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Preface to "Nanostructured Materials based on Noble
Metals for Advanced Biological Applications”

This book is my positive answer to a call I received from Nanomaterials. In my opinion the
topic “Nanostructured Materials Based on Noble Metals for Advanced Biological Applications” is
a hotspot of the international and interdisciplinary research between several emerging and advanced
applications fields, such as nanosensors and nanomedicine. It is nowadays generally accepted that
nanostructured noble metals allow the production of highly competitive materials. In fact, a specific
design and rather simple and reliable preparation techniques can be used to obtain optimized
material uses and possibilities for their reusability. One expects amazing future developments for
these nanotechnologies from research laboratories to key industrial areas. I consequently accepted,
with pleasure, the invitation to serve as Guest Editor for this Special Issue, that presents some
advanced methods of gold and silver nanomaterials preparation/synthesis as well as their innovative
applications. The book opens with an editorial that presents the various works and their common
thread. The first contribution is a review broadly based on metallic nanoparticles in the biological field
followed by more specific works on gold nanoparticles to be used in various advanced applications,
such as theragnostics. Following is a study on the current state-of-the-art on the use of silver
nanoparticles in nanomedicine. At the end of this collection of research, we find silver nanoparticles
used to develop applications in the environmental and biotechnology fields. The resulting volume
proved to be international, with authors from several countries (France, Germany, Korea, Israel, Italy,
Romania, Spain). All contributions represent works from prominent universities and research centers
all over the world. I, as Guest Editor, and the MDPI staff are pleased to offer this Special Issue to all
interested readers to the wide world of nanomaterials.

Iole Venditti
Special Issue Editor
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Abstract: This special issue focuses on highlighting the progress of last decade regarding the
new nanostructured materials based on noble metals, especially gold and silver. Innovative
preparations, functionalizations, and characterizations of these nanomaterials are investigated.
Moreover, biotechnological applications, and advanced uses of these compounds for environmental
sensing are reported. In particular gold and silver nanomaterials are widely studied due to their high
stability, amazing chemical—-physical features and, for silver, marked antibacterial properties. It is
also hoped that the current special issue will encourage multidisciplinary research on noble metal
nanomaterials, expanding the range of potential biological applications. This must be associated with
improvements in synthetic methods and with economic feasibility studies of the proposed processes,
also exploring the ecotoxicological aspects.

Keywords: nanomaterials; noble metal nanoparticles; gold nanomaterials; silver nanomaterials;
hybrid metal-polymer nanoparticles; nanomedicine; biotechnological applications; nanomaterials for
drug delivery; nanomaterials for sensing

Nanostructured materials based on noble metal nanoparticles (NPs) allow synergistic enhancement
of their functional properties due to the low dimensionality. In fact, nanodimension is the strategic
key for a wide range of bio-applications, such as biosensors, biocatalysis, drug delivery, imaging, and
theranostic applications [1-5]. A huge variety of new materials and composites have been improved,
mainly via chemical approaches, using metal surface engineering to build new synergic hybrid systems,
in particular based on gold and silver nanoparticles (AuNPs, AgNPs) [6-8].

This special issue focuses on highlighting the progress of new nanostructured materials, based
on noble metals, their preparation, functionalization, characterization, and advanced application in
biological fields. In fact, in this last decade, gold and silver nanoparticles have been widely used
in advanced biological technologies, thanks to the high stability of the former and to the marked
antibacterial properties of the latter.

Burdusel et al. [9], make a review about nanostructured silver compounds intensively explored
for unconventional and enhanced biomedical applications, thanks to their size-related attractive
physicochemical properties and biological functionality, including their high antimicrobial efficiency
and non-toxic nature. AgNP-based nanosystems and nanomaterials are suitable alternatives for drug
delivery, wound dressing, tissue scaffold, and protective coating applications. Various physicochemical
parameters were related to the intrinsic antimicrobial effects exhibited by AgNPs, such as size, shape,
concentration, surface charge, and colloidal state. Moreover, the impressive available surface of
nanosilver allows the coordination of many ligands, thus enabling tremendous possibilities with
respect to the surface functionalization of AgNPs.

There is a significant amount of research data proving the beneficial effects of AgNPs in novel
biocompatible and nanostructured materials and devices developed for modern therapeutic strategies.
In addition to their attractive and versatile antimicrobial potential, AgNPs provide additional
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mechanical, optical, chemical, and biological peculiarities that recommend them for the design,
obtaining, evaluation, and clinical assessment of performance-enhanced biomaterials and medical
devices. Still, thorough investigations regarding their short-term and long-term toxicity, as well as the
responsible toxic-related mechanisms, are required.

The current limitations related to conventional healthcare practice and the latest challenges
resulting from nanosilver-based technology outline the impressive potential of silver nanoparticles
in biomedicinal applications. Whether we consider the modification of available biomaterials and
devices or the development of novel nanostructured ones, AgNPs are ideal candidates for achieving
the very close modern biomedicine desideratum.

Auria-Soro et al. present a review on the significant impact of nanotechnology on medicine [10].
The studies about the biological response to NPs are greatly investigated in parallel with nano-bio
interactions, which have influenced NP design. Both were in concordance with the evolution of NPs for
biomedical applications. Many studies have investigated and demonstrated that NPs can enter into the
human system. Therefore, the NP characteristics on biological systems, such as their physicochemical
properties (size, shape, surface, coating and morphology, surface charge, hydrophobicity, chemical
composition, structure, and the state of agglomeration), the types of biomolecules present, and the
bio-identity of NP protein corona are important issues to characterize in order to know how they
interact with cells, organisms, biological medium, biomolecules, and other biological systems or even
with other nanomaterials. These studies helped determine their possible biocompatibility and toxicity
in biological micro-environments and to engineer nontoxic nanomaterials, which may be used in
biomedical applications.

With the potentially wide application of NPs in the future, these may be extensively used
in various fields, especially in immunotherapy for clinical diagnosis and therapy based on their
size, biocompatibility, surface chemistry, and adjustable toxicity. Immunotherapy combined with
nanomedicines may be used to treat different types of cancer due to their excellent efficacy in penetration,
specific retention, and killing of tumor cells.

The human proteome study [11] can be an arduous and discouraging task due to the high number
of proteins, encoded by around 25,000 different genes, from which multiple protein variants are
generated by post-translational modifications. The concept of proteomics involves a comprehensive
study on the structures, localizations, post-translational modifications, functions, and interactions of all
proteins expressed by an organism at a certain time and under certain conditions. The nanotechnology
field has been expanded by providing innovative methods capable of responding to proteomic demands.
In this sense, nanotechnology applications in proteomics have established a novel technical platform
termed “nanoproteomics.” Detection techniques without labels are useful in the study of protein
interaction kinetics, thanks to avoiding steric impediments caused by the presence of labels. The design
and development of new multi-functional platforms based on nanomedicine could be of great interest
in the unlabeled detection of protein—protein interactions given the possibility of synthesizing de novo
proteins “in vitro” in the presence of these nanosystems.

Jang et al. investigate a facile and effective shape-controlled synthesis of gold nanostructures
and their photothermal therapeutic effect [12]. The described procedure involves the simple mixing
of tetrachloroauric acid (HAuCly) and Ethylenediaminetetraacetic acid tetrasodium salt (EDTA
tetrasodium salt) in an aqueous solution at room temperature, without additional ligands or toxic
reagents. Adjusting the molar ratios of HAuCly to EDTA tetrasodium salt enables effective morphology
control of Au nanostructures from spheres to branched forms and nanowire networks. Detailed
control experiments revealed that the four deprotonated carboxylic acids of the EDTA tetrasodium
salt provided effective growth control and stabilization. The Au nanowire networks showed strong
absorption in the near-infrared (NIR) region and hence were suitable for photothermal therapy. Under
NIR irradiation, the Au nanowire networks allowed for selective destruction of cancerous human
primary glioblastoma cells (U87MG cells) by local heating, generated by the NIR absorption. This work
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demonstrates the development of a simple synthetic route to NIR-active Au nanostructures, which can
be extended to other applications including optical sensing and surface-enhanced Raman scattering.

For effective placement of target analytes on sensor surfaces and their monitoring, Lee et al.
present a straightforward measurement method based on nanoplasmonic sensors of double-bent
Au strip (DAS) arrays, multiple dip-coating of analytes, self-alignment of analytes in the region of
strong plasmonic fields, and spectrometric monitoring of localized surface plasmon resonance (LSPR)
peaks [13]. Using this method, closely packed polystyrene (PS) beads in the valleys of the DAS array
and pH-dependent stability of the exosomes were successfully monitored in terms of shifts in the LSPR
peaks. As a small amount of target analytes can accumulate in the plasmonic hot spot due to multiple
dip-coating cycles, and the LSPR peak can be measured with a conventional UV-vis (ultraviolet-visible)
spectrometer under physiological conditions, it is expected that the proposed measurement platform
will be useful for studying the stability of various drug delivery vesicles and their efficiencies.

Fratoddi et al. prepare conjugates between strongly hydrophilic gold nanoparticles, AuNPs,
and copper(l) complexes [14]. In particular, loading and release studies were performed
using two different copper(I) antitumor complexes, namely [Cu(PTA)4]*[BF4]~ (A; PTA =
1,3 ,5-triaza-7-phosphadamantane) and [HB(pz); Cu(PCN)] (B; HB(pz); = tris(pyrazolyl)borate, PCN =
tris(cyanoethyl)phosphane). In the water-soluble compound A, the metal is tetrahedrally arranged
in a cationic moiety, while compound B is a mixed-ligand (scorpionate/phosphane), neutral complex
insoluble in water. Loading protocols and efficiency are also related to these structural aspects and were
optimized to obtain loading efficiency n = 90 + 4% and n = 65 + 10%, respectively, for AuNPs-A and
AuNPs-B. Structural differences of A and B induced different behaviors regarding the interactions with
the gold surface, as showed by the high-resolution X-ray photoelectron spectroscopy (HR-XPS) studies.
In fact, for compound A, nitrogen partially transfers electrons to the surface of the metal nanoparticles,
creating an interaction that causes a slow release in water, less than 10% in 4 days. On the other hand, in
B compound the N=C-R groups hook onto the surface of the gold, producing a strong interaction that
makes the release not appreciable in the same time interval (up to 4 days). Therefore, both AuNPs-A
and AuNPs-B represent promising examples of water-soluble gold nanocarriers suitable to improve
the bioavailability of synthetic drugs, especially considering the enhanced permeability and retention
(EPR) effect of AuNPs. AuNPs-A, which achieved a slow release, opens the way for biological in vitro
studies to explore the synergic activity of copper complexes and gold nanoparticles.

Rinaldi et al. load hydrophilic AgNPs in two different niosomes, producing two systems, namely
NioTw20 + AgNPs and NioSp20 + AgNPs [15]. A deep physical-chemical characterization was
carried out to obtain information on the influence of AgNPs on the preparation and features of
niosomal formulations. First of all, the dynamic light scattering (DLS) studies confirm the nanosize
and stability of both systems in water. Moreover, the entrapment efficiency for the two systems was
investigated, and it was more efficient for Span 20 than Tw20 niosomes, which was probably related
to their different internal structures. Microviscosity and polarity investigations demonstrated that
no interactions occurred between the niosomal double layer and the AgNPs, which were probably
located inside aqueous compartments. The small-angle X-ray scattering (SAXS) data confirmed the
presence of the AgNPs located inside the aqueous compartment of the two niosomal systems, and also
allowed highlighting the different structures of their double layers. The morphological characterization
indicates that the niosomes maintained spherical shapes. Moreover, stability was confirmed in water,
bovine serum, and human serum. Moreover, hydrophilic and lipophilic probe release profiles were
obtained in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and in human serum. In
conclusion, both systems evidenced the entrapment of AgNPs: NioTw20-AgNPs and NioSp20-AgNPs.
The two systems are stable in water, bovine serum, and human serum, and maintain the ability to
entrap also hydrophilic or lipophilic model molecules. This work demonstrates that the niosomes’
features are not altered by AgNPs loading and confirms that these niosomal formulations are good
candidates for the delivery of AgNPs together with other drugs, opening new promising ways for
their biotechnological applications.
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In the last article of the special issue, silver nanoparticles are investigated as sensing materials for
Hg?* in water [16]. AgNPs were synthesized using hydrophilic capping agents, i.e., citrate (Cit) and
L-cysteine (L-cys). The characterization by means of UV-vis, Fourier transform infrared spectroscopy
(FTIR), HR-XPS and near edge X-ray absorption fine structure (NEXAFS) spectroscopies, confirmed
the surface functionalization. Their nanodimensions were studied by DLS and transmission electron
microscopy (TEM) analysis, showing diameter less than 10 nm. AgNPs showed high selectivity
and sensitivity for Hg?* in water (concentration range: 1-10 ppm) respect to 16 different metal ions
investigated. The AgNPs-Hg?* system was deeply investigated by means of DLS, inductively coupled
plasma mass spectrometry (ICP-MS), TEM and HR-XPS. Measurements of Ag concentration in fresh
and marine aqueous media showed low Ag* ions release, probably due to the good Cit/L-cys covering,
also confirmed by HR-XPS data. Moreover, AgNPs ecosafety was confirmed by ecotoxicity tests which
showed no effects on algal growth of both freshwater R. subcapitata and marine P. tricornutum algae in
the range of tested concentrations (10-500 mg/L). Our results further support the hypothesis that this
specific coating of AgNPs prevent dissolution of Ag* ions in both fresh and saltwater. These results
open new ways for AgNPs sensing applications in environmental tests on more complex biological
systems, up to tests on real environmental aquatic scenarios.

In conclusion, as editor of this special issue, I am aware that the diversity and innovation of new
compounds and tools that are rapidly developing in the field of multidisciplinary research related to
nanomaterials based on noble metals, cannot all be collected in a single volume. However, I am sure
that this collection will contribute to the interest of research in this area, providing our readers with a
broad and updated scenario on this topic.
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Abstract: Nanotechnology is a multidisciplinary science covering matters involving the nanoscale
level that is being developed for a great variety of applications. Nanomedicine is one of these attractive
and challenging uses focused on the employment of nanomaterials in medical applications such as
drug delivery. However, handling these nanometric systems require defining specific parameters to
establish the possible advantages and disadvantages in specific applications. This review presents the
fundamental factors of nanoparticles and its microenvironment that must be considered to make an
appropriate design for medical applications, mainly: (i) Interactions between nanoparticles and their
biological environment, (ii) the interaction mechanisms, (iii) and the physicochemical properties of
nanoparticles. On the other hand, the repercussions of the control, alter and modify these parameters
in the biomedical applications. Additionally, we briefly report the implications of nanoparticles in
nanomedicine and precision medicine, and provide perspectives in immunotherapy, which is opening
novel applications as immune-oncology.

Keywords: nanoparticles; interactions; protein corona; nanomedicine; biomolecules

1. Introduction

One definition of nanotechnology comes from the statement by the US National Science and
Technology Council [1], which states: “The essence of nanotechnology is the ability to work at
the molecular level, atom by atom, to create large structures with fundamentally new molecular
organization. The aim is to exploit these properties by gaining control of structures and devices
at atomic, molecular, and supramolecular levels and to learn to efficiently manufacture and use
these devices.” Other authors describe nanotechnology as the combinatorial study and integration
of scientific technological advances and medical engineering at the nanoscale level [2,3]. All these
definitions cover the design and manipulation of nanomaterials. Therefore, nanomaterials, which are
one dimension smaller than 100 nanometers, enhance physical, chemical, and biological properties of
the original material [4].

Over the last few years, nanotechnology and related disciplines have undergone an exponential
growth in applications such asnanomedicine, energy and electronics, and the environment and materials

Nanomaterials 2019, 9, 1365; doi:10.3390/nan09101365 6 www.mdpi.com/journal/nanomaterials
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because of the unique properties of nanomaterials [5]. Nanomedicine involves the development
of nanoparticles (NPs), among other nanocomponents and devices. For the molecular diagnostics,
nanomedicine includes treatment and prevention of human diseases thanks to their compatibility with
biomolecules [6].

Currently, NPs have an impact and show an increasing presence in many scientific designs and
developments [7]. These have a number of disadvantages, such as the cytotoxic effects in living
organisms, which may limit their use within the clinical setting [8]. However, important advantages,
which make them an ideal approach for biomedical applications, such as their intrinsic ability to enter
the human body through inhalation, the skin and digestive routes depending on their physicochemical
properties potentially accesses vital organs through the blood flow [9]. However, some key factors
must be taken into consideration during the bio-nano-interface construction: (i) The interaction of
nanoparticles with their ecosystem, mainly with other nanomaterials and biomolecules. Some studies
show the possibility of using AgNPs as antibacterial agents thanks to high toxicity against human
pathogenic bacteria. In this sense, Singh T. et al. have demonstrated the use of endophytic fungi
Alternaria sp. to synthetize AgNPs [10]. (ii) Their physicochemical properties achieve a suitable design
such as particle size, shape, dispersity, surface charge, and protein corona effects. Protein corona
is a complex plasma proteins layer around the NPs that takes place after systemic administration,
when nanoparticles are exposed to physiological proximal fluids, which is mostly blood.

The adsorption of dozens of proteins with varying identities and quantities on the NPs can modify
their physicochemical identity, cellular uptake, targeting, circulation lifetime in the blood, and influence
the physiological response and toxicity [11]. In this sense, a number of molecules can be used to
maintain the integrity and stability of NPs in biological fluids [12]. Dutta P.H. et al. synthesized and
characterized two types of NPs, AgNPs, and AuNPs, in order to design an antimalarial nanomaterial.
For it, they optimized the size, shape, and surface morphology of the bio-synthesized NPs and showed
that AgNPs had insignificant and lower cytotoxicity against several human cancer cell lines than
AuNPs. [13]. (iii) As well as the interacting bio-compounds (biomolecules, cells, proximal fluids) that
favor a physical, chemical, and mechanical relevant process [1,5]. Mirkin showed that siRNA-based
gold nanoparticles inhibit its enzymatic degradation and facilitates its uptake by Hela cells [14].

Despite their potential advantages and promising applications, NP entrance in a physiological
environment may be problematic due to different intrinsic NP characteristics. These particles may
appear embedded in human proximal fluids, inside cells and culture media among others. Thus,
there are multiple conditions and a huge variety of biomolecules potentially interacting with the NPs.
This previous knowledge is important for predicting their impact [15]. Because of these inherent
interactions, the NPs might have a heterogeneous morphology, which is also correlated with the
resulting immuno-biocompatibility and safety of these nanomaterials.

In this case, this mini-review focused on the global interactions of NPs and biomolecules in
biological environments, which play a critical role in biomedicine applications.

2. Nanoparticle-Cell Dynamics

In general, NPs enter the cells through different internalization mechanisms (Figure 1), accumulate
in targeted organs, and are later eliminated.
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Figure 1. Schematic representation of different ways to enter nanoparticles (NPs) in the human body
and inside cells.

Their small size allows them to enter the human body by inhalation, ingestion, or through the
skin. Once in the extracellular fluid, they are conjugated with biomolecules presented in the media,
which allows them to internalize in the cells.

2.1. Cellular Internalization

Nanomedicines based on NPs must cross the cell membrane by different mechanisms (phagocytosis,
micropinocytosis, clathrin-dependent endocytosis, caveolae-dependent endocytosis, or by direct
penetration) to produce an effect inside the cells [16] because, usually, cell membranes are impermeable
to NP diffusion. Moreover, non-specific internalization mechanisms may induce toxicity. Since a lack
of biocompatibility is desirable, it becomes a suitable mechanism for internalization [17].

As expected, the NP size directly affects the internalization process. In fact, NPs in the range of
10-100 nm achieve higher cellular uptake and, on the other hand, small ones imply a higher energy
cost to the cells [18]. Usually, NPs larger than 100 nm are internalized by specialized phagocytic cells
(such as macrophages, dendritic cells) which allows targeted design.

Furthermore, the optimal size for internalization inside the cells is strongly linked to the NPs
surface chemistry. In general, Van der Waals or electrostatic forces are critical in the NP interactions
with biomolecules and cells. In fact, several studies show correlation between zeta potential and
endocytosis/exocytosis mechanisms [19]. Then, specific cellular internalization could be targeted to
favor specific interactions (i.e., employing affinity ligands) as opposed to nonspecific interactions (i.e.,
hydrophobic). In this sense, antibody-coated NPs present an internalization potential in targeted cells
four to eight folds higher than positively or negatively charged NPs without the affinity component [20].
Besides the use of antibodies for targeting delivery, non-specific interactions through chemical moieties
are always present and influence target affinities, which must be always taken into consideration.

Protein adsorption also depends on the NP shape and, consequently, affects the cellular uptake.
It seems that spherical and highly homogeneous NP conjugates have better cellular uptake than
amorphous and non-geometrically symmetric nanoconjugates [21]. Moreover, several authors claim
that shape could be employed to prevent non-specific cellular internalization in the targeted cells [19].

2.2. Tumor Accumulation

NPs accumulate preferentially in tumor tissues in comparison with the normal ones [22]. This is
mainly because the vessels around the tumoral tissue have a higher permeability (than the normal
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vessels) and tumors have impaired lymphatic drainage, which leads to retention of the permeated NPs.
This is an effect called enhanced permeation and retention (EPR) [23-25].

Tumors are densely packed with cells and the extracellular matrix. Thus, NP size plays an
important role in the diffusion and accumulation inside the tumor. The accumulation within the tumors
could be modulated by the NP physical dimensions and surface chemistry. In general, diffusion and
NP size are inversely correlated [26]. Small size NPs can diffuse freely across tumoral tissue and present
a widespread distribution within normal tissues. However, small NPs can easily and quickly clear
out. Size is important for other purposes such as when NPs are applied as imaging agents helping to
distinguish normal and pathological tissues because they appear only on the tumor periphery thanks
to their bigger size.

As previously discussed, the biomolecules adsorption onto the NP surface is directly related with
their opsonization and clearance capacity. Therefore, it is related with the blood concentration along
with time.

2.3. Elimination

In general, NPs are eliminated from the human body by renal and hepatobiliary routes and need to
be done for clinical approval in a reasonable timeframe. Then, drug conjugated NPs must be designed
to avoid quick clearance and long period of body maintenance.

As is expected, surface chemistry, shape, and NP size influence elimination. For example,
surface chemistry is quite critical in the clearance efficiency -even for small NPs- and polyethylene
glycol (PEG) coating promotes more efficient hepatobiliary clearance [27]. Another point is the NP
size. The hydrodynamic NP size has a strong influence on the renal clearance, where the glomerular
pores are a physical barrier [23,28].

3. Nanoparticle Interactions

Although NPs in biological systems are surrounded by large quantities of biomolecules, depending
on the different factors that characterize the biological environment. The NP promotes multiple and
different interactions. Multifunctional NPs as nanomedicines (see Figure 2) are embedded in human
proximal fluids, inside cells, and inside culture media among others [29]. This implies a huge variety
of different microenvironments with additional challenges for the design and development of NPs
suitable to be functional in all kinds of conditions. However, depending on the medium conditions like
pH [30], ionic strength, oxygen levels, organic matter, etc., NPs present different forms or stages, such as
ionized particles [31], which form aggregates or combine into complex aggregates or even interact with
other nanomaterials [32]. This is especially relevant because it may be the origin of a heterogeneous
morphology, which might be correlated with a lack of stability and immuno-biocompatibility of these
nanomaterials [33].
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Figure 2. Schematic representation of multi-functional nanoparticles.
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NP aggregation and agglomeration have been recognized to affect cellular uptake and even
induce potential toxicity based on the nanoparticle composition and the cell type [34]. Aggregation
and agglomeration effects are often used in nanotechnology, but both terms are commonly mistaken.
Aggregation indicates strongly bonded or fused particles and it occurs when the Van der Waals attractive
forces between particles are greater than the electrostatic repulsive forces produced by the nanostructure
surface [34,35]. On the other hand, agglomeration indicates more weakly bonded particles and it does
not require a definite pattern, shape, and size [35]. Pellegrino F. et at. studied the agglomeration and
aggregation influence on the optical properties of TiO, NPs demonstrating that this effect can lead to
an incorrect assessment of the photoactivity [36]. Zook M.]. et al. [37] developed a bottom-up-based
method to produce controllable, reproducible, and stable NP agglomerates in an aqueous medium.
They used this method to show how silver NP agglomeration affects hemolytic activity.

The main factors that will determine the type of interactions between NPs are: the complementarity
between nanomaterials and their distance and geometry [38]. In addition, it is also essential to know
what the main interactions drivers are in an NP assembly. For example, Van der Waals forces form
nanocrystal superlattice membranes, electrostatic interactions obtain colloidal dimers, and magnetic
interactions where iron oxide NPs coated with azobenzene-terminated catechol ligands self-assemble
by UV-light-induced, or even molecular force [38].

An example that demonstrates the importance of the complementarity between the materials and
the influence of the forces used in such an interaction is one discussed by Pileni and co-workers. They
stress the difference of using octanoic and dodecanoic acids as organic ligands in magnemite NPs in
the absence (only with dipolar forces between the magnetic nanoparticles) and the presence of Van der
Waals interactions, when the distance is small [39,40].

On the other hand, an interaction between molecules on surfaces is highly dependent on surface
functionalization (Figure 3). This implies the presence of reactive chemical moieties on the surface
being homo-functional or hetero-functional depending on whether there is only one chemical group
on the surface or whether different chemical reactive groups co-exist [41].
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Figure 3. Schematic representation of the strategy to couple nanoparticles and biomolecules or
other nanoparticles.

Due to their composition and structure, the surface might not allow different types of interactions.
Thus, for example, circulatory cells are covered by a lipid bilayer with proteins and polysaccharides
that, depending on the NP exposed groups, will favor one type of interaction mechanism [42]. Another
example includes the proteins affected by their molecular weight, charge (greater adsorption near the
isoelectric pH), or its stability that influences the number of binding points [43]. A soft protein layer hasa
low structural stability and a greater number of active centers to interact with, besides other influencing
physicochemical factors on the surface (i.e., humectability). The hydrophobicity/hydrophilic surface
ratio influences protein reactivity and/or its adsorption properties. Another remarkable feature is the
size, including those with a size comparable to that of the NP, which will be more easily adsorbed.

Lastly, it is not only necessary to consider the concentration or size of NPs, but also the species
and quantity of resulting products from chemical interactions between NPs.

3.1. Interaction Mechanisms Between Nanoparticles and Biomolecules

There is a wide-open variety of biomolecules, which could interact directly onto the NPs surface
or through other biomolecules coating the NPs surface (Figure 2). These layers of coating biomolecules
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are directly related with the type of organism, biological fluid, cells, etc., among the physicochemical
conditions of the media and NP surface, nature, and structure of biomolecules.

