively low temperature. This substrate
facilitating sintering of Ag NPs is attributed to two aspects’ reasons, which are mainly related to the
superficial physical and chemical properties of the substrates, respectively. The superficial physical
properties include the surface roughness, solvent wettability, solvent absorption rate and mechanical
stability, etc. The chemical modification of the substrates is intended to provide chemical removal of
the protective agents from the surface of the Ag NPs, which is in accordance with Refs. [70–73] in
Section 2.1. While the main distinguishing factor of the chemical related substrate facilitated sintering
compared to the methods mentioned in Refs. [70–73] of Section 2.1 is that the sintering agent is added
in the paper coating during manufacturing and do not need any post treatment of the printed Ag NPs
pattern. This is significant for the large-scale production and high speed roll to roll printed electronics.

Lee et al. [72] characterized the commercial available photo-papers with respect to their superficial
physical and chemical properties to obtain highly conductive Ag NPs based printed patterns at a
relatively low sintering temperature. The results showed that chloride ions on the paper’s surface
when they are under a certain value could activate the decomposition of polymer protective agent and
sintering between the Ag NPs. On the other hand, the surface roughness and pore size of the paper
were inversely related to the conductivity of the Ag NPs pattern.

Öhlund et al. [73] incorporated the sintering agent of chloride as an ingredient of the mesoporous
paper coating to achieve chemical sintering and investigated the effect of the variations in the pore size
of paper coating and precoating type on the sintering of Ag NPs. Figure 4 shows that the Cl- migrate
into the Ag NPs film when Ag NPs deposit in the printing process and react with the Ag NPs matrix to
assist the low temperature sintering. Meanwhile, the sintering is impaired by increasing the pore size
of the paper coating, but greatly enhanced by using a porous CaCO3 precoating.

 

Figure 4. Schematic image showing the principle of the active papers. A small amount of chloride
is contained in the coating as a sintering agent. During the deposition of the Ag NPs dispersion and
absorption of the carrier fluid, Cl ions migrate into the Ag NPs film and react with the Ag NPs matrix to
assist the sintering. Reproduced with permission from [73]; Copyright 2015 Royal Society of Chemistry.
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Allen et al. [74] and Andersson et al. [75] also found that, by choosing the type of ink receptive
coating, it is possible to manufacture printed Ag NPs based pattern without the need for, or at least to
reduce the need for, post print sintering. Allen et al. [74] demonstrated that the room temperature
sintering of Ag NPs could be achieved on the substrates with the ink receptive coating that contains
silanol groups. The silanol groups could dissolve the protective agent of PVP on the Ag NPs surface
by providing enhanced water absorption in the substrate coating layer as well as providing strong
binding sites so that it is energetically favorable to detach the protective agent from the Ag NPs.
Andersson et al. [75] observed an extreme difference in electric resistivity for tracks printed on paper
substrates with aluminum oxide based coatings compared to silica based coatings. Nge et al. [76] paid
attention to obtain the superficial nanostructured paper and studied its influence on the electrical
property of the inkjet printed Ag NPs patterns. They introduced a direct sheet casting method to
prepare cellulose nanofibers (CNF) based paper, with unique surface features including a nanoporous
network structure and low surface roughness. The CNF based paper shows a shorter sintering time at
a low temperature and a less pronounced coffee ring effect compared to the commonly used paper and
plastic because of the permeation of the ink vehicles through the nanopores and absorption along the
nanofibrils that compete with the initial spreading and the final evaporation process.

2.4. Photonic Sintering Method

Recently, various emerging sintering techniques have been used to obtain highly conductive
printed patterns based on Ag NPs ink under moderate condition. In this section, the photonic sintering,
which is the most popular method in this related field, is presented. The sintering of metallic NPs based
inks via electromagnetic (EM) irradiation ranging between the ultra-violet (UV) and infra-red (IR) is
called photonic sintering. Frequently reported bands are in the infra-red (IR), ultra-violet (UV) and
visible region, which is called intense pulsed light (IPL) or photonic flash sintering. Since the absorption
of metallic NPs based inks (plasmon resonance) is in the visible region (Figure 5a), UV irradiation
(ranging from 100 to 400 nm) is not suitable for the selective heating of these materials but mainly
applied to metal organic compounds (MOD) inks, which is not in the discussion scope of this review.
In addition, a special form of irradiation is laser sintering, where the emission of the laser can be tuned
in a narrow wavelength window or even a single wavelength to match the absorption spectrum of the
respective ink formulation. Rather than heating the entire system indiscriminately, photonic sintering
enables targeting specific components selectively, leaving the substrate that tends to absorb only in the
UV range (Figure 5b, the polyimide substrate is the exception because of its brown color) unaffected.

