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Coated silver nanoparticles (AgNPs) have recently become a topic of interest due to the fact that they have

several applications such as in electronic, antimicrobial, industrial, optical, and medical fields as biosensors

and drug delivery systems. However, the use of AgNPs in medical fields remains somewhat limited due to

their probable cytotoxic effect. Researchers have succeeded in reducing the toxicity of silver particles by

coating them with different substances. Generally, the coating of AgNPs leads to change in their
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properties depending on the type of the coating material as well as the layer thickness. This review

covers the state-of-the-art technologies behind (a) the synthesis of coated AgNPs including coating

DOI: 10.1039/c9ra02907a

rsc.li/rsc-advances coated AgNPs.

1 Introduction

Nanotechnology is related to the different disciplines of
science and also has applications in various aspects of daily
life such as the diagnosis and treatment of diseases.’ Nano-
materials are more reactive and effective compared to bulk
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methods and coating materials, (b) the cytotoxicity of coated AgNPs and (c) the optical properties of

materials because of the larger surface area related to
volume. They also present a potential in surface chemistry as
compared to different materials because they can be loaded
with functional groups that can target the molecules of
interest. In addition, the physical characteristics of nano-
substances (e.g., morphology, size, chemical composition
and porosity) can directly affect the performance of the
materials.»® The features of nanoparticles are obtained
through their size and optical measurements,* colloidal
stability in water,® ability to enter living tissues® and anti-
bacterial efficiency.”

Nanosilver ranging in size between 1 and 100 nanometers
plays a major role in nanotechnology and is used widely now in
many applications. As an example, in nanomedicine, the small
particles have the ability to enter the cells; hence, there is an
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interaction between the nanoparticles and the compartments
of the cells. There are many factors that determine the
potential action and cytotoxicity of nanosilver; these include
the particle size, exposure dose, coating materials, aggregation
of nanoparticles and the organism or the type of cells to be
tested.®

Core-shell nanoparticles are types of nanoparticles having
great features and many applications in biology and sensing.
Many of these core-shell nanostructures are produced with
extensive features; they can be applied in catalytic reactions and
in solving the energy problems by adjusting their cores and
shells.’

Subsequently, nanoparticles, especially
particles (AgNPs), can react with many microorganisms (e.g.,
fungi, bacteria and viruses); thus, they may act like antibac-
terial as well as anti-parasitic agents. In addition, AgNPs have
been proven to be perfect carriers in drug delivery. Due to
their wide use in biological applications, the study of the
cytotoxicity of AgNPs becomes evident." AgNPs have various
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applications in medicine, engineering, and pharmacology.*®
They have high efficiency to kill bacteria either in solutions or
components; also, AgNPs are widely used in textile and food
industries.™

Coating is an excellent technique to enhance the advantages
of any nanoparticle materials. This coating technique can
increase the stability of AgNPs through the electrosteric stabi-
lization among particles and can decrease their agglomeration.
One of the most important roles of coating is to prevent the
cytotoxic effect of AgNPs against living cells. The function of
a coating is highly dependent on the features of the coating
substances such as organic coating substances (poly-
saccharides, proteins, polymer, etc.) and inorganic coating
substances (chloride, sulfides, etc). Many tested coating
substances have been proven to be effective in stabilizing
AgNPs, maintaining their specific shape and minimizing silver
ions, which are important factors that contribute to the toxicity
of AgNPs.*

The special properties of coated AgNPs lead to many
applications in different fields; for example, AgNPs coated
with the capping agent poly vinyl pyrrolidone (PVP) can cause
angiogenesis via the production of an angiogenic factor.*®
Chitosan-coated triangular silver nanoparticles can act as
photothermal agents against human non-small lung cancer
cells due to the high performance of strong resonances in
a near-infrared light."* A suture coated with AgNPs has high
anti-inflammatory efficacy in intestinal anastomosis at the
beginning of healing in mice.®* PVP-coated silver nano-
particles of various sizes have an anti-leukemia effect against
multiple human acute myeloid leukemia.’® Furthermore,
a low-density polyethylene polymer matrix, including Ag and
ZnO nanoparticles, can extend and preserve the shelf life of
orange juice at 4 °C.'*"” In the models of animals, there is
improvement in injured tissues due to new collagen
synthesis, inflammatory cell infiltration, congestion, and
fibroblast proliferation. Therefore, AgNPs modified with
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oligonucleotides improve wound healing without any side
effects.” Environmental protection, medical diagnostics,
and food control are the examples of biosensing applications
that employ poly vinyl pyrrolidone-coated silver nano-
particles as color indicators.*

To confirm the benefits of the coating process, previous
studies can prove via Fourier transform infrared spectros-
copy (FTIR) that the group of amides found in the proteins of
some plant extracts has the ability to adhere on the metal
surface. This phenomenon can lead to the protection of the
surface of AgNPs from oxidation (capping of AgNPs) and
prevent the agglomeration process.””?* Chemical surface
science shows the correlation between the AgNP toxicity to
living cells and their outer surface properties. The idea of
coating these materials was directed towards improving the
properties of the surface in terms of reducing toxicity and
increasing stability through methods such as thiolation and
encapsulation by silica.?*** Different coating methods and
coating substances of AgNPs have been summarized in
Fig. 1.