According to the literature, the most relevant interacting biomolecules to the NP surfaces are
proteins and nucleic acids [44]. Proteins have many different binding sites (as amino acidic key
structures and/or post-translational modifications) through specific or non-specific adsorption [43,45].
In addition, the proteins are critical on the immune-biocompatibility of the nanomaterials. Nucleic
acids have many different applications as a consequence of its physicochemical stability, mechanical
rigidity, easy accessibility, and its high specificity of base pairing, which results in a suitable receptor
for molecular nano-construction [46].

Regarding interactions with human biomolecules, two factors must be considered in the description
of the interaction [23]. The first one is that NPs in biological systems are surrounded by multiple
potentially interacting biomolecules that may modify and saturate their surface. Therefore, custom
modified NPs are the ones that may interact specifically with the biomolecules of interest later on.
The second factor is NP entering pathways into the human body. This depends on the way it can
influence the force of the interaction. For example, NPs entering by inhalation strongly interact with
the pulmonary system (proteins and phospholipids).

Two immobilization mechanisms have been studied through an interaction with different types of
biomolecules [45]: by simple absorption or by chemical linkages. The immobilization of enzymes on
NPs through adsorption is a very useful method because it takes place through non-covalent forces
(hydrogen bonding, ionic interactions, and Van der Waal forces), mainly through negatively charged
phosphate groups and hydrophobic moieties not disturbing the initial structure of the enzyme or its
active site. Immobilization through chemical linkages may lead to the immobilization of biomolecules
on a biocompatible matrix, such as within phospholipid bilayers, not interacting with the native
structure of the biomolecule and altering its biological activity.

We also find two other types of interaction mechanisms with cells: ligand-receptor interaction and
chemical conjugation [47]. An example of the first interaction method is the NP surface functionalization
with a receptor, such as streptavidin-biotin. Its non-covalent interaction results in a greater bond
strength, which provides resistance to pH, temperature variations, and denaturants. In addition,
they have a greater binding affinity to cells. Chemical conjugation simply consists of the coupling of
functional groups (such as thiol groups) to the NP surface, which favors subsequent binding to the cell
and, in turn, reduces the toxicity of this interaction. A disadvantage of this method is that, in terms
of biomedical applications, the covalent binding of the drug to the NP restricts its efficient release,
which limits its effectiveness.

3.2. Nanoparticle Design: Influence on Interaction Mechanisms

NPs undergo different changes in a concrete environment such as the generation of a coating
protein corona once plasma proteins are adsorbed on its surface. Therefore, it is necessary to study the
NP states and characteristics prior to interaction assays [48].

Many NP-based investigations focus on issues affecting NP characteristics and, subsequently,
their impact on cellular internalization and biodistribution. Centi J. et al. [49] and Tatini J. et al. [50]
talk about the interest of gold nanorods (GNRs) in the biomedical field. GNRs are gold NPs that are
elongated along one direction with characteristic optical properties, which depend on the particle size
and shape [51]. They are attractive in biomedical optics because of their special and intense absorption
band near infrared light (650-1000 nm). Other important features of GNRs include their coating, which
are crucial for their biological applications, i.e., conjugation with PEG. In addition, their shape and size
are critical for modulating cellular penetration, intracellular localization, and bio-distribution. GNRs
may become coated with, which may modify their conformation and cause a loss of their biological
activity. Bovine Serum Albumin has been chosen as a protein target to investigate NPs coating with
polyethylene glycol (NP-PEG) exposition to biological fluids because it is the most abundant protein
in the blood and can transport metal compounds. The Tatini J. et al article proposes CA-125 as the
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molecular target cancer antigen to model “in vitro” some of the most critical issues that arise from the
interactions between GNRs and the bloodstream using an analytical approach.

The physicochemical properties of NPs (Figure 4, some already commented) represent their
identity and influence on the synthetic moieties incorporated [52] among all including size, shape,
surface, coating and morphology, surface charge, solubility, chemical composition, crystalline structure,
and, lastly, the agglomeration status. These properties will also play a characteristic role in relevant
mechanisms such as cellular biocompatibility studies.

==
Sphere  Cube Rod

Plate Star

-State of aggregation

- Composition
L]
% L

“~Crystalline structure

100 nm

Regulation or
other coatings

Targeting ligand
(eg. antibody, e
peptide, aptamer) g, face  Surface
charge functional

group

Figure 4. Schematic illustration of the main physicochemical properties of nanoparticles governing
interaction mechanisms in biological systems.

3.2.1. Size

Size plays an important role in interactions with the biological system and many biological
NP-related mechanisms such as cellular uptake and particle processing efficiency in the endocytic
path depending on it [53]. Additionally, the ion release rate, the smaller size, the faster release rate,
and the interactions with cell membranes [54]. In general, there is a size-dependent NP toxicity and,
therefore, their ability to enter in the human system. As the particle size decreases, the surface/volume
ratio increases. Therefore, their contacting surface will increase, which makes penetration into the
body easier and increases their toxic effect [54]. NP sizes less than 50 nm through intravenous injection
connect to all tissues faster and exert stronger toxic effects [55].

The NP size indicates their “in vivo” distribution, or pharmaceutical behavior [56], and their
most direct impact on physiological activity. NP sizes larger than 1 pm cannot easily enter the cell,
but they interact with proteins absorbed in the cells. NP sizes greater than 6 nm cannot be excreted by
the kindness and accumulate in specific organs [57]. For example, cadmium selenide quantum dots
contact stays in the tissue, which causes hepatotoxicity [58].

Sonavane et al. carried out studies on the bio-distribution and bioaccumulation in the blood of
gold nanoparticle (AuNP) of different sizes. They observed that smaller ones stayed longer in the
bloodstream and accumulated to a greater extent in all organs [59].

3.2.2. Shape

Shape is a physicochemical property that influences the toxicity of materials [60]. NPs have
different shapes and structures such as tubes, fibers, spheres, and planes. Therefore, it may also influence
their endocytosis process, internalization, bio-distribution, and elimination. For example, spherical
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nanoparticles of similar size have been found to be easier and faster internalized by endocytosis than
rod-shaped nanoparticles, which is explained by a greater membrane wrapping time required for the
elongated particles. In addition, the spherical ones are relatively less toxic [21].

3.2.3. Surface Modification

NP-cell interactions and solubility depend on the nature of the NP surface [61]. NP surface coating
alteration can modify their magnetic, electrical, chemical, and optical properties, which affects their
cytotoxic properties by influencing pharmacokinetics, distribution, accumulation, and toxicity [62].

Surface charges determine the response of the organism to changes in NP shape and size in the
form of cellular accumulation, called colloidal behavior [63]. The effect of surface chemistry on NPs
affects absorption [64], colloidal behavior, plasma protein binding [65], and crossing the blood-brain
barrier [66]. The NP cytotoxicity increased with an increase in surface charge [67]. This suggests that
higher positive charges get greater cell electrostatic interactions and, consequently, greater endocytic
uptake. However, the uptake of positively charged NPs may produce higher toxicity than negatively
charged [68]. NPs with a positively charged surface tended to accumulate more in tumors than
negatively charged ones most likely because positively charged density can be more easily separated
in the interstitial space and, therefore, internalized by tumor cells [56].

Surface chemical modification is an important strategy utilized in biomedical applications to
decreases toxicity, increase stability, and to control and modulate cellular internalization [69]. Surface
functionalization is predominantly comprised by polyethylene glycol (PEG), the negative carboxyl
group, and neutral groups like hydroxyl group, and amine groups [67]. For example, the NP surface
can be functionalized by proper polymers such as PEG to reduce non-specific binding and to get
specific binding to cell receptors [70].

Hydrophobicity is another key factor that also affects pharmacokinetics and bio-distribution [70].
NPs with a 2more hydrophobic surface tend to absorb plasma proteins, which reduces the time spent
in the bloodstream [71]. A computer molecular simulation study revealed that the surface membrane
uptake of hydrophobic C60 agglomerates is thermodynamically favored than semi-hydrophilic ones
because of the interior membrane hydrophobicity space in cells [72].

3.2.4. Chemical Composition

NPs chemistry is another fundamental factor contributing to cell interactions. Regarding particle
chemistry, Griffitt et al. [73] observed different toxicity in zebrafish, daphnids, and algae species for
silver and copper NPs with respect to titanium oxide, which resulted in no toxicity problems.

In addition to these characteristic properties of NPs, their state of aggregation must also be taken
into account. Aggregation depends on the surface load, material type, and size, among other factors.
It has been shown that higher NP concentrations result in higher aggregation and, consequently, lower
toxicity [74]. Accordingly, macrophages remove large particles more efficiently and easily than small
ones, which evade this defense mechanism more easily [75].

3.2.5. Protein Corona

Since NPs are injected into the bloodstream, they are exposed to a large amount of biomolecules that
form a corona around them [76] (Figure 5). Protein corona is mainly composed of proteins with different
affinity interactions: immunoglobulin G, serum albumin, fibrinogen, clusterin, and apolipoproteins [77].
Therefore, NPs experiment changes in their physicochemical properties and their biological identity
once the protein corona is formed. Therefore, in order to know the possible adverse effects of the
physicochemical, kinetic, dynamic, and thermodynamic interactions of NPs, the characterization of
these NP-protein interactions has become one of the main challenges of nanomedicine.
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Figure 5. Schematic protein corona formation. First, the introduction of a nanoparticle to fluid/medium
enriched in protein content takes place (I). Then, the nanoparticle is coated with proteins, which are
abundant and highly mobile (II). Lastly, the protein species are exchanged over time, which results in
hard corona of strongly bound proteins (III).

When NPs are incubated in a biological medium, a competitive dynamic process (between soluble
biomolecules and surface) take place to form the protein corona. This process is based on the affinity
adsorption of proteins on NP surfaces and on protein-protein interactions. According to the Vroman
effect [78], the first are bound to NP surface proteins with a high concentration and low affinity and
then are gradually replaced by higher affinity proteins present in low concentrations. The protein
corona is classified into hard and soft depending on the duration of protein exchanges. Hard corona is a
bound layer of proteins with high affinity and long exchange time. Proteins of the hard corona form the
closest layer to the NP surface, so they are susceptible to thermodynamically favorable conformational
changes (irreversible) depending on the chemistry functionalization, the hydrophobicity or hydrophily,
the nature of proximal biological fluid, and the temperature [79]. Soft corona is a low affinity layer of
proteins with a fast exchange over time. A recent model [80] suggests that hard corona is bound in
a hard way to the NP surface and the soft corona is not directly bound to the NP but with a certain
(low) degree of biomolecule interactions. As a result, the protein concentration, particle size, type of
nanomaterial, and the surface properties are factors determining the layers of biomolecules and the
protein corona density [81].

Depending on the type of administration routes, NPs are subjected to interactions with different
kind of biomolecules [82]. The biological environment is another key factor that plays a determinant
role in the protein corona formation: the media components, temperature, pH, and the physiological
state of the medium. The “in vivo” protein corona formation of biomedical liposomes seems to be
more complex than “in vitro” [83]. In consequence, the “in vivo” protein corona characterization is
fundamental for biomedical applications.

Different methods and techniques are needed to determine proteins interactions in different
biological media because of the large number of proteins at different concentrations that compete to
functionalize with the NP surface [84]. Techniques usually described for protein corona evaluation are
based on proteomic analysis [80], centrifugation, isothermal calorimetry titration, Ultraviolet and Visible
(UV-Visible) spectrometry, Liquid Chromatography with tandem mass spectrometry (LC-MS/MS)
quantification, and sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE) electrophoresis [85].

Therefore, it is essential to understand the relationship between the different properties of
nanomaterials and a concrete biological environment in order to understand their stability, viability,
behavior, and the results obtained in the different areas of research.

4. Applications of Nanoparticles

In this section, some of the NPs applications are briefly described in order to understand their
broad potentials. Although we have focused on nanomedical applications, we should not forget
all those other important non-biological applications that have improved the quality of human life
(https://www.nanotechproject.org/inventories/) [86].

NPs have attracted great interest for nanobiotechnology applications (Table 1). The design
of nanostructures controlling their surface properties is a strategy meant to achieve improved
responses aimed at a medical application. Nano-biotechnology plays a central role in nanomedicine
and other areas, which aspire to develop highly functional biosensors, molecular switches,
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and tissue analogs for organs of the body among others. The nano-biotechnological applications to
disease treatment, diagnosis, monitoring by bioimaging, biosensing, and drug delivery have been
referred to as nanomedicine. Nanomedicine holds significant potential to improve the efficacy of
cancer immunotherapy.

Table 1. Main applications of nanoparticles in nanomedicine.

Applications Findings Conclusions References

Nanotechnology in tissue
engineering is used to create,
repair, and/or replace cells,
tissues, and organs
combining cells with
bio-nanomaterials, and to

Gold and titanium dioxide
nanoparticles have been used to
enhance cell proliferation rates for
bone and cardiac tissue TiO,
nanoparticles conjugated with the
polymer poly(lactic-co-glycolic

Tissue and implants acid) (PLGA), decrease harmful provide the best [87-89]

engmeering effects, match the nanostructured micro-environment where
. cells must grow.
roughness of bone, and improve .
. Nano-scaffolds are used in
their cell performance. . .
. . tissue and implants
Nanofibers that serve as a peptide . .
. engineering to regenerate
scaffold allow the regeneration of
) central nervous system cells
the axonal tissue. .
and possibly other organs.
Drug coated nanoparticles
have shown the potential to
repel microorganisms and to
Silver and titanium dioxide act as a prevention tool. A
o . nanoparticles have antimicrobial unique property of
Ant bial . S S
r;;ﬁlcclﬁ)e Sla properties that allow them to be nanomaterials is their high [90-92]
used in surgical mask coatings by surface-to-volume ratio.
eliminating bacteria and viruses. Therefore, minuscule

amounts of nanoparticles
can lend substantial
antimicrobial effects.

Silica nanospheres functionalized
with ammonium cation groups

allow transfecting cell lipids, Nanoparticles have a great

Gene delivery polymers, graphene, carbon d lPotentlal as Vector.s Io [93-95]
nanotubes, nanospheres, and elver gl?n.e tic material into
different types of inorganic iving cells.
ypes org
particles to be used.
Magnetic nanoparticles (MNPs)
allow magnetic bio-separations
with low toxicity and high Magnetic nanoparticles
biocompatibility. At physiological —(MNPs) can be employed to
pH and high salt concentrations,  separate biomolecules such
nanocomposites acquire a positive as proteins,
Cell separation charge for easy electrostatic deoxyribonucleic acid [95,96]
interactions. In general, the (DNA), cells, bacteria, genes,
magnetic bio-separation of and viruses depending on
targeted biomolecules occurs the specific functionalization
thanks to the interaction between of MNPs.

MNPs and a targeted molecule
with a magnetic force.
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Table 1. Cont.

Applications

Findings

Conclusions

References

Biofuels

The use of Fe (0) nanoparticles
favors the activity of
bio-hydrogen production
under anaerobic conditions.

Nanoparticles are attractive
materials to produce
sustainable energy resources,
mainly biofuels, thanks to
their large surface/volume
ratio, which provides a
greater number of active
sites where they catalyze
bio-hydrogen, biogas,
biodiesel, and bioethanol
production in a high yield.

[97-99]

Drug Delivery System
(DDS)

A platinum derivate of a bile
acid conjugated with
multifunctional
polymer-coated bio-ferrofluids
as anti-tumor agent in
osteosarcoma (MG-63) and
T-cell leukemic (Jurkat) cells.
The use of gold nanoparticles,
polymer nanoparticles, or
liposomes, among others, as
excellent tumor peptide
vaccine carriers play an
important role in anti-tumor
immunotherapy.

Nanoparticles-based drug
delivery system (DDS) have
been in the core of attention

due to their unique and
superior properties.
These systems can enhance
therapeutic efficacy by
producing more favorable
bio-availability, serum
stability, and
pharmacokinetics.

Nanoparticle formulations

provide better penetration
and allow slow and
controlled release of drug
molecules at the target site
for bioactivity

[100-103]

Anti-cancer
chemotherapy

Chemical analogues with
platinum (II)-based drugs or
ruthenium-based
antimetastatic agents have
anti-cancer properties.
The behavior and the
biological properties of novel
gold compounds containing
different ligands have been
reported for human ovarian
cancer cells. One of the most
studied gold (III) compounds
is Auranofinan orally effective
anti-rheumatic administered
drug and an anti-cancer
treatment.

Nanoparticles technology
offers a series of advantages
for drug delivery such as
high loading yield,
combination therapy,
controlled release, prolonged
circulation, and targeted
delivery.

Recently, platinum (II),
ruthenium, and gold (III)
compounds-based
anti-cancer chemotherapy
has been reported to kill
cancer cells.

Most of these studies have
been done using proteomics
approaches.

[49,104-115]
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Table 1. Cont.

Applications Findings Conclusions References
AuNPs can be used to
improve the performance of
An enzvme-linked studies, such as the classical
. Y ELISA test, which achieves
immunosorbent assay (ELISA) e
. . greater sensitivities.
was developed in which R .
. The idea of using
nanoparticles (AuNPs) were R
. nanomaterials in biosensors
used as carriers of the s
. . . arose from the possibility of
signalling antibody, lowering the detection limit
anti-CA15-3-HRP, for the & the ‘
analysis of CA15-3, which is (LOD) and improving the
Biosensors Y ’ signal-to-noise ratio. A [116-119]

an important tumour marker
useful for the follow-up of
breast cancer.

diagnostic magnetic
resonance (DMR) is a

powerful biosensor
technology that offers
advantages over other
detection techniques as well
as broad applicability for
profiling different types of
targets (DNA, proteins,
metabolites, and cells).

The use of magnetic
nanoparticles as proximity
sensors in magnetic resonance
(NMR) is known as diagnostic
magnetic resonance (DMR).

Nanomedical Applications: Immunotherapy

Immunotherapy has become one of the effective treatment modalities for cancer: cytokine therapy,
checkpoint-blockade therapy, adoptive T-cell transfer, and Chimeric Antigen Receptor T(CAR-T) cell
therapy [120]. Immunotherapy not only treats primary tumors but also prevents metastasis and
recurrence. Another opportunity for combinatorial immunotherapy is based on NP platforms because
of their improved methods for tumor-cell detection, tumor imaging, and their ability to efficiently
deliver drugs to target sites and protect drugs from endogenous enzymes [121]. Therefore, it is
relevant to highlight how NPs may be engineered to overcome immunotherapy obstacles. In this mini
review, we have discussed how NPs properties affect a biological mechanism and how they influence
cellular internalization, biodistribution, and elimination. Therefore, we have enough information to
understand how they alter immune responses.

NPs can release agents in response to biochemical changes in the target micro-environment (pH,
redox potential, and enzymes) or to external stimuli (light, electrical, and magnetic fields) [122]. Due to
that, targeted delivery of NPs and controlled drug release may allow the activation of immunotherapies
in the action sites [123]. The use of NPs for delivery antigens, adjuvants, and other therapeutic agents
resulted in more specific targeting and a better outcome in contrast to conventional immunotherapy.
Advanced biomaterials and drug delivery systems, such as NPs and the use of T cells, have been
designed to improve immunotherapy [124]. Moreover, NPs can deliver cytotoxic agents to tumor cells
killing most of all the target cells with low concentrations of immune-stimulating drugs thanks to their
potential to amplify T cell responses [120].

NP physicochemical properties can be tuned to stimulate the innate immune cells and to promote
NP-immune cell interactions, which is a good therapeutic option [125]. Different strategies to enhance
the efficacy of NP immunotherapy are the following [126,127]: Controlling the hydrophobicity surface
(using hydrophilic polymers such as PEG) and a shape and rigidity optimization of NPs must reduce
nonspecific uptake, which results in an efficient internalization. Enhancing tissue and cell penetration
has been possible using peptide and chemical modifications to the NP surface such as cyclic iRGD
peptide (CRGDK/RGDP/EC). Another important factor is targeting NPs and their bio-distribution
to immune cells with ligands on NPs, such as T lymphocyte or B lymphocyte targeting. Nano-sized
NPs have the advantage of accumulating within the tumor microenvironment with specific targeting,
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which minimizes off-target toxicity [125]. Then, once NPs reach the target cell, their biological activity
occurs when they travel to the suitable intracellular compartment [127]. As a result, cationic polymers,
pH-sensitive biomaterials, virus-derived cell-penetrating peptides, and direct cytosolic delivery must
be used on NP in order to conduct appropriate intracellular delivery of NPs. Lastly, another approach
to control immunotherapy is controlling the release kinetic.

The most common nanocarriers allowing specificity are liposomes, micelles, dendrimers, gold NPs,
iron oxide NPs, carbon NPs, and quantum dots (NPs for tumor immunotherapy). Liposomes [128]
are highly biocompatible and can be functionalized. However, they are widely studied for cancer
immunotherapy. Micelles have a range application in cancer treatment because of their biodegradability
and nontoxicity formulations, which makes them suitable for carrying therapeutic payloads. In addition,
dendrimers [129] offer a highly specific NP physical properties thanks to their stepwise branching
synthesis. Inorganic nanoparticles are well studied, such as gold NPs [123]. AuNPs are bio-inert
and non-toxic nanocarriers, which, depending on their size, charge, shape, and functional group,
may contribute to the efficacy in accumulating different immune cells [125]. The most studied
functionalization for cancer immunotherapy is nanoparticles based on poly(lactic-co-glycolic acid)
(PLGA NPs) because of their acceptance and biodegradability. Rosalia et al. [130] studied PLGA NPs
functionalized with a xCD40-monoclonal antibody agonistic vaccine targeting dendritic cells (DCs).
Two different adjuvants targeting the toll like receptor (TLR) were encapsulated into PLGA NPs to
induce potent CD8+ T cell responses. In vivo experiments in murine melanoma-OVA mouse model
indicated that active targeting of DCs and vaccine delivery resulted in efficient priming of CD8+ T
cells, tumor control, and prolonged survival of the tumor-bearing mice.

Several programs work in integrated and interconnected research focused on therapeutically
modifying the tumour micro-environment, (re)activation of anti-cancer immunity, and corresponding
Drug Delivery System (DDS) [131]. Initially, they aim to develop new tumor-targeted drugs to
selectively block key innate and adaptive immune checkpoints, such as PD-1, TIM-3, and CD47, in the
tumor micro-environment. Furthermore, they aim to develop new tumor-targeted drugs to selectively
activate key co-stimulatory receptors of the tumor necrosis factor receptor superfamily (TNFRSF) in
the tumor micro-environment.

On the other hand, suitable drug delivery systems (DDS) could be developed using modern drug
formulations based on nanotechnology and surface chemistry to achieve tumor-localized release and
optimal localized co-stimulation of anti-cancer immunity. These developments will be attended by
label-free detection of protein interactions by means of advanced bioanalysis methods [132]. That
could ensure induction and execution of anti-cancer immune responses in the absence of systemic
immune-related side-effects.

Lastly, immunotherapies help to amplify the knowledge and manipulation of the immune system
and nanotechnology may be the cause of engineering remarkable mechanisms to produce an effective
and long-lasting immune response against cancer.

5. Conclusions and Perspectives

Nanotechnology has significantly impacted medicine. In the past decade, studies about the
biological response to NPs are greatly investigated in parallel with nano-bio interactions, which have
influenced NP design. Both were in concordance with the evolution of NPs for biomedical applications.
Many studies have investigated and demonstrated that NPs can enter into the human system. Therefore,
the NP characteristics on biological systems, such as their physicochemical properties (size, shape,
surface, coating and morphology, surface charge, hydrophobicity, chemical composition, structure, and
the state of agglomeration), the types of biomolecules present, and the bio-identity of NP protein corona
are important issues to characterize in order to know how they interact with cells, organisms, biological
medium, biomolecules, and other biological systems or even with other nanomaterials. These studies
helped determine their possible biocompatibility and toxicity in biological micro-environments and to
engineer nontoxic nanomaterials, which may be used in biomedical applications.
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With the potentially wide application of NPs in the future, these may be extensively used
in various fields, especially in immunotherapy for clinical diagnosis and therapy based on their
size, biocompatibility, surface chemistry, and adjustable toxicity. Immunotherapy combined with
nanomedicines may be used to treat different types of cancer due to their excellent efficacy in penetration,
specific retention, and killing of tumor cells.

The human proteome study [133] can be an arduous and discouraging task due to the high
number of proteins, encoded by around 25,000 different genes, from which multiple protein variants
are generated by post-translational modifications. The concept of proteomics involves a comprehensive
study on the structures, localizations, post-translational modifications, functions, and interactions of all
proteins expressed by an organism at a certain time and under certain conditions. The nanotechnology
field has been expanded by providing innovative methods capable of responding to proteomic demands.
In this sense, nanotechnology applications in proteomics have established a novel technical platform
termed “nanoproteomics.” Detection techniques without labels are useful in the study of protein
interaction kinetics, thanks to avoiding steric impediments caused by the presence of labels. The design
and development of new multi-functional platforms based on nanomedicine could be of great interest
in the unlabeled detection of protein-protein interactions given the possibility of synthesizing de novo
proteins “in vitro” in the presence of these nano-systems.

In conclusion, the progress in nano-bio studies can potentially improve nano-medical applications
and ensure a sustainable future.
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Abstract: Gold nanoparticles (AuNPs), which are strongly hydrophilic and dimensionally suitable
for drug delivery, were used in loading and release studies of two different copper(I)-based
antitumor complexes, namely [Cu(PTA)4]* [BF4]~ (A; PTA = 1, 3, 5-triaza-7-phosphadamantane) and
[HB(pz);Cu(PCN)] (B; HB(pz); = tris(pyrazolyl)borate, PCN = tris(cyanoethyl)phosphane). In the
homoleptic, water-soluble compound A, the metal is tetrahedrally arranged in a cationic moiety.
Compound B is instead a mixed-ligand (scorpionate/phosphane), neutral complex insoluble in water.
In this work, the loading procedures and the loading efficiency of A and B complexes on the AuNPs
were investigated, with the aim to improve their bioavailability and to obtain a controlled release.
The non-covalent interactions of A and B with the AuNPs surface were studied by means of dynamic
light scattering (DLS), UV-Vis, FT-IR and high-resolution x-ray photoelectron spectroscopy (HR-XPS)
measurements. As a result, the AuNPs-A system proved to be more stable and efficient than the
AuNPs-B system. In fact, for AuNPs-A the drug loading reached 90%, whereas for AuNPs-B it
reached 65%. For AuNPs-A conjugated systems, a release study in water solution was performed
over 4 days, showing a slow release up to 10%.