 

Figure 5. (a) UV-Vis absorption spectra of commonly used metallic NPs dispersion of conductive
inks and (b) substrates for printed electronic applications. Reproduced with permission from [77];
Copyright 2014 Royal Society of Chemistry.
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2.4.1. Infra-Red (IR) Sintering

IR technology using irradiation in the range of the NIR to MIR region (700 to 15,000 nm) facilitates
the contact-less and selective drying and sintering of printed metallic NPs based layers within a very
short time. Denneulin et al. [78] used an IR lamp operating at wavelengths of 8 to 15 μm to sinter the
inkjet printed pattern of Ag NPs. A similar level of electric resistance was obtained by IR sintering
within a relatively short time of 3 min compared to that by conventional heating at 200 ◦C for 5 min.
while the high wavelength of the using IR also caused a fast temperature increasing of the substrate to
180 ◦C–210 ◦C, which limits its application on the temperature sensitive substrate. A more selective
approach of IR sintering was performed by Cherrington et al. [79], who used irradiation in the near-IR
(NIR) region to sinter the slot-die coated Ag NPs pattern on Polyethylene terephthalate (PET) substrate
within 2 s yielding a conductivity of about 16% of bulk Ag. Irradiation in the NIR is shown to be less
absorbed by the used PET, enabling a selective sintering of the metal ink without substrate deformation.
The NIR irradiation was also used by Tobjörk et al. [52] and Gu et al. [80] to sinter printed Ag NPs inks
on paper and plastic substrates. An optimal sintering result can be achieved by carefully adjusting
settings like power output, distance between lamp and sample and treatment time. The resistivity of
2.78 μΩ·cm was achieved after only 8 s exposure to NIR irradiation with no damage to the substrate,
which was only 1.7 fold higher than that of bulk Ag. Figure 6 shows the electrical resistivity and
morphology evolution of the printed Ag NPs based film during sintering process [80].

 
Figure 6. The resistivity of Ag NPs film sintered by NIR with power of 360 kW·m2 over 10 s and SEM
images of the sintered film at (a) 0 s; (b) 2 s; (c) 4 s; (d) 6 s; (e) 8 s,;and (f) 10 s. Reproduced with
permission from [80]; Copyright 2018 Royal Society of Chemistry.

Sowade et al. [81] reported a roll to roll (R2R) NIR drying and sintering process for inkjet printed
Ag NPs layers on Polyethylene naphthalate (PEN) substrate (Figure 7). Relevant process conditions,
e.g., intensity of IR radiation, duration of exposure, velocity of moving substrate, usage of IR reflectors,
the distance between IR emitters and printed Ag NPs layers, were varied to evaluate the effects on the
morphology and conductivity of sintered Ag NPs layer. The optimized electric conductivity up to 15%
of Ag bulk was achieved at high web velocities up to 1 m/s with an exposure time of less than 0.5 s.
Basically, IR sintering is a very fast (in the order of seconds) method to sinter Ag NPs based inks to
obtain conductivity values in the range of 10%–35% of the Ag bulk. Considering heat dissipation from
the printed Ag NPs coating into the substrate happened also very fast, the sintering parameters should
be carefully optimized and the paper substrate with high diffuse reflectance, relatively high thermal
stability and low thermal conductivity is especially suitable.
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Figure 7. (a) scheme of the experimental setup of roll to roll (R2R) IR drying and sintering of
inkjet-printed Ag NPs layers on Polyethylene naphthalate (PEN) substrates. The R2R sintering
instrument in (b) top view and (c) from below with activated IR radiation. Reproduced with permission
from [81]; Copyright 2015 Royal Society of Chemistry.

2.4.2. Intense Pulsed Light (IPL) Sintering

Intense pulsed light (IPL) or photonic flash sintering is essentially a thermal technique which
employs the heat generated by the absorption of visible light in the target materials to achieve the
necessary temperature increase. In contrast to conventional thermal sintering, where the sample is
exposed continuously to a high temperature, IPL irradiates the sample with multiple short flashes,
each with a pulse length in the range of a few micro-to milliseconds. The most commonly used light
source for IPL sintering is a xenon stroboscope lamp, which emits radiation in the range between
roughly 200 and 1200 nm, encompassing the entire visible spectrum. Figure 8 gives the schematic of
IPL sintering of Ag NPs based film [82].

Figure 8. Schematic of intense pulsed light (IPL) sintering for Ag NPs based film using xenon flash
irradiation. Reproduced with permission from [82]; Copyright 2011 Springer.
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Although, in most cases, the IPL was used to sinter Cu NPs based ink because of its superiority in
the reduction of the oxide layer on the surface of Cu NPs, a number of reports concerning Ag NPs
have appeared about the influence of various IPL parameters on sintering time, final conductivity,
film morphology and substrate damage. Chung et al. [83] obtained the optimal IPL sintering conditions
for the gravure offset printed Ag NPs film on PET substrate by in situ monitoring of the IPL sintering
process. The optimized IPL process reduced the sheet resistance of Ag NPs based film to below
that of thermally sintering without damaging the PET substrate or allowing interfacial delamination
between the Ag NPs film and PET. Kang et al. [82], Abbel et al. [84], Lee et al. [85] and Sarkar et al. [86]
investigated the effect of the IPL parameters such as flashing frequency, intensity, pulse duration and
number on the electrical property and morphology of the Ag NPs based film. The results showed that
variation of the IPL sintering parameters offers a wide range of conditions for process optimization.
In addition, the ink composition and type of substrate also have a decisive influence on the IPL sintering
of Ag NPs based ink. According to the investigation of Lee et al. [85], the protective agent and organic
additives play a critical role in the microstructure formation inside IPL sintered film, which affects the
final electric resistivity. The vaporization induced from the thermal decomposition of the protective
agent and organic additives could result in film swelling during the re-melting stage of the surface Ag
NPs layer. Weise et al. [87] presented and analyzed the application of IPL sintering on inkjet printed
Ag NPs based patterns on various flexible substrates, like PEN, PET, Polyimide (PI) and paper. A high
dependency of the electrical and structural properties of the printed Ag NPs layer on the substrate was
observed. This observation was explained as resulting from the different surface roughness, solvent
absorbing rate and thermal conductivity of the substrates.