2 Synthesis of coated silver
nanoparticles (AgNPs)
2.1 Coating methods

2.1.1 Polymerization method. There are different ways of
polymer and nanosilver composite incorporation, where nano-
silver is dispersed on the surface of a polymer: (1) first, a poly-
mer is fabricated with nanosilver, followed by attaching it to the
surface; (2) a polymer solidification process occurs on the
surface of the targeted object and then, it is incorporated with
nanosilver particles; (3) the monomer is attached to the nano-
particle (NP) surface, followed by in situ polymerization. In all
cases, the most important step is the attachment of the polymer
on the surface of the object.

Herein, we will concentrate on the fabrication pathways of
coating polymer-nanosilver composites via attachment
methods.™
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Fig. 1 Schematic representation of different coating methods and
coating substances of AgNPs. “SILAR: Successive lonic Layer Adsorp-
tion and Reaction”.
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Incorporation of nanosilver. There are several developed
methods for the insertion of nanosilver into the polymer matrix.
Nanosilver incorporation is primarily performed via direct
adsorption or in situ synthesis. The first approach, i.e., direct
adsorption of nanosilver is very controllable and simple;
however, AgNPs can easily aggregate during this method. For
example, in a previous work of Dacarro et al., AgNPs were
adsorbed directly on a PEI layer and were attached covalently.*
In that work, to prepare an AgNP complex in the PEI monolayer,
AgNPs capped with citrate (colloidal suspension) were
immersed in SURFACE-PEI glasses at room temperature for
different time intervals (15 minutes-18 hours).> Afterwards,
they were sonicated (obtained glasses) in water for 5 minutes. By
increasing the time of adsorption, the color changed (yellow,
red, brown, and black, sequentially), where black color indi-
cated the successful attachment of nanocomposites but with
aggregation. This process was repeated 2 times and then, the
glasses were blow-dried with a nitrogen stream and kept in the
dark, as illustrated in Scheme 1.**

For further study of Ag nanoparticles, AFM images were
obtained: the surfaces show very low roughness with
a homogeneous structure. Fig. 2a displaying SURF-PEI-NP-
modified glass slides prepared at 15 min shows that almost
282 NPs can be counted, leading to a lower amount of grafted
AgNPs. The AFM imaging of dipped slides for a longer time
(18 h) exhibited a larger NP diameter (Fig. 2b). The red shift
and the larger size were obviously related to the change in the
outer shape of NPs, as shown via absorbance spectra (Fig. 2¢
and d).

The results indicated that the glasses loaded with Ag(1) did
not show any significant changes in the contact angle when
compared to those modified with SURF-PEIL Also, 42 + 3
average static water contact angle for samples containing silver
ions was recorded.*® The height of NPs was 6.0 + 1.6 nm with
a diameter of 7 + 4 nm, as calculated by TEM.* To illuminate
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Scheme 1 Schematic representation of PEl-silane structure and two-
step synthesis of a AQNP monolayer grafted on PEI SAM?* (adapted
with permission from Royal Society of Chemistry, 2011).
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(a and b) AFM topography images (500 x 500 nm) of SURF-PEI-NP-modified glass slides prepared at 15 min (a) and 18 h (b) dipping

times. (c and d) UV-Vis spectra of the same slides ((c) 15 min, (d) 18 h dipping time)?* (adapted with permission from Royal Society of

Chemistry, 2011).

the higher quantity of Ag, which was found by an ICP-OES test,
it was assumed that the branched structure of PEI induced the
formation of multilayer nanoparticles instead of monolayer
ones.*

The second approach, namely, “in situ synthesis” is
comparatively harder to be achieved because of the silver ion
loading. It is more beneficial when compared to direct
attachment adsorption due to the formation of homoge-
neously distributed AgNPs in the matrixes.>” Silver nano-
particles were loaded by the in situ synthesis method. Via ion
interchange, Ag ions were immobilized using an AgNO;
solution. Silver ions (Ag") linked electrostatic pairs with the
carboxylate groups of PAA during the immersion step. The
loading step took 5 minutes. Then, silver was reduced by
a dimethylamineborane solution (reducing agent) to
generate Ag particles. The samples were washed in ultrapure
water between each loading and reduction step. This cycle
could be repeated as required to stimulate the growth of
AgNPs.?®

This matrix demonstrates the benefits of inorganic mate-
rials, such as chemical stability and mechanical strength, in
addition to the porosity, which permit ion exchange with the
surrounding medium.*

A dramatic color change was shown by the thin films when
they were immersed in the DMAB solution. Then, the samples
turned golden-yellowish instantly. Such a change in the visible
absorption spectrum of the samples was due to the SPR
phenomenon.***" The UV-Vis spectrum indicated the presence
of silver nanoparticles produced inside the coating. Moreover,

This journal is © The Royal Society of Chemistry 2019

elemental analysis using the EDX technique confirmed the
presence of silver inside the hybrid coatings (Fig. 3a and b).*®

The intensity of an absorption band is used as the indicator
of the amount of AgNP formed. When the samples are subjected
to numerous cycles, the quantity and the size of nanoparticles
increase.”® There is a direct relationship between the cycles
number and the amount of trapped AgNPs inside the thin film,
as shown in Fig. 3a.*®

