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- Abstract -

Abstract

Implant-associated infections still represent major clinical challenges, and the
development of novel antimicrobial strategies for preventing implant colonization by
microorganisms, such as biomaterials containing silver (Ag), is of great importance. Since
ionic Ag (Ag™) is the biologically active form of Ag, the amount of released Ag* determines
its antibacterial activity and can be enhanced by surface enlargement (nanosilver) or by a
sacrificial anode effect. Thus, this thesis aimed the crosslinking between nanotechnology
and the sacrificial anode principle to achieve an Ag-based system with enhanced Ag*
release resulting in improved antimicrobial properties. Therefore, Ag was combined with
the electrochemically more noble platinum (Pt) in the form of (i) bimetallic alloyed silver-
platinum nanoparticles (AgPt NP) and (ii) physical mixtures of pure Ag NP and Pt NP.
Subsequently, the resulting Ag* release, the antimicrobial activity as well as cell viability,
migration, and differentiation of tissue cells were analyzed.

For the bimetallic AgPt NP an overall lower toxicity and decreased dissolution compared
to pure Ag NP were demonstrated, which excluded a sacrificial anode effect. These
findings were based on electrochemical Ag stabilization in a Pt alloy and not reported
previously for AgPt NP. However, during long-term NP exposure, a Pt-related osteo-
promotive activity was demonstrated for the first time, concomitantly with an inhibited
osteoclastogenesis, which correlated with enzyme-mimetic Pt properties.

For the physical Ag/Pt NP mixtures, for the first time, biological and analytical examination
demonstrated a substantially accelerated and enhanced Ag* release resulting in improved
antimicrobial activity compared to same amounts of pure Ag NP, obviously based on a Pt-
induced sacrificial anode effect.

In conclusion, considering the Pt-related osteo-promotive activity and the improved
antimicrobial activity of physical Ag/Pt NP mixtures, these findings have a high potential
in biomedicine for the development of innovative anti-infective and osteo-promotive

implant materials and coatings, which may support bone regeneration.
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- Kurzzusammenfassung -

Kurzzusammenfassung

Implantat-assoziierte Infektionen stellen nach wie vor hohe klinische Herausforderungen
dar, und die Entwicklung neuer antimikrobieller Strategien zur Vermeidung der
Kolonisierung von Implantaten durch Mikroorganismen, beispielweise durch den Einsatz
von Biomaterialien, welche Silber (Ag) enthalten, ist von grof3er Bedeutung. Da ionisches
Ag (Ag*) die biologisch aktive Form von Ag ist, bestimmt die Menge an freigesetztem Ag*
die antimikrobielle Wirksamkeit, und kann durch VergroBerung der Oberflache
(Nanosilber) oder durch Ausnutzung des Opferanodenprinzips gesteigert werden. Daher
war es Ziel dieser Arbeit die Nanotechnologie mit dem Opferanodenprinzip zu verknipfen,
um ein Ag-basiertes System mit erhohter Ag*-Freisetzung und verbesserten
antimikrobiellen Eigenschaften zu erhalten. Dazu wurde Ag mit dem elektrochemisch
edleren Platin (Pt) in Form von (i) bimetallischen legierten Silber-Platin-Nanopartikeln
(AgPt NP) und (ii) physikalischen Mischungen aus reinen Ag NP und Pt NP kombiniert.
Anschlieend wurden die resultierende Ag*-Freisetzung, die antimikrobielle Aktivitat,
sowie Zellviabilitat, Migration und Differenzierung von Gewebszellen analysiert.

Im Falle der bimetallischen AgPt NP wurden eine insgesamt geringere Toxizitat sowie
eine geringere Auflosung im Vergleich zu reinen Ag NP nachgewiesen, und ein
Opferanodeneffekt somit ausgeschlossen. Dieses Ergebnis konnte auf die
elektrochemische Stabilisierung von Ag in der Legierung mit Pt zurlckgefuhrt werden,
und wurde bisher fir AgPt NP nicht gezeigt. Dartber hinaus wurde nach
Langzeitexposition erstmals ein Pt-basierter osteo-promotiver Effekt einhergehend mit
inhibierter Osteoklastogenese demonstriert, welcher mit den enzym-mimetischen Pt-
Eigenschaften korrelierte.

Fur physikalische Ag/Pt NP Mischungen ergaben biologische und analytische
Untersuchungen erstmalig eine signifikant erhdhte und beschleunigte Ag*-Freisetzung,
was zur verbesserten antimikrobiellen Aktivitat im Vergleich zur gleichen Menge reiner
Ag NP fihrte, offensichtlich basierend auf einem Pt-induzierten Opferanodeneffekt.
Zusammenfassend weisen diese Ergebnisse, unter Berlcksichtigung der Pt-basierten
osteo-promotiven Aktivitat und der erhdhten antimikrobiellen Aktivitéat physikalischer Ag/Pt

NP Mischungen, ein hohes Potential in der Biomedizin hinsichtlich der Entwicklung
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neuartiger antimikrobieller und osteo-promotiver Implantatmaterialien

und -beschichtungen zur Unterstitzung der Knochenregeneration auf.
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1. Introduction

1.1 Implant-associated infections

The application of orthopedic devices for enhancing the quality of life and survival rates
of patients increases in the medical healthcare. However, the use of medical implants
entails a variety of complications, of which bacterial infections are generally the most
challenging [1,2]. Despite best clinical practice, implant-associated infections remain a
serious clinical problem, with consequences including implant loosening, damage of
surrounding tissue, wound burst, osteomyelitis, subsequent systemic infections, and high
care costs [3-5]. According to a report from the OECD (Organization for Economic Co-
operation and Development) in 2016, annually performed joint arthroplasties account for
approximately 1.5 million in Europe and about 7.0 million in the United States [6]. The
incidence of infection following orthopedic surgery ranges between 1% to 4% after elective
surgical intervention, while in trauma cases incidences range between 1% to 10% after
closed fractures and up to 50% after complex open fractures [2,4]. The treatment success
rates vary between 57% and 88% [4].

In general, introducing orthopedic devices to patients inherently harbors the risk and
enhances the susceptibility to implant-associated infections [5]. The main reasons for this
are the compromised local host defense due to the presence of foreign material and the
ability of bacteria to form biofilms on implant surfaces [1,4,5,7,8]. Biofilm formation is
initiated through bacterial adherence to the implant, followed by rapid proliferation and
formation of highly organized structures surrounded by a self-produced matrix of
exopolysaccharides, DNA, and proteins (Figure 1) [9]. This matrix physically and
biochemically protects the bacteria from host defense mechanisms as well as most
antibiotics [1,9]. The variable access to nutrients within the biofilm generates different
physiologic conditions, whereas persistent, metabolically almost inactive bacteria are
located especially in the center of the biofilm with the lowest nutrient access, while
proliferating, planktonic bacteria are released from the biofilm surface to form new biofilms
[9,10]. The chronic inflammation induced by the biofilm increases the mutation rate and
contributes to the development of antibiotic resistances [9].
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Moriarty et al. summarized the biggest challenges concerning implant-associated
infections as (i) the identification of the causative pathogenic bacteria, (ii) multidrug-
resistant organisms, and (iii) the persistence and re-occurrence of infection [4].
Conventional therapeutic approaches include radical debridement, revision surgery, and
prolonged systemic and/or local antibiotic therapies, which often involves serious health

damage to the patients as well as high socioeconomic costs [4,5].

Planktonic bacteria Mature biofilm

5. Release of planktonic bacteria,

start of a new cycle
p— /——\ \l \< |
= - !
R e fcfv =
\\_% \&J ;
-~ ~ =]
2 ~ b \‘>—) > LT
> S N > : P \;E\;_)
1. Adherence 2. Proliferation 3. Colony 4. Dispersion of
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Figure 1: Schematic illustration of bacterial biofilm formation. The biofilm formation is initiated
by bacterial adherence to the surface, followed by rapid proliferation, colony formation, and
the development of highly organized structures surrounded by a self-produced matrix of

exopolysaccharides, DNA, and proteins, which represent the matured biofilm.

Bacteria within biofilms are inherently less susceptible to antimicrobial agents compared
to their planktonic, not adhesive form, and traditional antibiotics therefore usually have
limited activity [9,10]. In addition, the discovery and approval of new antibiotics has
declined by approximately 90% during the past decades, while the increasing multidrug-

resistances of pathogenic bacteria compromise the most existing antibiotic therapies,
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including the few anti-biofilm proven antibiotics, such as rifampicin and
ciprofloxacin [5,11,12].

Although, the genetic background responsible for antibiotic resistances existed prior to
their commercial introduction, the widespread and extensive application of antibiotics in
agriculture and human/animal healthcare obviously drives the development of resistant
bacteria [13]. The mechanistic aspects that enable microorganisms to exhibit resistances
include various genetic and molecular mechanisms, such as encoded resistances,
mutations, enzymatic drug modification, efflux systems, and altered membrane
permeability [14]. Among single antibiotic resistances, penicillin-resistant Staphylococci
are most prominent, exhibiting the ability for penicillin degradation by the enzyme
penicillinase [15]. The selective pressure due to the widespread usage of antibiotics over
the past decades has yielded multidrug-resistant (MDR) pathogens. Some of the most
clinically problematic species are the methicillin-resistant Staphylococcus aureus (MRSA),
the vancomycin-resistant MRSA, Escherichia coli bearing the so-called extended-
spectrum B-lactamase (ESBL) enzymes leading to resistance to most beta-lactam
antibiotics, and the extensively drug-resistant Mycobacterium tuberculosis [14].

In this context, the development of novel anti-infective strategies to supplement
conventional antibiotic therapies is of great importance. Current research covers
applications such as immunization by vaccines, antimicrobial and immunomodulatory
peptides, biofilm degrading enzymes as well as chemical or topographical modifications
of the implant surface [2,5,9,16]. In particular, one promising strategy for reducing implant-
related infections is represented by antimicrobial silver-containing biomaterials or
coatings, which could prevent or hinder initial bacterial adhesion, colonization, and biofilm

formation on implant surfaces.

1.2 Nanotechnology

The terms nanoscience and nanotechnology refer to the study and application of materials
at the nanometer scale, commonly defined to be within the range of 1 to 100 nm [17,18].
The Nobel laureate Richard Feynman is known for providing inspiration for the field of
nanotechnology during his famous lecture “There’s Plenty of Room at the Bottom” in 1959

[19]. As was stated in this lecture, the properties of bulk materials cannot simply be scaled

3
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down to the nanometer dimension, and property alternation has to be expected. Indeed,
compared to the respective bulk substances, nanomaterials exhibit modified and often
improved physiochemical and biological properties, due to their enlarged specific surface
area and the resulting higher reactivity (Figure 2) [20-22].

Bulk material Nanomaterial

Increasing
surface area

ﬁ

| Y ) \_'_I
Edge length=3 Edge length one cube =1

Total surface = 32 x 6 = 54 Surface one cube =12x6=6
Total surface = 6 x 27 cubes = 162

Figure 2: Schematic illustration of the surface area enlargement for nanomaterials compared
to bulk material. In the given example size reduction of the bulk material to the nanometer

dimension results in a three-fold enlarged total surface.

Today, nanotechnology comprises scientific contributions from many different research
fields, such as physics, chemistry, material science, mechanical engineering, biology, and
medicine [23,24]. In general, reducing the size is a good strategy to change the specific
properties and the biocompatibility of materials, while a lot of research has been done in
this field over the past decades [18,24]. Engineered nanomaterials has been produced as
novel tools in medical, biochemical, physical, and chemical applications, but also in
clothing, electronics, and food industries [25-32]. Thus, nanomaterials, such as
nanoparticles, nano-composites, and nano-structured surfaces, influence almost every
facet of everyday life. The application possibilities are manifold, including drug-delivery

systems, clinical diagnosis, disease therapies, detection/separation/purification of

4
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biological molecules, contrast enhancement of magnetic resonance imaging, exploitation
of renewable energy sources, and many more [21,33]. The classification of nanomaterials
is commonly based on their physicochemical characteristics, while material-based
(carbon-, organic-, inorganic-, or composite-based nanomaterials), origin-based (natural
or synthetic/engineered nanomaterials), and morphology-based (size, shape, etc.)
categories can be applied [20,24].

Nanoparticles (NP) represent a distinct and wide class of nanomaterials of different
possible shapes (spheres, tubes, rods, wires, prisms, cubes, etc.) featuring less than
100 nm in at least one dimension [17,20,24]. Depending on the NP origin, it can be
distinguished between incidentally produced and engineered NP [20]. Incidental NP are
byproducts of industrial and natural processes, such as engine exhaust, welding fumes,
and combustion as well as forest fires, photochemical reactions, and volcanic
eruptions [20]. In contrast, engineered NP are manufactured by humans using various
methods that can be broadly divided into two main categories: top-down and bottom-up
approaches [24,34]. The top-down approach is a destructive method, starting with large
molecules followed by their decomposition into smaller units by, for example, grinding,
milling, and chemical or physical vapor deposition [24]. With the bottom-up approach NP
are formed from smaller, simpler substances using reduction or sedimentation techniques,
including wet-chemical, biochemical, and green synthesis routes [35,36]. This approach
also allows for functionalization of the NP surface by protective polymers, such as poly(N-
vinylpyrrolidone) (PVP) or bovine serum albumin (BSA) to stabilize the NP in solutions
against agglomeration [37].

Among the different NP types, NP of noble metals, such as silver, gold, and platinum
group elements, receive particular research interest, because they exhibit manifold unique
properties, like antimicrobial activity, surface plasmon resonance, chemical inertness, or
catalytic activity [24,38-41].

1.2.1 Silver nanoparticles

Silver (Ag) is a noble metal that has been used by mankind since ancient times, with
applications in jewelry, coins, cutlery, dental alloy, and photography, due to its corrosion
resistance as well as its antimicrobial, antiviral, and antifungal activities [42,43]. Prior to
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the introduction of antibiotics, Ag was broadly used in medical applications to prevent
infections, which included the treatment of burnt skin or the application as aqueous
colloidal dispersion for oral consumption [42]. In this context, cases of agyria were
reported, which is caused by incorporation of Ag into skin leading to its irreversible ash-
grey discoloration [42,43].