2.4.3. Laser Sintering

Laser sintering has shown great promises to achieve high-quality sintering locally through
controlling the heat penetration to preserve the substrates’ integrity. The printed Ag NPs based layer
absorbs the laser irradiation in the affected area followed by heating up and sintering the Ag NPs due to
the photothermal effect shown in Figure 9. The generated temperature inside of the Ag NPs based layer
has to be controlled and kept as low as possible to avoid heat dissipation into the substrate material.
Thus, a careful adaption of sintering parameters like power output, writing velocity, wavelength
and operation mode (continuous wave or pulsed) should be carried out allowing a reduction of the
processing temperatures on the substrate. Balliu et al. [88] investigated laser sintering of inkjet printed
Ag NPs inks on papers. High conductivity of 1.63 × 107 s·m−1, nearly 26% of the bulk Ag, was achieved
where a special care was taken in sintering parameters to prevent the substrates from damage by
intense laser light. Yeo et al. [89] sintered the R2R printed Ag NPs layer by laser to a conductivity up
to 20% of bulk Ag on PET substrates. Bolduc et al. [90] indicated that controlling the incident laser
pulse’s energy distribution in the time-domain was paramount to optimizing sintering process in Ag
NPs based ink. A multi-step microsecond-pulsed laser process and a time-domain pulse-shaping
modulation sintering caused a uniform and high conductive printed Ag trace on polymer substrates.

 

Figure 9. Scheme of laser sintering principle: a focused beam locally heats the printed Ag NPs layer.
Reproduced with permission from [32]; Copyright 2017 Royal Society of Chemistry.
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In the other hand, the spot size of the laser and its heat affected zone is far more smaller than the
minimum trace of printing technologies, which makes laser sintering a suitable tool for high resolution
and lithography free manufacturing [91]. Figure 10 shows the selective laser sintering process of
metallic NPs based ink. Hong et al. [92] fabricated a metallic grid transparent conductor on PET and
glass substrates using selective laser sintering of Ag NPs based ink (Figure 11). Such the transparent
conductor with high transmittance (85%) and low sheet resistance (30 Ω/sq) could be produced at a
large scale without any vacuum or high temperature environment.

 
Figure 10. Selective laser sintering process of inkjet printed metallic NPs on a polymer substrate.
The circles represent metallic NPs with protective agents and the square block indicates a conductor
pattern of sintered metallic NPs. Unsintered NPs are simply washed away in an organic solvent.

 
Figure 11. (a) schematic diagram of selective laser sintering of Ag NPs for the fabrication of a
transparent conductor; (b) TEM: Transmission electron microscope (TEM) image of synthesized Ag
NPs (inset: optical photograph of Ag NP ink); (c) photograph of a transparent conductor on a glass
substrate (metallic grid in the red-boxed region); (d) optical stereoscope images of square-metallic
grids at different grid sizes (200 to 500 μm, increment 100 μm). Reproduced with permission from [92];
Copyright 2013 American Chemical Society.

2.5. Other Emerging Sintering Methods

Electrical sintering describes the application of a current to printed Ag NPs based inks causing
local heating within the ink, which is due to its highly resistive nature before sintering. This process
occurs on a timescale of a few milliseconds to seconds and is called rapid electrical sintering (RES).
RES is demonstrated on printed Ag NPs structures by applying direct current (DC) voltage as well as via
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a near-field coupled alternating current (AC) electric field [93]. Figure 12a illustrates a sintering setup,
where sintering electrodes are in contact with the Ag NPs layer. When a voltage U is coupled between
the sintering electrodes, a non-zero current flow (indicated by arrows in Figure 12a) causes local
heating in the layer. This initiates the sintering process and the structure undergoes a rapid transition
in conductivity. The series resistor Rs limits the maximum current once the structure is sintered.
Contact-mode electrical sintering has been applied using DC voltage. However, the requirement of
directly contacting the printed pattern during sintering demonstrates an obstacle in large quantity
fabrication. Therefore, contactless electrical sintering using AC current was developed. This is
accomplished by applying sintering electrodes above the sample, which couple to the printed layer
(Figure 12b). Allen et al. [94] obtained excellent conductivity up to 60% of bulk Ag in very short time
of 2 μs using DC current with the power density of at least 100 nW/μm3.