Surface attachment via physical adsorption. In this phenom-
enon, the modification of a surface using polymers and
nanosilver composite coatings is simultaneous. Usually in
physical adsorption, the van der Waals forces are the main
forces that are responsible for the adsorption of species on the
surface of an adsorbent. Furthermore, other different forces
can be used to induce physical adsorption such as hydrogen
bonding and electrostatic forces due to dipolar attraction.
Since the forces that keep molecules in the liquid phase are of
electrostatic or van der Waals type, when a solid surface at
a temperature T is in contact with vapor, whose critical
temperature 7. is higher than 7, the system undergoes
multilayer adsorption. This phenomenon is manifested with
the formation of a relatively thick film, whose thickness
depends on the relative pressure of the vapor but is usually in
the 3-15 A interval (the relative pressure x is defined as the
ratio of the partial pressure p to saturated vapor pressure p, at
the considered temperature). This approach is simple and
inexpensive and it can be used to connect different functional
polymers containing nanoparticles on adjacent chemical
groups or charges.*> Moreover, most of the surface attachment

RSC Aadv., 2019, 9, 20118-20136 | 20121
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Fig. 3 (a) UV-Vis absorption spectra of the coating with different
numbers of loading/reduction cycles; (b) EDX image of the coating
with 4 dip/reduction cycles (PAA 20 mM)?® (adapted with permission
from SpringerNature, 2011).

can be formed in an aqueous medium at an ambient pressure
and low temperature; this approach is called the green
approach.®® 1In addition, bio-molecular recognition is
considered as a special case of the adsorption of polymers;3*
thus, the interactions between surfaces and biomaterials play
a special role in both natural and industrial processes: the
earliest forms of life might have been formed through the
assembly of molecules on clays; the adsorption-desorption of
proteins plays a fundamental role in the regulation of
metabolism, control of diseases, and repair of damaged
tissues. Drug delivery, design of biocompatible materials for
prostheses, and protein purification are just a few examples of
industrial importance where protein adsorption plays
a fundamental role.***

In another study, polyvinyl sulphonate (PVS) was used as
a stabilizing and capping agent to prepare antibacterial coat-
ings involving silver nanoparticles. In addition, PVS was
prepared by plasma polymerization. As the sulfonic acid groups
of PVS gave a negative total charge to the nanoparticles, elec-
trostatic binding occurred for the amine groups on the polymer
surface due to the negative total charge of the sulfonic acid

20122 | RSC Adv., 2019, 9, 20118-20136
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groups of PVS and the positive charge of the surface amine
groups.®*

The synthetic process is quick and very easy: Within seconds
from adding a reducing agent such as NaBH,, a colorless
solution turned dark yellow-brown. A picture of different-sized
silver nanoparticles is illustrated in Fig. 4b. An absorption
peak, which is the characteristic of silver nanoparticles with
different particle sizes, was observed, as shown in Fig. 4a. It is
worth mentioning that there was no absorption peak higher
than 450 nm, indicating the absence of aggregation. The
colloidal suspension was stable over months because there was
no change in the solution color and there was no precipitation.
Fig. 5 shows a demonstrative TEM image of AgNPs of various
size ranges with the corresponding high-resolution (HRTEM)
images and lattice fringes (d-spacing). In addition, the histo-
grams illustrate the range of particle size distribution.**

Most polydisperse and spherical nanoparticles were formed
in the size range from a few nanometers to slightly above 50 nm.
The generation of effective antibacterial surfaces by coupling to
polymer surface interlayers through a physical electrostatic
force was focused on. PVS maintained the stability of the
colloidal solution for a long time, preventing the aggregation
and precipitation of AgNPs. Moreover, Fig. 6 shows the TEM
images of partly sulfidized Ag-NPs.

Surface attachment via covalent bonding. Covalent bonding
(grafting process) of polymers can provide a new strategy to
form environmentally stable and quite-defined coating
composites (polymer/nanosilver) for a long-term use. It was
noticed that different chemical functional groups could be
embedded in the polymer coatings using organic synthesis
methods for the incorporation of nanosilver particles.””
However, there is one disadvantage of this approach, where
the covalent attachment is restricted to the limited number
of substrates; thus, new surface attachment techniques are
needed to cover other different substrates. Fig. 7 shows the
grafting process. To form imines, the aldehydes from
oxidized dextran reacted with the amines from the surface,
which  were reduced to amines with sodium
cyanoborohydride.

Accordingly, the existence of AgNPs can increase the film
thickness. The water contact angle of the hydrophilic dextran
was 20, as recorded for DEX-Ag. This result demonstrated that
AgNPs were mostly located inside the dextran coating.

Fig. 8 shows the UV spectra of the prepared films. Due to the
change in refractive index, the wavelength shifted from 400 nm
for surface Plasmon resonance-modified surfaces of silver to
412 nm in solution. The dispersion/aggregation of nano-
particles could be reflected by the breadth of the UV-Vis spectra
according to the concentration of AgNOj;. Fig. 9 shows larger
irregular aggregates of AgNPs in DEX-Ag5, but small AgNPs with
uniform dispersion and aggregates of moderate sizes were
present in the film of DEX-Ag2.%

The adsorption of different building blocks using the elec-
trostatic force is the basis of the layer-by-layer self-assembly (LBL)
approach that is used for the fabrication of functional ultra-thin
film coatings.*® The advantages of this approach are as follows:

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) UV-Vis extinction spectra and (b) the distinctive color of
different-sized silver nanoparticles®** (adapted with permission from
Royal Society of Chemistry, 2013).