Keywords: gold nanoparticles; copper(I) complexes; conjugates; drug delivery; anticancer compounds

1. Introduction

Gold nanoparticles (AuNPs) are the most versatile material in nanotechnology, with a huge range of
biological and biomedical applications, such as diagnostic, therapeutic and biosensing applications [1-7].
In particular, AuNPs have been often proposed as non-toxic carriers for drug and gene-delivery
applications [8-13]. In fact, the specific properties of AuNPs, such as their high surface-to-volume
ratio, peculiar optical properties, easy synthesis and versatile surface functionalization, hold pledge in
the clinical field for cancer therapeutics [14,15]. Moreover, AuNPs present optical properties, which
can be easily tuned to desirable wavelengths according to their shape (e.g., nanoparticles, nanoshells,
nanorods, etc.), size (e.g., 1 to 100 nm) and composition (e.g., core/shell or alloy noble metals) [16-20],
enabling their imaging and photothermal applications [21-26]. AuNPs can also be easily functionalized
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with different moieties, such as antibodies, peptides and/or DNA/RNA to specifically target different
cells [10,27,28], and with biocompatible molecules to prolong their in vivo circulation for drug delivery
applications [29,30]. Furthermore, it is well known that passive targeting can be achieved by using
AuNPs as a carrier, because of their preferential accumulation in tumor cells (enhanced permeability
and retention (EPR) effect) [21].

In recent years, the biomedical research of new metal-based anticancer drugs alternative to
Pt(Il) derivatives (cisplatin, oxaliplatin and carboplatin, which are currently utilized in clinical
practice) has been focused on complexes including, among other metals, gold, ruthenium, silver and
copper [31-36]. The purpose of these studies is to circumvent severe toxicity in non-tumor cells as well
as inherited and/or acquired resistance phenomena caused by Pt(II) drugs [37-39]. In particular, among
the abovementioned metals, copper is receiving increasing attention [36]. Copper, as an essential
micronutrient in mammalians, plays a pivotal role in redox-chemistry, growth and development, and
is a key co-factor for the function of several enzymes involved in energy metabolism, respiration
and DNA synthesis [40]. In addition, homeostatic mechanisms strictly define the concentration of
copper in mammalian cells, which have also developed a physiological active transport mechanism
for its internalization based on a trans-membrane protein referred to as human copper transporter
1 (hCtrl) [41,42]. Novel copper-based antitumor agents have been studied according to the view
that endogenous metals may be less toxic toward normal cells with respect to cancer cells. Since
the generally assessed mechanism of copper cell uptake implies the reduction from copper(Il) to
copper(I) followed by internalization through transmembrane transporters [43,44], our research has
been mainly focused on copper(I) derivatives. The synthetic strategy utilizes ligands with soft donor
atoms such as phosphorous in tertiary phosphanes or aromatic sp? hybridized nitrogen of pyrazolyl
derivatives. Among these compounds, homoleptic, cationic phosphane complexes well match the
ability of hCtrl protein to internalize specifically monovalent ions, thus leading to outstanding
cytotoxic efficiency toward cancer cells in both in vitro and in vivo trials [45-49]. In addition, neutral
mixed-ligand complexes containing both scorpionate-like (N-donor) and phosphane ligands showed
remarkable cytotoxic activity in in vitro and in vivo tests as well [50]. Despite the promising results,
open problems remain, such as the low solubility and bioavailability of some of these compounds
and their uncontrolled release. In this preliminary work, hydrophilic AuNPs were synthesized and
loaded with either a representative of a water-soluble, cationic complex—[Cu(PTA)4]* [BF4]™ (A;
PTA = 1,3,5-triaza-7-phosphadamantane)—or a lipophilic, neutral complex—[HB(pz)3;Cu(PCN)] (B;
HB(pz)s = tris(pyrazolyl)borate, PCN = tris(cyanoethyl)phosphane)—aiming at the construction of
a novel drug delivery system. The use of hydrophilic AuNPs as a vehicle for copper complexes is
an innovative and strategic approach to improve the solubility and stability in water of the copper
complexes, and consequently to increase their bioavailability. Moreover, these drug delivery systems
allow the investigation of a slow and controlled release of copper complexes, opening the way for
promising scenarios of in vivo and in vitro experimentation.

2. Materials and Methods

2.1. Materials and Characterizations

Sodium 3-mercapto-1-propanesulfonate (HS(CH,)3SO3Na, 3MPS, Aldrich, 99%, St. Louis, MO,
USA), tetrachloroauric(Ill) acid trihydrate (HAuCl4-3H,O, Aldrich, 99.0%, St. Louis, MO, USA),
sodium borohydride (NaBH,) and PBS buffer solution at pH = 7.4 (technical grade Aldrich, St. Louis,
MO, USA) were used as received. UV-Vis spectra were acquired in H,O and MeOH solutions by
using quartz cells with a Varian Cary 100 Scan UV-Vis spectrophotometer. The size distribution of
AuNPs in H,O solution was investigated by means of the dynamic light scattering (DLS) technique
by using a Zetasizer Nanoseries Malvern instrument, at the specific temperature (25.0 + 0.2 °C and
37.0 £ 0.2 °C). Correlation data were acquired and fitted in reference to our previous work [51,52].
Field emission scanning electron microscopy (FESEM) images were acquired with an Auriga Zeiss
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instrument, resolution 1 nm, applied voltage 6-12 kV) on freshly prepared films drop-cast from a water
solution on a metallic sample holder. A Mini Spin-Eppendorf centrifuge was used for the purification of
AuNPs samples (13,000 rpm, 20 min, five times with deionized water). Deionized water was obtained
from Zeener Power I Scholar-UV (18.2 MQ). A Scanvac-CoolSafe55-4 Lyophilizer was used to dry
samples. Attenuated total reflection (ATR) spectra were recorded with a Bruker Vertex 70 instrument in
the range of 4000-400 cm™~!. High-resolution x-ray photoelectron spectroscopy (HR-XPS) experiments
were carried out at the CNR BACH (Beam line for Advanced DiCHroism) [53] undulator beam line at
the ELETTRA Synchrotron Radiation facility of Trieste (Italy). XPS data were collected with a pass
energy equal to 50 eV, with the monochromator entrance and exit slits fixed at 20 pm. Photon energies
of 386 eV, 596 eV and 1022 eV were used respectively for Cls, Audf, P2p, Bls; Ols, N1s; Cu2p spectral
regions, with an energy resolution of 0.23 eV. C1s spectra used for calibration were recorded at all
photon energies. Calibration of the energy scale was made by referencing all the spectra to the C1s core
level signal of aliphatic C atoms, always found at 285.00 eV, and the Au4{7/2 signal of metallic gold
measured on a reference gold foil (84.00 eV Binding Energy, BE) [54,55]. A curve-fitting analysis was
performed using Gaussian curves as fitting functions. When several different species were individuated
in a spectrum, the same FWHM value was used for all individual photoemission bands. To perform
HR-XPS analysis, pristine Cu(I) complexes (A = [Cu(PTA)4]* [BF4]™ and B = [HB(pz)3;Cu(PCN)] and
functionalized Au nanoparticles (AuNPs-A and AuNPs-B) were deposited onto TiO,/Si(111) (as to
avoid any signal interference) wafer substrates by following a drop-casting procedure.

2.2. Preparation of Conjugate Nanoparticles

The AuNPs stabilized with 3MPS were synthesized as previously reported [9]. Briefly, starting
with 200 mg (5 x 10~* mol) of HAuCly x 3H,0 in 20 mL of deionized water, a solution of 3MPS in
20 mL of deionized water was added under vigorous stirring (Au/S = 1/4 molar ratios). Two hours
after the addition of the reduction agent (a water solution of NaBH,, Au/NaBH, molar ratio = 1/10), a
solid black product was isolated and purified by centrifugation (13,000 rpm, 20 min, five times with
deionized water). AuNP main characterizations: UV-Vis (Apmax (nm), H,O) 523 nm; DLS (<2Ry>
(nm), H,O): 12 + 3 nm; Z potential: -35 + 3 mV; FESEM (nm) 8-10 nm. Complexes A and B were
prepared according to procedures reported in the literature [45,50]. They showed a well-known UV-Vis
spectrum, as reported in the Supporting Information, Figures Sla,b). The conjugate nanoparticles were
prepared using the following procedure. The AuNPs and A were mixed in water (Au/A = 5/1 w/w)
under gentle stirring (room temperature, 4 h) and then the suspension was centrifuged (13,000 rpm,
2 h) to obtain AuNPs-A as a solid residue. It was lyophilized and stored at room temperature, while
the supernatant was used for loading evaluations. The AuNPs and B were mixed in MeOH (Au/B=
5/1 w/w) under gentle stirring (room temperature, 4 h) and then the suspension was centrifuged
(13,000 rpm, 30 min) to obtain AuNPs-B as a solid residue. It was lyophilized and stored at room
temperature, while the supernatant was used for loading evaluations. The loading and the loading
efficiency (n) were calculated by using calibration curves, as reported in the Supporting Information
(Figures Slc,d) and calculated in reference to our previous work [9]. For each sample, three independent
measurements were carried out and the mean value and standard deviation are reported.

2.3. Stability and Release Studies

For the stability studies, AuNPs-A and AuNPs-B were dispersed in water at the concentration
of 0.1 mg/mL and the size of nanoparticles was measured over 10 days at room temperature. The
release studies were performed in H,O at 37 °C over 4 days, using 2 mg of conjugated nanoparticles in
20 mL of media. The released was calculated by analyzing the water solution and detecting the free
complex by using UV-Vis measurements, in reference to our previous work [9]. For each sample, three
independent measurements were carried out and the mean value and standard deviation are reported.
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3. Results and Discussion

3.1. Conjugate Nanoparticles: Preparation, Characterization and Loading Studies

Highly hydrophilic gold nanoparticles were synthetized following a previously published
procedure [9], and the UV-Vis spectrum and DLS measurements confirmed their nanodimension,
as shown in Figure 1a,b. The results revealed that these AuNPs are particularly suitable for Cu(I)
complexes delivery. In fact, AuNPs functionalized by 3MPS showed a high degree of stability and
hydrophilicity due to the small length alkyl chains thiol with a charged terminal sulphonate group.
Moreover, the 3MPS choice as a ligand, with a molar ratio of Au/S = }1, guarantees a balance between
stability and loading and favours transport in a watery environment. This fact increases the final
bioavailability of the conjugates, especially for compounds with low water solubility. Furthermore, the
plasmonic absorption peaks of the AuNPs and the absorption peaks of the copper complexes (Amax
at 228 nm and 268 nm for complexes A and B, respectively, as shown in Figure 1a and in Figures
Sla,b [45,50]) appeared in different areas of the spectrum—in the UV spectrum for complexes and in
the visible spectrum for AuNPs, allowing easy detection of the loading processes. This feature makes
it possible to design a loading protocol based on the simple physical contact of AuNPs and copper
complexes that can be physically adsorbed.
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Figure 1. (a) UV-Vis spectrum of gold nanoparticles (AuNPs) (violet curve) and complexes A (green
curve) and B (blue curve); (b) dynamic light scattering (DLS) measurement in water of AuNPs alone
(in violet): <2Rgy> =15 + 2 nm.

On the basis of these considerations, the loading protocol for AuNPs and the two Cu(I) complexes
was performed in a water solution at room temperature under gentle stirring. In Figure 2a,b, the
chemical structures of the anticancer Cu(I) complexes used in this study, A and B, and a sketch of the
loading protocol to obtain AuNPs-A and AuNPs-B conjugates are reported. The value of the loading
efficiency 1 (%), reported in Figure 2c, can be calculated as follows [9,13]:

M (%) = (Micaded drug/mdrug) 100,

where Mypaded drug 15 the mass of the loaded drug (A or B), calculated from UV-Vis quantitative data
and Mgy is the mass of the drug (A or B) used in the experimental procedure. From the absorbance
value of free A or B, it is possible to obtain the amount of loaded drug, by determining the difference.
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Figure 2. (a) Chemical structures of anticancer Cu(I) complexes used in this study; (b) sketch of loading
protocol to obtain AuNPs-A and AuNPs-B conjugates; (c) loading efficiency 1 (%) for AuNPs-A (in
green, 11 (%) = 90 + 4 %) and AuNPs-B (in blue, 1 (%) = 65 + 10 %).

The loading studies allowed to us obtain the conjugated systems: AuNPs-A withn =90 + 4%
and AuNPs-B with 1) (%) = 65 + 10%. These systems were characterized in depth to understand the
chemical interaction between AuNPs and Cu(I) complexes A and B. DLS studies were performed in a
water suspension and showed a dimensional increase for AuNPs-A and AuNPs-B compared with the
AuNPs alone, as reported in Figure 3a. In fact, the conjugation of the complexes involved a different
degree of hydration of the particles and, as a result, the hydrodynamic diameter (<2Ry;>) increased.
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Figure 3. DLS data of AuNPs in violet, AuNPs-A in green and AuNPs-B in blue: (a) <2Ry> in water:
AuNPs (15 + 2 nm), AuNPs-A (56 + 30 nm) and AuNPs-B (76 + 32 nm); (b) Z potential in water: AuNPs
(=35 +£2mV), AuNPs-A (=30 + 3 mV) and AuNPs-B (23 + 4 mV).
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Moreover, DLS allowed us to measure the electrophoretic mobility and, using the Smoluchowski
equation, the Z potential [51,52]. The Z potential is the potential at this slipping plane, i.e., the
surrounding electrical double layer, where the liquid moves together with particles. Therefore, the
measured Z potential is not exactly the surface potential (surface charge density), but it is the potential
of practical interest because it determines the inter-particle forces and enables the evaluation of the
stability of the colloidal system [51,52]. The Z potential studies performed on our conjugates systems
confirmed these interactions between AuNPs and complexes A and B. In fact, the Z potential was
-30 £ 3 mV and -23 + 4 mV, respectively, for AuNPs-A and AuNPs-B, instead of —35 + 2 mV for
AuNPs alone, as shown in Figure 3b. This is due to two different effects introduced by the presence of
complexes A and B on the surface of the AuNPs. The first effect is the decrease of the negative charge
density, due to the presence of neutral or positively charged molecules on the gold surface; this is
strictly related to the Stern layer and slipping plane around the nanoparticles, which produce the Z
potential. The second effect is the different aggregation grade, also observable from signal enlargement
and size measurements, due to the interaction between complex molecules linked on different and
vicinal AuNPs, which cause the system to be less stable in general. The balance or the prevalence of
one of these two effects also explains the slight difference between the Z potential values of AuNPs-A
and AuNPs-B. In fact, the conjugate AuNPs-B showed a larger size and lower Z potential with respect
to AuNPs-A (see Figure 3). Indeed, complex A had a positive charge, facilitating adsorption and
producing greater loading efficiency. Moreover, complex A on AuNPs decreased the interaction
phenomena between the absorbed complex molecules, reducing the aggregation phenomena of the
colloidal system in a solution. This justifies the DLS results regarding the smaller dimensions and more
negative Z potential of AuNPs-A compared to those of AuNPs-B.

FESEM-EDX investigations performed on conjugate AuNPs-A nanoparticles showed dimensions
around 10 nm with the presence of some aggregates (see Figure S2). It can be noticed that the dimensions
obtained from DLS were greater than those obtained from FESEM images. Such a dimensional difference
is due to the intrinsic difference between the two techniques, based on different principles. In fact,
DLS estimated the particles hydrodynamic diameter (<2Rpy>) in the aqueous environment, with the
important effect of swelling, and this dimension is the Z average value, which is the mean diameter
weighted over the scattered light intensity. On the other hand, microscopy measurements were carried
out under a vacuum on a dry sample deposited by casting with no hydration effects. The particles were
more or less aggregated due to concentration or to fast or slow solvent evaporation occurring during
the preparation of the sample. For this reason, it is difficult to directly compare the two measurements.

The Energy Dispersive X-ray Analysis (EDX) evidenced the presence of Cu and, in particular, the
semiquantitative analysis showed the ratio of Au:Cu to be around 0.4:0.03 (see Figure S2).

The ATR data confirmed the effective interaction between copper complexes and AuNPs. In
fact, both for AuNPs-A and AuNPs-B, typical bands were found (see Figures S3a,b). Particularly
for AuNPs-A, some characteristic signals of the A complex were recognizable, such as the bending
of CH, at 1456 and 1418 cm™! and the C-N stretching at 1043 and 1000 cm™, thus confirming the
successful conjugation. A shift of the C-N stretching signals was also observed, which moved from
1103 and 947 cm~! in the free complex to 1043 and 1000 cm™! in the conjugate, suggesting a direct
involvement of these groups in the interaction with the gold nanoparticle surface. For AuNPs-B, the
ATR measurements showed the typical bands at 2480 cm™~! due to the B-H stretching, bands at 1502
and 1403 cm™! due to the C-C bond of pyrazole rings and at 1301 cm™! due to C-N stretching. In
this case the nitrile stretching showed a shift from 2254 cm™! (free complex) to 2240 cm~! (conjugate
system), highlighting the involvement of these groups in the conjugation formation [33].

3.2. HR-XPS Studies

Molecular and electronic structure of AuNPs-Cu(I) complexes assemblies were probed by means
of synchrotron radiation-induced photoemission spectroscopy (HR-XPS); for comparison, the pristine
Cu(I) complexes A and B ([Cu(PTA)4]* [BF4]~ and [HB(pz);Cu(PCN)], respectively) were also
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investigated. Signals were acquired at C1s, P2p, N1s, Bls, Cu2p and Au4f core levels, and the obtained
spectra were analyzed by following a peak fitting procedure that evidenced spectral components
arising from atoms in different electronic environments.

Cls and P2p spectra data analysis allowed us to assess the Cu(I) complex stability; as reported in
Table S1 in the Supporting Information, P2p and Cls components positions, i.e., BE values, which reflect
the molecular composition of the organic ligands, were not affected by the AuNP-Cu(I) complexes
interaction. Indeed, the P2p3/, spin-orbit component of the phosphorous signal was always found
around 131.50 eV BE (complex A: 131.03 eV; AuNP-A: 131.11 eV; complex B: 131.81 eV; AuNP-B
131.86 V), as expected from the literature for organic molecules containing P atoms [56]. The observed
P2p BE stability allowed us to completely dismiss the occurrence of any degradation effect due to
molecule oxidation, which would result in phosphane oxide formation with a noticeable shift in the
P2p signal BE towards higher values [56]). P2p spectra are reported in Figure 54 in the Supporting
Information. Au4f spectra appeared composed, showing a spin-orbit peak of high intensity due to
metallic gold atoms at the nanoparticle cores (Au4f;/, BE = 83.9 eV), and a second signal of low intensity
at higher BE values (Au4f;;, BE = 85.1 eV) was associated with partially positively charged gold atoms
at the NP surface, as expected from the literature on analogous systems [4]. Copper Cu2p core signals
were also acquired; for all samples, a single spin-orbit pair was observed, compatible with Cu(I) ions
(Cu2pzp =931.5 eV BE) [56]. The Au4f spectrum of AuNP-A and the Cu2p spectra of both AuNP-A
and complex A were reported as examples in the Supporting Information (Figure S5).

The most interesting signal that shed light into the Cu(I) complex/AuNP interaction was the N1s
core level. As reported in Table 1, both Cu(I) compounds showed N1s signals at the BE, as expected in
the literature for the proposed molecular structure (tertiary amines N1s are expected at about 400 eV
BE, and was found at 399.99 eV for complex A; N = C — R like nitrogen N1s signal is expected at
399.6 eV BE [57], and was found at 399.7 eV BE in complex B [56]). In Figure 4 all N1s spectra are
collected. Contributions related to pristine nitrogen atoms in Cu(I) complexes are represented in red.

Table 1. N1s BE, FWHM values and assignments for pristine Cu(I) complexes and AuNPs carriers.

Sample BE (eV) FWHM (eV) Assignment
A 399.99 1.64 NRj3
399.72 1.44 NRj
AuNPs-A 400.95 1.44 NRzH*
B 399.71 2.00 N=C-R
398.70 2.06 N=C-R()
AuNPs-B 399.70 2.06 N=C-R
AuNPs-A AuNPs-B
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Figure 4. High-resolution x-ray photoelectron spectroscopy (HR-XPS) N1s spectra of: (a) AuNPs-A;
(b) complex A; (c) AuNPs-B; (d) complex B.
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As evidenced in Table 1 and clearly observable in Figure 4, when Cu(I) complexes (Figure 4b,d)
interacted with the gold nanoparticles, the N1s signal shape was modified (Figure 4a,c). For AuNP-A, a
shoulder appeared at high BE (Figure 4a), suggesting a new spectral component at about 401 eV BE (in
blue in the figure), which is usually assigned to positively charged N atoms in quaternary ammonium
salts. On the other hand, the N1s spectrum of AuNP-B was larger at low BE, suggesting that a second
spectral component appeared at a lower BE than the pristine N = C — R-like N atom (Figure 4c); this
behaviour indicates a partial electron transfer from the AuNPs to the nitrogen atom of the N = C - R
functional group.

3.3. Conjugate Nanoparticles: Stability and Release Studies

It must also be highlighted that the main advantage of drug delivery with AuNPs is the possibility
of studying a targeted and controlled release in terms of target site and time, as reported in many
recent papers [8-10]. In this context, it is important to verify the stability of conjugates, also in view of
a future formulation that makes them easily storable and at the same time quickly ready for use. The
lyophilization appears to fulfil to this requirement, and was therefore performed by studying the effects
on AuNPs alone and conjugates, both in terms of dimensional and structural stability. Comparing
the fresh samples and the lyophilized samples by DLS measurements, aggregation phenomena were
observed with important dimensional variations, as shown in Figure 5a—c. These phenomena involved
both AuNPs alone and conjugated systems that remained however with dimensions under 300 nm.
Regarding the structural stability of the systems, they showed unaltered structural conformation,
confirmed by FTIR measurements, and good results in terms of <2Ry> reproducibility when they
were re-suspended in water at room temperature up to 10 days, as reported in Figure 5d.
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Figure 5. DLS stability study in water of AuNPs in violet, AuNPs-A in green and AuNPs-B in blue:
(a) AuNPs <2Ry> before (dashed line) 15 + 2 nm and after samples lyophilization (solid line) 25 + 5 nm;
(b) AuNPs-A <2Rg;> before (dashed line) 56 + 30 nm and after lyophilization (solid line) 256 + 30 nm;
(c) AuNPs-B <2Ryy> before (dashed line) 76 + 32 nm and after lyophilization (solid line) 276 + 32 nm;
(d) <2Rgy> of lyophilized AuNPs-A and AuNPs-B re-suspended in water at different days, up to 10 days.
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Therefore, the study on the release was performed. The conjugate was re-suspended in water at
37 °C with gentle stirring and the UV-Vis analysis of the aqueous solution at defined times allowed the
quantification of the released complex. This study showed strong and different interactions between
Cu(I) complexes A and B and AuNPs, as already evidenced by the HR-XPS studies. In particular,
for AuNPs-A, the interaction involved nitrogen that partially transferred electrons to the surface of
the metal, creating an interaction that caused a slow release. In Figure 6 the slow release profile of
AuNPs-A, less than 10% up to 4 days, is shown. On the other hand, the AuNPs-B system involved the
N = C — R moiety, which strongly interacted with the gold surface, making the release not appreciable
in a few days (up to 4). Taking these results into account, surely the AuNPs-A conjugate is more
promising, not only for the better loading efficiency but, above all, for the evident slow release, unlike
the AuNPs-B conjugate.

12

10

Release (%)

o N H (o3}
T T

0 24 48 72 96
time (h)

Figure 6. Released profile of AuNPs-A with inset details showing the release in time in the range of
0-24h.

AuNPs-A showed an excellent and promising result, because with a single administration it
could be possible to achieve a slow drug delivery release in a biological site up over 4 days and more.
Moreover, a main advantage of delivering a water-soluble drug with AuNPs is the accumulation of
AuNPs in cancer cells, which guarantees the drug’s targeting. Further, the slow release is an excellent
opportunity to study the synergistic effects of AuNPs and copper complexes, effects that could occur
for a long time (days and weeks), as in the case of slow-release anti-inflammatory drugs reported in
the literature [9]. This fact opens new scenarios for investigations related to the action mechanisms as
well as for synergistic action with AuNPs-A.

4. Conclusions

Strongly hydrophilic gold nanoparticles, AuNPs, were prepared to be conjugated with copper(I)
complexes. In particular, loading and release studies were performed using two different copper(I)
antitumor complexes, namely [Cu(PTA)4]* [BE4]™ (A; PTA = 1,3,5-triaza-7-phosphadamantane) and
[HB(pz);Cu(PCN)] (B; HB(pz)3 = tris(pyrazolyl)borate, PCN = tris(cyanoethyl)phosphane). In the
water-soluble compound A, the metal is tetrahedrally arranged in a cationic moiety, while compound B
is a mixed-ligand (scorpionate/phosphane), neutral complex insoluble in water. Loading protocols and
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efficiency are also related to these structural aspects and were optimized to obtain n = 90 + 4% and n =
65 + 10%, respectively, for AuNPs-A and AuNPs-B. Structural differences of A and B induced different
behaviours regarding the interactions with the gold surface, as showed by the HR-XPS studies. In fact,
for compound A, nitrogen partially transfers electrons to the surface of the metal nanoparticles, creating
an interaction that causes a slow release in water, less than 10% in 4 days. On the other hand, in B
compound the N = C — R groups hook onto the surface of the gold, producing a strong interaction that
makes the release not appreciable in the same time interval (up to 4 days). Therefore, both AuNPs-A
and AuNPs-B represent promising examples of water-soluble gold nanocarriers suitable to improve
the bioavailability of synthetic drugs, especially considering the EPR effect of AuNPs. In particular
AuNPs-A, which achieved a slow release, opens the way for biological in vitro studies to explore the
synergic activity of copper complexes and gold nanoparticles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/772/s1,
Figure S1: Uv-Vis spectra and calibration curves for complex A (green) and complex B (blue); Figure S2: SEM-EDX
analysis on AuNPs-A; Figure S3: ATR data of conjugates systems: (a) AuNPs-A (PTA); (b) AuNPs-B (PCN);
Table S1. Cls and P2p spectra data analysis BE, FWHM values and assignments for pristine Cu(I) complexes and
AuNPs carriers; Figure S4: XPS P2p spectra confirming the molecular structure stability of A and B complexes;
Figure S5: (a) XPS Au4f spectrum of AuNP-A; (b) Cu2p spectra of complex A and AuNP-A (rough data, confirming
the stability of Cu(I) complex).
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Abstract: Tuning the optical properties of Au nanostructures is of paramount importance for scientific
interest and has a wide variety of applications. Since the surface plasmon resonance properties of
Au nanostructures can be readily adjusted by changing their shape, many approaches for preparing
Au nanostructures with various shapes have been reported to date. However, complicated steps or
the addition of several reagents would be required to achieve shape control of Au nanostructures.
The present work describes a facile and effective shape-controlled synthesis of Au nanostructures and
their photothermal therapy applications. The preparation procedure involved the reaction of HAuCly
and ethylenediaminetetraacetic acid (EDTA) tetrasodium salt, which acted as a reducing agent and
ligand, at room temperature without the need for any toxic reagent or additives. The morphology
control from spheres to branched forms and nanowire networks was easily achieved by varying the
EDTA concentration. Detailed investigations revealed that the four carboxylic groups of the EDTA
tetrasodium salt are essential for effective growth and stabilization. The produced Au nanowire
networks exhibited a broad absorption band in the near-infrared (NIR) region, thereby showing
efficient cancer therapeutic performance by inducing the selective photothermal destruction of
cancerous glioblastoma cells (U87MG) under NIR irradiation.