Figure 12. (a) schematic illustration of a contact-mode Direct current (DC) electrical sintering setup and
(b) contactless Alternating current (AC) sintering between a probe above the NPs layer and a ground
plate beneath the printing substrate.

Plasma sintering is usually performed by exposure of printed patterns to low pressure Ar plasma.
During plasma exposure of the Ag NPs based ink, the plasma inherent active species decompose the
protective agents on the surface of Ag NPs due to chain scission, which results in the sintering of
the Ag NPs. The sintering process shows a clear evolution starting from the top layer into the bulk.
Reinhold et al. [95] used a low pressure argon plasma in order to sinter Ag NP inks on glass, PC and
PET to a conductivity of up to 30% of bulk Ag. Recently, Wolf et al. [96] reported that low pressure Ar
plasma sintering resulted in the conductivity of printed patterns equal to 11% of bulk silver after only
1 min of exposure, and 40% of bulk silver after 60 min of exposure, while the processing temperature
was below 70 ◦C. To avoid the need for sophisticated equipment for low pressure plasma sintering,
Ar plasma sintering at atmospheric pressure and room temperature was developed by Wünscher et
al. [97,98]. With this technique or combining with a mild heating of the substrate less than 110 ◦C,
relatively high conductivity of the printed Ag NPs based trace was obtained in a short sintering time
without substrate damage. This approach enables sintering of patterns printed onto plastic substrates
and can be utilized in R2R processes. Ma et al. [99] sintered the Ag NPs film on glass substrate by
applying the Ar plasma and studied the effects of plasma conditions on the morphology, composition
and electrical property of the sintered Ag NPs film. The optimized resistivity of the sintered Ag NPs
film was about five times higher than bulk Ag.

Microwave radiation also can be used as an alternative and selective sintering technique [100].
Typically, Ag NPs based film have a penetration depth of 1–2 μm at a microwave frequency of 2.45 GHz.
While since the Ag NPs is a good thermal conductor, the printed pattern will be heated uniformly
by thermal conductance enabling the microwave radiation to be applied to sintering patterns with
thickness exceeding the penetration depth. In contrast to the relatively strong microwave absorption
by the Ag NPs, the polarization of dipoles in thermoplastic polymers below Tg is limited, which makes
the polymer substrate transparent to microwave radiation. Perelaer and his colleges focused their
research on the microwave sintering of the Ag NPs based ink for many years. Their research results
showed that the exposure of inkjet printed Ag NPs to microwaves decreased the sintering time by
a factor of 20 with the conductivity value of 5% compared to the bulk Ag [100]. Further decreasing
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the sintering time to only a few seconds with the conductivity up to 10% to 34% of the bulk Ag have
been achieved by placing conductive antennae structure around the Ag NPs based pattern [101].
This process can be implemented into R2R production. Meanwhile, combining microwave and other
sintering techniques have been proved to be an effective way to improve the sintering performance.
Combining photonic and microwave flash treatments enabled obtaining 40% of bulk silver conductivity
in less than 15 s [102]. Even higher conductivity, 60% of bulk Ag, was obtained in less than 10 min by
combining low-pressure Ar plasma and microwave sintering of printed Ag NPs on PEN foil without
damage of the polymeric substrate [43].

3. Applications of the Ag NPs Based Ink

In this section, we will discuss several applications of Ag NPs based ink and their perspectives
in FPE. This will include fabrication and properties of transparent conductive film (TCF), which are
essential features nowadays for many optoelectronic devices, printed thin film transistor (TFT),
biosensor, radio frequency identification (RFID) antenna as well as emerging stretchable and
wearable electronics.

3.1. Transparent Conductive Films

Indium tin oxide (ITO) with both excellent transparence and conductivity has been the most
widely used transparent conductive film (TCF) in decades. However, an ITO film also has a number of
unavoidable disadvantages and weaknesses, such as the relatively high cost and poor flexibility. As the
development of the large area and flexible devices such as solar cells, touch panel, light-emitting device
and display, extensive efforts have been made to obtain alternatives to ITO [103–108]. Among alternative
materials and approaches, patterned Ag NPs grids are a promising candidate for high performance TCF.
For instance, we prepared a high-performance ITO-free TCF by combining high-resolution flexography
printed Ag NPs grids with a carbon nanotubes (CNTs) coating [45]. The Ag NPs grids/CNTs hybrid
TCF with a 20 μm grid width at an interval of 400 μm exhibits excellent overall performances, with a
typical sheet resistance of 14.8 Ω/sq and 82.6% light transmittance at room temperature as well as
good mechanical flexibility. Magdassi et al. [103] produced TCF by inkjet printing of diluted Ag
NPs based inks to form overlapping metallic rings, forming in spontaneous self-assembly of Ag NPs
during solvent evaporation. The resulting array Ag NPs based ring with rims <10 μm in width
and <300 nm in height has a transparency of 95% and sheet resistance of 4 Ω/sq. Ahn et al. [104]
produced the TCF with high transparency of 94.1% by direct writing of concentrated Ag NPs based
ink. Deganello et al. [105] obtained TCF with a transparency of 81.4% and sheet resistance of 1.26 Ω/sq
by patterned micro-scale Ag NPs based grids using roll-to-roll flexographic printing. Kahng et al. [106]
obtained highly conductive flexible TCF with a sheet resistance of 12 Ω/sq and 73% transparency at
550 nm by combining ink-jet printed Ag NPs grids with graphene film. In addition, Jeong et al. [107]
obtained an Ag NPs grid/ITO hybrid TCF by inkjet printing. The hybrid TCF has a sandwich structure
with the Ag NPs grids in the middle of two ITO layers, showing a sheet resistance of 2.86 Ω/sq and
transparency of 74.06%.