(1) poly-electrolytes, nanoparticles, and bio-macromolecules can
be used as different building blocks; (2) we can practically adopt
any substrate with any geometry and chemical composition; (3)
the molecular level of chemical composition and nanostructure
can be observed; (4) this approach is simple, inexpensive, and
eco-friendly.*” The LBL approach is a preferred coating method
for the production of polymers with nanosilver composites.
Moreover, Fig. 10 summaries the different routes of coating via
polymerization methods.

In their work, through the use of a layer-by-layer (LbL)
nanofabrication technique, nanoparticle surface modification
chemistry, and nanoreactor chemistry, Li et al. constructed thin
film coatings with two distinct layered regions: a reservoir for
the loading and release of bactericidal chemicals and a nano-
particle surface cap with immobilized bactericides. This resul-
ted in dual-functional bactericidal surfaces bearing both
chemical-releasing bacteria-killing capacity and contact
bacteria-killing capacity.®

Scheme 2 shows the release of silver ions on a polystyrene
surface and the formation of a two-level dual-functional
antibacterial coating with immobilized quaternary ammo-
nium salts. The reservoir region was made of 20 bilayers of
polyallylamine hydrochloride (PAH, red lines) and polyacrylic
acid (PAA, blue lines); through polyelectrolyte LbL deposi-
tion, the cap region made of 10 bilayers of PAH (~20 nm in
diameter) and silica nanoparticles (SiO, NPs) could be
built.”® The loading of silver into the reservoir was achieved
by merely dipping the coated substrate into the solution of
silver acetate. The carboxylate-bound Ag® ions could be
reduced to zero-valent AgNPs after using a dimethylamine-
borane complex (DMAB) aqueous solution as the reduc-
tant.>®?*%%% The carboxylic acid sites were also regenerated by
the reduction reaction, making the reservoir able to be

This journal is © The Royal Society of Chemistry 2019
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“reloaded” by the repeated loading of Ag'/AgNPs and several
reduction cycles to embed a suitable amount of Ag inside the
coating.”®

As shown in Fig. 11, the cross-sectional TEM images
demonstrate that AgNPs were positioned around interfaces
near the interface of the reservoir/cap and mostly in the cap
region; some were placed near the reservoir/substrate inter-
face. In the case of wet-phase reduction, more mobility to the
nanoparticles was provided during the bulging of multilayers
with water.?®

2.1.2 Sol-gel method. The sol-gel method is one of the
well-established synthetic approaches to prepare novel metal
oxide NPs as well as mixed oxide composites. This method has
potential control over the texture and surface properties of the
materials. The sol-gel method mainly requires few steps to
deliver the final metal oxides and these are hydrolysis,
condensation, and drying.*” Initially, the corresponding metal
precursor undergoes rapid hydrolysis to produce a metal
hydroxide solution, followed by immediate condensation,
which leads to the formation of a three-dimensional gel. After-
wards, the obtained gel is subjected to the drying process, and
the resulting product is readily converted to a xerogel or aerogel
based on the mode of drying. The sol-gel method can be clas-
sified into two routes, i.e., aqueous sol-gel and nonaqueous sol-
gel methods depending on the nature of the solvent utilized.***

The sol-gel method can be used to form undoped and Ag-
doped TiO, nanocomposites. In this method, at room temper-
ature, 2.5 mL of tetrabutylorthotitanate (TBOT) was added
dropwise to a solution of 2.5 mL acetylacetone (AcAc) and 10 mL
ethanol and stirred for 30 min. Afterwards, 2.0 mL of deionized
water was added to the above solution, the pH was modified to
1.8 with HCI, and AgNO; was added (as a source of Ag) to the
prepared solution. After 2 h of stirring, a stable sol was finally
formed. The solution was heated on a steam bath and then, the
concentrated solution was placed for 48 h at 60 °C. By annealing
the dried solution for 1 h at 500 °C, two types of Ag/TiO,
compounds were obtained: dried bulk powders and pure
TiO,.**

The XRD patterns of pure TiO,, Ag/TiO, and Ag/PEG-TiO,
nanocomposites were studied. For all samples, the (101), (004)
and (200) diffraction peaks appeared at 2p values of 25.5°, 38.0°
and 48.3°, respectively. It could be observed that all pure and
doped samples were well crystallized and the only ingredient of
the nanocrystals was the anatase phase. The authors noticed
that 22.10, 18.50 and 17.23 nm are the average crystal sizes of
pure TiO,, Ag/TiO,and Ag/PEG-TiO,, respectively. It was found
that the particle size decreased due to Ag addition.

Fig. 12 shows SEM images of the different shapes of silver
nanoparticles fabricated through easy wet chemical methods.
Regarding the study of Ag/PEG-TiO,, it was found that the
nanocomposite powders presented very rough surface
morphologies, which indicated the existence of very large pores
in the matrix. Thus, the specific surface areas of pure TiO,
powders possessed more reactive sites contributing to the
photoreaction because they had a smaller size than the nano-
composite powders of Ag/PEG-TiO,.*** Near the surface of the

RSC Adv., 2019, 9, 20118-20136 | 20123
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Fig.6 TEM images of partly sulfidized Ag-NPs. The rightimage is at higher magnification and is centered on one of the nanobridges observed at
low magnification (left image)**c (adapted with permission from American Chemical Society, 2012).

nanocomposite film, high loading of silver nanoparticles was
embedded; they could be released when required for extended
time. In addition, Scheme 3 illustrates the graphical represen-
tation of the synthesis of shape-specific silver nanoparticles
using a green synthesis approach.*®