Currently, silver nanoparticles (Ag NP), also known as nanosilver, have one of the highest
degrees of commercialization among nanomaterials, with an estimated worldwide Ag NP
production of 500 t per year, while their production is expected to reach approximately
800 t by 2025 [40,44,45]. The capability of Ag NP to reduce or combat bacterial infections
and colonization of bacteria on medical devices, such as burn dressings, catheters, and
dental implants, was frequently demonstrated [43,46—49]. Other application fields include
water disinfecting filters, textiles, cosmetics, and even domestic appliances [40,43,44,50].
The biological activity of Ag NP is based on the oxidative silver ion (Ag*)
release [42,43,51]. In this context, the interaction of Ag*™ with various molecules has been
demonstrated, including lipids, DNA, components of cell walls, or the sulfhydryl groups of
metabolic enzymes, resulting in bacterial replication and membrane integrity interruption
as well as impairment of bacterial electron transport chain [40,47,51-56]. Thus, the
antimicrobial activity of Ag NP is governed by the amount of released Ag*. In general,
compared to macroscale Ag, the surface area of Ag NP is increased, which results in a
more efficient Ag* release [24,51]. However, the oxidative corrosion of Ag NP in biological
systems is substantially governed by various factors and correlated with characteristics of
both the NP (e.g., size, shape, and coating) and the microenvironment (e.g., pH,
temperature, and complexation by inorganic or organic ligands) [43,55,57-62].
Noticeable, the toxic effects of Ag* on prokaryotic and eukaryotic cells occur within the
same concentration range [63]. Ag NP were also suggested to provoke long-term cytotoxic
effects through a Trojan-horse type mechanism, which is based on the intracellular dissolution
of NP after their internalization within cells [64—66]. The kinetics of Ag NP uptake by cells
therefore also influence their dissolution and bioavailability [42,67]. Although Ag is a potent
antimicrobial agent, a low number of bacterial strains exhibiting Ag resistance do exist [68—
70]. Similar to most heavy metal resistances, Ag resistances are not based on chemical

detoxification, but on an energy-dependent ion efflux from the bacterial cell, carried out by
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membrane proteins functioning as ATPases or chemiosmotic cation/proton
antiporters [71,72]. Thus, the extensive and uncontrolled use of Ag NP in many consumer
goods carries potential risks for human health as well as the development of bacterial
resistances, and need to be carefully examined and controlled [71,73—76].

However, regarding actual clinical challenges associated with the increasing number of
MDR pathogens, the broad antibacterial, antifungal, and antiviral properties of Ag NP
represent one of the most promising strategies to combat such infections [44,77].
Regarding the regenerative properties of human tissue and an appropriate application
avoiding misuse, Ag NP can be considered as powerful additives to common antibiotic

therapies.
1.2.2 Platinum nanoparticles

The noble metal platinum (Pt) is one of the least reactive metals. As a member of the
platinum group elements, Pt exhibits exceptional catalytic properties and has application
in many chemical and industrial processes, including electrical applications, glass-
production, oxygen sensors, spark plugs, turbine engines as well as jewelry, medicine,
and biomedicine [78,79]. Certain coordination complexes of ionic Pt, such as cis-platin
and carbo-platin, are highly toxic and represent important drugs used in cancer
chemotherapy [80-82]. Metallic Pt is, however, chemically almost inert in biological
systems [78,79].

Since Pt abundance in the earth’s crust is rather scarce (about 0.01 ppm), the use of nano-
platinum is a promising solution to meet the high demand for this material [83]. Due to the
distinct intrinsic catalytic activities of platinum nanoparticles (Pt NP), the interest in their
application as nano-sized tools in the automotive sector, chemical industry, and the production
of biomedical devices is rapidly growing [83—-85]. Numerous reports have demonstrated the
potential of Pt NP to mimic the catalytic activity of different enzymes, including catalase,
peroxidase, and superoxide dismutase [86—88]. In particular, Pt NP have been proposed as
selective and efficient nanozymes in oxidative stress disease therapies [83,89]. In this context,
Nomura et al. and Kim et al. reported the capability of Pt NP for bone loss reduction by

suppression of osteoclast differentiation based on their antioxidant properties [90,91].
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However, concerns regarding the toxicological aspects of Pt NP arise especially due to
inhomogeneous data regarding their biocompatibility. Studies addressing the toxicity of Pt NP
have demonstrated no significant biologic activity as well as genotoxic, hepatotoxic, and
nephrotoxic effects [92—96]. Similarly, different reports have demonstrated antibacterial
activities of Pt NP against gram-negative and gram-positive strains, while other studies
have reported bacterio-compatible properties [83,95,97-101]. This discrepancy between
reports can be associated with the use of different cell types and bacterial strains as well
as the various physicochemical NP properties, including size, shape, and
functionalization [24,83,102,103].

Nevertheless, Pt NP applications in healthcare devices, diagnostics, consumer products, and
cosmetics increases, while the broad application potential and ongoing intense research

suggest many more promising outcomes in the next future [83].

1.3 Sacrificial anodes
1.3.1 The sacrificial anode principle

Galvanic corrosion is one of the most common corrosion types and a significant source of
damage to metallic materials in electrolytic environments, including Ag incorporated into
medical and consumer products. Galvanic corrosion results from the direct electrical
contact of two dissimilar conductive materials in a conducting liquid [104,105]. Examples
of the occurrence of galvanic corrosion can be found at water main junctions, ships,
microelectronic devices, and metallic composite matrix materials, in which different metals
are placed together in an electrolytic environment [104,106].

The process of galvanic corrosion can be compared to a battery, including an anode, at
which oxidation takes place, and a cathode, which is the zone of reduction [105].
A conducting liquid (electrolyte) allows for the flow of the galvanic current from one
material to the other due to a potential difference between them, while galvanic corrosion
occurs at the anodic member. For two electrically connected metals of dissimilar
conduction, galvanic corrosion of the anodic, electrochemically less noble metal generally
results in reduced corrosion of the cathodic metal (i.e., the latter one is cathodically

protected). This cathodic protection is the basis of sacrificial anodes [104,107].
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Thus, a sacrificial anode reaction has to meet at least three essential conditions:
() a potential difference between the metals, (ii) the presence of an electrolyte, (iii) and
warranted electrical continuity between the metals [105]. Despite this, many other factors
can be involved, such as metallurgical and geometrical factors (alloying, morphology),
surface conditions (passivation, corrosion products), electrolyte properties (pH,

conductivity, etc.), and side reactions (dissolution, oxygen chemistry) [104].
1.3.2 Sacrificial anode systems

The application of the sacrificial anode effect, especially in terms of cathodic protection,
is widespread in the technical field, with sacrificial anodes being used in ship construction,
coatings, paints, pipelines, reinforcing bars, and heat exchangers [104,105,108-110].
Another field of application is the organic synthesis and the electrochemical
functionalization of organic halides [111]. One example of the crosslinking of sacrificial
anodes and nanotechnology is an aluminium-zinc-alloy for the cathodic protection of steel
articles reinforced with zinc oxide NP [112]. For steel corrosion protection in underwater
and underground structures (ships, pipelines, bridges, etc.), sacrificial anodes made of
zinc, aluminum, and magnesium as well as their alloys are primarily used [104,106]. The
unique electrochemical and morphological properties of each anode determine its specific
suitability for galvanic protection of a more noble metal or alloy, and can be engineered
depending on the specific application [104].

Studies considering the application of sacrificial anodes for biological or biomedical
applications are very rare. Though, in the context of progressively emerging antibiotic
resistances, improvement of the antimicrobial efficacy of Ag-containing biomaterials by a
sacrificial anode-driven enhanced Ag* release represents a promising solution. The
efficiency of the combination of Ag with electrochemically more noble metals, such as
elements of the platinum group, was already demonstrated in a couple of bimetallic
systems [113-118]. The enhanced antimicrobial action against Escherichia coli and
Staphylococcus epidermidis of bimetallic AgPt coatings and AgPt nanosheets compared
to respective pure Ag-composites was demonstrated by Dowling et al., Ryu et al., and
Zhang et al. [113,114,116]. In all cases the increased antimicrobial effects were correlated
with enhanced Ag* release. Similar results were reported by Koller et al., El Arrassi et al.,



- Introduction -

and Abuayyash et al. for sacrificial anode systems consisting of Ag dots deposited on thin,
continuous metal films of gold, platinum, palladium, or iridium. The Ag* release and the
resulting antimicrobial activity towards Escherichia coli and Staphylococcus aureus were
significantly enhanced for these sacrificial Ag anodes compared to pure Ag films or Ag
dots deposited on titanium films [117-120].

Thus, these findings suggest that the application of sacrificial anodes in Ag-based
biomaterials might be a promising strategy for the development of new anti-infective
systems to overcome the clinical problem of MDR bacteria and the decline of new

antibiotics.

1.4 Tissue cells
1.4.1 Human mesenchymal stem cells

In general, human stem cells are defined as self-renewing progenitor cells with the ability
to differentiate into different cell types. They can be divided into pluripotent embryonic
stem cells, capable to differentiate into all cell lineages, and adult multipotent stem cells,
which can only differentiate into several cell types. Adult stem cells are classified mainly
into hematopoietic stem cells (HSC) and mesenchymal stem cells (MSC), although
various other types of precursor cells have been identified in a variety of different organs
and tissues up to date [121].

Human MSC (hMSC) have been originally isolated from bone marrow (BM) by
Friedenstein et al. in 1970 [122], but they are also present in multiple other tissues,
including the umbilical cord and connective tissues, where they are responsible for
regeneration and repair [121,123]. Multipotent adult h(MSC are plastic-adherent cells with
a fibroblast-like morphology (Figure 3 A - B), which have the ability to differentiate into the
mesodermal lineage, including osteoblasts, chondrocytes, and adipocytes, and (as
demonstrated in many in vitro studies) into tenocytes, neurons, and skeletal
myocytes [124-126].

In general, hMSC can be isolated, among others, from BM aspirates, using density
gradient centrifugation for the separation of mononuclear cells. Due to their characteristic

ability to adhere to plastic, the mesenchymal subfraction can be easily separated from the
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non-adherent hematopoietic cells [122,123]. Alternative isolation strategies have been
developed to obtain highly homogeneous populations regrading size, morphology, and
maturation state, as for instance, immunoselection and expansion of single clones as well
as flow cytometric methods [124,127-129]. The latter are based on the expression of so-
called cluster of differentiation (CD), which represent specific markers on the cell surface
[130]. Although, no single specific surface marker for h(MSC has been identified so far, the
expression of CD29, CD44, CD73, CD90, CD105, CD106, and CD166 has been
demonstrated in vitro, while in contrast to HSC, the markers CD11b, CD14, CD31, CD33,
CD34, CD45, or CD133 are not expressed [129,131-133]. Furthermore, hMSC express a
large number of trophic factors, such as chemokines, cytokines, growth factors, and
morphogens, associated with their regenerative and reparative functions [129,134].
Through the secretion of bioactive molecules and cell-to-cell contacts, hMSC exhibit
immunomodulatory activities and affect various immune cells, including natural killer cells,
dendritic cells, and lymphocytes [129,135].

Due to their multipotency, their trophic and immunomodulatory functions as well as the
opportunity of simple isolation from multiple tissues and ex vivo expansion, hMSC
represent the most commonly used adult stem cells in cell-based regenerative
medicine [136,137]. They have been applied both pre-clinically and clinically for tissue
repair and replacement as well as for the treatment of immune disorders and inflammatory
diseases [132,136-138]. Furthermore, hMSC metabolism is capable of adaption with
dependency on the performed function, which offers another strategy for clinical hMSC
application, namely, the engineering of hMSC metabolism for enhancement of their

functional properties and improvement of their therapeutic potency [136].
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Figure 3: Representative light micrographs of adherent hMSC in cell culture medium

(A: magnification 10x, B: magnification 40x).

1.4.2 Bone cells

Bone is a highly dynamic, mineralized connective tissue that performs important functions
in the body, including soft tissue protection, locomotion, the harboring of BM, and mineral
homeostasis [139,140]. Bone tissue consists of four cellular components originating from
hMSC (osteoblasts, bone lining cells, osteocytes) and HSC (osteoclasts) [139,141].
Although it appears inert, bone is a highly dynamic organ continuously remodeled
throughout life, which allows for fracture healing and skeleton adaptation. Bone
remodeling is a complex process requiring the coordinative action of all bone cell types,
in which bone formation by osteoblasts and bone resorption by osteoclasts are highly
balanced [139-143]. Imbalanced bone remodeling therefore results in bone diseases,
such as osteoporosis or osteopetrosis [144,145].

The bone-forming osteoblasts, located along the bone surface, are cuboidal cells and
responsible for the synthesis of bone matrix. Osteoblast differentiation from hMSC
requires the expression of specific genes, including Runt-related transcription factor 2
(Runx2) and alpha-1 type I collagen (CollAl) [121,146]. Once a pool of Runx2- and
CollAl-expressing progenitor cells has been established, proliferation to pre-osteoblasts

takes place, characterized by enhanced alkaline phosphatase (AP) activity [147-149].
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The transition of pre-osteoblasts into mature osteoblasts is accompanied by expression
of different bone matrix proteins, such as collagen type |, bone sialoprotein (BSP) I/Il, and
osteocalcin (OCN) [139,146,150]. Mature osteoblasts initiate the formation of bone matrix
by deposition of an organic matrix that consists of collagen proteins, non-collagen proteins
(OCN, osteonectin, osteopontin, BSP II), and proteoglycan [139,151]. During the
subsequent mineralization step, calcium and phosphate ions (stored in matrix vesicles
released by the osteoblasts) nucleate to form hydroxyapatite crystals, which are finally
deposited between collagen fibrils [151].

Osteoclasts are multinucleated, bone-resorbing cells, formed by the fusion of
mononuclear progenitors and terminally specialized [139]. Two key regulators of
osteoclastogenesis are the macrophage colony-stimulating factor (M-CSF) and the
receptor activator of nuclear factor-kB ligand (RANKL), secreted, among others, by
osteoblasts (Figure 4). M-CSF stimulates the proliferation of osteoclast precursors, while
RANKL induces their differentiation and maintains the survival of mature
osteoclasts [139,152,153]. The interaction of RANKL with specific transcription factors
regulates several osteoclast-specific genes, including the tartrate-resistant acid
phosphatase (TRAP) [154]. Another crucial factor for the differentiation of osteoclasts is
osteoprotegerin (OPG), which is a decoy receptor for RANKL and secreted by a wide
range of cells, including the osteoblasts (Figure 4) [139,152,153]. The binding of OPG to
RANKL prevents the interaction with its receptor and thereby inhibits
osteoclastogenesis [152,153].

Thus, the secretion of factors that either stimulate or inhibit osteoclastogenesis by
osteoblasts is one regulating pathway involved in the balancing of bone remodeling.
Another regulating aspect involves reactive oxygen species (ROS), which have been
demonstrated to act as an intracellular signal mediator for osteoclast differentiation, while
increased cellular ROS levels enhance osteoclastogenesis and bone
resorption [152,155,156].
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Figure 4: Schematic illustration of the regulation of bone remodeling by osteoblasts, which
secrete factors that either stimulate (arrow-ending lines) or inhibit (bar-ending lines)
osteoclastogenesis. M-CSF and RANKL stimulate osteoclastogenesis by binding to respective
receptors expressed on osteoclasts, while OPG compete with the osteoclasts for RANKL,

thereby inhibiting their differentiation. Graphic elements from Servier Medical Art [157].

1.5 Bacteria

The human body hosts many microorganisms, most of which are beneficial and non-
pathogenic (i.e., they do not cause damage or disease). In contrast, pathogenic bacteria
are capable for infection by secretion of virulence factors, which help the bacteria to invade
the host, reproduce evading host defense mechanisms, damage the host, and cause
diseases [158,159]. In general, the use of antibiotics, such as penicillin, represents the
conventional treatment method for preventing harmful microbial colonization. However,
infection treatment is compromised worldwide by the increase of antibiotic resistances,
while the emergence of MDR bacteria can be associated with the widespread utilization
of antibiotics [13,14]. Pathogenic strains of Staphylococcus aureus (S. aureus) and
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Escherichia coli (E. coli) are among the most prevalent sources of clinically relevant
infections [160,161].