Ag NPs grids based TCF exhibits excellent performance in terms of optical transparency, electrical
conductance, and mechanical flexibility. Thus, they have found applications in many optoelectronic
devices such as displays, touch screens, organic light emitting diodes (OLEDs) and solar cells. Many
proof-of-concept devices such as solar cells and OLEDs with incorporated TCF have been demonstrated.
Li et al. [108] reported using Ag NPs grids based TCF to fabricate ITO-free flexible organic solar cell.
The Ag NPs grids’ TCF has very fine honeycomb structure with the width of around 3 μm and the
diagonal length of 130 μm, showing low sheet resistance less than 5 Ω/sq and high transparency of
85%. A layer of highly conductive PEDOT:PSS(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
on the top of Ag NPs grids is added to increase the charge collection efficiency. Flexible organic solar
cell using this TCF as electrode, and P3HT:PCBM as the photoactive layer, achieved a PCE of 1.36%.
When using high performance conjugated polymer, PTB7, as the donor, the highest power conversion
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efficiency of 5.85% was achieved for a large area flexible polymer solar cell [109]. Cai et al. [110]
reported a novel electrochromo-supercapacitor based on an Ag NPs/PEDOT:PSS hybrid transparent
electrode. The bifunctional device performs as a regular energy storage device and simultaneously
monitors the level of stored energy with rapid and reversible color variation, even in high current
charge/discharge conditions.

3.2. Thin Film Transistor

Thin film transistor (TFT) is an electronic device widely used in applications including display
back plane, sensor and logic circuit, etc [111–113]. In addition, it is considered as a model device
to investigate the intrinsic physics of semiconductor film and metallic electrode contact, which also
are significant for other devices, such as photovoltaic cell and organic light emitting diode. TFTs are
constructed with four parts at least: an active semiconductor film usually named as channel layer,
a dielectric layer used as gate insulator, a gate electrode and a couple of source/drain electrodes.
Figure 13 shows a schematic of four types of TFTs [114].

 

Figure 13. Schematic diagram of four types of TFTs (TFTs: Thin film transistors); (a) bottom gate/bottom
contact structure; (b) bottom gate/top contact structure; (c) top gate/top contact structure; (d) top
gate/bottom contact structure.

The printing fabrication of electrodes avoids the conventional vacuum deposition of metallic
films, and is expected for full-printed devices. More importantly, the etching inevitable during the
photolithograph process for electrode patterns is excluded. The etching process for source/drain
electrodes would damage the underlying semiconductor active layer, resulting in degradation of device
performance. Ag NPs are considered the primary candidate material to printing electrodes, due to
its high conductivity and low temperature treatment in atmospheric ambient [115]. Printed Ag NPs
based films have been employed as the source/drain and gate electrodes in some TFTs [115–117].

The requirement of printed Ag NPs based electrodes is not only low resistance but also good
contact with semiconductor and good morphology. Printed Ag NPs based source/drain electrodes
have been commonly reported in p-type organic and carbon-nanotube TFT [118–123], though the
intrinsic work function of Ag is as low as 4.26 eV [124]. It may be due to the formation of Ag2O on a
surface that is a high-doped degenerate p-type semiconductor with high work function and moderate
electric conductivity. Furthermore, a bottom contact device structure was usually used in these devices,
where the source-drain electrodes were printed prior to channel layer. The surface of printed Ag NPs
electrodes could be modified to increase work function and improve electrode contact with channel
layer, so as to improve device performance [125–128].

Vacuum-deposited Ag source/drain electrodes have been confirmed very appropriate to contact
with n-type oxide semiconductor with a low specific contact resistance, due to its inherent low work
function of 4.26 eV [124]. However, for a long time, the oxide thin film transistors were reported,
exhibiting low mobility of device (less than 0.5 cm2 V−1 s−1), as printed Ag NPs conductors were
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utilized as source/drain electrodes [129–131]. It suggests that there are some specific issues involving
the use of Ag NPs ink in the fabrication process.

Metallic Ag NPs undergo undesirable electrical/thermal migration [115,132], which would result in
unpredictable degradation of the device performance [115,122]. Hong et al. reported high-performance
oxide thin-film transistors, by surrounding Ag nanoparticles firmly with oleic acid to suppress the
migration of Ag inside adjacent oxide semiconductors. The devices exhibited comparable performances
to their counterparts of vacuum-deposited metal electrodes. It was also found that the suppressed
formation of Ag2O and the reduced incorporation of organic components inside the electrodes all play
critical roles in facilitating the realization of high performance, oxide thin-film transistors employing
printed Ag NPs based source/drain electrodes [115].