Thin films based on silica prepared by the sol-gel methods
(containing various amounts of AgNPs) were manufactured by
spin coating on the slides of a soda-lime glass microscope.
Four mL phenyltriethoxysilane was added to 4 mL ethanol to
prepare the solution. Then, after stirring for 30 minutes,
deionized water was added dropwise to the solution at room
temperature with continuous stirring. Afterwards, various
amounts of AgNO; were added to the solution.** Solutions with
lower Ag concentrations require several hours to be ready for
coating, while solutions with higher Ag concentrations need
a shorter time.*

/O\/

o) i/

THzTHzl INHzV |

Fig. 13A shows a schematic of the preparation of silver
nanocomposites containing mSiO,@NH,@Ag, which before
and after immersion in water were dried at 100 °C to control
the concentration of silver nanoparticles in the matrix.
Adding NH, to the mSiO, microspheres allowed the
absorption of the maximum amount of silver ions through
the complex and electrostatic interactions between Ag" ions
and amino functional groups. Beyond this limit, increasing
the concentration led to loose semi-spherical silver particles
and the accumulation of particles. Annealing the samples
for 2 h at 200 °C solved the problem of particle accumula-
tion. Fig. 1B and C show the SEM and TEM (inset) images of
mSiO,@NH,@Ag. As seen in the TEM image, the ordered
nanoporous SiO, layers are uniformly coated on the SiO,
core surface with thickness of ca. 30 nm and the nanopore
channels are perpendicular to the microsphere surface. The

Fig.7 The grafting process: previously aminated surfaces are immersed into a DEX solution containing AQNPs (DEX-Ag solution). The aldehydes
present in DEX react with the amines to form imines, which are further reduced to amines with sodium cyanoborohydride. As the reaction
proceeds, the AgNPs are entrapped in the DEX network, which is covalently attached to the surface® (adapted with permission from Royal

Society of Chemistry, 2011).

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 UV-Vis spectroscopy of silver embedded in dextran (DEX-Ag); concentrations of silver nitrate of 2 mM and 5 mM (A) (A = 412 + 2 nm) in
solution and (B) (A = 400 + 5 nm) grafted on to the surface of DEX-Ag2 and DEX-Ag5, respectively. The peaks are related to the silver surface
plasmon resonance. The sharp peak of DEX-Ag2 is related to the distribution of particles with narrow size; however, in the case of DEX-Ag5,
a broader band appears. When compared to the solution, DEX containing AgNPs attached onto the surface results in a slight blue shift. The TEM
micrograph shows spherical particles (scale bar, 20 nm) of AgNPs embedded in DEX-Ag2, where 4.8 + 2.6 nm is the average diameter of the
AgNPs*® (adapted with permission from Royal Society of Chemistry, 2011).

number of surface particles only reduced slightly and the considerably reduced but there was some nanosilver still left
cluster became semi-spherical, as shown in Fig. 13B. After 15 on the film surface, as shown in the SEM images in
days immersion in deionized water, the number of particles Fig. 13B.**

15.0 nm

D EX-Ag 5 H’mo nm

20 4

Height (nm)
N
1
Height (nm)
Height (nm)

1 T 0 T T T T T T T 1 0 * T L T L T 1
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0

X axis (um) x axis (um) X axis (um)

Fig. 9 Top: AFM topography images of grafted DEX (DEX) and grafted DEX with trapped AgNPs prepared using concentrations of 2 mM (DEX-
Ag2) and 5 mM (DEX-Ag5). The scan size is 2 x 2 pm?. The grafted dextran surface shows a uniform distribution of ~50 nm features and 2 nm
height across a relatively smooth surface. Individual AQNPs (~5 nm) and clusters distributed across the film uniformly on the surfaces containing
grafted dextran. In the case of DEX-Ag5, aggregates of irregular and larger shapes are observed. The z scales are 4 nm, 15 nm and 40 nm for DEX,
DEX-Ag2 and DEX-Ag5 respectively. Bottom: a line scan across the white line of the corresponding upper image of topography* (adapted with
permission from Royal Society of Chemistry, 2011).
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Fig. 10 The different routes of coating via polymerization methods. “LBL; layer-by-layer”.

It was found that the self-accumulation of AgNPs on the
dried film surface and the diffusion of Ag particles inside the
film occurred at a higher temperature. For the cases before
and after immersion in DI water, the Ag (3d) core-level XPS
spectrum of the silver-containing coating is shown in Fig. 14.
It was observed that 368.5 eV and 374.5 eV are the binding
energies of Ag (3ds/,) and Ag (3ds,,) peaks, respectively, and
6.0 eV is the splitting of the 3d doublet of Ag. This difference of

splitting confirmed the formation of metallic silver

nanoparticles.** After immersion, water could be absorbed by
the silver-containing coating into the film, and silver nano-
particles were ionized.**

2.2 Core-shell coating materials

The core or the shell substances determine the core-shell
nanostructure properties. We can control the core-shell
function by changing the constituting materials or the ratio
of the core to the shell. The functions of the coating

Scheme 2 Two-level dual-functional antibacterial design of coating with silver and quaternary ammonium salts. The coating process begins
with the LbL deposition of a reservoir made of bilayers of PAH and PAA. (A) A cap region made of bilayers of PAH and SiO, NPs is added on the top.
(B) The SiO» NP cap is modified with a quaternary ammonium silane, OQAS. (C) Ag* can be loaded inside the coating using the available
unreacted carboxylic acid groups in the LbL multilayers. Ag NPs are created in situ using the nanoreactor chemistry described previously?®

(adapted with permission from American Chemical Society, 2006).