S. aureus is a gram-positive, facultative anaerobic organism that forms large yellow or
white colonies on nutrient agar plates [162]. The cells of S. aureus are spherical in shape
with a diameter of about 0.5 to 1.0 um, and usually grow in grape-like clusters by diving
in two planes (Figure 5 A - B) [158,163,164]. As a gram-positive bacterium S. aureus
exhibits a thick cell wall with several layers of peptidoglycan. Non-pathogenic strains are
commonly found on human skin and mucosa, thus, in general, the colonization of
S. aureus is not harmful to humans. However, S. aureus is also an important human
pathogen that causes a variety of infections after injury and access to deeper tissues,
such as bacteremia, meningitis, soft tissue and skin infections, or the toxic shock-
syndrome [162,164,165]. Diagnostic methods include testing for salt tolerance using
selective growth media, or the occurrence of hemolysis, clumping factor, and coagulase
activity [162,166]. The expression of numerous virulence factors and the ability to acquire
antibiotic resistance make the treatment of pathogenic S. aureus very challenging.
Especially the increasing number of MRSA strains exhibiting an additional vancomycin
resistance results in high morbidity and mortality rates as well as increased treatment
costs [162,167-169].

E. coli is a rod-shaped, facultative aerobic bacterium that divides by cell elongation and
typically measures about 1.0 um in length and about 0.3 ym in width, although cell
dimensions can vary, considerably depending on the strain and growing
conditions (Figure 5 C - D) [158,170]. E. coli is gram-negative and possesses an outer
membrane layer of lipopolysaccharides (LPS) external to a thin peptidoglycan layer. As a
member of the family of Enterobacteriaceae, it is the predominant non-pathogenic
bacterium in the facultative flora of the human intestine [171-173]. Without a doubt, E. coli
is the most studied bacterium, which is frequently used as a model organism and therefore
also called the “workhorse” of molecular biology [172].

Although, it is a well-known commensal bacterium, many pathogenic E. coli strains exist,
harboring the ability for colonization of different tissues and causing gastrointestinal,
urinary, or central nervous system infections and diseases [171-174]. In general, the three

main clinical syndromes resulting from infections with pathogenic E. coli (urinary tract
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infections, enteric and diarrheal disease, sepsis and meningitis) determine the diagnostic
methods [175]. As in the case of S. aureus, an increasing number of infections related to
MDR E.coli, like ESBL bearing strains, has become a serious problem
worldwide [11,13,176].

Figure 5: Representative scanning electron micrographs of fixed A: Staphylococcus aureus
(S. aureus) culture, B: S. aureus grape-like cluster, C: Escherichia coli (E. coli) culture,and D: a
single E. coli cell. Images were taken at the Faculty of Electrical Engineering and Information

Technology, Chair of Microsystems Technology (RUB).
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2. Aim of the study

Implant-associated infections remain a challenging clinical problem, and the development
of novel anti-infective strategies is of great importance. In this context, one of the most
promising approaches is represented by Ag-containing biomaterials or coatings, due to
the well-known antimicrobial properties of Ag [5,42,43]. Since ionic Ag is the biologically
active form, the amount of released Ag* determines its antibacterial activity, and efforts
are made to increase the effectiveness of Ag-based systems by enhancement of the Ag*
release [42,51]. However, Ag toxicity is not selective and affects human cells at similar
concentrations as bacteria [63]. Therefore, smart Ag-containing biomaterials should
ensure effective bacterial killing, but concomitantly avoid long-lasting toxic effects on
human tissue, which requires a low Ag amount and an efficient time-limited Ag* release
(Ag* burst).

In this thesis, two promising strategies were pursued: (i) the enlarged surface area of
Ag NP leads to an enhanced Ag* release compared to the bulk material despite a reduced
total amount of Ag, and (ii) the combination of Ag with an electrochemically more noble
metal leads to a rapid sacrificial anode-driven Ag dissolution [51,104,120]. Thus, this
thesis aimed the crosslinking of nanosilver and the sacrificial anode principle to achieve
an efficient time-limited Ag* release and consequently enhanced antimicrobial activity as
well as the detailed analysis of the resulting biological effects. Therefore, Ag was
combined with the electrochemically more noble Pt in the form of NP, while two distinct
approaches were applied (Figure 6). In the first part of the thesis, the two metals were
combined within bimetallic silver-platinum nanoparticles (AgPt NP), i.e., both metals were
concomitantly present in every NP. In the second part, physical mixtures of pure Ag NP
and pure Pt NP dispersions were prepared to achieve a system of physically separated
NP (Figure 6).

Pure Ag NP, pure Pt NP, and bimetallic AgPt NP with different metal compositions were
synthesized wet-chemically and characterized regarding their size, morphology, and
microstructure by the use of different analytical techniques, including atomic absorption
spectroscopy (AAS), high-resolution transmission electron microscopy (HR-TEM), and

energy-dispersive X-ray spectroscopy (EDX).
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Figure 6: Schematic illustration of the two distinct strategies pursued for the crosslinking of
nanotechnology and the sacrificial anode principle. Ag was combined with the
electrochemically more noble Pt in the form of (I) bimetallic AgPt NP, in which both metals are
concomitantly present in every NP, and (ll) physical mixtures of pure Ag NP and pure Pt NP, in

which the metals are physically separated.

The postulated enhanced Ag* release from bimetallic AgPt NP or from physical Ag/Pt NP
mixtures in comparison to pure Ag NP was subsequently evaluated by both analytical and
biological analyses. Analytical Ag* release determination was performed by time-resolved
dissolution experiments followed by AAS measurements as well as by cyclic voltammetry
(CV) and spectroscopic analyses. The biological examination included the antimicrobial
activity, assessed by conventional microbiological parameters (minimum inhibitory and
bactericidal concentrations), and the hMSC biocompatibility, analyzed by different cell
viability assays (Live-Dead staining, AlamarBlue and BCA protein assays) using
fluorescence microscopy, spectrophotometry, and time-lapse microscopy. The bacterial
strains S. aureus and E. coli were used as model organisms, since they are the most

prevalent sources of clinically relevant infections [161]. Human MSC were used due to
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their high significance concerning tissue regeneration and repair as well as their
multipotency, which makes them an optimal cellular model for cell differentiation analysis
[132].

In addition, a detailed analysis of the long-term biological effects of the novel AgPt NP
was performed, focusing especially on the Pt-component, since existing biocompatibility
reports are currently scarce and inconsistent. Various biological parameters were tested,
including the uptake of NP into eukaryotic and prokaryotic cells using focused ion beam
milling and TEM/EDX, cell migration analysis by the transwell and the scratch assays,
immunohistochemical examination of the cytoskeleton integrity, analysis of the osteogenic
hMSC differentiation potential, and the effects of NP on osteoclastogenesis. Furthermore,
regarding the enzyme-mimetic potential of the Pt-component [88], the catalytic activity of
AgPt NP was analyzed.
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3. Materials and Methods

3.1 Materials

Table 1: List of tissue cells, bacterial strains, and culture consumables used.

Cell and microbial culture [application]

24-well cell culture plates [cell culture]

4-well cell culture chambers [cell culture]

75 mm2 cell culture flasks [cell culture]

96-well microplates [microbiology; catalytic NP activity;

spectrophotometry]

Amicon Ultra-15 centrifugal filter; molecular weight cut-off

(MWCO) = 3 kDa [centrifugation]

Boyden chamber: 24-well cell culture transwell plates®

and inserts® with polyethylene terephthalate (PET)
FluoroBlok membrane (8 um pores) [cell migration]

Columbia blood agar plates [microbiology]

Escherichia coli DH5a (E. coli), DSM 6897 [microbiology]

Fetal calf serum (FCS) [cell culture; microbiology]

Human mesenchymal stem cells (hMSC) [cell culture]

Osteogenic basal medium with osteogenic differentiation

supplement (ODM) [cell stimulation]

Phosphate-buffered saline solution (PBS)
[cell culture; microbiology]

Rat Primary Precursor Osteoclasts Culture Kit

[cell culture]

RPMI1640 [cell culture; microbiology]

Staphylococcus aureus (S. aureus), DSM 1104

[microbiology]

Trypsin/ethylenediaminetetraacetic acid (EDTA),

0.25%/0.05% (v/v) [cell culture]
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Manufacturer / Supplier

BD Falcon, Becton Dickinson GmbH,
Heidelberg, Germany

Sarstedt AG & Co. KG, Numbrecht,
Germany

BD Falcon, Becton Dickinson GmbH,
Heidelberg, Germany

BD Falcon, Becton Dickinson GmbH,
Heidelberg, Germany

Merck Chemicals GmbH, Darmstadt,
Germany

@ Sarstedt AG & Co. KG, Numbrecht,
Germany; ® Corning Life Sciences,
Kaiserslautern, Germany

bioMerieux, Lyon, France

German Collection of Microorganisms and
Cell Cultures, Braunschweig, Germany

GIBCO, Invitrogen, Karlsruhe, Germany

Lonza, Walkersville Inc., MD, USA

PromocCell, Heidelberg, Germany

GIBCO, Invitrogen, Karlsruhe, Germany

BioCat GmbH, Heidelberg, Germany

GIBCO, Invitrogen, Karlsruhe, Germany

German Collection of Microorganisms and
Cell Cultures, Braunschweig, Germany

Sigma-Aldrich, Taufkirchen, Germany
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Table 2: List of chemicals, reagents, and stains used.

Chemicals / Reagents / Stains [application]

1% bovine serum albumin (BSA) in PBS (w/v)
[immunohistochemistry]

3,3’,5,5'-tetramethylbenzidine substrate ready-to-use
solution (TMB) [catalytic NP activity]

Acid Phosphatase, Leukocyte (TRAP) Kit
[osteoclastogenesis detection]

AlamarBlue reagent [cell viability detection]

Alizarin Red S [osteogenesis detection]

Anti-Mouse IgG (H+L) Goat Polyclonal Antibody,
AlexaFluor488 conjugate
[immunohistochemistry, secondary antibody]

Anti-Vimentin (V9) and Anti-Vinculin (hVIN-1) Mouse
Monoclonal Antibodies
[immunohistochemistry, primary antibodies]

AttoPhos AP Fluorescent Substrate System
[osteogenesis detection]

Calcein-acetoxymethyl ester (calcein-AM)
[cell viability detection]

Cetylpyridinium chloride, 10% in 10 mM sodium
phosphate buffer ((w/v), pH 7.0)
[osteogenesis detection]

CLI-095 [Toll-like receptor 4 (TLR4) inhibitor]

Ethanol (50%, 70%, 90%, 100%) [dehydration]

Glutaraldehyde, 5% in PBS (v/v) [cell fixation]

Hoechst 33342 [nuclei staining]

Horseradish peroxidase (HRP) [catalytic NP activity]

Paraformaldehyde, 10% in PBS (v/v) [cell fixation]

Phalloidin, TRITC conjugate [actin staining]

Polishing aluminium oxide particle suspensions
[cyclic voltammetry (CV)]
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Manufacturer / Supplier

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Invitrogen, Karlsruhe, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Promega, Mannheim, Germany

Calbiochem, Schwalbach, Germany

Sigma-Aldrich, Taufkirchen, Germany

InvivoGen, Toulouse, France

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Invitrogen, Karlsruhe, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

Sigma-Aldrich, Taufkirchen, Germany

LECO Instruments GmbH,
Moénchengladbach, Germany



- Materials and Methods -

Table 2 continued: List of chemicals, reagents, and stains used.

Chemicals / Reagents / Stains / [application]

Poly(N-vinylpyrrolidone) (PVP, Povidon 30,
M = 40,000 g molt) [NP coating]

Propidium iodide (PI) [cell viability detection]
Semi-micro UV-cuvettes [ultraviolet-visible (UV-Vis)
spectroscopy]

Silver acetate (AgAc; ReagentPlus 99%) [ionic Ag
solution]

Table 3: List of devices and equipment used.

Devices / Equipment [application]

AutoLab PGStat-12 potentiostat® equipped with silver/
silver chloride (Ag/AgCl) reference electrode® and
graphite counter electrode® [cyclic voltammetry (CV)]

CytoSMART 2 system [time-lapse microscopy]
DC24000 disc centrifuge [differential centrifugal
sedimentation (DCS)]

Densichek turbidity photometer [bacterial density]

Elmasonic S 100H [ultrasonication]

EVOS XL core microscope [light microscopy]

FEI Helios G4 CX [focused ion beam milling and
scanning electron microscopy (FIB-SEM)]

FEI Tecnai F20 S/TEM [transmission electron
microscopy and energy-dispersive X-ray spectroscopy
(TEM-EDX)]

FEI Titan G2 80-200 CREWLEY® equipped with Cs-
probe corrector®), high-angle annular dark field (HAADF)
detector and energy-dispersive X-ray spectroscopy
(EDX) unit [high resolution transmission electron
microscopy (HR-TEM), HAADF scanning TEM, EDX]

FLUOstar Optima [microplate absorbance /
fluorescence reader]
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Manufacturer / Supplier
Fluka, Munich, Germany
Sigma-Aldrich, Taufkirchen, Germany

Brandt GmbH, Wertheim, Germany

Sigma-Aldrich, Taufkirchen, Germany

Manufacturer / Supplier

@ Metrohm, Herisan, Switzerland
® S| analytics GmbH, Mainz, Germany

Lonza, Walkersville Inc., MD, USA

CPS Instruments, Stuart, Florida, USA

bioMerieux, Lyon, France

Elma Schmidbauer GmbH, Singen,
Germany

PEQLAB Biotechnology GmbH, Erlangen,
Germany

FEI Company, Hillsboro, Oregon, USA

FEI Company, Hillsboro, Oregon, USA

@ FEI Company, Hillsboro, Oregon, USA; ®
CEOS GmbH, Heidelberg, Germany

BMG LABTECH GmbH, Ortenberg,
Germany
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Table 3 continued: List of devices and equipment used.