Ueoka et al. analyzed printed Ag NPs source/drain electrodes on amorphous indium gallium zinc
oxide (IGZO), and found that carbon and hydrogen seriously affect the TFT characteristic. The carbon
and hydrogen were abscised from the printed Ag NPs during annealing, generating additional carriers
and electron traps [131]. Ning’s group also found carbon at the interface between a-IGZO and printed
Ag electrodes. They suggested that the presence of carbon adversely impacted on contact, whereas
the diffusion of silver into IGZO semiconductor layer resulted in a better contact at the interface [116].
Recently, the same group reported IGZO TFT with printed Ag source/drain electrodes. The devices
show high performance comparable with the analogous devices with sputtered electrodes: a maximum
saturation mobility of 8.73 cm2 V−1 s−1 and an average saturation mobility of 6.97 cm2 V−1 s−1, Ion/Ioff
ratio more than 107 and subthreshold swing of 0.28 V/decade [133].

To improve electrode contact, the interfaces of printed Ag electrodes with n-type oxide
semiconductors were modified. A universal method was reported to produce low-work function
electrodes for electronics devices, with surface modifiers based on polymers containing simple aliphatic
amine groups [134]. The method was instantiated to achieve high performance solution processed oxide
TFTs with inkjet printed Ag source/drain electrodes recently [135]. In other research work, graphene
was embedded insert IGZO thin film and printed Ag source-drain electrodes. High-performance IGZO
TFTs were achieved with an electron mobility of ~6 cm2 V−1 s−1 and Ion/Ioff ratio of ~105 [136].

The morphology of printed Ag line is critical in some cases. More specially, the thickness and
profiles of printed Ag line must be well-controlled when it acts as bottom gate electrode in device,
to achieve low resistance and low leakage current simultaneously. Usually, a thick film is good for low
resistance but results in high leakage current. In addition, smooth surface is required to void electric
breakdown. Guo et al. prepared all ink-jet printed low-voltage organic field-effect transistors with
Ag NPs based ink, one kind of metal-organic precursor type ink. The printed convex Ag lines have a
small thickness of 30 nm and root-mean-square (RMS) roughness of about 1.8 nm [137].

Short channel length of thin film transistors is expected to achieve high operating frequency.
There are important technological challenges in printing methods to achieve high-resolution electrodes
patterning [111]. Some high-resolution printing equipment has been used to achieve channel
length around 1 μm with printed Ag source/drain electrodes, including sub-femtoliter nozzle [138],
EHD printer [139], and printing plate with high resolution pattern [140,141]. Recently, Ning’s group
reported a short channel length of printed Ag electrodes with a common printer [142,143]. Silver
electrodes with 2.4 μm channel length were printed by piezoelectric inkjet printing of 10 pL nozzle,
without an extra process. It was attributed to the difference in the retraction velocities on both sides of
an ink droplet during the printing process [142].

3.3. Biosensors

Ag NPs could be also used as electrode materials for developing electrochemical biosensors.
Compared to other metallic NPs, Ag NPs have a relatively low price and superior conductivity, which are
undoubtedly the best option for reducing the cost of the biosensors. Han et al. [144] fabricated a
label-free electrochemical immunosensor for prostate specific antigen (PSA) detection using rGO/Ag
NPs composites as electrode materials on a screen-printed three-electrode system. The rGO/Ag NPs
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possessed superior electrical conductivity compared to rGO because the small Ag NPs, stabilized
by sodium citrate were anchored onto the rGO sheets. The electrochemical immunosensors (EIs)
demonstrated a wide linear response range (1.0 to 1000 ng/mL) and low detection limit (0.01 ng/mL).
Figure 14 gives the preparing process of rGO and rGO/Ag NPs materials, and the schematic illustration
of fabricated electrochemical immunosensor for PSA detection. Ag NPs can speed up the transfer
of electrons between the enzyme and the electrode in biosensor, thereby speeding up the reaction
and shortening the reaction time. For instance, Rad et al. [145] prepared a hydrogen peroxide sensor
having high electron transport efficiency by modifying an electrode with Ag NPs. Wang et al. [146]
showed that the gold electrode modified with Ag NPs based nanocomposite demonstrated relatively
high sensitivity, fast response time and low detection limit compared to those of their counterpart.
In addition, Ag NPs, exhibiting strong localized surface plasmon response (LSPR) absorption in the
visible region, have potential as the optical biosensors [147]. Currently printed electrodes for biosensor
possess a lot of advantages, such as low price, low sample volume requirement, high sensitivity,
high and rapid volume production, portability and easy handling. The Ag NPs based ink supplies
a very good opportunity pushing the newly and emerging printed biosensor into the market. It is
expected that, in the near future, these printed biosensors will be widely commercialized, and we can
use them to find solutions to health monitoring and disease control issues, especially in remote areas.