This journal is © The Royal Society of Chemistry 2019
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Fig.11 Cross-sectional TEM images showing the two-level antibacterial coating with OQAS and silver. AQNPs resulting from two Ag loading and
reduction cycles were embedded inside coatings by a wet-phase reduction method using a complex solution of dimethylamineborane (DMAB)?®

(adapted with permission from American Chemical Society, 2006).

substances involve increasing stability, controlled release of
the core material or functionalization. The core-shell nano-
structures are mainly used in bioimaging, drug delivery,
controlled release of the drug, and other bio-medical
applications.*

The core-shell nanoparticles can be classified according to
the type of the coating substances into two classes: organic and
inorganic.*®

The organic NPs are related to the carbon-based compounds,
usually polymers, while the inorganic NPs are usually metal-
based compounds and can be sub-classified into metal nano-
particles, metal oxide nanoparticles, and metal salts. Generally,
metal nanoparticles are synthesized by the reduction of their
metal salts.’

2.2.1 Organic-coated NPs. Ionization and clustering of
AgNP surfaces over a long period usually occurs, leading to
decrease in the functionalization of the surface; coating them
using the layer-by-layer technique with an organic material (e.g.,
thiol-derivatives, xanthate, etc.) plays an important role in
shielding against ionization processes.*”"*

AgNPs are special materials because they have exceptional
chemical and physical properties in addition to the low cost.
Coating of AgNPs in a uniform manner (using the insulator
material as silica) enhances their optical properties,*>* dis-
persibility,® and inertness® and lowers cytotoxicity, which
facilitate biological applications. Hardikar and Matijevi¢
demonstrated a simple method for coating silver particles using
the Stober method with some modifications to control the
thickness of the shell over a period of 2-3 h, and to increase the
stability of the system (in water or in isopropanol) for six
months.** The laser ablation-assisted chemical reduction
method to has an advantage: on top of metallic nanoparticles,
a silica shell is directly formed without any passivation step.*”

2.2.2 Non-organic-coated NPs. Different applications were
noticed fields for non-organic-coated nano-
materials, such as solid state electronics, televisions and
computers. In addition, we recognized that these substances

in several

20128 | RSC Adv., 2019, 9, 20118-20136

could be used in the field of biomedical science as well as in
coating depending on their different configurations. These
nanomaterials are defined as any structure that has all three of
its dimensions in the nanoscale. Nanomaterials are often
tailored in different shapes, sizes, and compositions for
different functions in many applications such as health care,
biosensing, drug delivery, medical imaging and coatings.
Moreover, many types of these non-organic substances are
used for material coatings such as metal, bimetal, metal oxide
and metal-salt nanoparticles.

Metal nanoparticles. Metal nanoparticles have excellent elec-
trical, physical, optical and chemical properties; thus, they have
many applications in catalysis, optics, electronics, and
biomedicine.*®*® Silver nanoparticles, for example, are one of
the most commonly investigated nanomaterials due to their
biocompatibility and easy surface chemistry. The unique
properties of nanomaterials come from their special shapes and
sizes between bulk materials, atoms and molecules.

Bimetal nanoparticles. The silver-gold (metal-metal) core-
shell nanoparticles present superior optical and physical char-
acteristics over uncoated metal nanoparticles; thus, they can be
used in surface-enhanced Raman spectroscopy, photothermal
therapy, and catalysis.®® The electronic, optical, catalytic and
magnetic characteristics of the bimetal nanoparticles differ
from those of their individual metal nanoparticles.*

Another example is silver-platinum nanoparticles; they are
considered as good candidates for the coating process. There
are different kinds of silver-platinum nanostructures, i.e., alloy
nanoparticles®® or core-shell nanostructures, which may be
silver cores coated with platinum®*® or platinum cores coated
with silver.®*

Metal oxide nanoparticles. The metal oxide nanoparticles
have excellent chemical and physical properties and play
important roles in drug delivery and catalysis; they can also be
used in the manufacturing of semiconductors, sensors and
fuel cells.®® In biomedical applications, a silver iron oxide
core-shell nanostructure allows adding a magnetic function to

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 FE-SEM images of the (A) spherical, (B) oval, (C) rod and (D) flower-shaped silver nanoparticles at low and (E) high magnifications*®®

(adapted with permission from Royal Society of Chemistry, 2015).

AgNPs. This nanostructure can solve the problem of the
biocompatibility of AgNPs and decrease their direct contact
with tissues.®®

Metal salt nanoparticles. Copper sulfide is a transition metal
compound that is present in nature. It has high capacity and
conductivity and can be used in the manufacturing of sensors,
solar cells and battery cathodes.®” A core-shell nanostructure of
silver copper sulfide used as the silver nanowire increases the
electrochemical processes of copper sulfide through reducing
its resistance to charge transfer.®®

This journal is © The Royal Society of Chemistry 2019

3 Cytotoxicity of coated and
uncoated AgNPs

AgNPs have a cytotoxic effect against mammalian cells; scien-
tists studied the cytotoxic effect of uncoated AgNPs and the
AgNPs coated with either chemical or biological substances.®
The factors contributing to the cytotoxicity of AgNPs are the
shape, size, and surface charge or coating and the release of the
ionic form of silver.