Devices / Equipment [application]

Heraeus B20 [microbial incubator]

Heraeus BB16 / Heraeus BBD6220 [CO, incubator]

Heraeus Picol7 micro centrifuge [centrifugation]

Herasafe KS18 [biological safety cabinet]

Hettich Rotofix 32A centrifuge [centrifugation)

IKA Rocker 2D digital [plate rotator]

JULABO SW23 [shacking water bath]

K500X Manual Sputter Coater [metal coating]

Koéttermann water bath 3041 [water bath]
LSM 700 microscope [confocal laser scanning
microscopy (CLSM)]

Megafuge 1.0R centrifuge [centrifugation]
MRX Revelation [microplate absorbance /
fluorescence reader]

Olympus BX61 microscope
[light / fluorescence microscopy]

Olympus MVX10 microscope
[fluorescence microscopy]

PURELAB Ultra instrument [water purification]
Thermo Electron M-Series
[atomic absorption spectroscopy (AAS)]

UVmini-1240 spectrophotometer
[ultraviolet-visible (UV-Vis)]
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Manufacturer / Supplier

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA

Andreas Hettich GmbH & Co. KG,
Tuttlingen, Germany

IKA, Staufen, Germany

JULABO GmbH, Seelbach, Germany

Quorum Technologies Ltd. Ashford Kent,
United Kingdom

Kéttermann GmbH, Uetze, Germany

Carl Zeiss Microscopy GmbH, Jena,
Germany

Thermo Fisher Scientific, Waltham, USA

Dynex Technologies GmbH, Denkendorf,
Germany
Olympus, Hamburg, Germany

Olympus, Hamburg, Germany

ELGA LabWater, Celle, Germany

Thermo Fisher Scientific, Waltham, USA

Shimadzu, Kyoto, Japan
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3.2 Methods
3.2.1 Nanoparticle synthesis and characterization

Pure Ag NP, pure Pt NP, and bimetallic AgPt NP of different metal compositions (metal
content in mol%: AgioPte, AgsoPtro, AgsoPtso, Ag7oPtso, AgeoPtio) were wet-chemically
synthesized and characterized at the Institute of Inorganic Chemistry and Center for
Nanointegration Duisburg-Essen (CeNIDE) (University of Duisburg-Essen (UDE), work
group of Prof. Dr. Matthias Epple). For detailed synthesis instructions see Appendix,
section 7.1. For all syntheses ultrapure degassed water (PURELAB Ultra instrument) was
used, and the obtained NP were stored under argon at 4 °C to prevent premature
oxidation. All NP were functionalized with poly(N-vinylpyrrolidone) (PVP) to stabilize the
NP dispersions in cell culture media.

Before each application NP dispersions were treated in an ultrasonic bath for 5 min at
room temperature (RT) (Elmasonic S 100H). Stock solutions of NP were prepared by
serial dilution (2.0, 1.0, 0.7, 0.5, 0.2, 0.1 mg mL™?) in sterile ultrapure water. To obtain the
final metal concentrations of 100, 50, 35, 25, 10 and 5.0 ug mL™* of each NP dispersion
50 yL were added per 1 mL of sample.

Solutions of silver acetate (AgAc), used as control for ionic Ag (Ag*), were prepared in

sterile ultrapure water and normalized to the total amount of Ag.

Differential centrifugal sedimentation

Differential centrifugal sedimentation (DCS) was used for determination of the
hydrodynamic NP diameters. DCS was performed with the DC24000 disc centrifuge at
the Institute of Inorganic Chemistry and CeNIDE (UDE). The density gradient consisted
of two sucrose solutions (8 wt% and 24 wt% sucrose) and was capped with dodecane as
a stabilizing agent. Before each measurement calibration was carried out using poly(vinyl
chloride) latex particles in water as a calibration standard (particle size 483 nm; CPS

Instruments).
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Atomic absorption spectroscopy

The determination of NP concentrations was performed by atomic absorption
spectroscopy (AAS) at the Institute of Inorganic Chemistry and CeNIDE (UDE). Pure
Ag NP and pure Pt NP were dissolved in concentrated nitric acid and aqua regia,
respectively. In the case of bimetallic AgPt NP two separate aliquots were used for the Ag
content and the Pt content determination. The AAS was carried out with a Thermo
Electron M-Series instrument according to DIN EN ISO/IEC 17025:2005. The detection
limits were 0.05 mg L for Ag and 24 mg L™ for Pt.

Transmission electron microscopy and energy-dispersive X-ray spectroscopy

The size of the metallic core and the morphology of pure Ag NP and pure Pt NP were
determined by high-resolution transmission electron microscopy (HR-TEM). The size,
structure, and metal distribution of bimetallic AgPt NP (elemental mapping) were
determined by scanning transmission electron microscopy (STEM) in combination with
energy-dispersive X-ray spectroscopy (EDX). HR-TEM, STEM and EDX analyses were
performed with an aberration corrected FEI Titan G2 80-200 CREWLEY transmission
electron microscope (operated at 300 kV) equipped with a Cs-probe corrector, a high-
angle annular dark field (HAADF) detector (operated at 200 kV) and an EDX unit
(ChemiSTEM technology) [177]. The HR-TEM and the HAADF-STEM-EDX analyses
were carried out at the Ernst Ruska-Centre for Microscopy and Spectroscopy with

Electrons (Research Center Julich).
3.2.2 Physical mixtures of nanoparticles

For the preparation of physical NP mixtures, NP dispersion of pure Ag NP and pure Pt NP
were mixed at three different metal ratios (metal content in wt%: Ag30/Pt70, Ag50/Pt50,
Ag70/Pt30). Mixing of the NP dispersions was carried out immediately before each
experiment to avoid premature Ag oxidation. To directly compare the effects of the
individual physical mixtures with the effects of pure Ag NP, the total Ag NP amount was
kept constant, while the different metal compositions were achieved by variation of the Pt
NP amount (Table 4).
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Table 4: Variation of the Pt NP amount for different compositions of Ag NP / Pt NP physical mixtures

containing a constant Ag NP amount.

NP ratio / Agwios/Ptwtos c Ag NP/ pg mL? c Pt NP/ pg mL?
Ag30/Pt70 35/25/10/5.0 82/58/23/12
Ag50/Pt50 35/25/10/5.0 35/25/10/5.0
Ag70/Pt30 35/25/10/5.0 15/11/4.0/2.0

3.2.3 Dissolution experiments

Atomic absorption spectroscopy

The evaluation of Ag* release from bimetallic AgPt NP in comparison to pure Ag NP was
investigated by dispersion of the different NP in 100 mL ultrapure water (not degassed) at
a total Ag concentration of 100 ug mLt. The NP dispersions were stirred at RT in closed
polytetrafluoroethylene bottles for 24 h, 48 h, 72 h, 216 h, and 384 h. After incubation, a
sample of 7 mL was taken from the appropriate NP dispersion and centrifuged at 2,451 g
(Hettich Rotofix 32A) in an Amicon Ultra-15 centrifugal filter with a 3 kDa molecular weight
cut-off (MWCO) for 60 min to separate the NP from released ions.

To determine the Ag* release from a physical Ag50/Pt50 mixture in comparison to pure
Ag NP, NP dispersions with a total Ag concentration of 50 pg mL* (and additionally 50 pg
mL1 Pt NP in the case of the physical mixture) were prepared in 5 mL RPMI1640. NP
dispersion were incubated in the upper part of an Amicon Ultra-15 centrifugal filter (MWCO
= 3 kDa) and centrifuged (2,451 g, 60 min) at selected time points (60 min, 120 min,
180 min) to separate the NP from the ions.

The remaining filtrates were mixed with 100 puL of concentrated nitric acid and the Ag
content was determined by AAS (see section 3.2.1). The dissolution experiments were
performed at the Institute of Inorganic Chemistry and CeNIDE (UDE).
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Cyclic voltammetry

For cyclic voltammetry (CV) experiments, a homemade glassy carbon electrode (d 4 mm)
and a graphite rod (d 6 mm) served as the working electrode (GC-WE) and the counter
electrode, respectively. A silver/silver chloride (Ag/AgCl) reference electrode (3 M
agueous (aq) potassium chloride (KCI)) was used, and all potentials are given against this
reference potential (E =207 mV vs. standard hydrogen electrode). Prior to each
measurement, the GC-WE was polished to a mirror finish with suspensions of aluminium
oxide particles (1 um, 0.3 um, 0.05 um) and subsequently purified using ultrasonication
for 3 min (Elmasonic S 100H).

NP dispersions of 1 mg mL* (pure Ag NP, AgsoPtso NP, AgzoPtso NP) were applied onto
the GC-WE by drop-casting as a single 2 pL drop and dried in an argon flow. To obtain a
physical Ag/Pt NP mixture, 1 mg mL! dispersions of the appropriate NP were co-dropped
(2 uL of each NP) on the GC-WE. CV experiments were carried out in a 0.1 M aq
hydrochloric acid (HCI) solution at a scan rate of 100 mV s* between -0.2 V and 1.25 V.
All measurements were performed with an AutoLab PGStat-12 potentiostat at the Faculty
of Chemistry and Biochemistry (Electrochemistry and Nanoscale Materials, Ruhr

University Bochum (RUB), work group of Prof. Dr. Kristina Tschulik).

Spectroscopic analysis

Ultraviolet-visible (UV-Vis) absorption spectra of pure Ag NP (50 pg mL1) and a physical
Ag50/Pt50 mixture (50 ug mL* each NP) dispersed in 1 mL cell culture medium
RPMI1640 were recorded at RT with the UV-Vis spectrophotometer UVmini-1240 and
semi-micro UV-cuvettes. Absorption spectra were detected immediately after preparation
of the NP dispersions (0 min) as well as after 5 min and 15 min of incubation at RT
between 300 and 500 nm.

3.2.4 Catalytic activity of nanoparticles

Dispersions of pure Ag NP, pure Pt NP, and bimetallic AgPt NP were prepared in
phosphate-buffered saline solution (PBS). A volume of 150 pl of each NP dispersion with

the final metal concentrations of 50, 25, 10 and 5.0 ug mL™* was mixed with 50 ul of a
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ready-to-use 3,3’,5,5-tetramethylbenzidine substrate solution (TMB) containing hydrogen
peroxide (H202) in a 96-well microplate. Photographic images were taken before and
5 min after TMB addition at RT.

The horseradish peroxidase (HRP), which catalyzes the color conversion of the
chromogenic substrate TMB in the presence of H202 (Figure 7), was used as a positive
control for TMB conversion [178,179]. Therefore, 150 pl of a 250 uM HRP solution in PBS
were mixed with 50 pl TMB and incubated in parallel with the NP dispersions. The HRP

solution and NP dispersions without addition of TMB served as negative controls.

T™MB

H,0,

Amax = 370, 652 nm

Figure 7: Enzymatic oxidation of the chromogenic substrate TMB by HRP in the presence of

H.O; generates a blue-colored complex product.

3.2.5 Microbiology

Cell test were performed with Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli) cultured overnight in RPMI1640 with 10% fetal calf serum (FCS, (v/v)) and
0.3 g L™ L-glutamine (RPMI/FCS) at 37 °C using a shaking water bath (JULABO SW23).
Determination of the bacterial cell number of overnight cultures was carried out with a
Densichek turbidity photometer (bioMerieux) based on standard turbidity solutions
(McFarland scale).

The antimicrobial effects of NP were assessed by the minimum inhibitory concentration
(MIC, lowest NP concentration inhibiting bacterial growth) and the minimum bactericidal

concentration (MBC, lowest NP concentration killing 99.9% of the bacteria) (Figure 8). To
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obtain bacterial suspensions of different cell concentrations, overnight cultures were
diluted in RPMI/FCS in 96-well microplates under sterile conditions (Herasafe KS18
biological safety cabinet). Bacterial suspensions with different cell numbers (10° 10%
10° colony forming units (CFU) mLt) were mixed with the different NP at various
concentrations (100, 50, 35, 25, 10, 5.0 pg mL™) and incubated for 24 h under cell culture
conditions (37 °C, 5% COz2; Heraeus BBD6220 CO:2 incubator). The MIC was assessed
by visual evaluation of sample turbidity. The MBC was analyzed by plating of 50 ul aliquots
of samples that did not show visible turbidity on nutrient agar (Columbia blood agar plates)
and assessment of formed bacterial colonies after 24 h of incubation at 37 °C in a

microbial incubator (Heraeus B20).
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Figure 8: Schematic overview of the experimental setup for assessment of the conventional
microbiological parameters MIC (lowest NP concentration inhibiting bacterial growth) and MBC
(lowest NP concentration killing 99.9% of the bacteria). The MIC is assessed by visual
evaluation of sample turbidity after 24 h of incubation with NP, while the MBC is analyzed by
plating of samples that do not show visible turbidity on nutrient agar and assessment of formed

bacterial colonies after 24 h of incubation. Graphic elements from Servier Medical Art [157].
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3.2.6 Cell culture

Cryo-preserved bone marrow-derived human mesenchymal stem cells (hMSC; 5" to 10"
passage) were thawed quickly using a 37°C water bath (Kottermann 3041). The thawed
cell suspension was added gently to 10 mL pre-warmed cell culture medium RPMI/FCS
and centrifuged for 5 min at 200 g and RT (Megafuge 1.0R). The obtained cell pellet was
re-suspended in 1 mL RPMI/FCS and transferred to a 75 cm? cell culture flask containing
15 mL pre-warmed RPMI/FCS. Cells were cultured in a humidified atmosphere at 37 °C
and 5% CO:2 (Heraeus BB16 CO:2 incubator) and sub-cultivated every 7 to 14 d.

Adherent subconfluently growing hMSC were washed with PBS and detached from cell
culture flasks by addition of 0.2 mLcm™ trypsin/ethylenediaminetetraacetic acid
(trypsin/EDTA; 0.25%/0.05% (v/v)) and incubation at 37 °C for 5 min. Subsequently,
detached cells were collected, washed two times with RPMI/FCS (5 min centrifugation,
200 g, RT) and seeded in cell culture plates. All cell culture experiments were performed

under sterile conditions using a biological safety cabinet (Herasafe KS18).
3.2.7 Uptake of nanoparticles into cells

The uptake of NP into eukaryotic and prokaryotic cells was examined using the
combination of focused ion beam milling (FIB) and scanning electron microscopy (SEM)
with TEM/EDX. The system (type FEI Helios G4 CX) consisted of an ion column and an
electron column, operated at accelerating voltages of up to 30 kV (Figure 9). Cross-
sections of cells were produced using gallium as a liquid metal ion source, operated at 30
kV with a stepwise reduction of the current from 22 to 2.7 nA.

For analysis of the NP uptake into eukaryotic cells, hMSC (2.5 x 10* cells mL) were
exposed to 100 pug mL™ of pure Pt NP, AgioPteo NP, and AgsoPtso NP in RPMI/FCS for
24 h under cell culture conditions. After NP exposure, cells were harvested as described
above (see section 3.2.6), seeded on titanium carrier (25 mm?) and allowed to adhere
under cell culture conditions for 3 h.

Investigations of NP uptake into bacterial cells were performed by incubation of bacterial
suspensions of S. aureus and E. coli containing 10 CFU mL™* (obtained from overnight
cultures in RPMI/FCS) with 100 pg mL™ of AgioPteo NP in RPMI/FCS on titanium carrier
(25 mm?) for 24 h under cell culture conditions.
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After NP exposure both hMSC and bacteria samples were washed with PBS, followed by
glutaraldehyde (5% in PBS (v/v)) fixation, PBS rinsing and dehydration in an ethanol
series (50%, 70%, 90%, 100%; 5 min each). After mounting of the dried samples on SEM
carriers, a gold/palladium coating (15 nm) was applied using a sputter coater (K500X

Manual Sputter Coater).

FIB chamber configration] r'y
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Figure 9: Configuration of the FIB chamber of the FEI Helios G4 CX instrument (Faculty of

Mechanical Engineering, Institute for Materials (RUB)).