 

Figure 14. Preparing process of rGO (reduced graphene oxide) and rGO/Ag NPs as well as schematic
illustration of fabricated electrochemical immunosensor for PSA (prostate specific antigen) detection.
Reproduced with permission from [144]; Copyright 2017 Elsevier.

3.4. RFID

RFID (Radio Frequency Identification) tag is a device that provides storing and remote reading
of data from items equipped with such tags. The main elements of an RFID tag are a microchip and
an antenna that provide power to the tag and are responsible for communication with a reading
device. Direct printing of antennas on plastic and paper substrates with the use of Ag NPs inks
is a promising approach to the production of RFID tags [148–153]. Inkjet printing, screen printing
and gravure printing have been used to fabricate Ag NPs based RFID antenna on paper and plastic
substrates. The printing parameters, printability of the Ag NPs based ink, properties of the substrates
and the sintering methods were investigated to reveal their relationship to the property of RFID
tags. Particularly, Jung et al. [151] reported a practical way to provide all-printed and R2R-printable
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antenna, rectifiers, and ring oscillators on plastic foils and demonstrated 13.56 MHz operated 1-bit
RF tags. The whole process used three different printing technologies, R2R gravure, inkjet and pad
printing. This is the first report that not only fabricates the antenna but the whole RFID tag by printing.
Sanchez-Romaguera et al. [152,153] reported an inkjet and screen printed low cost passive UHF RFID
based on Ag NPs, which can be transferred from the tattoo paper to skin. This is significant for the
development of wearable electronics and E-skin.

In spite of the printed RFID antenna based on Ag NPs based inks, this is relatively mature in its
technique and has shown its obvious advantages in high production efficiency and lower environmental
impact; its price is still a little bit high in most cases compared to that of a counterpart fabricated
with traditional methods and using aluminum and copper as conductive materials. To overcome this
difficulty, the development of conductive inks based on low cost nanometals or carbon is a choice,
such as copper, aluminum, nickel, carbon nanotube, graphene, etc. However, such nanometals are
easy to oxidize and the attempts to make carbon-based materials into ink and printable have so far not
been very successful. On the contrary, to further improve the electric conductivity of the Ag NPs based
ink under moderate sintering and sequentially to decrease their dosage in the devices with a relatively
thin and uniform printed, coating can be a promising way.

3.5. Stretchable Electronics

Fabrication of large-area stretchable electronic devices is necessary for future applications in
wearables, healthcare and robotics, etc. For integrating stretchable electronics, stretchable wiring is
the most important component. Obtaining reliable conductance against strain could be achieved by
the use of intrinsically stretchable materials, such as liquid metals, conducting polymers, and ionic
conductors. Another approach is to fabricate conductive pathways using micro-structures, which can
be obtained by mainly two methods. One is a metallization of artificially made microstructures,
including serpentine, micro- or nano-meshes, or accordion motifs. The other is to develop a conductive
nanocomposites mix with conductive fillers and elastomer matrix, which is advantageous in terms of
large-area, low-cost and high-throughput fabrication. Among various conductive fillers, including
carbon nanotubes, graphene and metallic nanowires, the nano- or micro-Ag with different shapes as
well as their composites with other nanomaterials have attracted much attention in recent years.

The use of Ag NPs has yielded a relatively high conductivity at strains larger than 100% [154–159].
Matsuhisa et al. [154] reported a high performance stretchable and printable elastic conductor, with the
conductivity of 935 S/cm at 400% strain, by the in situ formation of Ag NPs which were created
via printing and heating an ink comprising Ag flakes, fluorine rubber, fluorine surfactant and
methylisobutylketone (MIBK) as solvents. The results showed that even a small fraction of Ag NPs
could reduce the percolation threshold of the composite, increasing the conductivity significantly.
Park et al. [155] introduced a conductive and stretchable mat compositing of Ag NPs and rubber fibres.
Percolation of the Ag NPs inside the fibres led to a high conductivity of 2200 S/cm at 100% strain for a
150 μm thick mat. Chung et al. [156] introduced a stretchable electrode on wave structured elastomeric
substrate by ink jet printed Ag NPs based ink. The printed Ag NPs based electrode showed a relatively
good adhesion and conductive stability in the stretching test.

Ag with different shapes and size distributions also have their applications in the stretchable
electronics. Ag flakes and fractal structure were used as conductive fillers for their larger contact
area compared to that of Ag NPs [160–165]. Matsuhisa et al. [160] demonstrated a printable
and stretchable conductor that had a conductivity of 182 S/cm and stretchability at a strain of
215% using a nanocomposite material composed of Ag flakes, fluorine rubber and a fluorine
surfactant. The fluorine surfactant constitutes a key component that directs the formation of
surface-localized conductive networks in the printed elastic conductor, leading to a high conductivity
and stretchability. Zhang et al. [165] used fractal structure Ag particles as conductive fillers in PDMS
(polydimethylsiloxane) to fabricate a flexible and stretchable conductor, which could stretch up to 100%
and twist up to 180◦ and possessed good mechanical and electronic stability. In addition, a stretchable
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conductor with Ag nanowires (Ag NWs) embedded in elastomer has been suggested [166–170].
The high aspect ratio of Ag NWs contributed to the high conductivity at a relatively high stain.