RSC Adv., 2019, 9, 20118-20136 | 20129
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Scheme 3 Graphical representation of synthesis of shape-specific
silver nanoparticles using the green synthesis approach*®® (adapted
with permission from Royal Society of Chemistry, 2015).

AgNPs may disrupt the membrane of the cell, affect the
production of ATP and the replication of DNA, change the gene
expression, and oxidize the biological compartments of the cell
through the production of ROS. The silver ions released by
AgNPs may block the respiratory chain of the microorganisms
in the cytochrome oxidase and NADH-succinate dehydrogenase
region.”” The mechanisms of the action of the AgNP antimi-
crobial effect and the active transport of nanoparticles into cells
are represented in Fig. 15 and 16, respectively.

Cytotoxicity reactions are caused by increasing the levels
of reactive oxygen species, decreasing the levels of intracel-
lular glutathione, and decreasing the potential of the mito-
chondria membrane.” AgNPs can cause inflammation of the
epithetical cells of lungs and macrophage inflammation.”
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Fig. 14 XPS spectra of (a) mSiO,, (b) mSiO,@NH,; and (c) mSiO,@-
NH,@Ag; inset is the high resolution Ag 3d XPS spectra of mSiO,@-
NH,@Ag* (adapted with permission from Royal Society of Chemistry,
2015).

Studies show that AgNP cytotoxicity depends on the size and
also on the coating substances as the size of the nano-
particles, including that of silver, is related to their uptake by
the cells.”

Researchers proposed that the coating of the nanoparticle
surface increases the stability and the dissolution of the
nanoparticles.” The cytotoxic effect of AgNPs depends on
specific factors such as (1) size (the small particle size corre-
sponding to the higher toxicity degree); (2) aggregation
(aggregated AgNPs decrease the cytotoxic effect); and (3)
coating (the coating of AgNPs usually decreases the cytotox-
icity of AgNPs).”®

The toxicity mechanism of AgNPs depends on their chemical
attraction to the surface of the cells and the dissolution of the
silver ions from the nanoparticles; the coating of the AgNPs
affects their cytotoxic mechanism.”

A
(1) CTAB, TEOS (1) APTS Reduction 2
(2)Removal of CTAB I (2)AgNO, =
{ ]
Sio, mSio, mSiO2@NH,@Ag+ mSiO,@NH,@Ag

Fig. 13

(A) Schematic illustration of the procedure for the preparation of mSiO,@NH,@Ag. (B) SEM image of mSiO, microspheres. (C) SEM image

of mSiO,@NH,@Ag. The insets show the low-magnification and high-magnification TEM images of mSiO,@NH,@Ag* (adapted with permission

from Royal Society of Chemistry, 2015).
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endocytosis

D. Extra-cellular ROS generation
E. Intracellular ROS generation

F. Generation of toxic metal ions

Fig. 15 Schematic representation of the mechanisms of action of the AgNP antimicrobial effect’®® (adapted with permission from American

Chemical Society, 2019).

The surface area and the size are also major factors that are
used to determine the levels of cytotoxicity; therefore, the
coating material can affect the cytotoxicity mechanism as it can
perfectly affect the surface area, shape and physical properties.””

The cytotoxicities on silver nitrate and the other three types
of AgNPs were studied when coated with different coating
substances (PVP, CTAB, and citrate) spread of Allium cepa roots.
Their study confirmed that all the investigated AgNPs caused
oxidative stress and showed that the uncoated silver is highly
toxic than the coated one, affirming that the cytotoxicity also
depends on the concentration of the nanoparticles.” In another
study, the synthesized silver nanoparticles (using biological
synthesis) coated with zinc oxide decreased the cytotoxicity of
AgNPs against the human cancer cell line A431.7°¢ The cyto-
toxicities of doped and undoped AgNPs with some other
different parameters related to these materials are summarized
in Table 1.

In addition, many groups demonstrate a concern about
the cytotoxicity in vivo. As an example, Tang et al. studied the
cytotoxicity in vivo and found that the power of novel vaccine

strategies shows rapid and quantitative analysis through
their experimental evaluation of target cells expressing
a luciferase reporter gene. The experiment was set up via
implanting the genes as monolayers on polystyrene disks
into the muscle tissue of mice. The luciferase activity
retrievable from the adjacent tissue was used as an index of
cytotoxicity. The implantation of B16 or NIH/3T3 cells
caused the expression of the beta-galactosidase gene and
indicated that the target cells migrated to the muscle tissue
from the polymer within 4 h and then remained localized in
the area of the disk. They found that the amounts of lucif-
erase retrievable from the adjacent tissue a few days post
implantation could be readily detected by the immune
response induced by the allo-immunization of fibroblasts or
by the production of interleukin-4 by the tumor cells co-
mixed with implanted reporter cells.”*

4 Optical properties of silver NPs

One of the most important features of silver nanoparticles is

their optical property; they can be used in many

A. Nanoparticles approaching
active transport receptors

B. Receptor-mediated
translocation of nanoparticles

C. Receptor-mediated
endocytosis of nanoparticles

Fig. 16 Schematic representation of the active transport of nanoparticles into cells’®® (adapted with permission from American Chemical

Society, 2019).