Keywords: gold; nanostructure; EDTA tetrasodium salt; photothermal therapy

1. Introduction

To date, metal nanostructures have attracted a great deal of attention because of their intriguing
electronic, optical, and catalytic properties [1-7]. In the past few decades, Au nanostructures of various
shapes, including nanospheres [8-10], nanorods [11-19], nanowires [20-26], polyhedrons [27-32],
nanoplates [33-35], nanoshells [36-38], and branched forms [39-49], have been extensively explored
because of their shape-dependent surface plasmon resonance properties [50-53]. The fascinating
surface plasmon resonance properties of Au nanostructures enable their effective implementation in a
wide variety of biomedical applications, such as cancer therapy, bio-imaging, biological sensing,
and diagnostics [54-58]. Biological targets (e.g., protein and DNA) are recognized as changes
in the absorption of the functionalized Au nanostructures and an efficient bio-imaging using Au
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nanostructures is achieved by their distinctive interactions with light. Photothermal therapy is one
of the major therapeutic methods that requires near-infrared (NIR) light, which shows maximum
penetration depths in tissues and has a low toxicity for normal cells, so that cancer cells can be killed by
heat generation [56,59-70]. To obtain Au nanostructures exhibiting optical properties active in the NIR
region, intricate methods including multiple steps, many reagents, or long reaction times have been
applied. For example, a seed-mediated growth approach has been widely used to produce anisotropic
Au nanostructures, such as nanorods, which require steps for the formation of Au seeds and their
growth. In addition, a method using two (or more) appropriate capping reagents with different
binding affinities has been developed to obtain kinetic control of the growth rates on various crystal
planes, resulting in the formation of non-spherical Au nanostructures. Therefore, the development of
Au nanostructure preparation that yields NIR absorption is of prime importance for the successful
extension to practical applications.

Recently, it was reported that ethylenediaminetetraacetic acid (EDTA), a well-known metal
chelating ligand, can act as a reducing agent [71-73]. However, to the best of our knowledge,
the morphology control of Au nanostructures by applying EDTA agents has not been attempted.
Therefore, this is pioneering work on the preparation of Au nanocrystals exhibiting NIR activities
using EDTA agents at room temperature.

Herein we present a facile and effective shape-controlled synthesis of colloidal Au nanostructures at
room temperature and their effective performance for photothermal therapy. This simple procedure was
achieved by reacting HAuCly and EDTA tetrasodium salt, exhibiting a dual function as a reductant and a
stabilizing agent, without any toxic compounds such as cetyltriethylammonium bromide or additional
agents (e.g., superhydride). The morphology of the Au nanostructures was readily controlled by adjusting
the molar ratio of the EDTA tetrasodium salt to the HAuCl, precursor. Reducing the concentration of
the EDTA tetrasodium salt led to the formation of Au nanowire networks that are active in the NIR
regime. Control experiments using several kinds of EDTA agents revealed that the four deprotonated
carboxylic groups of EDTA tetrasodium salt play a key role as stabilizing agents and in effective growth
control. The Au nanowire networks showed an effective and selective photothermal therapeutic effect on
cancerous glioblastoma cells (U87MG) under NIR irradiation at 980 nm.

2. Materials and Methods

2.1. Materials

EDTA, EDTA disodium salt, and EDTA tetrasodium salt were purchased from Samchun Chemicals
(Seoul, Korea). Tetrachloroaurate trihydrate (HAuCly-3H,0O) was purchased from Strem Chemicals,
Inc. (Newburyport, MA, USA). Methoxy poly(ethylene glycol)sulfthydryl (mPEG-SH, My, = 5000) was
purchased from SunBio Corp. (Anyang, Korea). Water deionized by a Nano Pure System (Barnstead,
Thermo Fisher Scientific, Waltham, MA, USA) was used. The chemicals used for the preparation of the
solutions were purchased at the highest grade possible, and used without further purification.

2.2. Shape-Controlled Synthesis of Au Nanostructures

To synthesize Au nanowires with a network structure, 15 mg of EDTA tetrasodium salt was
injected into 7 mL of deionized water at room temperature, and the mixture solution was stirred for a
few minutes to ensure complete dissolution of the salt. Further, 0.1 mL of 0.1 M HAuCly was added to
the aqueous solution containing the EDTA tetrasodium salt at room temperature, and the resulting
solution was vigorously stirred for 1 h. After the reaction, the mixture was washed with water by
centrifugation at 14,000 rpm for 10 min. To synthesize the branched Au nanoparticles, the molar ratio
of HAuCly to EDTA tetrasodium salt was changed to 1:6, and other conditions were kept constant.
To synthesize the spherical Au nanoparticles, the molar ratio of HAuCly to EDTA tetrasodium salt was
increased to 1:8.
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To stabilize the Au nanowire networks, an mPEG-SH aqueous solution prepared by dissolving 40
mg of mPEG-SH in 2 mL of deionized water was injected into the mixture solution and further stirred
for 30 min. The resulting solution was washed with water by centrifugation at 14,000 rpm for 15 min.

2.3. In Vitro Cytotoxicity against U87MG Cells

U87MG human glioblastoma cells were grown as monolayer cultures in a 100-mm dish and
subcultured 3 times a week at 37 °C in an atmosphere of 5% CO, and 100% relative humidity. For the
in vitro cytotoxicity assay, cells at a logarithmic growth phase were detached and plated (0.2 mL per
well) in 96-well flat-bottomed microplates at a density of 10,000 cells per well, which were then left
for 1-2 days at 37 °C to resume exponential growth. After washing the cells with phosphate buffered
saline (PBS), 0.1 mL of the culture medium, with various concentrations of Au nanowire networks
coated with mPEG-SH ligand, was added to the wells in quintuplicate. For the control wells, the same
volume of culture medium was included in each experiment. Following 24 h of continuous exposure
to the Au nanowire networks under 5% CO, atmosphere at 37 °C, cell survival was assessed using the
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay.

2.4. In Vitro Photothermal Therapy

The U87MG human glioblastoma cells were plated in a confocal dish and allowed to grow on the
coverslip. Additionally, 150 pg Au/mL of the Au nanowire networks coated with mPEG-SH ligand
were incubated with the cells for 24 h. The unbound Au nanowire networks were rinsed with the PBS
buffer, and the cells were immersed in the culture medium.

Subsequently, a 980-nm continuous wave (CW) diode laser was used for irradiation and was
focused to a 1-mm-diameter spot on the sample (power density: 38.2 W/cm?). The cells were irradiated
for 10 min. The control cells without the Au nanowire networks with laser irradiation were also tested.
Subsequently, the cells were stained with a few drops of 0.4% trypan blue to test viability. The dead
cells were stained blue, while the live cells remained clear. After staining, the cells were rinsed with
the PBS buffer and immersed in the culture medium for bright-field imaging.

2.5. Characterization

Transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM) images were
acquired using a JEOL EM-2010 microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV.
The powder X-ray diffraction (XRD) pattern was obtained by a Rigaku D/Max-3C diffractometer
(Cu Ka radiation, A = 0.15418 nm, Rigaku Co. Ltd., Tokyo, Japan). The UV-Vis absorption spectra were
acquired by a Jasco V-570-type spectrophotometer (Jasco SLM-468, Tokyo, Japan). Elemental analysis
was performed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using an
ICPS-7500 spectrometer (Shimadzu, Kyoto, Japan). The MTT cell proliferation assay was performed by
an ELx808TM absorbance microplate reader (Biotek Instruments Inc., Winooski, VT, USA).

3. Results and Discussion

In general, colloidal synthesis of Au nanostructures requires reductants and capping agents. In the
current procedure, the Au nanostructures were readily synthesized by reacting HAuCly and EDTA
tetrasodium salt in an aqueous solution at room temperature. The EDTA tetrasodium salt played a
dual role as a reducing agent and as a ligand, thus allowing for simple synthesis without any additives.
After the reaction, the products were washed with water to remove any byproducts and unreacted
reagents. More details are provided in the experimental section.

Figure la shows a representative TEM image of the Au nanostructures prepared using a 1:8
molar ratio of HAuCly to EDTA tetrasodium salt. The image presents the formation of spherical Au
nanocrystals with an average diameter of 11 nm. A HR-TEM image is shown in the inset of Figure 1a,
indicating the polycrystallinity of the Au nanocrystals with pronounced lattice fringes of 0.235 nm,
corresponding to the (111) planes of a face-centered-cubic (fcc) Au crystal structure. Decreasing
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the molar ratio of HAuCly to EDTA tetrasodium salt induced shape control, resulting in branched
forms (see Figure 1b) at 1:6 and nanowire networks (see Figure 1c) at 1:4. When the molar ratio was
below 1:3, severely aggregated Au particles were observed because of the insufficient capping agent.
Based on these observations, the formation of the Au nanostructures is summarized in Scheme 1,
illustrating that the morphology of the Au nanostructures is easily controlled by adjusting the EDTA
tetrasodium salt concentration. High concentrations of EDTA tetrasodium salt produced only spherical
Au nanocrystals. Decreasing the molar ratio of HAuCly to EDTA tetrasodium salt resulted in the
formation of non-spherical Au nanostructures, such as branched forms and nanowire networks.
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Figure 1. Transmission electron microscopy (TEM) images of Au nanostructures prepared using
different molar ratios of HAuCly to ethylenediaminetetraacetic acid (EDTA) tetrasodium salt: (a) 1:8,
the inset is the high-resolution TEM (HR-TEM) image of panel (a); (b) 1:6; (c) 1:4; (d) Absorption spectra
of Au nanostructures in panels (a—c).
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Scheme 1. Schematic illustration of morphology control by adjusting the molar ratio of HAuCly to
EDTA tetrasodium salt.

The absorption spectra of Au nanostructures, with three kinds of morphologies, are presented in
Figure 1d, clearly displaying the shape-dependent surface plasmon resonance behaviors. Spherical Au
nanocrystals (see red curve (a) in Figure 1d) exhibit one absorption peak at 570 nm, resulting from
the transverse mode, while the transverse band becomes broader in the branched Au nanostructures
(see purple curve (b) in Figure 1d). The most intriguing activity was observed when using a 1:4 molar
ratio of HAuCly to EDTA tetrasodium salt (see black curve (c) in Figure 1d). Two distinct optical
behaviors were identified in the absorption spectrum of the Au nanowire networks. The peak at 530
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nm is attributed to transverse surface plasmon resonance (TSPR), and a broad absorption band over
the NIR spectra regime was observed, owing to the longitudinal surface plasmon resonance (LSPR).

The Au nanowire networks showing absorption in the NIR regime were further investigated, as
described below. The low-magnification TEM image of the Au nanowire networks in Figure 2a reveals
that the wires have considerable lengths of a few micrometers. HR-TEM images of the Au nanowire
networks are displayed in Figure 2b,c, indicating the dominant (111) lattice planes, in agreement
with the fast Fourier transform (FFT) image shown in the inset. Moreover, these images provide
insight into the crystallinity of the Au nanowire networks and their growth characteristics, acquired
by the coalescence of Au particles and subsequent deposition of Au atoms, as suggested in previous
studies [21,22,74].

The XRD pattern of the Au nanowire networks is presented in Figure 2d, showing that all
characteristic peaks are indexed to the (111), (200), (220), (311) and (222) planes of the fcc Au crystal
structure without any other phases, which also supports the TEM analysis.

When the solution containing the isolated Au nanowire networks was kept at room temperature
for approximately one day, the color gradually changed from black to deep red, implying the
transformation of the Au nanowire networks into spherical Au nanoparticles. The shape instability of
nonspherical Au nanostructures has also been observed in previous works [21,22,42,43] and explained
by the thermodynamic instability of the nonspheres [42,43]. To prevent the transformation of the
Au nanowire networks, a stabilizing agent exhibiting stronger binding, the mPEG-SH ligand, was
used. mPEG-SH stabilized the Au nanowire networks and remained intact without any color change
over one month, as shown in Figure S1 in the Supplementary Materials. The absorption spectra and
TEM image in Figure S1 also support that mPEG-SH coating stabilize Au nanowire networks without
morphological change.

mm Bulk Au
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Figure 2. Characteristics of Au nanowire networks: (a,b) TEM images with different magnifications,
the inset is the fast Fourier transform (FFT) image obtained from the panel (b); (c) HR-TEM images;
(d) X-ray diffraction (XRD) pattern, red vertical lines indicate peak positions and relative intensities of
bulk Au.

To monitor the temporal evolution of the Au nanowire networks during the reaction time of 1 h,
aliquots withdrawn at different reaction stages were analyzed, as shown in Figure 3. As seen in the
TEM images, the length and diameter of the wires gradually increased as the reaction time progressed,
implying that the Au nanowire networks were formed by depositing the Au monomer at the joints
between the assembled Au nanocrystals. The absorption spectra of aliquots taken at different reaction
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stages are also shown in Figure S2, indicating that only one broad feature was seen at the beginning
stages (e.g., 15 min). After 25 min, two distinct peaks were clearly observed, due to the TSPR and LSPR
modes. This evolution shows that Au nanowire networks formed in nearly 25 min, in good agreement
with the TEM analysis (see Figure 3f).

”® S

20 nm

20 nm

Figure 3. TEM images of the samples at different stages of the reaction: (a) 2 min; (b) 5 min; (c) 10 min;
(d) 15 min; (e) 20 min; (f) 25 min; (g) 45 min; (h) 60 min.

Several kinds of control experiments were performed to understand the effects of synthetic
conditions. Without the addition of the EDTA tetrasodium salt, no Au nanostructures were formed.
This supports the fact that the four carboxylic groups of the EDTA tetrasodium salt reduce the Au®*
species, which is in agreement with previous works [71-73]. It is noteworthy that EDTA tetrasodium
salt introduced strong basic conditions, thus eliminating the need for additional steps (see Table S1 in
the Supplementary Materials), whereas adjusting the pH by adding a suitable base was necessary for
the preparation of the Au nanostructures in previous studies [72,75,76].

In addition, the addition of other EDTA salts was attempted for the synthesis of Au nanostructures.
Under similar conditions such as temperature and concentration, the use of EDTA and EDTA disodium
salt led to the formation of micrometer-sized and submicrometer-sized Au aggregates, respectively,
as shown in Figure S3, revealing that the four deprotonated carboxyl groups (COO™) of EDTA
tetrasodium salt as a tetradentate group are essential for allowing effective growth on the nanoscale.

NIR absorption is crucial for many biomedical applications because biological tissues, blood, and
water show low absorption in this wavelength range [77,78]. The cytotoxicity of the Au nanowire
networks coated with mPEG-SH was evaluated to demonstrate their applicability as photothermal
therapeutic agents. The MTT cell proliferation assay is presented in Figure S4, indicating that more
than 80% of the U87MG cells survived up to 1.27 mM (250 ug/mL) of the Au concentration. A more
detailed procedure is presented in the Experimental Section.

Figure 4 represents the images of the US7MG cells without and with the Au nanowire networks
after the NIR laser irradiation at 980 nm for 10 min, clearly revealing cell damage at the center of the
laser beam for cells with an incubation of the Au nanowire networks, while the control cells remained
intact. The dead cells were stained blue by 0.4% trypan blue. This observation clearly demonstrates
the effectiveness of the Au nanowire networks in NIR photothermal therapy by selective killing of
cancer cells, because of the local heating generated by their effective NIR absorption. Because of their
relatively large size and irregular shape, the Au nanowire networks may not be suitable for animal
study by systemic delivery. However, due to the good photothermal effect by NIR light, they can be
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used as a local heat generator to regulate cellular activity by attaching them to the cell membrane or
biochip surface [79].

Figure 4. Optical microscope images of cancerous glioblastoma cells (U87MG) cells incubated
(a) without; (b) with the Au nanowire networks, after irradiation for 10 min with a 980-nm near-infrared
(NIR) CW diode laser and subsequent staining with 0.4% trypan blue.

4. Conclusions

In summary, our work presents a facile and effective shape-controlled synthesis of Au
nanostructures and their photothermal therapeutic effect. The described procedure involves the simple
mixing of HAuCly and EDTA tetrasodium salt in an aqueous solution at room temperature, without
additional ligands or toxic reagents. Adjusting the molar ratios of HAuCly to EDTA tetrasodium
salt enables effective morphology control of Au nanostructures from spheres to branched forms and
nanowire networks. Detailed control experiments revealed that the four deprotonated carboxylic acids
of the EDTA tetrasodium salt provided effective growth control and stabilization. The Au nanowire
networks showed strong absorption in the NIR region and hence were suitable for photothermal
therapy. Under NIR irradiation, the Au nanowire networks allowed for selective destruction of
cancerous U87MG cells by local heating, generated by the NIR absorption. This work demonstrates
the development of a simple synthetic route to NIR-active Au nanostructures, which can be extended
to other applications including optical sensing and surface-enhanced Raman scattering.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/4/252/s1,
Figure S1: (a) Photograph of mPEG-SH stabilized Au nanowire networks kept in ambient conditions for one
month, showing good stability, (b) absorption spectra of as-synthesized Au nanowire networks (black curve)
and mPEG-SH coated Au nanowire networks (red curve), and (c) TEM image of Au nanowire networks after
mPEG-SH coating, Figure S2: Absorption spectra of Au nanostructures taken at different stages of the reaction,
Figure S3: TEM images of Au aggregates generated by using (a) EDTA and (b) EDTA disodium salt, Figure S4:
The cell viability of Aunanowire networks by MTT assay, Table S1: The pH values at different reaction conditions.
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Abstract: To achieve sensitive plasmonic biosensors, it is essential to develop an efficient method for
concentrating analytes in hot spots, as well as to develop plasmonic nanostructures for concentrating
light. In this study, target analytes were delivered to the surface of double-bent Au strip arrays
by a multiple dip-coating method; they were self-aligned in the valleys between neighboring Au
strips by capillary forces. As the valleys not only accommodate target analytes but also host strong
electromagnetic fields due to the interaction between adjacent strips, sensitive measurement of target
analytes was possible by monitoring changes in the wavelength of a localized surface plasmon
resonance. Using the proposed plasmonic sensor and target delivery method, the adsorption and
saturation of polystyrene beads 100 nm in size on the sensor surface were monitored by the shift of
the resonance wavelength. In addition, the pH-dependent stability of exosomes accumulated on the
sensor surface was successfully monitored by changing the pH from 7.4 to 4.0.

Keywords: localized surface plasmon resonance; dip-coating; capillary force; exosome

1. Introduction

Biosensors based on localized surface plasmon resonance (LSPR), the collective oscillation of
electrons in nanostructured noble metals induced by resonant light, have been extensively investigated
owing to their molecular-level sensitivity, rapid and label-free detection, and simple instrumentation [1-4].
Since LSPR sensors monitor the resonance wavelength shifts caused by analytes adsorbed on the metal
surface, fabrication of uniform plasmonic nanostructures with sharp and clean resonance spectra is
a prerequisite for achieving sensitive and reliable LSPR sensors [1-7]. Once well-defined plasmonic
nanostructures are obtained, the delivery of analytes to plasmonic hot spots is essential to fully utilize
the sensor performance. However, despite the availability of a number of reports on the fabrication
of various metallic nanostructures and their application in plasmonic sensors, only a few studies have
focused on the locating of analytes on sensing spots [8-10].

In this report, we present an efficient method for locating analytes in plasmonic hot spots.
By a template-assisted self-assembly during the dip-coating process [11-14], target analytes spontaneously
align in the valleys between neighboring Au strips, where electromagnetic fields are locally enhanced.
During repeated dip-coating, analytes accumulate at the hot spots, and this phenomenon is monitored
for changes in LSPR wavelength. Furthermore, we demonstrate that the proposed method can be used
to monitor the stability of exosomes, extracellular vesicles (<100 nm in size), attracting much scientific

Nanomaterials 2019, 9, 660; doi:10.3390/nan09050660 50 www.mdpi.com/journal/nanomaterials



Nanomaterials 2019, 9, 660

and engineering interest as biomarkers for diagnosing diseases and as delivery vehicles for bioresorbable
drugs [15-18].

2. Experimental Methods

2.1. Nanofabrication of Double-Bent Au Strip Arrays

The sample preparation process is illustrated in Figure 1. Initially, one-dimensional grating patterns
with a period of 200 nm (1:1 line/space) and a height of 100 nm were generated on polyurethane
acrylate (PUA)-coated polyethylene terephthalate (PET) substrate by UV-nanoimprint lithography.
Then, a 30 nm-thick Au film was thermally evaporated at an oblique angle to the polymer nanograting.
Because of the tilted deposition angle (35° from the surface normal direction) and a shadowing effect of
the line grating, a double-bent Au strip (DAS) array was spontaneously formed in two steps, namely,
UV-nanoimprint lithography and Au deposition. More details on the fabrication of DAS arrays can be
found in our previous report, in which the refractive index sensitivity of about 210 nm refractive index
unit (RIU)~! and a figure of merit (FOM) of 4.2 for DAS arrays were demonstrated [19].

(a) Oblique-angle deposition of Au (b) Pulling
{350 direction I

PET substrate

. Colloidal solution of Self-assembled target
Double-bent Au strip (DAS) array spherical analytes analytes on DAS array

Figure 1. Schematic illustration of sample preparation. (a) Double-bent Au strips (DAS) were thermally
deposited at an oblique angle on UV-imprinted polymer nanograting structures. PUA and PET are
polyurethane acrylate and polyethylene terephthalate, respectively. (b) A dip-coating process was used
to assemble polystyrene beads or exosomes on the DAS sensors; the dip-coating process was repeated
to accumulate analytes.

2.2. Active Accumulation of Spherical Analytes on DAS Arrays by Multiple Dip-Coating

After preparation of DAS arrays, the samples were vertically dipped in a colloidal solution of
polystyrene (PS) beads or exosomes and pulled out at a speed of 0.01 mm/s. A 1 wt % aqueous solution
of PS beads was purchased from ThermoFisher Scientific (Nanosphere™ size standard 3100A, Waltham,
MA, USA). Between each coating cycle in the multiple dip-coating process, the samples were dried for
5 min in ambient atmosphere and then immersed again. After the dip-coating process was completed,
the absorbance curves were measured using a UV-Vis spectrophotometer (UV-2600, Shimadzu, Kyoto,
Japan) and the surfaces were observed using scanning electron microscopy (SEM, S-4800 FE-SEM, Hitachi,
Tokyo, Japan).

2.3. Assessment of Exosome Stability

Exosomes were isolated from human fibroblast cells grown in Dulbecco’s minimal essential
medium supplemented with 10 % fetal bovine serum, 100 U/mL penicillin/streptomycin at 37 °C.
The supernatant was centrifuged at 800x g for 5 min and 2000x g for 10 min to remove cellular debris.
The ultracentrifugation step was conducted in cell debris-removed supernatant at 100,000 g for 3 h
to collect the pellet (Beckman, Brea, CA, USA). The exosomal protein concentration of 1 ug/uL was
measured using a Pierce BCA Protein Assay Kit. To examine the pH-dependent stability of exosomes,
the exosome-adsorbed DAS arrays were immersed in a TRIzol reagent (Invitrogen, Waltham, MA,
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USA), 1x phosphate buffer solution with pH 7.4 (Merck, Darmstadt, Germany), and citric acid/sodium
hydroxide buffer solutions with pH 4.0 and 5.0 (Merck, Darmstadt, Germany).

3. Results and Discussion

3.1. Multiple Dip-Coating of Spherical Analytes on Nanoplasmonic Sensors

To examine the anisotropic wetting effect of the one-dimensional grating structure [20-22],
the dipping and pulling directions of the DAS arrays were set parallel or perpendicular to the length
direction of the Au strips. Figure 2 shows the SEM images of the PS bead-coated sample surfaces,
depending on the direction and number of dip-coating cycles. Due to capillary forces induced on
the three-phase (liquid-vapor-substrate) contact line [11-14], PS beads spontaneously assembled in
the valleys between neighboring DAS structures and adsorbed on the surface by the van der Waals
forces, regardless of the dip-coating direction. However, it should be noted that the density of the PS
beads on the samples where the dip-coating direction was parallel to the Au strip (hereinafter referred
to as par-dip sample) was much higher than that on the samples with a perpendicular dip-coating
direction (hereinafter referred to as the per-dip sample). For example, in the case of a triple dip-coating,
the population of PS beads of the par-dip sample was 154 in the SEM image (Figure 2f), which was
approximately five times larger than that of the per-dip sample (Figure 2b). It is believed that this
difference was caused by anisotropic wettability and evaporation-induced flow near the contact line.
Because the liquid contact angle in the direction parallel to the Au strip was smaller than the contact
angle along the perpendicular direction, the par-dip sample with its long meniscus could secure
a longer time for positioning the PS beads than the per-dip sample. In addition, the contact line with
its long meniscus could induce an outward flow of the PS beads during evaporation; this phenomenon
is known as the coffee stain phenomenon [23,24]. Accordingly, deposits of self-assembled beads
could accumulate much more on the par-dip sample than on the per-dip sample during the multiple
dip-coating process. In the case of the par-dip sample, the valleys between neighboring DAS structures
were almost filled with PS beads after five repeated dip-coating cycles, as shown in Figure 2g.