Before the FIB milling procedure, a protective carbon layer was applied on the sample
surface to protect the cells from beam damage and ion contamination during the
preparation process (Figure 10). The in situ deposition of the protective layer was
performed by absorption of CioHs gas molecules using the gas injection system (GIS)
(Figure 9). By scanning with the electron or the ion beam over the surface on a defined
rectangular position, the gas molecules are cracked and pumped away, while the carbon
remains on the sample surface.

SEM imaging (recorded at 5 kV) was supplemented with TEM-EDX investigations using
the type FEI Tecnai F20 S/TEM instrument (operated at 200 kV). The FIB-SEM and TEM-
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EDX analyses were performed at the Faculty of Mechanical Engineering (Institute for
Materials (RUB), work group of Prof. Dr. Alfred Ludwig).

1. FIB rough milling 2. FIB fine milling 3. Fixation of sample holder
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Figure 10: Schematic overview of the FIB sample milling procedure and sample preparation for

subsequent TEM analysis.

3.2.8 Cell viability and morphology

Adherent hMSC (1.5 x 10* cells mLt) were incubated in RPMI/FCS in the absence or
presence of different NP (50, 35, 25, 10, 5.0 ug mL™* each) under cell culture conditions.
HMSC exposed to pure Ag NP, pure Pt NP, and different bimetallic AgPt NP were
incubated for 24 h, 7d, and 21 d. Time-resolved investigation of cell viability in the
presence of the physical Ag50/Pt50 mixture in comparison to pure Ag NP was accessed
after 2h, 4h, 16 h, 24 h, and 7 d of hMSC exposure. Subsequently, cell viability and
morphology were analyzed by light microscopy (EVOS XL core), Live-Dead staining,
AlamarBlue assay, and time-lapse microscopy, as described below. In addition, the
protein content was determined using the BCA protein assay (see Appendix,
section 7.2.2).
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Live-Dead staining

After NP exposure, visualization of live and dead cells was carried out by staining with
1 uM calcein-acetoxymethyl ester (calcein-AM; 30 min, 37 °C) and 50 pg mL? propidium
iodide (PI; 10 min, RT) and subsequent fluorescence microscopical analysis of the stained
cells (Olympus MVX10). Cell viability was quantified using digital image processing by
calculation of the calcein-fluorescent area (phase analysis; software CellSens
Dimensions, Olympus). The data are expressed as the mean + standard deviation (SD)

and given as percentage of the untreated hMSC (cells cultured in RPMI/FCS without NP).

AlamarBlue assay

For the AlamarBlue assay, NP-treated hMSC were washed with PBS and incubated for
3 h with 200 pl of the AlamarBlue reagent (1 + 10 in RPMI1640) under cell culture
conditions. Subsequently, fluorescence intensity was analyzed at 590 nm by a microplate
reader (FLUOstar Optima). The data of NP-treated hMSC (mean + SD) are given as
percentage of the untreated hMSC (cells cultured in RPMI/FCS without NP).

Time-lapse microscopy

Time-lapse microscopy was performed using the CytoSMART 2 system recording images
of the cell culture during NP exposure. Adherent h(MSC were exposed for up to 7 d to pure
Pt NP and different bimetallic AgPt NP (50 pug mL™* each), or for 24 h to pure Ag NP (35 ug
mL-1), a physical Ag50/Pt50 mixture (35 pug mL™* each NP), and a silver acetate solution
(AgAc; 3.5 ug mL?* Ag content) in RPMI/FCS under cell culture conditions. Cell culture

images were recorded every 30 min.
3.2.9 Cell migration

Transwell cell migration assay

The transwell cell migration assay was carried out using a Boyden chamber setup, which
measures the chemotactic capability of test substances by migration of cells along a
gradient of cytokines. It is composed of two medium-filled compartments that are

separated by a microporous membrane (Figure 11 A). The chemoattractant is filled in the

33



- Materials and Methods -

lower part (transwell plate), while cells are seeded in the upper part (transwell plate insert
with filter membrane) and are allowed to migrate from the apical to the basal side of the
transwell plate insert towards the cytokine gradient (Figure 11 B).

A B Transwell
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Figure 11: Schematic overview of the transwell cell migration assay using a Boyden chamber.
A: General setup of a Boyden chamber composed of two medium-filled compartments
separated by a microporous membrane. B: Detailed illustration of cell loading and migration in
the direction of the chemoattractant. Graphic elements from Servier Medical Art [157].

To measure the chemotactic capability of NP, conditioned media (CM) were generated by
exposure of hMSC to different NP. Therefore, adherent hMSC (1.5 x 10* cells mL™) were
incubated in RPMI/FCS in the presence of sub-toxic concentrations of pure Pt NP
(50 pg mL1), Pt-rich bimetallic NP (AgioPteo NP, AgsoPtzo NP, AgsoPtso NP; 50 pg mL*
each), and pure Ag NP (5.0 ug mL™). After 24 h of NP exposure the supernatants of the
exposed hMSC (CM) were collected, centrifuged at 17,000 g (Heraeus Pico 17) to remove
cell debris and most of the NP, and transferred to a 24-well cell culture transwell plate
(Boyden chamber). Fresh hMSC were subsequently seeded at the apical side of the
cylindrical transwell plate inserts with an implemented polyethylene terephthalate (PET)
membrane (FluoroBlok, 8 um pores) at a density of 2.8 x 10* cells per insert and allowed
to migrate to the basal side for 3 d (Figure 11 A - B). As controls for random hMSC
migration only RPMI/FCS as well as the CM generated by incubation of hMSC for 24 h in
RPMI/FCS without NP were used. To visualize migrated cells at the basal side of the filter
membrane, the bottoms of the inserts were stained with calcein-AM and the total calcein-
positive fluorescence was determined by fluorescence microscopy (see section 3.2.8).
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Scratch cell migration assay

In addition to the transwell cell migration assay, the scratch cell migration assay, also
known as the wound healing assay, was used to analyze the migration behavior of
NP-treated hMSC (Figure 12). This assay represents a simple method to mimic in vivo

cell migration and is compatible with live cell imaging [180].

25 Y e
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Figure 12: Schematic overview of the scratch cell migration assay (wound healing assay) setup.

Graphic elements from Servier Medical Art [157].

HMSC were seeded in 24-well culture plates at a density of 1.0 x 10° cells mL! to obtain
a dense cell monolayer. After hMSC adherence, a scratch was applied in the cell
monolayer by scratching with a pipette tip over the bottom of the cell culture
well (Figure 12). Subsequently, cells were incubated in RPMI/FCS in the absence of NP
(hMSC migration control) or in the presence of sub-toxic concentrations of pure
Pt NP (50 pg mL?), Pt-rich bimetallic NP (AgioPteo NP, AgsoPtzo NP, AgsoPtso NP;
50 ug mL* each), and pure Ag NP (5.0 ug mL™1). Cell migration into the gap was tracked
by time-lapse microscopy using the CytoSMART 2 system (see section 3.2.8) for at least

4 d, while images of the cell culture were taken every 60 min.

Cytoskeleton organization

Cytoskeleton integrity of hMSC exposed to Pt-containing NP was analyzed by
immunohistochemistry. Adherent hMSC (1.5 x 10* cells mL?) were incubated in 4-well
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cell culture chambers in the presence of 50 ug mL* of pure Pt NP and Pt-rich bimetallic
AgPt NP (AgioPteo NP, AgsoPt7o NP, AgsoPtso NP) in RPMI/FCS for 7 d under cell culture
conditions. Subsequently, the actin filaments were stained with phalloidin TRITC-
conjugate (0.1 ug mL?). Vimentin, an intermediate filament protein, and vinculin, a
membrane-cytoskeletal protein in focal adhesion plaques, were stained with the primary
antibodies anti-vimentin (1:200 in 1% BSA/PBS (w/v)) and anti-vinculin (1:400 in
1% BSA/PBS (w/v)), respectively, and visualized with the secondary antibody anti-mouse
IgG (H+L) AlexaFluor488 conjugate. Cell nuclei were stained with Hoechst 33342. The
morphology of the cytoskeleton was analyzed by confocal laser scanning microscopy
(CLSM) using the Zeiss LSM 700 microscope and Zen 2010 software.

3.2.10 Cell differentiation
3.2.10.1 Osteogenic differentiation

To analyze the osteo-inductive activity of NP, adherent hMSC (1.5 x 10* cells mLY) were
incubated for 21 d in the presence of sub-toxic concentrations (50, 25, 10, 5.0 ug mL™)
of pure Pt NP and Pt-rich bimetallic AgPt NP (AgioPtoo NP, AgsoPt7o NP, AgsoPtso NP) in
the cell culture medium RPMI/FCS. For analysis of the osteo-promotive activity of NP,
cells were cultured for 21 d in the presence of the different NP (see above) and osteogenic
differentiation medium (ODM). HMSC cultured in RPMI/FCS and ODM without NP served
as negative and positive controls for undifferentiated and osteogenically differentiated
cells, respectively. Subsequently, the osteogenic potential was analyzed using the Alizarin

Red S and the AttoPhos assays.

Alizarin Red S assay

The mineralization of osteogenically differentiated hMSC was assessed by Alizarin Red S
staining. Briefly, incubated cells were washed with PBS and fixed in paraformaldehyde
(10% in PBS (v/v)) for 30 min at RT followed by rinsing with deionized water. The fixed
cells were stained with an Alizarin Red S solution (1% Alizarin Red S in 2% ethanol (w/v))
for 5 min at RT and intensively rinsed under tap water. Calcification of hMSC was

subsequently analyzed by light microscopy (Olympus BX61). Quantification of the
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Alizarin Red S staining was performed by extraction with 200 uL of cetylpyridinium
chloride (10% in 10 mM sodium phosphate buffer (w/v), pH 7.0) for 45 min at RT shaking
on a plate rotator (IKA Rocker 2D digital). The optical density at 570 nm of the extracted

supernatants was measured using a microplate reader (MRX Revelation).

AttoPhos assay

Beside the Alizarin Red S assay, the alkaline phosphatase (AP) activity, an important
marker of osteogenesis, was used to monitor the osteogenic differentiation potential of
hMSC after 21 d of exposure to different NP in ODM. Determination of AP activity was
carried out with the AttoPhos AP Fluorescent Substrate System. Briefly, after removement
of the incubation medium, the cells were incubated with the AttoPhos substrate for 2 min
at RT. Aliquots of 100 pl of each supernatant were then transferred to a 96-well microplate,
and the optical density was detected at 555 nm using a microplate reader (FLUOstar

Optima).

Toll-like receptor 4 involvement

To examine whether Pt-containing NP affected the Toll-like receptor 4 (TLR4), TLR4
signaling was interrupted using the signaling inhibitor CLI-095. Therefore, adherent h(MSC
(1.5 x 10* cells mL1) were exposed to 50 pug mL? of pure Pt NP and Pt-rich bimetallic
AgPt NP (AgioPteo NP, AgsoPtzo NP, AgsoPtso NP) in the presence of the CLI-095 inhibitor
(5.0 ug mL?) for 7 d in RPMI/FCS under cell culture conditions. After hMSC exposure, the
morphology of the cells was analyzed by calcein-AM staining and fluorescence

microscopy (see section 3.2.8).
3.2.10.2 Osteoclastogenesis

Analysis of NP influence on the differentiation osteoclasts (OSC) was performed using the
Rat Primary Precursor Osteoclasts Culture Kit (BioCat GmbH). Cryo-preserved OSC
precursor cells were thawed quickly using a 37°C water bath (Kéttermann 3041). The
thawed cell suspension was added gently to 10 mL pre-warmed wash medium (provided
by the kit) and centrifuged for 5 min at 170 g and 4 °C (Megafuge 1.0R). The obtained

pellet was re-suspended in 10 mL wash medium and centrifuged again (5 min, 170 g,
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4 °C). The supernatant of centrifugation was removed and the osteoclast differentiation
medium with 15 ng mL* RANKL and 50 ng mL* M-CSF (both provided by the kit) was
added to the recovered OSC precursor cells, which were subsequently seeded at a
density of 1.0 x 10° cells mL* in 4-well cell culture chambers. After addition of 25 pg mL™
of pure Pt NP as well as the bimetallic AgioPteo NP, AgsoPtzo NP, and AgsoPtso NP, cells
were incubated for 14 d under cell culture conditions.

The differentiation potential was assessed histochemically by staining of the tartrate
resistant acid phosphatase (TRAP) using the Acid Phosphatase, Leukocyte (TRAP) Kit.
Briefly, incubated cells were washed with PBS, fixed in paraformaldehyde (10% in PBS
(v/v)) for 5 min at RT following rinsing with pre-warmed deionized water. Subsequently,
cells were stained with 400 pl of TRAP staining solution (staining of differentiated OSC)
for 1 h at 37 °C, rinsed with deionized water, counter-stained with hematoxylin (nuclei
staining) for 2 min at RT, and washed again with deionized water. The occurrence of
TRAP positive cells was assessed by light microscopy (Olympus BX61). Quantification of
OSC differentiation was performed by counting of the TRAP positive cells.

3.2.11 Statistical analysis

Data are expressed as the mean + SD of at least three independent experiments. For
statistical evaluation, one-way analysis of variance (ANOVA) with Holm-Sidak-Test was
applied using the SigmaPlot Software (Systat Software, Inc., CA, USA), while p-values

< 0.05 were considered as statistically significant.
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4. Results and Discussion

The aim of this thesis was the combination of nanosilver and the sacrificial anode principle
to achieve a system with improved antimicrobial activity due to an efficient Ag* release as
well as the detailed analysis of the resulting biological effects. Therefore, Ag was
combined with the electrochemically more noble Pt in the form of (i) bimetallic AgPt NP
and (ii) physical mixtures of pure Ag NP and pure Pt NP dispersions (Figure 6).

In the first part of the thesis, the results for the bimetallic AgPt NP in comparison to pure
Ag NP and pure Pt NP, including NP characterization, analytical and biological evaluation
of Ag* release, NP uptake into cells, analysis of long-term biological effects (cell viability,
cell migration, cell differentiation), and the enzyme-mimetic NP activity are presented and
discussed. The second part addresses the physical Ag/Pt NP mixtures, for which the
results concerning the biological effects in dependency of NP concentration, incubation
time and the Ag/Pt NP ratio within the physical mixture as well as the dissolution behavior
of Ag NP are presented and discussed.

Part I: Bimetallic silver-platinum nanoparticles

4.1 Nanoparticle characterization

The physicochemical properties of NP substantially determine their biocompatibility and
dissolution behavior. Therefore, analysis of size, morphology, and microstructure of the
synthesized PVP-coated pure Ag NP, pure Pt NP, and bimetallic AgPt NP of different
metal compositions (metal content in mol%: AgioPteo, AgsoPtro, AgsoPtso, Ag7oPtzo,
AgoeoPti0) was performed using DCS, AAS, HR-TEM, and HAADF-STEM.