This journal is © The Royal Society of Chemistry 2019
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The smaller nanoparticles exhibit more

toxic effects than the larger ones
Cell viability of uncoated silver

5-100 pgmL™'  4-48 h
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viability assay (CTB)
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25 nm

Polysaccharide

nanoparticles was maintained at 50%.

and 72 h

However, for coated silver nanoparticles,

the cell viability decreased to only 20%
Both types of coated AgNPs decreased
cell proliferation and viability with

a similar toxicity profile
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applications owing to their absorption in a wide range of
wavelengths. In recent years, there has been increasing
interest in the use of nanoparticles because they have
different physical, chemical and optical properties from the
bulk materials. Metal nanoparticles are gaining importance,
which is caused by their surface plasmon resonance (SPR),
allowing higher sensitivity and a faster response as optical
sensors.*

AgNPs have many potential applications in different fields
due to their unique optical properties.®® The surface of AgNPs
easily changes according to the weakly stabilized binding
layer of ligands (as citrate);**®*” thus, these layers can be
easily replaced with different materials such as organic,
inorganic and polymer materials to improve the optical
properties.®®

A previous study suggested that in the Ag/ZnO nano-
composite, the thin film thickness is an important factor that
affects photoluminescence due to the improvement in the UV
emission with an increase in the film thickness; however, it
can decrease again when the thickness of the film is more
than six layers.*® Direct coating of AgNPs and embedding
a thin interlayer of AgNPs in a matrix of polyvinyl alcohol
films can affect the optical properties. This thin interlayer
can affect the microstructural and the optical properties of
the thin film by lowering the optical band gap from 3.66 eV to
3.57 eV with the increase in temperature from 20 °C to 200 °C,
respectively.”® In addition, to increase the chance of coated
AgNPs as optical limiting materials, spherical AgNPs were
prepared by using the seeding growth method; a silica
coating was used to obtain an Ag/SiO, core-shell structure.
Finally, Ag/SiO, was doped into polydimethylsiloxane
rubbers to determine the optical limiting property to a laser
at 532 nm. It showed a great optical restricting impact, which
is of high importance for nonlinear optical absorption and
refraction.®*

Due to the great optical properties of AgNPs, they were
incorporated into an optical test strip for the quantitative
determination of hydrogen peroxide (H,O,) in aqueous
solutions. AgNPs were synthesized by in situ reduction in
a Nafion-117 membrane previously absorbed with ascorbate
ions (HA). The quantitative determination of H,O0,
concentration could be estimated over a wide range of
concentrations by decreasing the intensity of the localized
surface plasmon resonance of the membrane. Ajitha et al
studied the evaluation of PVA-capped AgNPs as LSPR-based
optical hydrogen peroxide sensors with the additional
advantage of lowering detection limits than the conventional
enzyme-based biosensors (Fig. 17).2

Furthermore, AgNPs coated with polysaccharide dextran
formed stable colloids that displayed high sensitivity and
selectivity for cysteine detection in aqueous solutions among
a dozen amino acids with a high detection limit (12.0 uM).*»*?

Silver-carbon core/shell structures helped strengthen
plasmon resonance and stability and increased the ability to
adsorb proteins and other molecules on their surface by
standard cross-linking, allowing them to be used in prom-
ising biological applications such as optical labeling.**

This journal is © The Royal Society of Chemistry 2019
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Fig. 17 Possible mechanism and schematic representation of (a) the reaction between PVA-coated AgNPs and H,O, and (b) the decrease in the
absorbance intensity with increasing H,O, concentration. (c) Optical absorption characteristics of different concentrations of PVA-capped
AgNPs. (d) LSPR optical absorbance spectra of AgNPs as a function of time after the addition of 10-3 M H,O,. (Inset: AQNP solution (i) before and
(i) after the addition of H,O,). (e) The correlation between the optical absorbance strength changes after 30 min with respect to different
concentrations of H,O, added to the PVA-AgNPs. (f) Relationship between the absorbance intensity and reaction time for different concen-
trations of H,O,%? (adapted with permission from Royal Society of Chemistry, 2016).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 20118-20136 | 20133


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02907a

Open Access Article. Published on 27 June 2019. Downloaded on 6/12/2026 5:49:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

5 Conclusions

AgNPs are widely used in electronic, antimicrobial, optical, and
medical fields. Biological applications are limited in compar-
ison with that of their counterparts in other fields due to the
toxicity of AgNPs. It was found that the coating of AgNPs
reduced their toxicity and increased their stability. The thera-
peutic applications of AgNPs depend on their size, shape, and
surface coatings. There are many functions of a coating
substance, such as increasing stability, controlling the release
of the core material or adding a specific function. The recent
coating methods of AgNPs were presented in this article, such
as polymerization, sol-gel and SILAR methods. The two main
classes of coating materials (organic and inorganic) were also
reviewed briefly. It was affirmed that the cytotoxicity of
uncoated AgNPs is higher than that of coated AgNPs. The
surface coating with different substances usually prevents the
release of the ionic form of silver and change in the shape and
size of AgNPs. The optical properties of AgNPs are greatly
affected by the type of the coating material and thickness due to
the shifts in the surface plasmon resonance of AgNPs even in
the case of a thin layer form. The great affinity of AgNPs to
biological substances such as proteins facilitates the produc-
tion of biosensors with a high detection limit in comparison
with the classical methods used in biological applications.

Although the researchers aim to find a simple, fast and
inexpensive way to produce novel coated AgNPs with special
physicochemical properties (decreasing the cytotoxicity or
increasing the optical properties), they need to assess the safety
of new nanoparticle materials on the living system and the
environment. Finally, in the future, there is the requirement to
understand the nature of the interaction mechanism between
nanoparticles and the surrounding more clearly.
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