The valleys between the Au strips not only accommodate PS beads by capillary forces, but also act
as hosts to strong plasmonic fields due to the interactions between adjacent strips, as was demonstrated
in experimental and simulation studies [25]. Therefore, the PS beads self-assembled in the valley
between the DAS arrays can induce a change in the resonance conditions of the Au strips, resulting in
a spectral shift of the LSPR wavelength. Figure 3 shows the LSPR shifts of the per- and par-dip samples
depending on the number of dip-coating repetitions. The LSPR peak shifts of the par-dip samples were
much larger than those of the per-dip samples due to a greater number of dense bead deposits on the
sample surfaces. This observation is in good agreement with the SEM images in Figure 2. As the LSPR
peak shift was accompanied by a change in the amplitude of absorbance, as shown in Figure 3a,b,
it would be possible to monitor the change in absorbance at a specific wavelength (e.g., the initial
resonant wavelength) as an alternative signal reading method.

Figure 3a,c also indicates that the peak shift generated by the dip-coating was reduced after five
repetitions of the dip-coating process. Once the valleys were filled with PS beads, the additional
beads adsorbed on the upper sides of the DAS structures were too far away from the plasmonic fields
developed in the valleys, and hence they did not significantly affect the resonant condition of the Au
strips. For the same reason, analytes that are too small or beads that are too large compared to the
dimensions of the valley are not very sensitive to DAS arrays, as demonstrated by experiments and
theoretical calculations in our previous report [25]. Therefore, the dimensions of the DAS structures
can be adapted to the size of a particular analyte, and the gold surface of DAS can be functionalized
with antibodies for target-specific detection.
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Figure 2. SEM images of the polystyrene (PS) bead-coated sample surfaces according to the direction
and number of repeated dip-coating cycles. The dipping and pulling directions of DAS arrays were (a—d)
perpendicular and (e-h) parallel to the direction of the length of Au strips. Samples were dip-coated (a,e)
once, (b,f) three times, (¢,g) five times, and (d,h) seven times. Scale bars represent 500 nm.
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Figure 3. (a,b) Absorbance curves and (c,d) localized surface plasmon resonance (LSPR) peak shifts of
PS bead-coated DAS arrays as functions of the number of dip-coating repetition cycles. The data in
Figure 3a,c and Figure 3b,d were obtained from the par-dip and per-dip samples, respectively. All the
data in Figure 3c,d showed statistically significant differences (P-value < 0.05), except for the first two
data in Figure 3d (single and double dip coatings).

3.2. Assessment of Exosome Stability by Nanoplasmonic Sensors

In addition to monitoring the adsorption of analytes, it is also possible to monitor desorption or
degradation of analytes adsorbed on DAS arrays by measuring the LSPR shifts. Thus, DAS arrays
in combination with the proposed multiple dip-coating method were used to assess the stability or
degradability of exosomes in neutral or acidic microenvironment known to be associated with their
drug delivery efficacy [17,18]. Exosomes dispersed in a phosphate-buffered solution at a concentration
of 1 pg/uL were accumulated on DAS arrays by thrice dip-coating. The dip-coated exosomes resulted
in an 8 nm red shift of the LSPR peak (Supplementary Materials, Figure S1). For the case when a 10 uL.
drop of the same exosome sample was dried on a DAS array, the LSPR peak shift was less than 2 nm
(Supplementary Materials, Figure S2a).

To examine the pH-dependent stability of exosomes, the exosome-adsorbed DAS arrays were
immersed in a TRIzol reagent and buffer solutions with pH 7.4, 5.0, and 4.0. TRIzol reagent for complete
fragmenting of exosomes was used as a control [26]. After treatment with TRIzol reagent, the LSPR
peak of the exosome-adsorbed DAS array was blue-shifted (9.5 nm) and, thus, returned to its original
position within 1 h (red bars in Figure 4a). The 1.5 nm blue shift from the original position may be the
result of damage to the polymer substrate (PET) by the reagent. Compared with TRIzol reagent, it was
confirmed that buffer solutions with pH 7.4, 5.0, and 4.0 did not make any noticeable damage on the
DAS arrays and the substrate (Supplementary Materials, Figure S2b). In the buffer solution of pH 7.4,
the physiological condition was stable for exosomes, and no apparent changes in the LSPR peak were
observed, although the exosome-coated DAS array was immersed for up to 60 h (black bars in Figure 4a).
Compared to the previous two extremely unstable (TRIzol) and stable (pH 7.4) cases, the peak shifts of
the samples immersed in acidic buffer solutions (pH 4.0 and 5.0) exhibited gradual changes, as shown in
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Figure 4b. The gradual blue shift in the LSPR peaks indicates that the exosomes on the DAS array were
partially desorbed from the sample surface or degraded under acidic conditions with an increase in the
immersion time. As the desorption of exosomes in the pH 7.4 buffer solution was not very significant,
exosome degradation is considered a possible cause of the blue shift of the LSPR peak in acidic buffer
solutions. Petelsak et al. demonstrated that a lipid bilayer membrane is subject to greater interfacial
tension under acidic conditions than under neutral conditions [27]. Therefore, in pH 4.0 and pH 5.0
buffer solutions, increased interfacial tension of the lipid membrane can reduce the stability of exosomes
and result in a blue shift of the LSPR peak. In addition to testing the exosome stability demonstrated in
this report, it is possible to monitor the loading and unloading of drug molecules from the exosomes
under various physiological conditions that are the subjects of our further studies.
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Figure 4. Normalized LSPR peak shifts measured by exosome-coated DAS arrays. After dip-coating
thrice with exosomes, the samples were immersed in a TRIzol reagent (red bars in (a)) and buffer
solutions with pH 7.4 (black bars in (a)), 5.0 (black bars in (b)), and 4.0 (red bars in (b)). The peak
shifts were divided by the initial shift values, measured after dip-coating thrice with exosomes for
each sample.

4. Conclusions

For effective placement of target analytes on sensor surfaces and their monitoring, we present
a straightforward measurement method based on nanoplasmonic sensors of double-bent Au strip
arrays, multiple dip-coating of analytes, self-alignment of analytes in the region of strong plasmonic
fields, and spectrometric monitoring of LSPR peaks. Using this method, closely packed PS beads in the
valleys of the DAS array and pH-dependent stability of the exosomes were successfully monitored in
terms of shifts in the LSPR peaks. As a small amount of target analytes can accumulate in the plasmonic
hot spot due to multiple dip-coating cycles, and the LSPR peak can be measured with a conventional
UV-vis spectrometer under physiological conditions, it is expected that the proposed measurement
platform will be useful for studying the stability of various drug delivery vesicles and their efficiencies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/660/s1,
Figure S1: (a) Measured absorbance curves of the DAS array (black) before and (red) after dip-coating thrice with
exosomes and (blue) after immersion in a TRIzol reagent for 1 h. (b) Magnified view of Figure Sla. Figure S2: (a)
Measured absorbance curves of the DAS array (black) before and (red) after drying a 10 pL drop of an aqueous
solution of exosome. (b) Table of LSPR peak shifts of the DAS arrays, measured after dipping in pH buffer
solutions with pH 7.4, 5.0, and 4.0 for 18 hours.
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Abstract: During the past few years, silver nanoparticles (AgNPs) became one of the most investigated
and explored nanotechnology-derived nanostructures, given the fact that nanosilver-based materials
proved to have interesting, challenging, and promising characteristics suitable for various biomedical
applications. Among modern biomedical potential of AgNPs, tremendous interest is oriented toward the
therapeutically enhanced personalized healthcare practice. AgNPs proved to have genuine features and
impressive potential for the development of novel antimicrobial agents, drug-delivery formulations,
detection and diagnosis platforms, biomaterial and medical device coatings, tissue restoration
and regeneration materials, complex healthcare condition strategies, and performance-enhanced
therapeutic alternatives. Given the impressive biomedical-related potential applications of AgNPs,
impressive efforts were undertaken on understanding the intricate mechanisms of their biological
interactions and possible toxic effects. Within this review, we focused on the latest data regarding the
biomedical use of AgNP-based nanostructures, including aspects related to their potential toxicity,
unique physiochemical properties, and biofunctional behaviors, discussing herein the intrinsic
anti-inflammatory, antibacterial, antiviral, and antifungal activities of silver-based nanostructures.

Keywords: silver nanoparticles; biomedical applications; biological interactions; biofunctional
performances; intrinsic anti-inflammatory activity; antimicrobial efficiency

1. Introduction

In the past few decades, tremendous interest and substantial research efforts were directed toward
the biomedical evaluation and revaluation of metallic nanoparticles derived from noble metals, such as
silver and gold, thanks to their specific and genuine chemical, biological, and physical properties [1,2].
In particular, impressive attention was oriented toward the biomedicine-related assessment of silver
nanoparticles (AgNPs), which first attracted worldwide attention as unconventional antimicrobial
agents [3-5]. Even though there is limited information regarding the toxicity and in vivo biological
behavior of AgNPs, these nanostructures were used for a long time as antibacterial agents in the health
industry [6,7], cosmetics [8,9], food storage [10,11], textile coatings [12,13], and some environmental
applications [14-16]. AgNPs are a class of zero-dimensional materials with distinctive morphologies,
having a size ranging from 1 nm to 100 nm [17].
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As to the methods of obtaining AgNPs, different strategies were successfully used, thanks to
the intrinsic versatility of silver metal and silver-based compounds, including physical [18,19],
chemical [20,21], physicochemical [22,23], and biological synthesis approaches [24,25]. However, given the
facile and safe process, reduced economic implications, and repeatability and reproducibility of
experimental results, the method most used in the preparation of AgNPs is represented by the
chemical reduction of silver salts by sodium citrate or sodium borohydrate [26,27]. In addition to their
intrinsic antimicrobial-related applications, AgNPs were thoroughly explored thanks to their beneficial
size-related physicochemical effects exhibited in novel electronic, magnetic, catalytic, and optical
materials [28,29].

Special interest is oriented toward improving the stability of AgNPs, since a particular
limitation of their antimicrobial-related use arises from their instability in bacteria-rich environments,
and consequently, diminution or deprivation of their anti-pathogenic activity. In order to improve
the stability of AgNPs in solution, many inorganic and organic [30,31], synthetic and natural [32,33],
and biotic and abiotic materials were used as capping agents [34].

Though the precise anti-pathogenic mechanism of silver nanoparticles remains to be clarified,
it is postulated that nanosilver-based systems exert their antimicrobial effects through the following
phenomena: (a) microbial membrane damage, caused by the physicochemically guided attachment of
AgNPs on the cell surface, and subsequent structural and functional alterations (such as gap formation,
membrane destabilization, membrane piercing, and cytoplasm leakage); and (b) microbial sub-cellular
structure damage, caused by the release of free Ag* ions and subsequent reactive oxygen species
(ROS) generation or essential macromolecule (proteins, enzymes, and nucleotides) inactivation [35-37].
Still, the most remarkable mechanistic mode of AgNP-based antimicrobial effects is represented by their
adhesion to microbial cells, ROS and free-radical generation, microbial wall piercing and penetration
inside cells, and modulation and modification of microbial signal-transduction pathways [38].
Metallic silver ions are strong antimicrobials themselves, but they are easily isolated by phosphate and
chloride functions, proteins, and different cellular components [39]. The intrinsic biocide or biostatic
activity of AgNPs is strongly influenced by different physicochemical features, including morphology,
size, oxidation and dissolution states, surface charge, and surface coating [37,40].

The effectiveness of nanosilver-based biomaterials as promising antimicrobial agents was
experimentally assessed against a wide range of medically relevant planktonic and sessile
pathogenic microorganisms, including bacteria [41,42], viruses [43,44], fungi, and yeasts [45,46].
The impressive antimicrobial activity of AgNPs is a solid starting point for the design, development,
and implementation of new and performance-enhanced nanosilver-based biomedical products, such as
anticancer agents, drug-delivery platforms, orthopedic materials and devices [47], bandages, antiseptic
sprays, and catheters [48]. As a consequence of the impressive applicability of AgNPs in the fields of
nanotechnology, biomedicine, and environment, there is a continuous need for the development of
cost-effective methods for the synthesis of AgNPs [49]. The translation of silver-based nanotechnology
to clinical applications requires not only the development of safe, simple, eco-friendly, and cost-effective
methods for the synthesis of silver nanoparticles, but also a thorough understanding of the related
physicochemical particularities, in vitro and in vivo effects, biodistribution, safety control mechanisms,
pharmacokinetics, and pharmacodynamics of AgNPs [48].

2. Antibacterial Characteristics of Silver Nanoparticles

Silver nanoparticles attracted tremendous interest in the biomedical field, thanks to their attractive
and unique nano-related properties, including their high intrinsic antimicrobial efficiency and
non-toxic nature. Among the manifold potential applications of AgNPs in this particular domain,
impressive attention and efforts were lately directed toward their promising implications in wound
dressing, tissue scaffold, and protective clothing applications [50,51]. Some essential aspects related
to the specific antimicrobial characteristics of AgNPs implies their intrinsic physical and chemical
properties, which include maintaining the nanoscale size of AgNPs, improving their dispersion and
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stability, and avoiding aggregation [52]. There are many studies which experimentally proved that the
anti-pathogenic activity of AgNDPs is better than that exhibited by silver ions [53].

A major concern of the worldwide healthcare system is represented by the alarming and
emerging phenomenon of pathogenic drug-resistant occurrence. Therefore, AgNPs represent potent
candidates for the nanotechnology-derived development of novel and effective biocompatible
nanostructured materials for unconventional antimicrobial applications [54]. Thanks to their intrinsic
broad bactericidal effects exhibited against both Gram-negative and Gram-positive bacteria and
their physicochemical properties, AgNPs are one of the most used metallic nanoparticles in modern
antimicrobial applications [55]. Different studies reported that AgNPs interact with the bacterial
membrane and penetrate the cell, thus producing a drastic disturbance regarding proper cell function,
structural damage, and cell death [56]. We included in Figure 1 distinctive mechanisms described
during the interaction of AgNPs with bacterial cells [57].
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Figure 1. Various modes of action of silver nanoparticles (AgNPs) on bacteria [57].

Currently, it is shown that AgNPs can be successfully used to design and develop improved
wound and burn dressings, thanks to the intrinsic antibacterial and anti-inflammatory effects of
sole metallic nanoparticles [58]. Given the mutation-resistant antimicrobial activity related to
nanosilver-based biomaterials, AgNPs are used in various pharmaceutical formulations as burn
ointments, antibacterial clothing, and coatings for medical devices [59]. Different studies proved that
the stabilization of AgNPs against dissolution and/or agglomeration can be achieved by using various
capping agents, such as sodium citrate, polyvinylpyrrolidone (PVP), or polyethylene glycol (PEG) [60].
The stability of AgNPs was previously investigated, where the reported data indicated that their
stability actively influences their toxicity [60].

The most important physicochemical parameters that affect the antimicrobial effects exhibited by
AgNPs include size [61], shape [62], concentration [63], surface charge [64], and colloidal state [65].
As mentioned before, AgNPs display their intrinsic enhanced antimicrobial activity through various
mechanisms [66].

It is also worth mentioning that the AgNP-based treatment of human cell cultures may induce
cytotoxicity [67], inflammatory responses in a cell-type-dependent manner, and genotoxicity [66].
Thanks to their intrinsic capacity to provide stimuli-dependent responses through the specific
modification of their optical properties, chemical environments, high molar absorptivity [68], and the
many sorption sites found on their extensive surface [69], AgNPs are also used in various analytical
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applications. There are manifold research studies which particularly describe the biocide activity of
silver itself [70].

The current state of the art relies on the beneficial conjunction between antimicrobial silver
nanoparticles and natural or synthetic polymers, in the modern attempt to diminish or even eliminate
the microbial contamination and colonization processes [71].

The major advantage of nanosilver-based biomaterials designed for unconventional antibacterial
applications is related to their intrinsic anti-pathogenic effects exhibited against both planktonic and
biofilm-organized microorganisms. The bactericidal activity of AgNPs is attributed to silver cations,
which possess the ability to specifically bind to thiol groups of bacterial proteins, disrupting their
physiological activity and leading to cell death. The effects of AgNPs on bacterial DNA were not
analyzed in detail with respect to possible DNA lesions and antibacterial action that occur after AgNPs
treatment. Silver nanoparticles exert their bactericidal activity through a Trojan-horse mechanism,
since their initial binding to the cell surface leads to permeability alteration and cellular respiration
impairment, followed by cell-barrier penetration and intracellular metallic silver ion release.

In order to successfully apply nanosilver-based systems as effective antibacterial agents,
it is important to thoroughly understand their action against bacterial cells and bacterial
biofilms [72]. In addition to their improved efficiency against planktonic bacteria (as discussed above),
AgNPs also possess bactericide or bacteriostatic activity against biofilm-organized microorganisms.
The antibacterial effects exhibited by silver-based nanosystems against biofilm-organized bacteria
may be due to intrinsic activity against isolated or block cells, destabilization or disruption of the
exopolymeric substances within the extracellular biofilm matrix, or interfering with bacterial signaling
molecules [73-75]. There are ongoing discussions regarding the role of Ag ions released from AgNPs
and their related toxic effect on microorganisms. Many researchers stated that the toxicity of AgNPs
is due to the nanoparticles themselves, whereas others provided evidence that silver ions released
from AgNPs play a crucial role during antimicrobial activity. Following the release of silver ions from
AgNPs, antibacterial activity is initiated by metallic cations, rather than by metallic nanoparticles [76].

3. Silver Nanoparticles for Drug-Delivery Systems

In medicine, the pharmacokinetics and pharmacodynamics of drugs are as important as
their intrinsic therapeutic effects [77]. Since the specific and selective delivery and action of
therapeutic agents became one of the most studied topics for improving current human healthcare
practice, nanoparticles received tremendous attention regarding the design and development of
novel and enhanced drug-delivery systems [78]. In particular, AgNP-based nanosystems were
evaluated as suitable carriers of various therapeutic molecules, including anti-inflammatory [79,80],
anti-oxidant [81,82], antimicrobial [83,84], and anticancer [32,85] biosubstances.

In order to provide a specific therapeutic effect in human or animal organisms, it is essential
to consider the process or method applied during the administration of the selected pharmaceutical
compound [86]. For obtaining novel and performance-enhanced drug-delivery systems responsive
to thermal, optical, or pH modulations to target inflammatory, infectious, and malignant ailments,
hybrid molecular units consisting of AgNPs were successfully chosen, especially thanks to their
exceptional biocompatibility and viable features for nanoscale-derived therapeutic settings [87].

As a consequence of the difficulty encountered during AgNP synthesis and the concerns regarding
the toxicity and reduced stability of nanosilver-based systems when functionalized according to
conventional salt-aging techniques, silver is not extensively used in nanoparticle-based drug-delivery
applications, instead being replaced with gold or other nanomaterials [88]. An excellent triggerable and
tunable nanosystem for drug-delivery applications should be easy to develop from readily available
components, exhibit optimal responsiveness, and be compatible with more than one trigger [89].
Moreover, such a particular drug-delivery [90] platform should not only provide suitable and
adjustable drug loading and releasing profiles, but should also enable [70] maximal therapeutic
efficiency at concentrations below that of the sole biosubstance with side-effect minimization [91,92].
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Thanks to their intrinsic anticancer activity [93], AgNPs attracted special attention for
this particular domain, and were successfully evaluated as effective anti-tumor drug-delivery
systems [94], acting either as passive [95,96] or active [97,98] nanocarriers for anticancer drugs. For the
preparation of biocompatible AgNPs, different strategies were used, such as organic-water two-phase
synthesis [99-101], micro-emulsion [102-104], radiolysis [105,106], and most commonly, reduction in
aqueous solution [94,107,108]. Impressive attention, scientific knowledge, and financial support were
lately oriented toward the formulation of AgNP-based drug-delivery platforms, thanks to the intrinsic
features of nanosilver, including its capacity to bind a wide range of organic molecules, its tunable and
strong absorption properties, and its low toxicity [109]. Recent studies evidenced the potential use of
AgNPs as vaccine and drug carriers for specific and selective cell or tissue targeting [109]. In addition
to the great optical properties of AgNPs (governed by specific surface plasmon resonance and localized
surface plasmon resonance) [110-112], the recent improvements in AgNP biocompatibility and stability
via surface modification strongly recommend nanostructured systems based on silver as specific,
selective, and versatile candidates for drug-delivery applications [113].

4. Silver Nanoparticles for Catheter Modification

Central venous catheters (CVC) were firstly described by Niederhuber in 1982; since then, these
devices became important therapeutic tools for diverse clinical conditions requiring malnutrition
and replacement therapy (e.g., renal disease and cancer) [114]. CVCs are normally used to provide
access for intravenous fluid administration, hemodynamics monitoring, drug-delivery pathways [115],
and nutritional support in critically ill patients. Still, these medical devices are also a considerable
source of hospital-acquired infections [116], and are considered a specific high-risk category of devices
susceptible to microbial contamination and colonization phenomena [117]. A recent study showed
that various Staphhylococcus aureus strains are responsible for catheter-related infections, and 82% of
them are methicillin-resistant strains possessing many genes expressed in biofilm development and
bacterial dispersion processes [118].

In order to induce antibacterial effects to clinically relevant materials and devices, AgNPs were
extensively explored for the modification of one-dimensional and two-dimensional surfaces [119],
such as cotton fabrics [120,121], natural and artificial fibers [122-124], thin polymer films [125,126],
and wound pads [127,128].

Even if silver (a half-noble metal) is susceptible to quick oxidation processes, the impressive
surface-to-volume atomic ratio related to AgNPs accounts for the sustained local supply of Ag*
ions at the coating/tissue interface [129]. In recent studies, the role of AgNP-modified catheters
as non-toxic devices capable of sustained release of bactericidal silver, exhibiting preventive
effects against infection-related complications, was presented [116,130,131]. Given the fact that
one of the major groups of organisms that causes device-related infections is represented by
coagulase-negative staphylococci (CoNS), the effects exhibited by AgNPs and AgNP-coated catheters
against these organisms were intimately studied [38]. Significant inhibitory effects against both
Gram-positive and Gram-negative bacterial biofilm development were exhibited by CVCs coated with
AgNPs [115,132-134].

Because the binding capacity of silver nanoparticles to bacterial cells is influenced by the
surface area available for interaction, the bactericidal effects are expected to be size-dependent [135].
Catheters treated with silver ions represent a feasible strategy for reducing dialysis-related infections in
patients undergoing peritoneal catheters; however, the antimicrobial efficiency and obtaining methods
of Ag* are different [136]. Silver/copper-coated catheters were assessed as a promising solution
for preventing methicillin-resistant Staphylococcus aureus (MRSA) infections, since their antibacterial
activity might be improved by limiting non-specific plasma protein adsorption [137].

The main complication related to urinary catheterization is represented by the occurrence of
catheter-associated urinary tract infections (CAUTIs) [138]. It was shown that a polymer matrix
impregnated with AgNPs displayed hydrophilic surface properties, resulting in the prevention of
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bacterial biofilm formation and the deposition of proteins and electrolytes responsible for incrustation
and adherence of microorganisms onto the surface [139]. With regards to silicon urethral catheters,
Kocuran-capped silver glyconanoparticles were successfully evaluated as effective antibiofilm and
antimicrobial coatings [118]. Despite the concerns regarding CVC-related complacency with respect
to septic techniques, catheters with antimicrobial properties were taken into consideration as
a feasible means of supplying additional protection against microbial contamination, further reducing
colonization and infection risks [117].

5. Silver Nanoparticles for Dental Applications

Dental caries represent one of the most extensive oral-cavity-related affections worldwide, being
also an economic burden [140]. By enhancing the remineralization process and controlling biofilm
development, nanotechnology-derived dental-related strategies aim to limit or even eliminate the
clinical impact of caries [140]. In addition to their intrinsic highly biocompatible behavior, the materials
for dental barrier membranes (DBM), which are often used for efficient alveolar bone reconstruction,
must accomplish some specific and additional features and functions [141]. Different metal-coated
implants were evaluated against various pathogens responsible for dental-related biofilm formation
and subsequent implant failure [142].

In order to prevent the pathogenic contamination of dental implants, proper tooth-brushing
techniques, prophylactic antibiotics, and antimicrobial mouthwashes are specifically recommended [143].
A major goal in dentistry is to provide the proper protection of the oral cavity, which represents
a pathogenic-susceptible gateway for the entire body [144]. Biofilms developed on dental implant
surfaces may additionally cause inflammatory lesions on the peri-implant mucosa, thus increasing the
risk of implant failure [145].

Silver was used for centuries in oral care and gained worldwide attention in the 19th century,
being a major component in dental amalgams used for tooth restoration [146]. AgNPs were also
used in various fields of dentistry, such as dental prostheses, restorative and endodontic dentistry,
and implantology [147]. Thanks to their unique properties feasible for different domains of real interest
in modern society, silver nanoparticles hold a prominent place in nanomaterial-related restorative,
regenerative, and multifunctional biomedicine [148,149].

An attractive strategy embraced by worldwide practitioners in order to provide additional
bactericidal effects to general-use dental materials is to modify or embed them with silver-based
nanostructures [150]. Though silver has favorable effects in caries prophylaxis in the form of nanosilver
diamine fluoride (SDF), the use of this particular compound has some disadvantages, one of the
most noticeable effects being represented by tooth staining [151]. By reducing the size of AgNPs,
the contact surface will be considerably increased; in this way, the antimicrobial effects of silver would
be improved, and the use of nanosilver could prevent black staining in teeth, which usually occurs
after the application of SDF [152].

Antibacterial resins could be used in clinical dental applications, both in orthodontics and
restorative dentistry [153]. In orthodontics, these resins could be used as bracket or branked bonding
materials, while, in restorative dentistry, they could be used as filling or denture base material [153].
Therefore, in order to improve their physico-mechanical properties and antimicrobial effects, a method
for incorporating AgNPs into acrylic resin denture-base materials was developed [154].

Because the oral cavity is an active ecosystem usually colonized by various pathogenic
microorganisms, dental materials and implants have an increased risk of contamination and subsequent
colonization processes [155]. In terms of superior antimicrobial activity, promising results were
reported with respect to the incorporation of silver-based nanosystems within adhesive resins [156,157],
orthodontic cements [158,159], and dental composites [160-162]. In addition to being used as
antimicrobial filling agents within multifunctional biomaterials, another attractive and challenging
dental application of AgNPs relies on their potential use as biostatic or biocide coatings for conventional
titanium-based dental implants [163,164]. Though AgNPs proved to be efficient and effective agents
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in dental practice, they remain controversial candidates for this specific area of research, due to their
variable toxicity in biological systems. Therefore, any potential application of AgNPs in dentistry must
include thorough studies regarding the optimal compromise between physicochemical features and
biofunctional performance [165].