The average NP diameters, determined by DCS and HR-TEM / HAADF-STEM, ranged
approximately between 5 and 10 nm with a narrow size distribution, indicating a
monodisperse state of the NP without significant agglomeration in water (Table 5).
Noticeable, although DCS provides the hydrodynamic diameter and TEM the diameter of
the metallic core, the NP diameters obtained by both methods were in good agreement.
The reason is, that the density of PVP-coated NP is lowered by the polymer layer, which

leads to a decelerated sedimentation of PVP-coated NP in the DCS density gradient. Also,
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hollow NP sediment slower compared to compact NP. Thereby, the DCS method
systematically underestimates the hydrodynamic diameter, which emphasizes the
necessity to use different methods for NP size determination [181].

Table 5: NP diameters obtained by DCS (pure Ag NP, pure Pt NP, bimetallic AgPt NP), HR-TEM (pure
Ag NP, pure Pt NP) and HAADF-STEM (bimetallic AgPt NP). Modified from [182—-184].

pure Pt Ag10Ptoo Ag3zoPt7o AgsoPtso Ag7oPtzo AgooPtio pure Ag
dpcs / nm 61 8+4 8+4 12+ 4 11+ 3 10+4 10+1

drem / nm 51 6+4 7+4 11+3 11+3 9+2 8+2

AAS measurements were applied to identify the true metal composition of the different
bimetallic AgPt NP and the average over five measurements was compared to the nominal
molar compositions [184]. As is shown in Table 6, the true and the nominal compositions

of the AgPt NP were in good agreement.

Table 6: The nominal versus the true metal compositions of bimetallic AgPt NP obtained by AAS

given as the average over five measurements. Modified from [184].

Nominal compaosition /

Agi1oPteo = AgszoPt7o = AgsoPtso = Ag7oPtzs = AgeoPtio
AgmoI%Ptmol%

AAS composition /

Ag11Ptss = AQzPtes = AJaPtsy  AdesPltss = AgsoPtir
Ag moI%PtmoI%

HR-TEM analysis of pure Ag NP and pure Pt NP showed compact NP with an almost
spherical shape (Figure 13 A and B, respectively).

In the case of the bimetallic AgsoPtzo NP, AgsoPtso NP, and AgzoPtso NP mostly hollow,
spherical NP were found by HAADF-STEM examination, as indicated by high contrast at
the NP surface (Figure 14 Al - C1, respectively).

The combination with EDX analysis allowed for a detailed examination of the elemental
distribution within the bimetallic NP. EDX maps of the metal compositions AgsoPtro,

AgsoPtso, and AgroPts revealed an alloyed NP structure, because Ag and Pt were
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uniformly distributed within the NP (Figure 14 A2 - C2, respectively). The corresponding
EDX line scan of a single AgsoPtso NP in Figure 14 D shows the characteristic X-ray
counts against the scanned distance across the particle. The amount of Ag and Pt signals
was equal, which confirmed the alloyed NP character, while the signal decrease in the
middle of the scanned path (compared to the beginning and the end) confirmed the hollow
NP structure [183].

Figure 13: Representative HR-TEM images of PVP-coated A: pure Ag NP and B: pure Pt NP with

higher magnification images in each lower left corner.
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Figure 14: Representative HAADF-STEM images (Al-Cl) and EDX maps (A2 -C2) of
A: AgsoPt7o NP, B: AgsoPtso NP, and C: AgroPtso NP. D: Representative EDX line scan across a
single hollow AgsoPtso NP with an alloyed microstructure. Modified from [183,184].

4.2 Uptake of nanoparticles into cells

Uptake of nanoparticles into eukaryotic cells

The activity of NP in biological systems essentially depends on whether the NP can
penetrate cells as well as their subsequent intracellular fate. In general, NP can enter cells
by multiple pathways, which can be analyzed using different methods, such as confocal
laser scanning microscopy (CLSM), fluorescence-activated cell sorting (FACS), or
electron microscopy, depending on the cell type and the physicochemical properties of
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the NP [185-187]. Due to the small size of the NP used in this work (d 5 - 10 nm), CLSM
and FACS analyses were not applicable. Therefore, NP uptake into hMSC after 24 h of
exposure was analyzed by FIB-SEM and TEM-EDX.

The FIB-SEM tomography allows for a cross-sectional analysis of a single cell by
removing thin cell layers in the nanometer range step-by-step using a focused ion
beam [188]. The SEM images of the individual slices can be subsequently used for a 3D
reconstruction of the cell. In addition, using the FIB-SEM technique, thin cell lamellae
(<300 nm) can be prepared for TEM analysis (Figure 15), which provides detailed
information about NP size and shape. In combination with EDX, qualitative analysis of the

elemental NP composition can be performed.

hMSC lamella
(side view)

Figure 15: FIB milling procedure for preparation of a hMSC lamella. A: Deposition of a thin
protective carbon layer (< 300 nm) on a single fixed hMSC after 24 h of NP exposure (top view).
B: Creation of a hMSC lamella by FIB milling of the cell (top view). C: TEM-ready hMSC lamella
prepared in B and fixed on a TEM grid (side-view).

As is shown in Figure 16, FIB-SEM tomography analysis revealed the presence of
electron-dense structures inside the hMSC at different cell layers, thus indicating the
uptake of pure Pt NP as well as bimetallic AgioPteo NP (Figure 16 Al - A3 and B1 - B3,
respectively). The NP were located as agglomerates within the hMSC, while no cell
membrane damage or disruption was observed. Similar to these findings, FIB-SEM
tomography confirmed that bimetallic AgsoPtso NP were also taken up into
hMSC (Figure 17 A). Corresponding TEM analysis of the created 100 nm thick cell lamella
verified NP agglomerates located within the hMSC (Figure 17 B - D). Enlargements of this
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specific region showed individual NP with a hollow structure (Figure 17 C - D), similar to
those detected by HAADF-STEM analysis during NP characterization (see section 4.1,
Figure 14 B1 - B2 and D), which further confirmed the presence of the AgsoPtso NP.

EDX analysis was performed for the identification of the chemical nature of detected NP
agglomerates. In the corresponding EDX spectrum (Figure 17 E) the elements
carbon (C), oxygen (O), sulphur (S) as well as Ag and Pt were present. The elements C,
O and S are detectable in all organic samples, since they can be attributed to the organic
cell material (such as amino acids and DNA), as was shown previously by Greulich et al.
for untreated hMSC (no NP exposure) [189]. In contrast to untreated hMSC, the additional
presence of Ag and Pt within the cell was observed in the EDX spectra of hMSC treated
with bimetallic AgsoPtso NP (Figure 17 E), which confirmed the uptake of bimetallic NP into
hMSC.

As it is generally accepted, mammalian cells internalize NP by phago-, endo- and
pinocytosis, depending on type of cells as well as on size, shape and functionalization of
the NP [185-187]. Therefore, NP are localized as agglomerates in membrane-enclosed
vesicles within the cells. Greulich et al. investigated the uptake of PVP-capped Ag NP
(d 50 £ 20 nm) into hMSC using FIB-SEM/TEM-EDX, CLSM, and FACS, and presented
clathrin-dependent endocytosis and macropinocytosis as the uptake mechanism [189].
Similarly, PVP-coated Ag NP (d 75 £ 20 nm) were taken up by human monocytes,
according to another study of Greulich et al. [190]. Luther et al. reported the uptake of
PVP-functionalized Ag NP (d 70 £ 20 nm) by AAS measurements of the cell lysates of
primary brain astrocytes after NP exposure [191]. The uptake of smaller Ag NP and Pt NP
(d <20 nm) into human fibroblasts and carcinoma cells was also confirmed by
others [96,192,193].
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Figure 16: FIB-SEM tomography of NP uptake into hMSC. Representative images of different
cell layers (Al - A3/ B1 - B3) of a single hMSC fixed after 24 h of exposure to A: 100 pg mL™* of
pure Pt NP and B: 100 ug mL™* of bimetallic Agi0Ptso NP. NP agglomerates located within the

cells are indicated by white circles.
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Figure 17: FIB-SEM and TEM-EDX analysis of NP uptake into hMSC. Representative images of
asingle hMSC fixed after 24 h of exposure to 100 pg mL™* of AgsoPtso NP. A: SEM image of a FIB
cross-section of the cell; NP agglomerates located within the cell are indicated by white arrows.
B: TEM image of a single hMSC lamella (thickness 100 nm); white square indicates the region
of interest (ROI). C - D: Image enlargements of the ROIl. E: EDX spectrum of the elements
detected in the ROI. Partially modified from [194].

Uptake of nanoparticles into prokaryotic cells

The FIB-SEM tomography method was also used for investigation of NP uptake into
bacterial cells. Figure 18 shows representative images of S. aureus and E. coli after 24 h
of incubation with bimetallic AgioPteo NP before the FIB milling process as well as
individual slices from a cross-sectional analysis. As can be seen, both S. aureus and
E. coli showed intact cell membranes upon NP exposure (Figure 18 Al - A3 and B1 - B3,
respectively). In addition, no electron-dense structures which could be associated with NP

agglomerates were detected inside the bacterial cells (Figure 18 A2 - A3 and B2 - B3).

46



- Part I: Bimetallic silver-platinum nanoparticles -

Figure 18: FIB-SEM tomography of NP uptake into bacteria. Bacterial cells were fixed after 24 h
of exposure to 100 ug mL™? of bimetallic Agi0Pteo NP. Representative images of Al: S. aureus
and B1: E. coli before the FIB milling process, and different individual slices of A2 - AS:

S. aureus and B2 - B3: E. coli. No NP agglomerates were located inside the cells.

In general, there is no clear evidence for the ability of NP to actively penetrate intact
membranes of bacterial cells. Different studies reported the presence of NP inside
exposed bacteria, while especially in the case of Ag NP bacterial cell penetration was
commonly associated with membrane damage or disruption [54,102,195-197]. Sondi and
Salopek-Sondi studied the biological action of small Ag NP (d 12 nm) on E. coli by SEM
and TEM-EDX [195]. It was concluded that the interaction of the NP with the E. coli
membrane led to formation of membrane pores, which increased the membrane
permeability and enabled the entry of the NP inside the cell. Similar results were reported

by Morones et al. for Ag NP (d 1 - 10 nm) and different gram-negative bacterial strains,
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whereas according to HAADF-STEM and TEM-EDX analysis the NP were found to be
either attached to the cell membrane or distributed throughout the cell [54]. Chwalibog et
al. and Hashimoto et al. reported membrane disintegration and penetration of gram-
positive bacteria by small Pt NP (d 2 - 19 nm) [98,99]. However, in the present work, no

membrane damage of the NP-treated bacterial cells was observed.

In summary, using the combination of FIB-SEM with TEM-EDX the uptake of pure Pt NP
and bimetallic AgPt NP into hMSC after 24 h of NP exposure could be confirmed. In the
case of S. aureus and E. coli no evidence for NP uptake was found. However, due to the
small size of the examined NP (d 5- 10 nm), the uptake of single NP could not be
excluded so far and more detailed examination, including extensive TEM analysis, would

be necessary.

4.3 Short-term nanoparticle exposure
4.3.1 Antimicrobial activity

The use of Ag-containing NP is one of the most promising strategies to combat bacterial
infections. As is generally accepted, biological Ag activity is related to the oxidative silver
ion (Ag®) release, while the enhanced surface area of Ag NP in comparison to macroscale
Ag results in a more efficient Ag* release [40,43]. Numerous studies have presented the
capability of Ag* to reduce bacterial infections and colonization of burn dressings, dental
implants, catheters, and other medical devices [40,43,46,48,49].

In this work, the antimicrobial activity of the synthesized monometallic and bimetallic NP
was examined using conventional microbiological parameters, such as MIC (lowest
concentration inhibiting bacterial growth) and MBC (lowest concentration killing 99.9% of
the bacteria). Therefore, S. aureus and E. coli cultures of different bacterial concentrations
were exposed to pure Pt NP, pure Ag NP, and bimetallic AgPt NP in RPMI/FCS. The
obtained results for an initial bacterial cell count of 102 CFU mL* are presented in Table 7.
An inoculum effect, which describes the decline of efficacy of antimicrobial agents at
increasing bacterial cell number [198,199], was observed and resulted in an increase of
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the MIC / MBC values for both strains (see Appendix, section 7.2.1, Table A2). However,
the overall NP toxicity ranking was not affected.

Pure Pt NP exhibited toxic effects on E. coli only at high concentrations of 100 pug mL*,
while S. aureus was not affected (Table 7). Bimetallic AgPt NP containing less than
50 mol% Ag showed no significant antimicrobial activity on both strains even at the highest
tested concentration (100 pg mL?), which indicated an insufficient Ag* release. In
contrast, pure Ag NP and bimetallic AgPt NP with at least 50 mol% Ag exhibited significant
antimicrobial activity on both strains (Table 7). In consistence with previous reports for Ag
NP, the overall susceptibility of E. coliwas higher compared to S. aureus, which is
presumably a consequence of the differences in cell wall thickness and composition of
gram-negative and gram-positive strains [196,200-202].

So far, the antibacterial properties of Pt NP are poorly explored. Although several reports
demonstrated size- and shape-dependent antimicrobial activity of Pt NP on both gram-
negative and gram-positive strains, other studies reported bacterio-compatible properties
[83,95,97-101]. The discrepancy between reports addressing the biological effects of Pt
NP is apparently related to differences in NP shape, size, and surface modifications
[24,102,103]. However, the reported antimicrobial effects were mainly associated with the
loss of membrane integrity resulting in leakage of the cellular content [97,99].

Although few studies demonstrated the antimicrobial effects of different bimetallic AgPt
systems, as described above (see section 1.3.2), reports addressing the antimicrobial
activity of AgPt NP are missing. According to current literature, the main routes of Ag NP
toxicity include (i) adhesion to and damage of bacterial cell membranes resulting in
leakage of the cellular content (proteins, ATP), (ii) cell penetration and interaction with
various cellular organelles (mitochondria, ribosomes) and biomolecules (proteins, lipids,
DNA) disrupting cellular pathways and leading to genotoxicity, and (iii) generation of
reactive oxygen species (ROS) inside the cell inducing bactericidal oxidative
stress [51,76,77]. Despite various proposed mechanisms, it is generally accepted that the
main mechanism of antimicrobial activity of Ag NP is based on the oxidative Ag* release
[43,51,76,77]. Thus, the overall higher antimicrobial activity of pure Ag NP compared to
the bimetallic AgPt NP indicated a higher Ag* release from Ag NP (Table 7). Therefore,

no evidence for a sacrificial anode effect of the bimetallic NP, which would enhance the
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release of Ag*, was provided by examination of the antimicrobial activity. Nevertheless,
an Ag content of 50 mol% within the bimetallic AgPt NP was sufficient to induce

bactericidal effects against both S. aureus and E. coli.

Table 7: Antimicrobial activity of different NP towards S. aureus and E. coli (initial bacterial count
10% CFU mL™Y). The MIC and the MBC values are given in pg mL™ of the NP. (>) indicates no inhibitory
(MIC) or bactericidal (MBC) effects up to the given concentration, and (2) indicates inhibitory or

bactericidal effects at the given concentration and above. Partially modified from [194].