4. Conclusions

Ag NPs are favored materials for high performance FPE applications because of high electric
conductivity, good oxidation resistance and easiness for large-scale preparation. When FPE devices are
manufactured, a moderate sintering condition is often required in order to be compatible with heat
sensitive substrates and various functional materials. Thus, highly conductive Ag NPs based inks
with moderate sintering are essential for FPE applications. The comprehensive research regarding the
strategies of achieving highly conductive Ag NPs based ink under moderate sintering has been covered
in this review. A better understanding of the relationship of the sintering condition and conductive
property of Ag NPs based film with respect to the protective agents, Ag NPs size distribution and shapes,
and superficial characterization of the substrates is given. The mechanisms of the various emerging
mild and selective sintering technologies are also highlighted. In addition, diverse applications of the
Ag NPs based inks and their perspectives in FPE were also presented and discussed, including the
transparent conductive film, thin film transistor, biosensor, stretchable electronics and RFID antenna.

Although there has been remarkable progress for Ag NPs based inks in FPE applications, there are
still challenges that call for further development in order to gain widely industrial acceptance and in
significant quantities. The current high price of the commercial available Ag NPs based inks impedes
their wide use for large area flexible and printed electronics. Therefore, research should be focused on
the development of new Ag NPs based inks with higher electric conductivity, which could decrease
the ink dosage and printed film thickness to achieve the electric performance requirement of the
device. For instance, the comprehensive cost of the ultrahigh frequency Ag NPs based RFID antenna
fabricated by flexography printing method has already been lower than their counterpart, which uses
aluminum as conductive materials and etching technology as the production method. The thickness
of the flexography printed RFID antenna is only 0.5–0.8 μm, causing the dosage of Ag NPs to be
relatively small and the cost to also be reduced. Meanwhile, for Ag NPs based ink, reduction in
sintering temperature could be achieved by lowering the amount of a protective agent or decreasing
the bonding energy between Ag and protective agent, which are presented in Section 2.1. However,
these processes could adversely affect the stability and printability of the ink, and have unwelcome
implications for mechanical integrity and adhesion. Thus, how to make a balance between the electric
property, stability and the printability of the Ag NPs based ink is also an urgent problem that needs to
be solved. In addition, the underlying physics and chemistry mechanisms governing the sintering
process and the interaction between the influence factors of the sintering and electric conductivity in
Ag NPs based ink should be further strengthened.

On the other hand, the increasing growth of application in FPE is calling for fast and reliable mild
sintering technologies that can perform in high-throughput and R2R manufacturing. The research on
emerging sintering techniques presented in this review has created possibilities to a different extent.
Among all emerging sintering techniques, IPL sintering is the most promising one. The white-light
flashes used in this technique can selectively heat the Ag NPs based ink without damaging the
substrate. This sintering technique is also well understood and compatible with the R2R process.
In fact, it has already been employed in a pilot production line for fabricating different electrodes and
antenna structures. Further strengthening the effort to establish the relationship between different
sintering parameters and ink/substrate combination will be likely to push it into the industry as a
mainstream technique. One more important perspective in the application of Ag NPs based ink with
moderate sintering is 3D printing of conductive patterns. Nowadays, this field is at its very early
stages of research and development, and the search for new Ag NPs based ink as well as suitable 3D
fabrication tools, is a stimulating challenge for materials scientists. It is likely that a combination of
highly conductive Ag NPs based ink with fast and R2R compatible sintering techniques will realize
more superior performance of Ag NPs based ink in a wider field of FPE.
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Abbreviations

Ag NPs Silver nanoparticles
TCF Transparent conductive film
TFTs Thin film transistors
FPE Flexible and printed electronics
PAA Poly(acrylic acid)
PVP Poly(vinyl pyrolidone)
PVA Poly(vinyl alcohol)
DDA Dodecylamine
DDT Dodecanethiol
AA Acetic acid
OA Oleylamine
CNF Cellulose nanofibers
EM Electromagnetic
UV Ultra-violet
IR Infra-red
IPL Intense pulsed light
MOD Metal organic compounds
NIR Near-IR
R2R Roll to roll
RFID Radio frequency identification
TEM Transmission electron microscope
PET Polyethylene terephthalate
rGO Reduced graphene oxide
PSA Prostate specific antigen
PDMS Polydimethylsiloxane
PI Polyimide
PEN Polyethylene naphthalate
RES Rapid electrical sintering
DC Direct current
AC Alternating current
ITO Indium tin oxide
CNTs Carbon nanotubes
OLEDs Organic light emitting diodes
IGZO Indium gallium zinc oxide
RMS Root-mean-square
PSA Prostate specific antigen
EIs Electrochemical immunosensors
LSPR Localized surface plasmon response
RFID Radio frequency identification
MIBK Methylisobutylketone
Ag NWs Ag nanowires
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