6. Silver Nanoparticles for Wound Healing

Wound infections represent an important clinical challenge, with major impact on patient
morbidity and mortality and notable economic implications [166]. Preventing wound dehiscence and
surgical-site infection are challenging and essential aspects in current clinical practice [167]. The skin
is the most extensive and one of the most complex organs in the human body, but it can be easily
affected by different harmful external factors [168]. Physically or chemically induced cutaneous
wounds may significantly disturb skin structural and functional integrity at different stages, leading to
permanent disability or even death, depending on the severity of the injury [169]. In the past few
years, wound infections caused by opportunistic pathogenic microorganism became an important
issue during current healthcare practice [170]. The ultimate tendency and ideal desideratum for
infected-wound management is represented by fast tissue-recovery processes, accompanied by
maximal functionality restoration and minimal scar-tissue formation [171]. The wound-healing
process, as any complex pathophysiological mechanism, includes different stages, such as coagulation,
inflammation, cellular proliferation, and matrix and tissue remodeling [171].

Since ancient times, silver-based compounds and materials were used for the unconventional
and effective control of distinctive infections [172]. Given its intrinsic physicochemical features and
biological peculiarities, nanosilver provides a wide range of efficient biocide activities against an
impressive diversity of anaerobic and aerobic, Gram-negative and Gram-positive bacterial strains. It is
well known that bacterial and mammalian cells poorly absorb metallic or elemental silver, due to its
chemical inactivation. Therefore, in order to provide specific antibacterial effects under physiological
conditions (including the presence of body fluids or secretions), the ionization of silver is required.
After their penetration inside cells, silver ions merge with enzymatic and structural proteins [173].
AgNPs or silver ions used in absorbent wound dressings can interact with and destroy the bacteria
found in exudate [174].

Briefly, recent data provide the following information regarding AgNP skin absorption: (i) there
is plenty experimental evidence with respect to the in vitro skin permeation by nanoparticles, and
(i) there is an important increase in permeation in the case of damaged skin [175]. When naturally
available biopolymers (e.g., chitosan [176] or collagen [177]) are implied in novel nanotechnology
approaches, they possess tremendous potential regarding the obtaining of novel and functionally
improved platforms for effective wound-healing applications [178].

Acticoat™ and Bactigras™ (Smith & Nephew), Aquacel™ (ConvaTec), PolyMem Silver™ (Aspen),
and Tegaderm™ (3M) are representative biocomposites modified with ionic silver and approved
by the United States (US) Food and Drug Administration (FDA) for wound-dressing applications.
In addition to these commercial products, promising results were reported with respect to the
incorporation of AgNPs within novel and naturally derived biomaterials for enhanced wound-healing
management, such as (but not limited to) modified cotton fabrics [179,180], bacterial cellulose [181,182],
chitosan [176,183], and sodium alginate [184,185].

The use of AgNPs and Ag* carriers also represents a valuable strategy for delayed diabetic
wound-healing processes, since diabetic wounds may be accompanied by numerous secondary
infections. AgNPs can help diabetic patients in early wound-healing stages, additionally providing
minor scars [186]. Taking into account the efficient and enhanced antibacterial effects exhibited
by AgNPs and the impressive interest oriented toward their application in wound therapy and
medical-device coatings, their biocompatibility and safety aspects must be thoroughly clarified [187].
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7. Silver Nanoparticles for Bone Healing

Every year, millions of people worldwide are affected by distinctive and complex
bone-related pathologies, including infectious diseases, degenerative and genetic conditions, cancers,
and fractures [188]. Unfortunately, the opportunistic contamination and colonization of orthopedic
implants represent major concerns in osseous-tissue replacement strategies, since the related infections
are associated with high morbidity [189]. Bone is an active tissue that undergoes regenerative and
restorative processes through the intrinsic and complex bone-remodeling mechanism [190]. Bone grafts
are usually implanted to replace or restore severe defects that irremediably affect osseous tissue,
such as genetic malformations, tumors, or traumas [191]. Orthopedic and bone-implant-related
infections are usually associated with highly inflammatory processes and subsequent implant loss and
bone-destruction phenomena [192].

Previous studies reported that AgNPs naturally improve the differentiation process of MC3T3-1
pre-osteoblast cells and subsequent bone-like tissue mineralization, when compared with other
NPs [193]. Currently, silver-coated prostheses represent an unconventional approach during the
prophylaxis of tumor-related infections and extensive trauma-related infections. However, no clinical
studies comparing the long-term clinical impact of nanosilver-coated implants for revision arthroplasty
are reported as of yet [194]. The self-repairing capability of bone can be limited when bacterial
activity occurs in bone defects. Compared with usual antibiotics, AgNPs possess intrinsic antibacterial
activity with a broader spectrum. Also, the bacterial resistance to AgNP activity is an uncommon
phenomenon, thus emphasizing that the bactericidal mechanisms of nanosilver act in synergy.
Thanks to this peculiar property, AgNPs have the capability to inhibit or impair biofilm development
or mature biofilm, respectively, in the case of antibiotic-resistant bacteria, such as methicillin-resistant
Staphylococcus aureus [195].

Human bone, dentin, and dental enamel are mainly composed of crystallized hydroxyapatite
(HA), which is a calcium-phosphate salt [196]. Given the specific biocompatibility of biosynthesized
and synthetic HA, this material and its derivatives are extensively explored for the development of
unconventional osseous-related restorative and regenerative strategies, either as artificial bone grafts
or as coating materials for metallic implants [197]. With regards to the superficial modification of
various metallic implant surfaces, biocompatible HA integrated with silver (either in metallic or ionic
form) represents a suitable choice for the fabrication of bioactive and antimicrobial bone implants [198].
The antimicrobial efficiency of HA-based coatings embedded with nanosilver was evidenced against
Gram-positive [199-201] and Gram-negative [202-204] bacterial strains.

In terms of bone-replacement procedures, AgNPs are normally used as doping materials for
synthetic and bio-inspired bone scaffolds, with relevant results being recently reported [205,206].
In order to induce antibacterial properties in HA coatings, several experimental techniques
proved suitable for the incorporation of nanosilver within calcium-phosphate materials, such as
laser-assisted deposition, electrochemical deposition, magnetron sputtering, ion-beam-assisted
deposition, sol-gel technology, and microarc oxidation [207].

Previous studies showed that AgNP-implanted titanium displayed improved antibacterial ability,
as well as excellent compatibility with osteoblasts, thanks to the micro-galvanic effects produced
between the implanted AgNPs and the titanium substrate [208]. Many studies investigated the
feasibility and clinical potential of adjusting acrylic cements with AgNPs, in order to provide
unconventional and functionally improved biomaterials for orthopedic applications. While previous
studies explored different acrylics modified with AgNPs, a significant part of the previous work
is limited, since vital material characteristics and mechanical properties were not thoroughly
analyzed [159,209-211].

Moreover, the beneficial addition of antimicrobial AgNPs within composite matrices designed
for bone-tissue engineering were emphasized. In a recent study, it was shown that AgNPs could
promote the osteogenesis and proliferation of mesenchymal stem cells (MSCs), in order to enhance
the healing process of bone fracture [212]. A correlation was also reported between NP uptake and
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growth in clathrin-dependent endocytosis in the case of MSCs and osteoblasts, indicating that this
route may represent the principal cellular internalization pathway of AgNPs [213]. Taking into account
the limited capacity of bone tissue to fully reconstruct or replace severe defects, the development of
novel and performance-enhanced implants is required. Thus, new pathways were used to stimulate
bone regeneration and also to prevent the side effects correlated with therapeutics currently used in
the clinic [214].

8. Silver Nanoparticles for Other Medical Applications

Thanks to their unique physiochemical properties and biofunctional features, such as
anti-inflammatory, anti-angiogenesis, antiplatelet, antiviral, antifungal, and antibacterial activities,
AgNPs play an important role in the development and implementation of novel biomedicinal
strategies [45]. Recently, AgNPs were intimately investigated regarding their promising anticancer
effects exhibited in different human cancerous cell lines, such as endothelial cells, IMR-90 lung
fibroblasts, U251 glioblastoma cells, and MDA-MB-231 breast cancer cells [215,216]. AgNPs possess
the intrinsic capability to merge with mammalian cells and to easily penetrate them by means of
energy-driven internalization pathways [217]. Another attractive property of AgNPs relies on their
specific fluorescence, making them suitable candidates for detection and dose-enhancement purposes
in X-ray irradiation applications [218].

At the moment, the combination of therapy and diagnosis, known as theranostics, represents the
most important, attractive, and challenging approach embraced by healthcare practitioners and
researchers with respect to the effective and personalized therapy of cancer desideratum [219].
AgNPs are also plasmonic structures, capable of particularly scattering and absorbing the light
impinging certain areas. After their selective uptake into cancerous cells, AgNP-derived scattered light
can be used for imaging purposes, whereas absorbed light can be used for selective hyperthermia [220].

Cardiovascular diseases (CVDs) represent a major cause of worldwide human death, being
responsible for more than 17.7 million deaths in 2015 [221]. Recently, many studies focused on the
evaluation of the effects of AgNPs on various types of cell encountered in the complex vascular system,
but the reported results were contradictory. However, the collected data can provide substantial
knowledge with respect to the potential benefits of AgNPs for pathological and physiological stages
related to the cardiovascular system, thus contributing to the development of novel and specific
molecular therapies in vascular tone, vasopermeability, and angiogenesis [222]. Cardiovascular
pathologies, such as hypertension, may influence the toxic effects induced by AgNPs [223]. The first
silver-modified cardiovascular medical device was a prosthetic silicone heart valve coated with
elemental silver, which was developed to avoid valve-related bacterial infection and to reduce
inflammation response [224].

Malaria, one of the most common infectious diseases encountered in tropical and sub-tropical
regions, became a major healthcare concern all around the world. It was shown that AgNPs possess
powerful activity against both the malarial parasite (Plasmodium falciparum) and its related vector
(Anopheles female mosquito). The intrinsic anti-plasmodial effects exhibited by nanosilver-based
compounds and materials represent a solid starting point toward the nanotechnology-derived therapy
and worldwide control of malaria [24,225,226].

The human eye is a complex organ, with impressive vascularization and innervation, that
can be easily exposed to microbial contamination under proper temperature and humidity
conditions [227,228]. Nanosilver-based compounds and materials proved promising potential toward
the development of unconventional and performance-enhanced therapy of eye-related infectious
conditions. AgNPs coated with calcium indicators proved to have reduced damage with respect to
retinal cells, and could be experimentally applied for retinal imaging in a mouse animal model [229,230].
The bactericidal effects related to AgNP-containing nanomaterials are essential aspects which must
be further considered for their exploitation as an improved class of antibacterial agent for ocular
applications [14,231,232].
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AgNPs can be successfully used as novel nanostructured platforms for diagnostics and the
treatment of different cancers [233]. The broad-spectrum bioactivity of AgNPs makes them promising
agents not only for anti-infective fighting strategies, but also in critical tumor and multi-drug resistance
tackling approaches.

9. Toxicity of Silver Nanoparticles

Even if AgNPs possess tremendous advantages that recommend them for novel and challenging
biomedical applications, their toxicity became an intensive study subject only recently. The daily
amount of silver derived from natural sources in food and water ingested by humans is approximately
0.4-30 pg [234]. The available studies performed with respect to the toxic effects exhibited by AgNPs
within biological systems, such as bacteria and viruses or human cells, report contradictory and
various results [235,236]. AgNPs are generally presented as highly effective antimicrobial agents with
non-toxic effects to healthy mammalian cells [237]. However, various in vitro studies demonstrated
the nanosilver-related toxic effects in rat hepatocytes and neuronal cells [238], murine stem cells,
and human lung epithelial cells [239]. The toxicity of AgNPs was also investigated during in vivo
assays. The toxicity studies performed in a rat ear model proved that AgNP exposure resulted
in significant mitochondrial dysfunction and subsequent temporary or permanent hearing loss,
depending on the inoculation dose. Even low concentrations of AgNPs were absorbed by retinal cells
and resulted in important structural disruption, due to the increased number of cells that underwent
oxidative stress [240].

The possible toxicity mechanisms related to AgNPs are depicted in Figure 2 [241]. The performed
studies also proved that variations in surface charge resulting from the surface functionalization of
AgNPs can impact cellular uptake, translocation to various tissues, and cytotoxicity. The magnitude of
the surface charge, as measured by the zeta potential, can influence the amount of nanoparticles and
their mechanism of uptake into cells [242].
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Figure 2. Schematic representation of plausible methods of cellular uptake of AgNPs [243]. Reprinted
with permission from [243]. Elsevier, 2015.

In order to investigate the toxic effects caused by exposure to nanosilver-based systems,
thorough assays are required, considering both cellular and animal models. Regarding the in vivo
biocompatibility and biodistribution assays, the reported data evidenced that AgNPs can result in
structural and physiological alteration of vital organs. For example, inhaled AgNPs may form deposits
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in the alveolar regions, leading to lung injuries, and may also generate significant modifications within
the nervous system, and liver and kidney tissues. Intratracheal instillation of AgNPs can affect vascular
reactivity and can further exacerbate cardiac reperfusion/ischemia injury [244,245].

The toxicity of AgNPs is related to their transformation under biological conditions and
environmental media, including their interactions with biological macromolecules, surface oxidation,
and the release of silver ions. Also, it is very important to precisely distinguish the toxicity rate
related to either nanosized silver or ionic silver [246]. Many studies proved that AgNP exposure can
induce a decrease in cell viability through different cellular mechanisms. One of these mechanisms is
represented by the induction of apoptosis-related genes and the activation of apoptosis mechanism.
Also, it was proven that nanosilver can cause the formation and intracellular accumulation of ROS,
modification of mitochondrial membrane permeability, and DNA damage [247-249]. The in vitro
toxicity of AgNPs was investigated in several research studies, but there is still a lack of consistent
and reliable data. This is a general concern in nanotoxicology, and more research coherence is
needed to produce meaningful results. According to recent data, the main in vitro outcomes
occurring upon exposure to AgNPs were reported as increases in oxidative stress, genotoxicity, and
apoptosis levels [250-252]. AgNPs may induce significant oxidative damage with respect to the
cellular membrane and organelles such as the nucleus, mitochondria, and lysosomes, thus leading
directly to necrotic or apoptotic phenomena. The oxidative stress caused by AgNPs can result in
inflammatory responses, including the activation of innate immunity and increasing the permeability of
endothelial cells [253]. AgNPs, inoculated at non-cytotoxic doses, may cause chromosomal abnormality,
DNA damage, and possible mutagenicity [254-256].

The genotoxicity and cytotoxicity of AgNPs are influenced by several physicochemical
features, including dispersion rate, concentration, surface charge, size, morphology, and surface
functionalization [257,258]. The physicochemical aspects of nanosilver-based systems and materials
mainly distribute and categorize numerous toxicological concerns, and also establish a ladder of
toxicity framework while imposing on the biological system. The experimental results reported
until recently are insufficient regarding the accurate toxic effects of AgNPs and their related toxicity
mechanisms [35,259].

10. Conclusions

Silver nanoparticles (AgNPs) are intensively explored nanostructures for unconventional
and enhanced biomedical applications, thanks to their size-related attractive physicochemical
properties and biological functionality, including their high antimicrobial efficiency and non-toxic
nature. AgNP-based nanosystems and nanomaterials are suitable alternatives for drug delivery,
wound dressing, tissue scaffold, and protective coating applications. Various physicochemical
parameters were related to the intrinsic antimicrobial effects exhibited by AgNPs, such as size, shape,
concentration, surface charge, and colloidal state. Moreover, the impressive available surface of
nanosilver allows the coordination of many ligands, thus enabling tremendous possibilities with
respect to the surface functionalization of AgNPs.

There is a significant amount of research data proving the beneficial effects of AgNPs in novel
biocompatible and nanostructured materials and devices developed for modern therapeutic strategies.
In addition to their attractive and versatile antimicrobial potential, AgNPs provide additional
mechanical, optical, chemical, and biological peculiarities that recommend them for the design,
obtaining, evaluation, and clinical assessment of performance-enhanced biomaterials and medical
devices. Still, thorough investigations regarding their short-term and long-term toxicity, as well as the
responsible toxic-related mechanisms, are required.

The current limitations related to conventional healthcare practice and the latest challenges
resulting from nanosilver-based technology outline the impressive potential of silver nanoparticles
in biomedicinal applications. Whether we consider the modification of available biomaterials and
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devices or the development of novel nanostructured ones, AgNPs are ideal candidates for achieving
the very close modern biomedicine desideratum.
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Abstract: In this work, hydrophilic silver nanoparticles (AgNPs), bifunctionalized with citrate (Cit)
and L-cysteine (L-cys), were synthesized. The typical local surface plasmon resonance (LSPR) at A max
=400 nm together with Dynamic Light Scattering (DLS) measurements (<2Ry;> = 8 + 1 nm) and TEM
studies (J = 5 + 2 nm) confirmed the system nanodimension and the stability in water. Molecular and
electronic structures of AgNPs were investigated by FTIR, SR-XPS, and NEXAFS techniques. We tested
the system as plasmonic sensor in water with 16 different metal ions, finding sensitivity to Hg?* in the
range 1-10 ppm. After this first screening, the molecular and electronic structure of the AgNPs-Hg?*
conjugated system was deeply investigated by SR-XPS. Moreover, in view of AgNPs application
as sensors in real water systems, environmental safety assessment (ecosafety) was performed by
using standardized ecotoxicity bioassay as algal growth inhibition tests (OECD 201, ISO 10253:2006),
coupled with determination of Ag* release from the nanoparticles in fresh and marine aqueous
exposure media, by means of ICP-MS. These latest studies confirmed low toxicity and low Ag* release.
Therefore, these ecosafe AgNPs demonstrate a great potential in selective detection of environmental
Hg?*, which may attract a great interest for several biological research fields.

Keywords: silver nanoparticles; Hg?* sensors; heavy metal sensing; plasmonic sensors;
optical sensors; ecosafety

1. Introduction

Nanosized inorganic particles, in simple or composite formulation, have unique physical and
chemical properties and represent an increasingly important material in the development of novel
nanodevices that can be used in numerous fields such as catalysis, energy, optoelectronics, biomedicine,
and sensors [1-11]. Several recent achievements show the opportunity of producing new types of
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nanostructured materials with planned surface and desired physico-chemical properties [12-16].
Among other materials, silver nanoparticles (AgNPs) are deeply studied for their optical and
antibacterial properties, easy functionalizations and cheap preparations [17,18].

Nowadays, for the AgNPs use in sensing field, the main goal is the preparation of uniform
nanosized particles with precise requirements in terms of size, shape, surface functionalities,
and structural features [19-22]. In fact, many studies involved AgNPs as optical sensor, using the
localized surface plasmon resonance (LSPR) that is specific feature of the colloidal silver nanoparticle
solutions: the energy of the absorption maximum and the shape of the peak are strongly related with
the size, shape and interparticle distance, but also with the surrounding environment, which can
influence the degradation or aggregation of the particles [23-25]. These optical properties of NPs have
allowed researchers to mature new diagnostic methods that are useful for optical and colorimetric
measurements [26-28].

In particular, AgNPs have drawn great attention for mercury sensors development,
especially due to their high sensitivity to Hg?* micro-level concentration changes [29,30]. This behavior
has been related, both with redox chemistry of Hg?* and silver surface (Ag°), and both with the
soft-soft chemistry between metals and sulfur-containing capping agents used for AgNPs [31].
In both cases, the mercury presence produce important changes in the absorbance intensity and
peak position of AgNPs. Surface functionalization has the main role both in stabilization and in
reactivity of AgNPs. Therefore, the ligand surface chemistry is used to tune their sensing properties.
For example, many ligands, such as N-cholyl-Lcysteine [32], citrate [33-35], 6-thioguanine [36],
cytosine triphosphate [37], have been used for the surface modifications of AgNPs and AulNPs,
and the different functionalizations change the inter and intra-ligand interactions. Obviously, all this
produces different properties and capacities of the nanoparticles, that can aggregate or disaggregate and
interact with elements and ions present in their surroundings, and it affects sensing features towards
metals ions, such as Hg?*, modifying the selectivity and sensitivity. So far there are several reports
available for the colorimetric detection of Hg?* ions using green synthesized unmodified AgNPs in
aqueous medium [38]. Frequently used, citrus extracts from lemons and sweet orange fruits have
been investigated for green synthesis of AuNPs and AgNPs used as Hg?* colorimetric sensors [39].
There are many bio extracts reported from different plants, fruits, leafs, etc. which have been used for
photoinduced green synthesis of AgNPs where a bio extract acts as reducing as well as stabilizing
agent and applied in Hg?" detection [38-40].

Nevertheless, the use of NPs for heavy metals removal known as nanoremediation is a matter of
concern due to the potential risks associated with the scarcity of information regarding their behavior,
fate and impact on the environment and human health [41]. In order to overcome such limitations,
an ecosafe approach is developed with the aim to test the ecotoxicity of NPs to selected biota having an
important ecological role in aquatic ecosystems, as for instance primary producers such as freshwater
and marine microalgae [42,43].

AgNPs are recognized to exert toxic effects to biota, both from fresh- and marine waters,
from bacteria [44] and microalgae [45-48] to crustacean [49], mussels [50], fishes [51] and mammalian
cells [52,53]. Among these studies, those reporting Ag* release in exposure media [44—48,52,54],
report that AgNPs toxicity is often closely linked to the dissolution of the particles and consequent
release of Ag ions during exposure. Therefore, based on such eVidence, the ecosafety assessment of
AgNPs is mandatory in order to avoid any potential toxicological risks associated with their application
in environmental remediation.

In this work AgNPs functionalized with hydrophilic capping agents, i.e., citric acid (Cit) and
L-Cysteine (L-cys) were synthesized and characterized by means of UV-Vis, Fourier Transform Infrared
(FTIR), Synchrotron radiation-X-ray photoelectron (SR-XPS), Near Edge X-ray Absorption Fine Structure
(NEXAFS) spectroscopies. Their nanodimensions were confirmed by Dynamic Light Scattering (DLS)
and Transmission Electron Microscope (TEM) analysis. AgNPs were tested as plasmonic sensor for
heavy metal detection in water, showing selectivity and sensitivity for Hg?* ions. The AgNPs-Hg>*
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system was deeply studied by means of UV-Vis, and, SR-XPS spectroscopies, DLS, Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) and TEM studies. Moreover, in view of AgNPs application in
real water systems, their ecosafety was investigated.

2. Experimental

2.1. Materials and Methods

Sodium citrate (Na3CqH507, Cit), L-Cysteine (C3H;NO,S, L-cys), silver nitrate (AgNO3) and
sodium borohydride (NaBH,) have been used as received (reagent grade, Sigma-Aldrich, St. Louis,
MO, USA). Metal ions contamination was accomplished by using the following salts:

NaASOZ, NaHASO4'7H20, Ca(ClO4)2, Cd(NO3)2, COC12'6H20, CI‘C13'6H20, Cu(NOg)z,
F8C13-6H20, Hg(NOg)z-HzO, KC]O4, Mg(ClO4)2, NaClO4, NdCl3'6H20, NiClz-éHzO, Pb(NO3)2,
Zn(NO3),-6H,O. For all the solutions, we used deionized water (electrical conductivity less than
1 uQ)/cm at room temperature) obtained from Millipore Milli-Q water purification system. All the
reagents were purchased (from Sigma-Aldrich, St. Louis, MO, USA) and were used without
further purification.

UV-Vis spectra were run in H,O solution by using quartz cells with a Shimadzu 2401 PC
UV-vis spectrophotometer and by using single-use UV-PMMA cuvettes with Perkin-Elmer Lambda
19 UV-Vis-NIR for sensing test characterization. ATR-FTIR spectra have been recorded for films
deposited by casting from water suspension with an FTIR spectrometer (Nicolet iS50, Thermo Fisher
Scientific, Madison, WI, USA) equipped with a mid- and far-IR capable diamond ATR accessory.
FT-IR spectra were recorded in the range between 350 and 4000 cm™! with a resolution of 4 cm™,
a zero-filling factor of 2 and the co-addition of 64 scans. Data were acquired using OMNIC
software (version 9.8.372, Thermo Scientific), subtracting the air background spectrum obtained prior
to each sample spectrum acquisition. AgNPs were investigated by TEM (Philips Morgagni 268 D
electronics, at 80 KV and equipped with a MegaView II CCD camera, Philips Electronics, Eindhoven,
The Netherlands) at 10 mg/L in MilliQ water. The obtained images were analysed with Image] for
particles size measurement. A total of 180 particles were measured in two portions of two different
images and the average size was calculated. Size distribution of AgNPs (50 mg/L) have been investigated
by means of DLS (Zetasizer Nano Series, Malvern instruments, Enigma Business Park, Grovewood Rd,
UK), combined with the Zetasizer Nano Series software (version 7.02, Particular Sciences) at T = 25.0
+ 0.2 °C in milliQ water, as well as media used for toxicity assessment (freshwater, TG 201, and marine
water, F/2). Correlation data have been acquired and fitted in analogy to our previous work [55,56].
Ag™ release from the AgNPs has been assessed in both TG 201 and F/2 aqueous media, at 0 h and after
72 h. Six solutions have been prepared: TG 201, F/2, TG 201 + 500 ug AgNPs/L, F/2 + 500 ug AgNPs/L,
TG 201 + 7 ug AgNOs/L, F/2 + 7 ug AgNOs/L. Solutions were kept in the same conditions as toxicity
tests (22 + 2 °C and 16/8 light-dark photoperiod) and mixed by shaking once a day. An aliquot of each
solution was taken at 0 h and after 72 h and centrifuged (5000 g, 40 min, 22 °C) by using a centrifugal
filter device with a 3 kDa cut-off (Amicon Ultra-15 mL, Millipore, Sigma-Aldrich, St. Louis, MO, USA).
The resulting filtrate was acidified with HNOj3 (10%) and analysed by ICP-MS (Perkin Elmer NexION
350 spectrometer) for determining Ag concentration.

SR-XPS measurements were performed at the Elettra synchrotron radiation source (Trieste, Italy),
using the Materials Science Beamline (MSB), that is positioned at the left end of the bending magnet 6.1.
MSB is equipped with a plane grating monochromator providing SR light in the 21-1000 eV energy
range. The UHV endstation, whose base pressure is of 2 X 107! mbar, is equipped with a SPECS
PHOIBOS 150 hemispherical electron analyser, low-energy electron diffraction optics, a dual-anode
Mg/Al X-ray source, an ion gun, a sample manipulator with a K-type thermocouple attached to the rear
side of the sample. For the here presented experiments we detected photoelectrons emitted by Cls,
Ols, S2p, Ag3d, N1s and Hg4f core levels, using a normal emission geometry. In order to maximize
signals intensity, we selected a photon energy value of 630 eV (impinging at 60°) for all elements
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except S; in order to maximize the intensity of S2p signals, that was expected to be very low due to
element dilution, the S2p core level was measured with photon energy = 350 eV. Charging correction
of binding energies (BEs) was done using as a reference the aliphatic C1s (BE 285.0 eV) [57]. To fit core
level spectra, we subtracted a Shirley background and then used Gaussian peak functions as signals
components [58,59].