108 CFU mL? pure Pt  AgioPteo AgaoPt7o  AgsoPtso  AgzoPtao  AgeoPtioc pure Ag

S. aureus

MIC / ug mL2 >100 > 100 > 100 > 25 > 25 > 25 >5
ME;S'ca/uprge L::L'l > 100 > 100 >100  250-100 =50-100 250 >10
MlcE/ ﬁg'rinu 2100 > 100 > 100 > 50 > 10 > 10 >5
MBCE7EZIimL-1 2100 > 100 > 100 > 50 > 25 > 25 >5

4.3.2 Cell viability and morphology

Due to their antimicrobial and antifungal activity, Ag NP are applied not only in the medical
and biomedical areas, but also in many consumer products, such as textiles, cosmetics,
and domestic appliances [44,50,51]. The wide use of such products carries the risk of
uncontrolled Ag NP release, which may lead to cytotoxic, inflammatory, or genotoxic
effects on the human body, and need to be carefully examined [40,73-76].

Therefore, the effects of the bimetallic AgPt NP on hMSC viability and morphology after
short-term NP exposure were analyzed in comparison to pure Ag NP and pure Pt NP by
light microscopy and Live-Dead staining as well as the AlamarBlue and the BCA protein
assays (for the later see Appendix, section 7.2.2, Figure A1 A).

Representative light micrographs of untreated hMSC (no NP exposure, Figure 19 A) and
of hMSC after 24 h of exposure to 50 pug mL* of pure Pt NP, bimetallic AgioPteo NP,
AgsoPt7o NP, AgsoPtso NP, and AgzoPtso NP (Figure 19 B - F, respectively) showed plastic-
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adherent cells with a typical fibroblast-like morphology of living hMSC. Only in the
presence of 50 pg mL? of bimetallic AgeoPtio NP and pure Ag NP cells exhibited a
spherical morphology due to detachment from the cell culture plate, which indicated cell
death (Figure 19 G - H, respectively).

Figure 19: Morphology of hMSC after short-term NP exposure. Representative light
micrographs of hMSC exposed for 24 h to different NP. A: untreated hMSC (no NP exposure).
HMSC exposed to B: pure Pt NP, C: AgioPteo NP, D: AgsoPtzo NP, E: AgsoPtso NP, F: AgzoPtso NP,
G: AgooPtio NP, and H: pure Ag NP (50 ug mL?* each). Live cells are plastic-adherent with a
typical fibroblast-like morphology; dead cells exhibit a spherical morphology due to
detachment from the cell culture plate and are indicated exemplary by black circles. Scale bar
600 um applies to all images.

Similar results were obtained by subsequent Live-Dead staining, as is shown in Figure 20.
The fluorescence micrographs of untreated hMSC (Figure 20 A) as well as of hMSC
exposed to 50ugmL!' of pure PtNP  and bimetallic ~ AgPt NP
containing < 70 mol% Ag (Figure 20 B - F, respectively)  exhibited mainly  green
fluorescence associated with living cells. In contrast, hMSC exposed to AgeoPtio NP

showed reduced amount of living cells, and the complete loss of cell viability in the
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presence of pure Ag NP, which could be recognized by red fluorescence indicating dead

cells (Figure 20 G - H, respectively).

Figure 20: Cell viability of hMSC after short-term NP exposure. Representative fluorescence
images of hMSC exposed for 24 h to different NP and stained with calcein-AM (green
fluorescence) and PI (red fluorescence) for visualization of live and dead cells, respectively.
A: untreated hMSC (no NP exposure). HMSC exposed to B: pure Pt NP, C: AgioPteo NP,
D: AgsoPt7o NP, E: AgsoPtso NP, F: Ag7oPtso NP, G: AgoeoPtio NP, and H: pure Ag NP (50 pug mL™?
each). Scale bar 3000 um applies to all images. Partially modified from [184].

The quantification of hMSC viability after short-term NP exposure by phase analysis of
calcein-positive fluorescence signals (living cells) and by AlamarBlue assay (metabolic
cell activity) is shown in Figure 21 A - B, respectively. According to both methods, pure Pt
NP and bimetallic AgPt NP containing less than 90 mol% Ag exhibited no significant cell
toxic effects after 24 h of exposure. In the presence of = 25 ug mL* of pure Ag NP and
AgeoPtio NP the amount of living cells as well as the metabolic cell activity were
significantly reduced compared to untreated hMSC. These results were also confirmed by
determination of the protein content using the BCA protein assay (see Appendix, section
7.2.2, Figure A1 A). However, in agreement with the results for antimicrobial activity (see
section 4.3.1), pure Ag NP showed the overall highest impact on cell viability of h(MSC.
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It is well known that adverse biological effects of Ag NP are based on the oxidative Ag*
release followed by its interaction with different cell components, such as enzymes, lipids,
and DNA, and generation of ROS leading to oxidative stress, which damages intracellular
organelles [51,76,203,204]. In general, the oxidative dissolution of Ag NP in biological
environment depends on many intrinsic and extrinsic factors, such as the physicochemical
NP properties (size, shape, functionalization) or the nature of the environment (pH,
temperature, organic and inorganic molecules) [43,57—62]. Among others, Ag NP
dissolution and the resulting biological effects are correlated to the NP concentration,
because a larger Ag NP amount releases more Ag* [59,63,182,205]. Thus, biological
effects of Ag NP are strongly concentration dependent, as demonstrated by the presented
results.

Bimetallic AgPt NP are known in the field of catalysis [39,84,206—208], while reports
concerning the biological action of AgPt nano-composites are very rare. Only few studies
have demonstrated the effects of bimetallic systems containing Ag and Pt on mammalian
cells. Singh et al. demonstrated that AgPt NP functionalized with BSA (d 10 - 15 nm) did
not show any adverse effects on cell morphology and viability of human gingival fibroblasts
after 24 h of exposure [115]. Zhang et al. reported that bimetallic nanosheets of Ag (7 nm)
and Pt (1 - 3 nm) exhibited only low cytotoxic effects on human embryonic kidney cells
[116]. This agrees with the presented results, which demonstrated that bimetallic AgPt NP
exhibited a lower cytotoxicity than pure Ag NP. Consequently, a sacrificial anode effect of

the AgPt NP could not be confirmed by cell viability analysis.

In summary, the demonstrated lower toxicity against bacteria and hMSC of bimetallic AgPt
NP compared to pure Ag NP indicated a decreased Ag* release from the bimetallic
system, which confuted a sacrificial anode effect. Therefore, the absence of a sacrificial

anode effect was proven next by dissolution experiments (see section 4.4).
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Figure 21: Quantification of hMSC cell viability after short-term NP exposure. HMSC were
exposed for 24 h to different NP in RMPI/FCS. Cell viability and metabolic activity were
determined by A: phase analysis of the calcein-positive signals (partially modified from [184])
and B: the AlamarBlue assay, respectively. Data are expressed as mean = SD of at least three
independent experiments and given as the percentage of untreated hMSC (no NP exposure).
Asterisks (*) indicate significant differences (** p <£0.01, ***p <0.001) compared to the
untreated hMSC.

4.4 Dissolution of bimetallic nanoparticles

Based on the lower antimicrobial activity and cell toxicity of bimetallic AgPt NP compared
to pure Ag NP (see sections 4.3.1 and 4.3.2), dissolution kinetics were performed using
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AAS and CV analyses to prove a possible inhibition of Ag* release from bimetallic AgPt NP

in comparison to pure Ag NP due to the presence of Pt.

Atomic absorption spectroscopy

The oxidative Ag* release in solution was analyzed by AAS measurements. For a direct
comparison of the Ag* amount released from pure Ag NP and bimetallic AgPt NP, all NP
dispersions were normalized to a total Ag content of 100 ug mL?®. As is shown in
Figure 22, the release of Ag* from bimetallic AgPt NP was related to the Ag content within
the bimetallic particles as well as to the incubation time. After 24 h of incubation, Ag* was
released from pure Ag NP as well as from the bimetallic AgPt NP containing 90 mol% and
70 mol% Ag (Figure 22). After 48 h, the Ag* concentration of those samples increased,
and the AgsoPtso NP started to release Ag*. Remarkable, after an incubation period of 72 h
dissolution of the bimetallic NP (AgeoPtio NP, Ag7oPtso NP, AgsoPtso NP) was already
saturated and no further enhancement of Ag* release could be detected within 384 h of
incubation. The bimetallic AgPt NP containing less than 50 mol% Ag (AgsoPt7o NP,
AgioPteo NP) did not show any Ag dissolution during the whole incubation period. Among
the bimetallic NP the highest Ag* amount was released from AgooPtio NP (0.78 pg mL1),
followed by Ag7oPtzo NP (0.58 pg mL?) and AgsoPtso NP (0.10 pg mL™1).

However, dissolution of pure Ag NP increased during 216 h of incubation and yielded the
highest Ag* amount of 6.34 ug mL* among the tested NP. Thus, pure Ag NP released
about 6% of the initial Ag concentration, which is in the range of reported values for Ag NP
of comparable size [60,209], whereas a maximum of less than 1% was released from
bimetallic AgeoPtio NP. These results confirmed an inhibited Ag* release from bimetallic
AgPt NP resulting in decreased toxicity towards bacteria and hMSC compared to pure Ag
NP.
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Figure 22: Evaluation of released Ag* from pure Ag NP and different bimetallic AgPt NP as a
function of time. The different NP were dispersed in ultrapure water at a total Ag concentration
of 100 pg mL* and incubated for 384 h. The amount of released Ag* was quantified using AAS
analysis.

Cyclic voltammetry

The dissolution of bimetallic AgPt NP containing 70 mol% and 50 mol% Ag in comparison
to pure Ag NP was additionally proved by electrochemical NP dissolution using CV
analysis. The resulting cyclic voltammograms are shown in Figure 23. Pure Ag NP
displayed a large characteristic peak at about 0.2 - 0.3 V, corresponding to the release of
Ag* due to Ag oxidation and associated to the formation of silver chloride (AgCI) in
chloride-containing solvents (here 0.1 M aq HCI). The reduction of Ag* to Ag occurred
between 0.0 V and -0.2 V, which can be attributed to the reduction of the sparingly soluble
AgCl and is in accordance with published data [210,211].

In the case of the tested bimetallic NP (AgroPtso NP, AgsoPtso NP) the characteristic Ag
oxidation peak at 0.2 V was missing. The Ag oxidation was considerably shifted to higher
oxidation potentials, and started at 0.4 V for the Ag7oPtso NP and at 0.5 V for the AgsoPtso
NP with a substantial peak broadening to 1.2 V (Figure 23). These broad oxidation peaks
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can be associated with dealloying of the alloyed NP. Both curves showed Ag reduction
peaks at 0.05 V, which proved that Ag oxidation out of the alloyed NP had taken place.
The increased oxidation potential of Ag resulted from alloying with an electrochemically
more noble element (here Pt). So far, such an electrochemical Ag stabilization was
demonstrated only for bimetallic alloyed silver-gold NP [210,212,213].

In conclusion, the dissolution experiments could demonstrate that the decreased
antimicrobial activity and cell toxicity of bimetallic AgPt NP compared to pure Ag NP were
correlated to decreased Ag* release from bimetallic AgPt NP due to electrochemical
stabilization of Ag by an alloying effect of Pt.
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Figure 23: Cyclic voltammograms of pure Ag NP and bimetallic AgsoPtso NP and Ag-oPtso NP.

NP were applied onto the WE by drop-casting (2 uL of NP dispersion (1 mg mL™)) and dried in

an argon flow. CV analysis was carried out in a 0.1 M aq HCI solution at a scan rate
of 100 mV s
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4.5 Long-term nanoparticle exposure
4.5.1 Cell viability and morphology

As is suggested by the literature, Ag NP can induce cytotoxicity by a Trojan-horse type
mechanism, in which the NP undergo intracellularly dissolution after internalization within cells
and then release high levels of toxic Ag* [64—66]. In this context, it is important to investigate
the effects of long-term NP exposure. Therefore, cell viability and morphology of hMSC after
7 d of exposure to pure Ag NP, pure Pt NP, and bimetallic AgPt NP was analyzed by Live-
Dead staining, the AlamarBlue and the BCA protein assays (for the latter see Appendix,
section 7.2.2, Figure Al B).

According to the Live-Dead staining, which is shown in Figure 24, mainly green
fluorescence was detected either for untreated hMSC (no NP exposure) as well as for
hMSC exposed to pure Pt NP and bimetallic AgPt NP (< 70 mol% Ag), indicating no acute
cytotoxicity after 7d of NP exposure (Figure 24 A -F, respectively). Remarkably,
long-term incubation of hMSC with Pt-rich NP induced alteration of the hMSC culture
morphology. In contrast to untreated hMSC (Figure 24 A), cells exposed for 7d to
50 ug mLt of pure Pt NP and bimetallic AgPt NP containing at least 50 mol% Pt
(Figure 24 B - E, respectively) converged into nodule-like cell clusters. Such cell
clustering strongly resemble bone nodule formation during in vitro osteogenic
differentiation of h(MSC [214,215]. Since cell clustering was not observed in the presence
of pure Ag NP or bimetallic AgPt NP with <50 mol% Pt, as is shown on the example of
the AgroPtso NP (Figure 24 F), cell convergence could be related to Pt.

Cell clustering in the presence of Pt-rich NP led to a decreased area of calcein-positive
cells. Thus, phase analysis, which is based on calculations of the fluorescent area of living
cells would result in an underestimation of cell viability. Therefore, quantitative analysis of
cell viability after long-term NP exposure was performed using the AlamarBlue and the
BCA protein assays.

As is shown in Figure 25, after 7 d of exposure the metabolic activity of hMSC in the
presence of pure Pt NP was affected only at the highest NP concentration (50 pug mL™),
which was also confirmed by the BCA protein assay (see Appendix, section 7.2.2, Figure

Al B). Lower pure Pt NP concentrations had no significant effects on hMSC viability even
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after prolonged incubation times of 21 d (see Appendix, section 7.2.2, Figure A1 C (BCA
protein assay) and Figure A2 (AlamarBlue assay)).

After 7 d of incubation, pure Ag NP showed the highest impact on cell viability of hMSC
(50 - 10 pg mL1), followed by AgeoPtio NP (50 - 25 ug mLt) (Figure 25), while compared
to short-term NP exposure toxicity of pure Ag NP was increased (see section 4.3.2,
Figure 21 A - B). However, bimetallic AgPt NP with an Ag content of less than 90 mol%
exhibited no significant cell toxicity after 7 d.

Figure 24: Morphology of hMSC after long-term NP exposure. Representative fluorescence
images of hMSC exposed for 7d to different NP and stained with calcein-AM (green
fluorescence) and PI (red fluorescence) for visualization of the morphology of live and dead
cells, respectively. A: untreated hMSC (no NP exposure). HMSC exposed to B: pure Pt NP,
C: Ag1oPteo NP, D: AgsoPt7o NP, E: AgsoPtso NP, and F: Ag7oPtso NP (50 pug mL each). Cell clusters
are indicated exemplary by white circles. Scale bar 1500 um applies to all images. Modified
from [194].