NEXAFS experiments were carried out at the BEAR (Bending magnet for Emission Absorption
and Reflectivity) beamline, installed at the left exit of the 8.1 bending magnet and located the ELETTRA
third generation storage ring. The beamline optics can deliver photons having energy comprised
between 5 eV and 1600 eV with selectable degree of ellipticity. The carbon K-edge spectra were
recorded at normal (90°) and grazing (20°) incidence relative to the sample surface of the linearly
polarized photon beam; however, no angular effects were detected. Calibration of the photon energy
and resolution was carried out at the K absorption edges of Ar, N, and Ne. In order to normalize the
spectra, a straight line fitting the part of the spectrum below the edge was subtracted and the value
recorded at 330.00 eV was assessed to 1.

2.2. AgNPs Synthesis

The AgNPs stabilized with citrate (Cit) and L-Cysteine (L-cys) were prepared and characterized
in analogy to literature reports [60,61]. 1.47 g of sodium citrate were dissolved in 50 mL of distilled
water (0.01 M), 0.006 g of L-cys in 25 mL of distilled water (0.002 M) and 0.21 g of AgNO3 in 25 mL of
distilled water (0.05 M). Then, 25 mL of L-cys solution, 10 mL of Cit solution and 2.5 mL of AgNO;
solution were added sequentially in a 100 mL flask, provided with a magnetic stir. The mixture was
degassed with Argon for 10 min, then 4 mL of NaBH, solution (0.016 g in 4 mL distilled water) were
added. The mixture was allowed to react at room temperature for 2 h and at the end the brown solution
was recollected and purified by centrifugation (13,000 rpm, 10 min, 2 times with deionized water).
AgNPs main characterizations: UV-Vis (Amax [nm], H,O) = 400 nm; < 2Ry > ([nm], H,O) =8 + 1;
TEM @ =5+2nm.

2.3. AgNPs Sensing Tests

A fixed volume of AgNPs in water (typical concentration 1.6 mg/mL) was mixed with a fixed
volume of water solution containing the heavy metal ions at specific concentration. After five minutes
of interaction of the nanoparticles with the metal ions, the optical absorption spectra were collected in
order to verify possible changes (shape, energy and intensity) of the typical localized surface plasmon
resonance (LSPR). The response to several metal ions at different concentrations from 25 ppm down to
1 ppm was tested by UV-Vis spectroscopy [27].

2.4. AgNPs Ecosafety Tests

The intrinsic toxicity of AgNPs was investigated through standardized 72 h algal growth inhibition
tests [62,63] using two different algal species, belonging to the freshwater and to the marine water
environment, Raphidocelis subcapitata and Phaeodactylum tricornutum. Algae were cultured, respectively,
in TG 201 medium and F/2 medium, in axenic and exponential growth conditions, at 18 + 1 °C and
16/8 h light-dark cycle photoperiod. In order to reduce the introduction of chelating agents which have
been shown to interfere with heavy metals toxicity [64,65], algal toxicity tests were run with the same
medium used for algal culturing modified only in the concentration of ethylenediaminetetraacetic acid
(EDTA) (0.05 mg/L and 0.8 mg/L respectively as previously proved to ensure acceptable algal growth).
PS single-use sterile multiwell were used for toxicity tests, with 2 mL volume capacity for each well.
Algae were acclimated 72 h before running the test under the following conditions: 22 + 2 °C and
16/8 light-dark photoperiod. Initial algal concentration was 1 X 10* cells/mL and tests were manually
aerated eVery 24 h using a pipette with sterile tips. Exposure concentrations were as follows: 10, 25, 50,
100, 200, 500 ug AgNPs/L. AgNO3 was used as positive control at the following concentrations of 3.5, 7,
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14, 21, 35 pg/L. In order to exclude any possible role of coating components the toxicity of the AgNPs,
citrate and L-Cysteine were tested separately at the following concentrations of 0.5, 1, 2, 5, 10 mg/L.

3. Results and Discussion

3.1. AgNPs Synthesis and Characterizations

The synthesis of AgNPs by wet chemical reduction is a useful method to obtain spherical
nanoparticles with tuned sizes and opportune capping agent [60]. In this work, AgNPs have been
prepared by the reduction in aqueous solution of silver nitrate with sodium borohydride as strong
reducing agent. Two different capping agents have been chosen: Cit, crucial to induce a high hydrophilic
behavior, and L-cys, to induce selective interaction with the environment.

In fact, it is well known that the amino group can easily interact with the chemical environment
and in particular with Hg?* ions [10]. In order to avoid the excessive presence of L-cys, leading to
nanoparticles aggregation, the molar ratio Au/Cit/L-cys = 1/4/2 was chosen. The obtained AgNPs
scheme is shown in Figure la. After careful purification, AgNPs have been characterized by means of
UV-Vis, FTIR and XPS spectroscopies, by DLS and TEM studies. UV-Vis spectra have been carried out
together with DLS measurements in water, as reported in Figure 1b,c. The UV-Vis spectrum showed
the typical LSPR band, at A max = 400 nm, confirming the nanodimensions. DLS measurements in
water showed hydrodynamic diameter <2Ry;> = 8 + 1 nm, as expected. Moreover, FTIR investigations
showed the presence of Cit and L-cys on the particles, as reported in Figure 1d.

When the ATR-FTIR spectrum of AgNPs bifunctionalized with Cit and L-cys was compared
with reference spectra of these capping agents Figure 1d, it is immediately eVident the absence of the
band at ~1582 cm™! (v,5(COO7)) in AgNPs spectrum [66]. This could be interpreted as eVidence that
most carboxylate groups of the citrate and cysteine are attached to the surface of the AgNPs. In fact,
similar results was observed by Frost et al. [67], who studied the ATR-FTIR spectra of citrate-capped
AgNPs and Au-NPs; only for AgNPs, they observed the disappearance of the v,s(COO™) peak and
interpreted this result in terms of adsorption geometry of the citrate molecule, with all the three
carboxylate groups interacting with the AgNPs surface: the v,5(COO™) lying parallel to the AgNPs
surfaces results in an infrared-inactive transition. Moreover, in the AgNPs spectrum is present a broad
peak at ~1547 cm™! that could be due to the overlapping between the N-H bending of cysteine and
the residual carboxylate groups not attached to the AgNPs surface. The functionalization with Cit
and L-cys can be also supported by the presence in the AgNPs spectrum of a broad peak centered at
1379 cm™! indicating the COO~ symmetric stretching vibrations; the peak position is slightly shifted to
lower wavenumber compared to the free carboxylate anion, as already eVidenced by Frost et al. [68].
The main contributions to the symmetric and asymmetric stretching vibration of the carboxylate group
are obviously mainly due to the citrate molecule, that is present in higher concentration on the AgNPs;
however, it seems reasonable to hypothesize a similar reactivity for the different carboxylate groups.
The broad peak centered at 3300 cm™ is attributed to the stretching vibrations of the hydroxyl group
(v(O-H)) (data not shown) probably coming from water adsorbed onto nanoparticles surface. We were
not able to detect any S-H band around 2550 cm ™!, that would indicate the presence of free L-cys on
the AgNPs surface [68,69]. The intensity of this peak in the spectrum of L-cys is actually rather low
(see Figure S2 in Supplementary Material), however, XPS results confirm the absence of S-H groups.

To support FTIR data, AgNPs were also investigated by NEXAFS spectroscopy. C k edge spectra
of AgNPs were recorded at normal, magic and grazing incidence; however, no angle-dependent effect
was detected; therefore, the C k-edge spectrum of AgNPs is shown in Figure 2. The main feature in
the spectrum is the 1s—7* consisting of two peaks located at 287.7 and 288.8 eV, with a shoulder at
285.5 eV. According to literature, the 1s—7t* transition related to the C=0O bond in the carboxylate of
L-cys is expected at 288.6 eV [70]; similar values are expected for carboxyl groups [71]. Moreover, L-cys
is expected to show a 1s—0* peak related to the C-S bond at about 287.3 eV. Therefore, we can assign
this complex band to overlap between *C=0 and ¢*C-S transitions. The broad bands located at about
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294 and 300 eV are related to 1s—o* transitions of C-H and C=0 bonds respectively [72]. The overall
spectrum yields prove of successful capping of the AgNPs surface by both Cit and L-cys.
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Figure 1. (a) Scheme of bifunctionalized hydrophilic silver nanoparticles (AgNPs); (b) UV-Vis spectrum
in water of AgNPs, with local surface plasmon resonance (LSPR) band centred at 400 nm; (c) DLS
measurements in water: <2RH> = 8 + 1 nm; (d) ATR-FTIR spectra of bifunctionalized AgNPs (Top)
and the capping agents, Cit (Center), and L-cys (Bottom).
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Figure 2. C k-edge NEXAFS spectrum of AgNPS recorded at 20° incidence angle.

Moreover, the TEM studies carried out on diluted samples show AgNPs with narrow size
distribution (TEM @ 5 + 2 nm) but with a certain tendency to aggregation, which could be due only to
drying (see Figure S1). DLS measurements show a monodisperse population of NPs in solution These
data are in agreement with DLS data. It can be noticed that the dimensions obtained from DLS are
greater than those obtained from TEM images, since DLS estimated the hydrodynamic radius < 2Ry >
of the particles in the aqueous environment and it is the Z-average value, which is the mean diameter
weighted over the scattered light intensity. Therefore, the DLS data are not directly comparable with
dimensions obtained from TEM images, as reported in the literature [7,56]. Anyway, the data confirmed
in both cases the nanodimension of the AgNPs.

Measurements of Ag concentration in fresh and marine aqueous media showed an almost absent
Ag* ions release from AgNPs (Table 1) as opposed to what observed in the literature for other types of
AgNPs [45-49,53,55].

Table 1. Ag* concentrations (expressed as ug/L) in freshwater and marine waters with algal medium
solution (CTRL), as well as algal medium solutions with AgNPs (500 pg/L) and with AgNOj3 (7 ug/L).

TG 201 (Freshwater) F/2 (Marine Water)
0Oh 72h Oh 72 h

CTRL  0.36 £ 0.06 0.26 + 0.08 0.27 +0.01 0.26 + 0.02
AgNPs  0.19 +0.02 0.4 +0.06 0.15 +0.03 0.37 +0.03
AgNO; 442 +0.09 4.79 £0.18 4.37 £0.08 532 +0.22

In fact, Ag* concentrations in both TG 201 medium (freshwater) and F/2 medium (marine water)
with 500 pg AgNPs/L were low (up to 0.4 ug/L) and comparable with those measured in controls
(up to 0.36 ug/L; Table 1). However, it is to be noted that in the presence of AgNPs, Ag* levels slightly
increased after 72 h, from 0.19 to 0.4 pg/L in freshwater, and 0.15 to 0.37 ug/L in marine water.
Since AgNPs dissolution was demonstrated to be independent from particles aggregation state [73],
the reason for the lack of ion release is probably to be found in the Cit/L-cys coating.

3.2. AgNPs Sensing Tests

Sensing tests were made by checking the optical absorption spectra of the contaminated systems
with respect to the reference AgNPs water solution (see also Figure S3). In Figure 3a the absorption
spectra of AgNPs in water solutions without (reference solution) and with different concentrations of
Hg2+ ions in the range 1 to 10 ppm, are reported. An eVident red shift of the band peak energy together
with an increase of the intensity and a broadening of the band with the increasing concentration of
ions can be appreciated. The same type of measurement has been performed for all the 16 ions listed
in the experimental part for concentration from 10 ppm down to the lowest concentration of 1 ppm.
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Figure 3b shows the red shift of the absorption band of all the metal ions tested at the concentration of
2.5 ppm. A significant change has been detected only for Hg?* ions while for all the other ions the
absorption bands remain almost constant within the error bars.

0.7
= 06
o os
8 o4
£ 034
Z o
0.1+ . : : ’
300 400 500 600 700
Wavelength (nm)
140
(®) ]
g 430+ £
)
S
_5 420
2
Z g
o 4104
a
A4
S 100 3 @
~
0 2 4 6 8 10
Concentration (ppm)
15
©)
glof
=
a5
=
[5)
o~
0,

Figure 3. (a) Absorption spectra of AgNPs water solutions at room temperature and pH = 6.5 without
and with different concentrations of ngJr listed in the figure; (b) calibration curve as a function of ngJr
concentration; (c) redshift of the absorption band maximum in presence of all the metal ions tested at
concentration of 2.5 ppm.

The limit of detection (LOD) of the nanosensor for the analysis of Hg2+ was determined using
calibration curves. The LOD can be estimated as three times the standard deviation of the blank signal,
obtaining a value equal to 0.6 ppm. The obtained LOD was found to be comparable with other AgNPs
systems and the experimental results in the determination of Hg?* obtained by some other methods
are listed in Table 2 for comparison [8,10,40,74-77].
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Table 2. Comparison between dimension and limit of detection (LOD) of some metal NPs used as a
colorimetric sensor for the detection of Hg2+.

NPs Diameter ~ Hg?* Detection Limit (LOD)

Metal NPs Functionalization (am) o) References
Citrate/Lcysteine-AgNPs 5+2 3.0 X 107 (0.6 ppm) This work
Tween 20-AuNPs - 1.0x 1077 [8]
L-cys-AuNPs - 1.0x 1077 [10]
Acanthe phylum bracteatum AgNPs 29-68 22 %1070 [40,74]
L-cysteine AgNPs 10 1.0x 1078 [75]
Glutamine/Histidine AgNPs 5.5+ 1.0 9.0x 1077 [76]
Glutathione AgNPs 3906 >1.0x 1077 [77]

3.3. SR-XPS Characterization of AgNPs and AgNPs-Hg>*

Synchrotron radiation-induced X-ray photoelectron spectroscopy (SR-XPS) measurements allowed
to probe the interaction between AgNPs and Hg?* ions. Spectra were collected at Cls, N1s, Ols,
Ag3d, S2p and Hg4f core levels (all BE (eV), FWHM (eV), relative intensity values and proposed
signals assignments are reported in Supplementary Materials file, Table S1). All the individuated
spectral components confirm AgNPs stability, and Cit and L-cys capping efficiency. Cls spectrum
has three components at 285.00, 286.46 and 288.45 eV BE, respectively associated with aliphatic
carbons (mainly impurities, that are always observed in samples prepared in air by liquid solutions);
Ols spectra, reported in Figure 4c, also show three different kinds of oxygen atoms, respectively
belonging to carbonyl (C=0) functional groups (532.00 eV BE), hydroxyl moieties (-OH, 533.00 eV BE)
and physisorbed water (small contribution at about 534.5 eV BE). The atomic ratio between C=0
and -OH is C=0/-0OH = 1/1.4, very close to the C=0O/-OH = 1/1.3 that is theoretically expected for
a Cit/L-cys stoichiometry = 2/1, as in the synthetic procedure reported in Materials and Methods.
N1s spectrum was also collected, showing a single component centred at 400.24 eV, as expected for
amine-like nitrogens. Indeed, C1s, Ols, and N1s data analysis confirm the molecular stability of the
AgNPs, also after interaction with Hg?* ions.
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Figure 4. SR-XPS spectra collected on AgNPs-Hg?* aggregates at (a) Ag3d; (b) S2p; (c) Ols and (d) Hg4f
core levels.
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Generally speaking, the most indicative signals for the surface-structure analysis of metal
nanoparticles capped with thiols are M (Au4f, Ag3d) and S2p core levels; for this purpose, Ag3d and
S2p spectra are reported in Figure 4 and will be here discussed in detail.

Ag3d spectra Figure 4a are asymmetric at high BE, a common feature in capped
nanoparticles [20,27], indicating that at least two different kinds of silver atoms compose the
nanoparticle: the spin-orbit pair at lower BE values (Ag3d5/2 = 368.08 eV) is associated with
metallic silver at the NPs core; the signal at higher BE, of very small intensity (about 9% of the whole
signal) is due to positively charged silver atoms at the NP surface, interacting with the capping
molecule [20,27]. S2p spectra are also composite, showing two spin orbit pairs of very similar intensity
(atomic percents are 54.4% lower BE—45.6% higher BE, as reported in Table S1 in the Supplementary
Material); interestingly, the two signals are both indicative for sulphur atoms covalently bonded to
silver, but with two different hybridizations: the spin-orbit pair at lower BE (S2p3/2 = 161.05 eV) is
indicative for S-Ag bonds with sp hybridized sulphur; the signal at higher BE (S2p3/2 = 162.09 eV)
suggests S-Ag bonds with sp3 S atoms [78]. It is noteworthy that no physisorbed thiol moieties appear
(R-SH S2p3/2 signals are expected around 163-164 eV BE); this finding is in excellent agreement with
the hypothesis made by A Majzik et al. [61] based on 'H NMR studies and suggesting that in metal
nanoparticles stabilized by mixed Cit and L-cys capping agents the L-cys molecules preferentially tend
to directly bond the metal surface, inducing the most part of Cit molecules to form a shell around the
first L-cys layer, in a “layer-by-layer”-like arrangement. It is noteworthy that XPS data do not allow
excluding that some Cit molecules could intercalate between L-cys and directly interact with Ag atoms
at the NP surface, as eVidenced by IR spectroscopy results. The last signal reported in Figure 4d is
the Hg4f spectrum. As eVidenced in the figure, two spin-orbit pairs can be individuated; the first
signal (Hf4f;, BE = 100.10 eV) can be associated with metallic Hg atoms [79]; the components at
higher BE (Hg4f;, = 100.85 eV) are consistent with literature data reported for Hg?* ions in oxides or
coordination compounds [72].

The occurrence of a signal indicative for metallic Hg is in excellent agreement with the findings
reported in [68], where for AgNPs stabilized by Cit molecules and interacting with Hg(II) ions, a direct
interaction between Hg and Ag atoms at the nanoparticle surface was envisaged. To better understand
the chemistry and geometry of Hg(II)-AgNPs interaction, XAS experiments at the Hg Lyjj-edge are in
programme. Actually, X-ray absorption experiments will allow to directly probe the local coordination
chemistry of the metal ion, providing information complementary to the SR-XPS data and allowing for
a precise description of the Hg coordination site.

3.4. AgNPs Ecosafety

Algal toxicity tests with R. subcapitata and P. tricornutum exposed to AgNPs showed no inhibition
of growth rate at all tested concentrations, as reported in Figure 5. Furthermore, algae showed a slight
increase in growth rate compared to the control (negative growth rate inhibition), at almost all tested
concentrations. Such increase, however, was not observed by positive control tests carried out with Cit
and L-cys, which showed no effect on algal growth.

Reference toxicant (AgNO3) showed a 60% inhibition of growth rate compared to the control of
R. subcapitata (freshwater), already at the lowest concentration tested (3.5 ug AgNOs/L), confirming the
toxicity of Ag for microalgae. On the opposite, no effect on growth was observed for P. tricornutum
(marine water) exposed in the same conditions, confirming the of drop in free Ag* ions in solution due
to complexation with CI~ ions in seawater as measured by Gunsolus et al. [73].

The absence toxicity for our AgNPs confirms chemical analysis results showing insufficient release
of Ag™ ions to exert a toxic effect on both microalgae (Table 1). Such findings further validate the
hypothesis by which AgNP toxicity is closely bound to the release of Ag™ ions [44,46,47,54]. In fact,
the dissolution of Ag* from AgNPs, either pristine or coated (chitosan, lactate, polyvinylpyrrolidone,
polyethelene glycol, gelatin, sodium dodecylbenzenesulfonate, Cit, dexpanthenol, carbonate), has been
reported by many studies [44-48,52,54,80,81] and recognized to be linked to the observed toxicity to
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microalgae [44,46,47,54]. The covalently-bound L-cys coating of AgNPs might prevent the dissolution
of Ag* ions, since previous studies revealed that Cit coating was not able to avoid such release in
aqueous media [44,46,47,73].
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Figure 5. Percentage of growth rate inhibition compared to control of R. subcapitata and P. tricornutum
exposed to AgNPs (10, 25, 50, 100, 200, 500 pg/L) for 72 h. Data are shown as mean + standard deviation.

Molecules with a high reduced sulphur content are known to bind metal ions; L-cys, thanks to the
presence of a thiol group, is able to act as a strong Ag* ligand [82]. Thiol groups could act both either
binding Ag* ions, blocking their release in the media, or by excluding oxidizing agents to come in
contact with the particles surface, preventing their dissolution and consequent release of Ag* ions
in the medium [83]. Gunsolus et al., [73] reported a significant reduction of Ag* ions release and of
bactericidal activity of citrate-AgNPs upon incubation with natural organic matter rich in thiol groups.
Some studies observed a reduction in the toxic effect of Ag-releasing AgNPs after addition of L-cys in
solution, probably as a consequence of L-cys complexation of free Ag* ions [45-47].

However, information on L-cys effects on AgNPs stability and dissolution are conflicting.
The presence of free L-cys in solution might also enhance Ag" ions release from AgNPs [84].
In our study, however, the absence of toxicity to microalgae and low Ag levels in exposure media
confirmed that Cit/L-cys coating prevents the release Ag™* ions from the NP. Similar results were obtained
by Mu et al. [85] for graphene oxide (GO) nanosheets with covalently-bound L-cys, compared to
pristine GO nanosheets. In terms of toxicity, for particles smaller than 20 nm an additional
dissolution-independent effect seems to play a role [44,53]. However, despite being very small,
AgNPs further confirm their integrity in terms of low Ag* release. Since the main concern regarding
the environmental application of AgNP is due to potential toxic effect to non-target aquatic species [44],
our findings clearly showed the ecosafety of AgNPs and promote their use in the aquatic environment.

4. Conclusions

In this work AgNPs functionalized with hydrophilic capping agents, i.e., Cit and L-cys,
were synthesized and characterized by means of UV-Vis, FT-IR, SR-XPS and NEXAFS spectroscopies,
confirming the surface functionalization. Their nanodimensions were studied by DLS and TEM
analysis, showing diameter less than 10 nm. AgNPs showed high selectivity and sensitivity for Hg?* in
water (concentration range:1-10 ppm) respect to 16 different metal ions investigated. The AgNPs-Hg?*
system was deeply investigated by means of DLS, ICP-MS, TEM and SR-XPS. Measurements of Ag
concentration in fresh and marine aqueous media showed low Ag* ions release, probably due to the
good Cit/L-cys covering, also confirmed by SR-XPS data. Moreover, AgNPs ecosafety was confirmed
by ecotoxicity tests which showed no effects on algal growth of both freshwater R. subcapitata and
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marine P. tricornutum algae in the range of tested concentrations (10-500 mg/L). Our results further
support the hypothesis that the Cit/L-cys coating of AgNPs prevent dissolution of Ag* ions in both
fresh and saltwater. These results open new ways for AgNPs sensing applications in environmental
tests on more complex biological systems, up to tests on real environmental aquatic scenarios.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1353/s1,
Figure S1. TEM images of AgNPs; Figure S2. L-Cys FTIR spectrum; Figure S3. Uv-Vis spectra of of AgNPs in
presence of 2.5 ppm of metal ions (As®*, As>*, Ca?*, Co?*, Mg?*, Nd3*, Ni?*, Zn?*, Pb**) in water; all references
curves (AgNPs alone) are in black line, while red curves represent the interaction between AgNPs and metal ions;
Table S1. Table XPS. BE, FWHM, Atomic Ratio values and proposed assignments for all measured core-level
signals title.
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Abstract: Silver nanoparticles (AgNPs) are widely used as antibacterial agents and anticancer
drugs, but often their low stability limits their mass production and broad applications. The use of
niosomes as a carrier to protect and envelop AgNPs gives a new perspective to solve these problems.
In this study, AgNPs were functionalized with sodium 3-mercapto-1-propanesulfonate (3MPS) to
induce hydrophilic behavior, improving loading in Tween 20 and Span 20 niosomes (NioTw20 and
NioSp20, respectively). Entrapment efficiency was evaluated by UV analyses and is around 1-4%.
Dimensions were investigated by means of dynamic light scattering (DLS) (<2Ry> = 140 + 4 nm
and <2Ry> = 251 + 1 nm respectively for NioTw20 + AgNPs and NioSp20 + AgNPs) and were
compared with those by atomic force microscopy (AFM) and small angle X ray scattering (SAXS)
analyses. Stability was assessed in water up to 90 days, and both in bovine serum and human serum
for up to 8 h. In order to characterize the local structure of niosomes, SAXS measurements have been
performed on Tween 20 and Span 20 empty niosomes and loaded with AgNPs. The release profiles
of hydrophilic probe calcein and lipophilic probe Nile Red were performed in HEPES buffer and in
human serum. All these features contribute to conclude that the two systems, NioTw20 + AgNPs and
NioSp20 + AgNPs, are suitable and promising in the field of biological applications.

Keywords: niosomes; silver nanoparticles; liposomes; plasmonic  materials;
drug delivery; nanocarriers

1. Introduction

It is well known that the body barrier to external pathogenic attacks is represented by the skin,
which prevents microbial invasion, so every damage or wound can provide an environment for
microbial growth, leading to infection and prolonged wound healing [1-6]. The efficacy of antibiotics is
superior to that of other drugs; thus, antibiotics are widely used [7]. However, the antibiotic resistance
is currently a health emergency, so drug-resistant bacterial infections are becoming more common
with a consequent increase in public spending [8,9]. About 60-70% of the existing antibiotics are not
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active against intracellular infections due to their low intracellular retention as a result of their poor
permeability. Nanomaterials represent an attractive solution for the hydrophilicity barrier, because they
can habitually penetrate cells, and increase their intracellular activity [10,11]. Small-size nanoparticles
have the advantage of being characterized by a larger contact surface, which is able to enhance their
penetration and therapeutic effects [12-15].

Among others nanomaterials, a good candidate is represented by silver nanoparticles (AgNPs) that
canbe easy functionalized [16,17], inducing hydrophilic behavior [18,19], antibacterial properties [13,20],
and reduced inflammatory response [21], with low resistance phenomena in Gram-positive bacteria
and Gram-negative bacteria [22-24]. The dimension and shape of AgNPs have a strong influence
on antibacterial activity. In fact, a higher surface/volume ratio produces the higher rate of silver
ions release [25]. AgNPs’ effects have been studied against the multidrug-resistant bacteria such
as P. aeruginosa, E. coli, Streptococcus pyogenes, S. aureus, Klebsiella pneumoniae, Salmonella species,
and Enterococcus species [26,27]. In these papers, the bactericidal action is mainly due to the inhibition
of cell wall synthesis, nucleic acid synthesis, and protein synthesis mediated by the 30S ribosomal
subunit. The strong bactericidal effect of AgNPs against the multidrug-resistant bacteria is mostly
due to their multiple mechanisms to disrupt microbial cells [28]. Moreover, AgNPs can improve the
antibiotic effects against S. aureus and E. coli [29].

Today, in medicinal practice, there are wound dressings, contraceptive devices, surgical
instruments, bone prostheses, and dental implants that are coated or embedded with nanosilver [30-33].
Moreover, in the last decade, the research field of AgNPs has moved to the possibility of their use as an
anticancer drug, due to their inherent cytotoxic effect on cancer cells [34].

However, the instability of silver nanoparticles limits their industrial application in several cases,
and most of the methods to prepare AgNPs cause environmental pollution and low production
efficiency. To overcome this problem, silver nanoparticles are usually loaded onto carriers [35].

Moreover, despite AgNPs having multiple mechanisms for antibacterial effects, recent
studies showed bacterial resistance to them: the resistance evolves without any genetic changes;
only phenotypic change is needed to reduce the nanoparticles’ colloidal stability and thus eliminate
their antibacterial activity [36,37].

As a response to this problem, hybrids/composites with AgNPs dispersed on carriers or supports
have been studied to enhance antibacterial activity compared with sole AgNPs: it is of significance to
seek the optimal choice of carriers to combine with AgNPs in order to construct ideal antibacterial
agents. Various AgNPs-based nanocomposites with different structures and morphologies have been
developed up to now, such as an amorphous silica matrix dispersed with AgNPs [38], AgNPs core@silica
shell [39], mesoporous silicas loaded with AgNPs [40], hollow mesoporous silica spheres with AgNPs
in the cavity [41,42], fibers coated with AgNPs [43], etc. Although extensive efforts have been devoted
to fabricating a lot of these AgNPs-based nanocomposites involving different carriers’ structures, there
are still few systematic investigations on the effects of structures on antibacterial performance [44].
The use of drug delivery systems (DDS) has been proposed to overcome important issues in the release
of active pharmaceutical molecules, such as unfavorable pharmacokinetics and biodistribution with a
consequent decrease of side effects.

Nanocarriers represent an innovative approach to overcome these issues [45,46]. Among other
nanocarriers, such as liposomes, polymersomes, micelles, and polymer-based vesicles, the niosomes
systems, non-ionic surfactant vesicles [46,47], have attracted attention from researchers because of
their ability to encapsulate different kinds of drugs for the purpose of increasing their stability and
efficacy. In fact, niosomes enable modulating the drug concentration loading in a range of interest for
the biological applications (0.3-5.0 ug/mL for AgNPs) and to consent to drug-release control [48].

In this research study, AgNPs were synthetized using 3-mercapto-1-sodium propanesulfonate
(BMPS) to induce hydrophilic behavior, improving the niosomal entrapment efficiency and reducing
the bilayer destabilization. AgNPs were loaded in two different niosomes, Tween 20 and Span 20
ones, producing two different systems, namely NioTw20 + AgNPs and NioSp20 + AgNPs. A deep
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physical chemical characterization was carried out to obtain information on hydrophilic AgNPs
and their influence on the preparation and characterization of Nio + AgNPs. Moreover, stability
studies were performed in water, bovine serum, and human serum to assess their use in biological
compartments. Hydrophilic and lipophilic probe release profiles were obtained in HEPES and in
human serum. Both systems proved to be able to entrap AgNPs, are stable, and maintain the
ability to entrap also hydrophilic or lipophilic model molecules, and so are promising systems for
biotechnological applications.

2. Experimental

2.1. Materials and Methods

Silver nitrate (AgNO3, 99.5%, Sigma-Aldrich, St. Louis, MO, USA) and sodium borohydride
(NaBH4, 98%, Sigma-Aldrich, St. Louis, MO, USA) were used for the synthesis of the nanoparticles.
3-mercapto-1propanesulfonic acid sodium salt (C3H;S,03Na, 3MPS, 98%, Sigma Aldrich, St. Louis,
MO, USA) was used as a capping agent. For all of the solutions, we used deionized water (electrical
conductivity less than 1 uQ)/cm at room temperature) obtained from a Millipore Milli-Q water
purification system. HEPES salt (sodium 2-(4-(2-hydroxyethyl) piperazin-1-yl) ethanesulfonate),
cholesterol, Sephadex G75, Pyrene, DPH (1,6-diphenyl-1,3,5-exatriene), Span 20 (sorbitan monolaurate),
Tween 20 (polyoxyethylene sorbitan monolaurate), human/bovine serum, calcein, and Nile Red
were purchased from Sigma-Aldrich (Milan, Italy). All the other products and reagents were of
analytical grade. All of the reagents were purchased from Sigma Aldrich and were used without
further purification.

2.2. Preparation of AGQNPs Loaded Niosomes

The AgNPs-3MPS synthesis (see Figure S1) consisted in a wet reduction of silver nitrate to metallic
silver by means of sodium borohydride in the presence of 3MPS [17,18]. Briefly, a solution of AgNO3
in deionized water (0.200 g in 10 mL) was added in a flask with 3MPS water solution (0.830 g in 10 mL),
and the mixture was maintained under stirring in argon atmosphere at room temperature for 10 min.
Then, an NaBH,4 water solution (0.220 g in 10 mL) was added dropwise, under vigorous stirring.
The reaction mixture was allowed to react for 2 h. The obtained black product was centrifuged with
deionized water three times (20 min, 5000 rpm), and the solid obtained was characterized.

Several niosomal formulations by Tween 20 (NioTw20) or Span 20 (NioSp20) were prepared using
AgNPs-3 MPS at different concentrations. Only the results obtained by selected samples in terms of
the size, (-potential, entrapment efficiency, and stability features were reported and discussed.

AgNPs-3MPS were loaded into Span 20 and Tween 20 niosomes through a protocol already used
to internalize chemicals [49]. Niosomes were prepared using the thin film hydration method [50].
Span 20 or Tween 20 (15 mM) and cholesterol (15 mM) were dissolved in organic solvent mixture
(chloroform/methanol 3:1 v/v). The solvent was evaporated using a rotary evaporator (VV2000,
Heidolph, Schwabach, Germany) to form a thin “film”. The film was hydrated using 5 mL of AgNPs
solution, which was then vortexed and sonicated at 60 °C and 18%/16% amplitude for 5 min using an
ultrasonic microprobe (Vibra-Cell VCX-400, Sonics & Materials, Newtown, CT, USA). The unilamellar
vesicular suspension was purified by gel filtration chromatography using Sephadex G75 (glass column
of 50 x 1.2 cm) with HEPES buffer as the eluent. The purified vesicles were filtrated by using cellulose
filters (pore size 1.2 um).

2.3. Characterizations

The AgNPs water suspension has been characterized by means of UV-Vis collected using a
Perkin-Elmer Lambda 19 and a Cary 100 spectrophotometer using quartz cuvettes. The dynamic light
scattering (DLS) measurements on the AgNPs colloidal suspensions (0.200 mg/mL) at T = 25.0 + 0.2 °C
were performed by the Malvern Zetasizer Nano ZS90 instrument (Malvern, UK), as reported in
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previous studies [49,51]. The (-potential was calculated from the measured electrophoretic mobility by
means of the Smolukovsky equation [52]. UV-Vis: Apax (nm) 415; DLS: <2Rpy> 5 + 2 nm; ¢-potential:
-35+2mV.

The mean size, size distribution, and (-potential of empty and AgNPs-loaded niosomes were
characterized by using DLS. UV-Visible spectroscopy was employed to evaluate the amount of AgNPs
entrapped in niosomal formulations. The AgNPs’ entrapment efficiency was expressed as encapsulation
yield, i.e., the percentage of nanoparticles loaded with respect to the total amount added for the
preparation. Bilayer characterization has been carried out on empty Span 20 or Tween 20 niosomes
and on AgNPs-loaded ones, employing DPH and pyrene (lipophilic probes) that provided different
bilayer information (fluidity, microviscosity, and polarity).

Span 20/Tween 20 (15 mM), cholesterol (15 mM), and DPH solution (2 x 10~* M) were codissolved
in chloroform/methanol, which was removed using a rotatory evaporator (VV2000, Heidolph,
Schwabach, Germany), and then hydrated with HEPES buffer or AgNPs solution (0.5 mg/mL),
with the same preparation methods as those mentioned above. A cellulose filter with a 450-nm cut-off
(Spectrum, New Jersey, New Brunswick USA) was used to purify the DPH-niosomal formulations.
Fluorescent measurements were performed (A = 350-425 nm) using a luminescence spectrometer
(LS5013, PerkinElmer) in order to obtain fluorescence anisotropy. The florescence anisotropy (r) was
determined by using Equation (1) [53-55].

Ly =L X G

A= XY
Iyp + 2Ly X G

@
where v, Ivh, Ihv, and Ihh are fluorescent intensities, and subscript v (vertical) and & (horizontal)
represent the orientation of polarized light. The G factor is ratio of the sensitivity of the detection
system for vertically and horizontally polarized light.

Pyrene-loaded niosomes were prepared by adding the probe (4 mM) to niosomes (Nio) components
in order to obtain empty and Nio-AgNPs following the same preparation method as above. Pyrene is
a florescence probe, whose monomer exhibited a spectrum characterized with five emission peaks
(from I1 to I5) and excimer has only one peak (IE). The monomer and the excimer have different
fluorescence signals, and the ratio between the several fluorescence intensities is directly related to
the probe distribution in the bilayer. In particular, the ratio I1/I3, corresponding to the first and third
vibration bands in the pyrene spectrum, is related to the polarity of the probe environment. Pyrene can
form an intramolecular excimer based on the viscosity of the probe microenvironment [56], and it is
estimated with the ratio IE/I3, where IE is the excimer intensity. The fluorescence signals emitted by
pyrene-loaded niosome suspension were scanned (A = 350-550 nm) using a luminescence spectrometer
(LS5013, PerkinElmer) and the intensities of the excimer florescence (IE), first (I1), and third (I3) peak
were recorded [57].

An atomic force microscopy (AFM) study of the morphology of the niosomes has been performed
using a standard AFM setup (Dimension Icon, Bruker Inc., Milan, Italy) equipped with Si cantilevers
suitable for tapping mode imaging. Samples have been prepared by depositing a droplet of solution
on a clean monocrystalline Si surface and waiting until partial dehydration. AFM imaging has been
performed in air and at room conditions.

Small-angle X-ray scattering (SAXS) experiments were performed at a ID02 high-brilliance
beamline at the ESRF (Grenoble, France). The measured SAXS profiles report the scattered radiation
intensity as a function of the momentum transfer, q = (47/A) sin (6/2), where 0 is the scattering
angle and A is the X-ray wavelength (0.1 nm). Analysis was carried out to obtain information on
the dimension, homogeneity, and shape of the particles in solution. The form factors of niosomes
have been reconstructed as unilamellar or multilamellar closed bilayers. Details are reported in the
Supporting Information.

Biological studies were also carried out in the presence of bovine or human serum to evaluate the
in vitro stability. NioTw20/AgNPs and NioSp20/AgNPs, as well as empty niosomes, were diluted in
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fetal bovine or human serum to obtain a final serum concentration of 45% at 37 °C. The average size,
polydispersity index, and (-potential were evaluated by means of DLS at different time points (15 min,
30 min, 60 min, and 180 min) [58].

Stability studies up to 90 days at different temperatures—room temperature (RT) and 4 °C—were
carried out by DLS to asses the dimension and (-potential of empty niosomes and Nio-AgNPs [58].

Release studies were carried out following the release calcein from empty niosomes and Nio-AgNPs
using a Fluorimetric apparatus.

In order to obtain information about the ability of Nio to release lipophilic and hydrophilic probes,
also in presence of AgNPs, Nile Red (lipophilic fluorescent probe) and calcein (hydrophilic fluorescent
probe) release studies were carried out.

The hydrophilic probe (calcein 1072 M) was added to the film during hydration, and the excess of
calcein was purified by gel filtration chromatography, as already mentioned [58].

On the contrary, due to its apolar nature, the fluorescent probe Nile Red was added to the vesicle
components at a final concentration of 1073 M, and it will be located in the hydrophobic bilayer.

The in vitro release experiments were carried out using dialysis tubes (molecular weight cut-off
8000 and 5.5 cm? diffusing area) at 37 °C in HEPES buffer (10 mM, pH 7.4). The Nile Red/calcein
concentration was measured using the UV spectrophotometer/luminescence spectrometer at different
time points over 1-24 h.

In vitro release experiments were performed at 37 °C, and the defined volume of vesicle dispersions
was included in dialysis sacs (cut-off 8.000) with a fixed diffusing area (5.5 cm?) adding to a niosomal
formulation of 45% human serum or HEPES (in order to maintain the same probe concentration).
The probe concentration was detected in the outer solution at fixed time intervals (O h, 1 h,2h, 3 h,
4h,5h,6h,7h,8h, and 24 h) by means of the Fluorometric apparatus, taking into account the
dilution factor.

3. Results and Discussion

AgNPs were functionalized by 3MPS to induce high hydrophilicity and to control the shape
and dimension in the range of 2 to 5 nm by means of UV-Vis and DLS measurements, as already
reported [17,18]. In fact, the hydrophilicity is a crucial feature to obtain the insertion in the aqueous
core of the niosomes. Even the small dimensions are a key parameter to ensure the inclusion and
above all the stability of the final hybrid system, as also reported in the literature [48]. The AgNPs
were loaded into niosomes, as schematized in Figure 1.
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Figure 1. Preparation of niosomes hydrated with silver nanoparticles (Nio-AgNPs).

According to characterization results obtained, the best samples selected were Tween 20/Span 20
niosomes hydrated with AgNPs at the 0.5 mg/mL concentration.

The first comparison between empty niosomes and Nio-AgNPs was done by analyzing their
hydrodynamic diameter, (-potential, and PDI (polydispersity index) by DLS. The results are shown in
Table 1. In both niosomal formulations, with Tween 20 or Span 20, all the parameters analyzed by
DLS are preserved after the addition of AgNPs. The empty samples based on Tween 20 and Span 20
show differences in dimensions, due to the different internal structures determined by the different
surfactants employed for niosomal preparation. In particular, Span 20 niosomes, as expected [59],
are bigger than Tween 20 ones, and show more negative (-potential.

Table 1. Hydrodynamic diameter, (-potential, and polydispersity index (PDI) of different niosomal
formulations. NioTw20: niosomal formulations by Tween 20, NioSp20: niosomal formulations by

Span 20.
Hydrodynamic .
Samples ID Diameter (nm) = SD ¢-Potential (mV) + SD PDI + SD
NioTw20 136.1 +2.0 -32.8+03 0.38 +0.01
NioTw20 + AgNPs 140.3 +3.9 -33.1+14 0.40 +0.01
NioSp20 2302 +5.9 —42.7£23 0.35 +0.01
NioSp20 + AgNPs 251.7 £ 6.0 —429+12 0.40 +0.01

The entrapment efficiency of AgNPs in vesicular systems was evaluated by means of the calibration
curve (see Figure 52), and the results are reported in Table 2.

Table 2. The entrapment efficiency in percentage of AgNPs in niosomes.

Samples ID Entrapment Efficiency (%)
NioTw20 + AgNPs <1
NioSp20 + AgNPs 4

The data obtained indicate that the entrapment efficiency for the two systems is not the same;
Span 20 niosomes are more efficient than Tw20 niosomes, which is probably related to their different
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internal structures and/or capacity (aqueous volume available to host AgNPs). Moreover, these values
allow assembling systems with a silver concentration in the range of interest for biological applications
(0.3-5.0 ug/mL), as reported in literature [48]. The results obtained by bilayer characterization studies,
such as fluidity, microviscosity, and polarity (Table 3), show no variation in the evaluated bilayer
properties, thus demonstrating that no interactions occur between the niosomal double layer and
AgNPs, which probably will be located inside aqueous compartments.

Table 3. Bilayer characterization results of niosomes (Nio) and Nio-AgNPs.

Samples ID Fluidity (Anisotropy) Microviscosity (Ig/I3) Polarity (I;/I3)
NioTw20 0.10 0.90 0.90
NioTw20 + AgNPs 0.11 0.90 0.90
NioSp20 0.10 1.01 0.94
NioSp20 + AgNPs 0.11 1.03 0.90

Morphological studies were performed on empty niosomes and Nio-AgNPs. Representative
AFM images of the samples are shown in Figure 2. The morphological characterization indicates that
niosomes have regular spherical shapes. Probably due to the intrinsic limitations related to sample
preparation, the size of niosomes seems highly dispersed, according to PDI values by DLS analyses,
the bigger particles being probably the results of the agglomeration of individual niosomes.

. |

4.0 ym

239.0 nm

363.1nm

382.4 nm

4.0 um 4.0 ym

Figure 2. Atomic force microscopy (AFM) images related to: NioTw20 (a), NioTw20 + AgNPs (b),
NioSp20 (c), and NioSp20 + AgNPs (d).

In the deposited sample, large amorphous particles are visible, likely resulting from the coalescence
of several vesicles on the substrate surface as well as the possible partial dehydration making the
vesicles lose their original spherical shape. By a visual inspection, Tween-based niosomes, i.e., NioTw20
(Figure 2a) and NioTw20 + AgNPs (Figure 2b), are smaller than the Span-based ones, i.e., NioSp20
(Figure 2c) and NioSp20 + AgNPs (Figure 2d), which is in qualitative agreement with the measured
hydrodynamic diameters reported in Table 1. Conversely, the effect of the presence of AgNPs on the
size cannot be appreciated in both the Tween and Span-based formulations, considering the relatively
small variations evaluated by DLS and the dispersion of the size in the AFM samples.

In order to characterize the local structure of niosomes, SAXS measurements were performed on
Tween 20 and Span 20 niosomes that were empty and loaded with AgNPs.

In Figure 3, the intensity spectra are reported for Tween 20-based nanoparticles (panel A) and for
Span 20-based nanoparticles (panel B) in a wide q range (0.014 nm™! < q < 6 nm™}), corresponding to

105



Nanomaterials 2019, 9, 1177

distances from 150 nm to the nm. Differences in the intensity profiles are clearly visible for the two
systems in all the regions of the spectra. Besides the feature of the form factor of the particles in solution,
a small diffraction peak at 1.84 nm™!, corresponding to a characteristic distance of 3.41 nm, is well
known, and stems from the presence of cholesterol crystallites in surfactants/cholesterol mixtures [60].
Crystallites could be either excluded from the bilayers, in peripheral contact, for example, or included
in the bilayers, as segregated structures.

Tween 20-based particles display a niosomes shape that is characterized by a local bilayer structure
with a thickness of about 6 nm, being the hydrophobic core of 2.5 nm and the two hydrophilic layers of
1.6 nm and of 2 nm, respectively. Moreover, the absence of peaks due to multilamellar organization
reveals that the adopted structure is unilamellar.

In the presence of AgNPs, Tween 20 niosomes keep a local unilamellar structure, with unaffected
structural features. On the other hand, in the low-q region of the spectrum, the scattered intensity
increases by one order of magnitude. The form factor of the unilamellar closed particles can be modeled,
replacing the internal water with a higher electron density solvent, confirming the presence of AgNPs
entrapped inside the aqueous core of the niosomes.

100+ 100 3.,

0.14

Intensity (mm™")

0.014

0.001

01 1
q(nm™) q(nm)
Figure 3. SAXS spectra of Tween 20 and Span 20-based niosomes. Panel A. Tween 20-based empty
niosomes (blue diamonds) and Nio-AgNPs (magenta dots). Fitting curves have been obtained by
modeling the particle as an internal solvent core surrounded by a surfactant closed bilayer (for
details, see Supporting Information). Panel B. Span 20-based empty niosomes (green diamonds) and
Nio-AgNPs (orange dots).

Span 20-based aggregates display the characteristic features of closed lamellar-type particles.
Nevertheless, the local structure of Span 20-based niosomes is quite different from the Tween 20-based
one. A broad intensity peak is clearly visible at q = 1.6 nm™~!, together with a very broad left shoulder.
The position of the peak corresponds to a characteristic distance of d = 3.9 nm, which is compatible
with twice the length of a Span 20 (sorbitan monolaurate) molecule. The results indicate that Span
20 niosomes are multilamellar closed particles, with a water core surrounded by a peculiar layered
shell: several adjacent concentric bilayers are in close contact, heads to head, without any water
penetration. The scattered intensity profile of Span 20-based loaded niosomes, as reported in Figure 3
(panel B), presents a pronounced increase in the low-q region, which is a sign of the presence of AgNps
enclosed in the internal aqueous core of the niosomes. The increase is definitely higher than the one
observed in Tween 20-based Nio-AgNPs, suggesting that Span 20 is more efficient in entrapping
metallic NPs. On the local scale, two additional peaks at ¢ = 1 nm™ and q = 2 nm™" are visible,
revealing a swollen multilamellar structure with a characteristic distance of d = 6 nm, coexisting with
the tight one at d = 3.9 nm. The 6-nm distance is typical for lipid multilamellar structures and is also
found in Tween®20-derivatives/cholesterol niosomes [60]. The presence of AgNPs induces the partial
disjunction of adjacent bilayers with increased water penetration.
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Stability studies of NioTw20/NioTw20 + AgNPs and NioSp20/NioSp20 + AgNPs were performed
to compare their behavior at different temperatures, as shown in Figure 4. Empty niosomes are stable
both at room temperature and at 4 °C, while Nio-AgNPs showed a different behavior in terms of
the dimensional increase at RT conditions, which was not confirmed at a 4 °C storage temperature.
The colloidal stability at 4 °C is higher because of the reduced collision events of the dispersed particles,
and hence coalescent phenomena.

The effect of the serum (human and bovine) is another important element to evaluate in order
to define the interaction between vesicles and biological fluids. Experiments were performed at
37 °C evaluating the size and (-potential (data not shown) variations by DLS analysis up to 3 h
(Figure 5). During the time interval analyzed, the same trend is observed for all the vesicles. Vesicles
in 45% bovine serum do not show a dimensional increase, while in 45% human serum, the trend is
different. The different protein composition of human serum is the reason for the attractive interaction
between a negatively charged niosomal surface and proteins. These interactions are strong enough to
observe the same populations over the three hours. This result, which has to be investigated further,
is consistent with the fact that niosomal vesicles should act as an anchor for the blood proteins. Indeed,
after incubation with human serum, plateau values of about 280 nm and 380 nm are reached. This time
evolution suggests that the human serum composition is responsible for a faster kinetic toward the
equilibrium rather than the bovine one, because of a different protein pattern [57,61].
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Figure 4. Stability studies of empty niosomes and Nio-AgNPs at room temperature and 4 °C.
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Figure 5. Niosomal biological stability at 37 °C in different media. (A) NioTw20/AgNPs in bovine and

human serum; (B) NioSp20/AgNPs in bovine and human serum.

In order to confirm the ability of Nio to release lipophilic and hydrophilic probes, also in the
presence of AgNPs, calcein and Nile Red release studies were carried out.
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Figures 6 and 7 show the release profiles calcein and Nile Red. In each experiment, the calcein
release data from empty niosomes and NioTw20 AgNPs were compared in order to evaluate the
influence of the silver nanoparticles, which were entrapped in the same compartment, on the hydrophilic
probe release. The calcein entrapment in both samples was comparable. Experiments were carried out
at 37 °C both in HEPES and human serum. The results obtained in human serum are not reported
because the calcein release was not significant (20%), which was probably due to the coating and
masking effects of the serum, which make it difficult to quantify the calcein release in the external
medium. In HEPES bulffer, the presence of AgNPs influences the release profile of calcein only in the
NioTw20 formulation. As demonstrated by SAXS analyses, only a double layer is present, so it is more
susceptible to silver nanoparticles’ destabilization. Calcein release by this sample is around 65% in
24 h, with respect to 30% by NioSp20/AgNPs, where the presence of different bilayers can make calcein
release more difficult.
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Figure 6. Calcein release studies in HEPES buffer at 37 °C from: (A) NioTw20/AgNPs; (B)

NioSp20/AgNPs.
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Figure 7. Nile Red release studies in HEPES buffer at 37 °C (A) NioTw20/AgNPs; (B) NioSp20/AgNPs.

On the contrary, in both samples, the Nile Red release profiles that were obtained in HEPES at
37 °C are comparable, because of the lipophilic nature of the probe, as shown in Figure 7.

The number of bilayers to cross is the limiting step for hydrophilic probe release, while it is not
the limiting step for the lipophilic probe that is located in the bilayer, and will be barely released for
the poor affinity with the aqueous external medium.

The morphological structure of the two different niosomal formulations and the presence or not
of AgNPs, could influence the release profiles of the two probes.

4. Conclusions

In this study, hydrophilic AgNPs were loaded in two different niosomes, producing two systems,
namely NioTw20 + AgNPs and NioSp20 + AgNPs. A deep physical-chemical characterization was
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carried out to obtain information on the influence of AgNPs on the preparation and features of
niosomal formulations. First of all, the DLS studies confirm the nanosize and stability of both systems
in water. Moreover, the entrapment efficiency for the two systems was investigated, and it was
more efficient for Span 20 than Tw20 niosomes, which was probably related to their different internal
structures. Microviscosity and polarity investigations demonstrated that no interactions occurred
between the niosomal double layer and the AgNPs, which were probably located inside aqueous
compartments. The SAXS data confirmed the presence of the AgNPs located inside the aqueous
compartment of the two niosomal systems, and also allowed highlighting the different structures
of their double layers. The morphological characterization indicates that the niosomes maintained
spherical shapes. Moreover, stability was confirmed in water, bovine serum, and human serum.
Moreover, hydrophilic and lipophilic probe release profiles were obtained in HEPES and in human
serum. In conclusion, both systems evidenced the entrapment of AgNPs: NioTw20-AgNPs and
NioSp20-AgNPs. The two systems are stable in water, bovine serum, and human serum, and maintain
the ability to entrap also hydrophilic or lipophilic model molecules. This work demonstrates that the
niosomes’ features are not altered by AgNPs loading, and confirms that these niosomal formulations
are good candidates for the delivery of AgNPs together with other drugs, opening new promising
ways for their biotechnological applications.
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water; Figure S2: Calibration curve of AgNPs; SI Details about Small angle X-ray Scattering (SAXS).
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