In the case of Pt NP, existing reports demonstrated either no significant influence on
mammalian cells as well as hepatotoxic, genotoxic, and nephrotoxic effects [53,93—
96,182,216]. In a recent study, Lin et al. reported acute electrophysiological toxicity of

Pt NP (d 5 nm and 70 nm) on ion channels in vitro and heart rhythm in vivo. However, in
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agreement with the presented results, Asharani et al., Yamaghishi et al., and Nejdl et al.
high Pt NP
(= 100 pg mL1) [93,94,216]. As mentioned before, the contradictory reports concerning

reported  cytotoxicity inducement only at concentrations

the biological action of Pt NP can be related to the use of different cell types and various

physicochemical NP properties [24,102,103].
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Figure 25: Quantification of hMSC cell viability after long-term NP exposure. HMSC were
exposed for 7 d to different NP in RMPI/FCS, and the metabolic activity was analyzed by the
AlamarBlue assay. Data are expressed as mean + SD of at least three independent experiments
and given as the percentage of untreated hMSC (no NP exposure). Asterisks (*) indicate
significant differences (** p £0.01, *** p £0.001) compared to the untreated hMSC. Partially
modified from [194].

According to the proposed Trojan horse mechanism, long-term biological effects of Ag NP
are concentration- and time-dependent. As discussed above, many intrinsic and extrinsic
factors influence the dissolution behavior of Ag NP and the amount of released
Ag* [43,57-62]. In particular, smaller Ag NP (e.g., 10 nm) exhibit higher toxicity than larger
Ag NP (e.g., 100 nm) due to a larger surface area and the resulting enhanced Ag* release
[52,53,196,217,218]. Furthermore, the presence of molecular oxygen, thiols, chlorides,
sugars, organic molecules, and other compounds in a complex biological environment
can inhibit or accelerate the dissolution behavior [51,57,59,205,219]. Therefore, the
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release of Ag* and the resulting biological effects are also time-dependent [63,182,190],
which means that due to ongoing dissolution of Ag NP their toxicity increases with

increasing incubation time, in accordance with the here presented results.
4.5.2 Real-time life cell tracking

To confirm that cell clustering in the presence of Pt-rich NP was a result of directed cell
accumulation and not of clonal cell expansion (cell division), real-time life cell tracking
experiments were performed using time-lapse microscopy. Therefore, hMSC were
incubated in the presence of 50 ug mL? of bimetallic AgioPteo NP for 7d in
RPMI/FCS (Figure 26 A - C).

As is shown in Figure 26 B, cell clustering occurred after 3 d of incubation with
AgioPteo NP. Noticeable, once cell nodules were formed, no further cell migration to or out
of the cell clusters was observed till day 7 of incubation (Figure 26 C), which confirmed
an active cell clustering process and indicated besides a possible cell migration inhibition.
To prove whether cell nodule formation in the presence of Pt-rich NP was permanent or
reversible, the NP-containing medium was replaced with fresh RPMI/FCS after cell nodule
formation (Figure 26 D - F). As is shown in Figure 26 E, following 3 d of incubation of the
previously formed nodules in fresh cell culture medium, cell distribution became more
regular over the culture plate and was comparable to the initial cell culture morphology
(Figure 26 A), indicating cluster regression. The hMSC morphology was completely
restored 7 d after medium exchange, and cells were uniformly distributed over the cell
culture plate (Figure 26 F), similar to untreated hMSC.

Comparable observations were made for pure Pt NP as well as the bimetallic AgzoPt7o NP
and AgsoPtso NP, but not for pure Ag NP or AgPt NP containing less than 50 mol% Pt,
which confirmed that cell clustering was a Pt-related effect (data not shown). The
observed reversibility of the process demonstrated the necessity of the presence of Pt for
the formation of cell clusters, thereby providing additional evidence for the involvement of
Pt in this process. Since no cell migration was observed after cell nodule formation,
analysis of cell migration in the presence of the Pt-rich NP was subsequently performed,

as described below (see section 4.5.3).
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Figure 26: Time-lapse microscopy of hMSC nodule formation and cluster regression.
Representative time-lapse images of hMSC exposed to 50 ug mL™* of AgioPteo NP in RPMI/FCS
forA: 0d,B: 3d,and C: 7 d, and hMSC after cell nodule formation incubated in fresh RPMI/FCS
without NP for D: 0d, E: 3d, and F: 7 d. Cell clusters are indicated exemplary by black circles.

Scale bar 400 um applies to all images.

4.5.3 Cell migration
4.5.3.1 Transwell cell migration assay

Time-lapse analysis of hMSC clustering by Pt-rich NP indicated a possible cell migration
inhibition (see section 4.5.2). Thus, cell migration analysis was performed using a Boyden
chamber setup, which allows for determination of the chemotactic capability of test agents
by migration of cells along a chemoattractant gradient.

HMSC were seeded at the apical side of a transwell plate insert and allowed to migrate
through the filter membrane to the basal side towards conditioned media (CM), generated
by incubation of hMSC for 24 h with different NP. Subsequently, migrated cells were
visualized by calcein-AM staining. Figure 27 shows the calcein-positive cells after 3 d of
migration to the basal side of the membrane. Compared to the random migration towards
RPMI/FCS (Figure 27 A), the migration towards the CM generated from hMSC after 24 h
in RPMI/FCS was enhanced (Figure 27 B) due to the chemotactic capability of hMSC
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among themselves. A comparable amount of migrated cells was detected towards the CM
of hMSC incubated with a sub-toxic concentration of pure Ag NP, indicating no effect on
cell migration by pure Ag NP (Figure 27 C).

In contrast, a decreased fraction of cells was migrated towards the CM generated in the
presence of pure PtNP as well as the bimetallic AgioPteo NP and AgsoPtzo NP
(Figure 27 D - F, respectively), which suggested an inhibited cell migration. In the case of
the AgsoPtso NP (Figure 27 G), the amount of migrated cells was comparable to the
random migration towards RPMI/FCS (Figure 27 A), indicating only a minor migration

inhibition.

Figure 27: Cell migration analysis by the transwell cell migration assay using a Boyden
chamber. Representative fluorescence images (calcein-AM staining, green fluorescence) of
hMSC after 3 d of migration towards A: RPMI/FCS, B: CM of hMSC after 24 h in RPMI/FCS (no
NP exposure), or CM of hMSC after 24 h of incubation with C: pure Ag NP (5.0 uyg mL?), D: pure
Pt NP, E: AgioPteo NP, F: AgsoPtzo NP, and G: AgsoPtso NP (50 ug mL™* each). H: Enlargement of
the red square in D. Cell clusters are indicated exemplary by white circles. Scale bar 500 pm

applies to all images.

Noticeable, cells migrated towards the CM from hMSC incubated with Pt-containing NP

exhibited a nodule-like morphology (Figure 27 D - F and H). Hence, using the transwell
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cell migration assay it was not possible to distinguish whether the observed reduced area
of migrated cells resulted from cell clustering or from reduced cell migration. To
differentiate between the two possible explanations, analysis of cell migration was

extended by the scratch cell migration assay (see section 4.5.3.2).
4.5.3.2 Scratch cell migration assay

Cell migration analysis using the scratch cell migration assay was performed by seeding
a dense hMSC monolayer in a cell culture plate and applying a scratch in the middle of
the cell culture well. Cell migration into the gap in the absence or presence of different NP
was subsequently tracked by time-lapse microscopy.

The random migration of hMSC in RPMI/FCS is shown in Figure 28 A. After 2d of
incubation the applied gap was almost closed, and was completely closed on day 4. In
the presence of a sub-toxic concentration of pure Ag NP cell migration of hMSC was
comparable to the random migration and therefore not affected (Figure 28 B).

In contrast, in the presence of pure Pt NP the gap was not closed after 4 d of
incubation (Figure 28 C). Moreover, even at prolonged exposure times of 7 d the applied
gap was still visible (see Appendix, section 7.2.3, Figure A3), which demonstrated a
strong hMSC migration inhibition by pure Pt NP. A comparable inhibiting effect was
observed for the bimetallic AgioPteo NP and AgsoPtzo NP (Figure 29 A - B, respectively).
In both cases the applied gaps were not closed after 4 d of incubation, although migration
inhibition was less pronounced as for pure Pt NP. Remarkably, in the presence of the
AgsoPtso NP cell migration was similar to the random migration of hMSC, hence, no
inhibiting effect was observed (Figure 29 C and Figure 28 A, respectively). Considering
the results obtained by the scratch and the transwell assays, cell migration inhibition was
apparently a Pt-related effect and therefore considerably dependent on the Pt content
within the bimetallic AgPt NP.

It could be conceived that the inhibiting effect of Pt NP on cell migration was associated
with the cell metabolic activity inhibition at high Pt NP concentrations (= 50 ug mL?), as
was detected by cell viability analysis during long-term NP exposure (see section 4.5.1,
Figure 25). Konieczny et al. reported that small Pt NP (d 6 nm) adversely affected the cell

metabolism of primary keratinocytes, but however, cell migration was not affected [95].
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Overall, reports addressing the influence of Pt on cell migration are very rare. Pennisi et al.
studied the behavior of fibroblasts on nano-textured Pt surfaces and observed adverse
effects on focal adhesions as well as decreased expression of migration-related genes
[220].

Figure 28: Cell migration analysis by the scratch cell migration assay. Representative time-
lapse images after 0 d, 2d, and 4 d of incubation of A: untreated hMSC (no NP exposure) and
hMSC exposed to B: pure Ag NP (5.0 ug mL1) and C: pure Pt NP (50 ug mL™). Black bars
indicate initial scratch borders; white arrows indicate cell migration direction. Scale bar 500 pm

applies to all images.

In general, homing and migration are characteristic properties of hMSC and essential for
the attainment of sites of injury [221-224]. Directed cell migration is a complex interplay

between chemoattractants, cellular signaling pathways, and the cytoskeleton [225,226].
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Sun et al. demonstrated recently a possible mechanism for NP-mediated inhibition of cell
migration using TiO2 NP [227]. The authors supposed that integrin beta 1, the major
fibronectin receptor on most cells, is involved in the endocytosis of NP. According to the
authors, NP interact with integrin beta 1 promoting its lysosomal degradation, thereby
reducing the expression of phosphorylated focal adhesion kinase, which leads to
cytoskeletal disruption and migration inhibition. Considering these findings, a possible
interference of Pt-containing NP with the cytoskeleton was investigated (see
section 4.5.3.3).

Figure 29: Cell migration analysis by the scratch cell migration assay. Representative time-
lapse images after 0 d, 2 d, and 4 d of incubation of hMSC exposed to A: AgioPteo NP, B: AgsoPt7o
NP, and C: AgsoPtso NP (50 ug mL! each). Black bars indicate initial scratch borders; white

arrows indicate cell migration direction. Scale bar 500 um applies to all images.
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4.5.3.3 Cytoskeleton organization

In general, cell migration is a highly dynamic and complex process that involves the
processing of chemoattractant stimuli into migratory responses as well as the continuous
modulation and re-organization of the cytoskeleton [225,226]. Different cytoskeleton
components, such as the intermediate filament vimentin, actin filaments, and the cell
adhesion protein vinculin, regulate the mechanical integrity of cells, promoting cell
migration and adhesion [225]. Due to the observed inhibition of h(MSC migration after the
incubation with pure Pt NP and Pt-rich bimetallic NP (see sections 4.5.3.1 and 4.5.3.2), a
possible interference of this NP with the cytoskeleton was investigated. Therefore, hMSC
were incubated for 7 d with different NP to allow nodule formation. Subsequently, the
cytoskeletal components actin, vimentin, and vinculin were analyzed using
immunohistochemistry and CLSM.

Figure 30 shows overview images of NP-treated cells after 7 d of incubation and staining
of vimentin, actin, and cell nuclei. In comparison to the untreated hMSC (Figure 30 A),
cells treated with pure Pt NP and the Pt-rich AgPtNP (= 50 mol% Pt) formed nodule-like
cell clusters (Figure 30 B - F, respectively), similar to previous observations (see
sections 4.5.1 and 4.5.2).

Detailed analysis of the cytoskeleton component vimentin, shown in Figure 31 Al - C1,
revealed a dense filamentous network distributed over the cells, with vimentin filaments
concentrated to the perinuclear region and in some cells attached to cell nuclei
(Figure 31 Al - C1, white circles). Such a positioning and anchoring of the nuclei and
other cell organelles is a known property of vimentin filaments [228—-231]. However, no
obvious differences in vimentin morphology and distribution were observed between
untreated cells and cells exposed to pure Pt NP or AgioPteo NP (Figure 31 Al - C1,
respectively).

The major mediators of cell contraction are actin stress fibers composed of actin
microfilaments, myosin Il, and various crosslinking proteins, and providing force for cell
migration [232,233]. Depending on their morphology, cellular localization, and function,
stress fibers can be classified into three types: dorsal (the most commonly observed
structures) and ventral stress fibers are connected to focal adhesions transmitting

contractile forces and appear as straight filament bundles, while transverse arcs are found
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only in protruding cells and can be recognized as curved bundles [232—-234]. A detailed
analysis of the actin cytoskeleton is shown in Figure 31 A2 - C2. All kinds of actin stress
fibers were observed in all samples without major differences between untreated hMSC
and hMSC exposed to pure Pt NP or AgioPteo NP (Figure 31 A2 - C2, respectively, white
arrows). Merged images of vimentin and actin filaments revealed the co-localization of
these structures (Figure 31 A3 - C3, indicated in the enlargements (Figure 31 A4 - C4) by
yellow and blue arrows), which demonstrated the coordinative role of vimentin on actin
filaments [228,230,231].

Figure 30: Overview of the immunohistochemical analysis of the cytoskeleton by CLSM.
Representative fluorescence images of hMSC after 7d of NP exposure in RPMI/FCS and
staining of vimentin filaments (anti-vimentin / AlexaFluor488, green fluorescence), actin
filaments (TRITC-phalloidin, red fluorescence), and cell nuclei (Hoechst 33342, blue
fluorescence). A: untreated hMSC (no NP exposure). HMSC exposed to B: pure Pt NP,
C: Ag1oPteo NP, D: AgsoPt7o NP, and E: AgsoPtso NP (100 ug mL* each). Cell clusters are
indicated exemplary by white circles. F: Enlargement of the red square in E. Scale bar 240 yum
applies to A - E.
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Figure 31: Detailed view of the immunohistochemical analysis of the cytoskeleton by CLSM.
Representative fluorescence images of hMSC after 7d of NP exposure in RPMI/FCS and
staining of vimentin filaments (anti-vimentin / AlexaFluor488, green fluorescence), actin
filaments (TRITC-phalloidin, red fluorescence), and cell nuclei (Hoechst 33342, blue
fluorescence). Al - A4: untreated hMSC (no NP exposure). HMSC exposed to B1 - B4: pure
Pt NP and C1 - C4: AgioPteo NP (100 ug mL™* each). Al - C1: connections of vimentin to nuclei
are indicated exemplary by white circles. A2 - C2: actin stress fibers are indicated exemplary
by white arrows. A4 - C4: enlargements of white squares in A3 - C3; co-localization between
vimentin and actin fibers is indicated exemplary by yellow and blue arrows, respectively. Scale

bar 100 pm applies to all images.
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In addition, the occurrence and morphology of focal adhesions were investigated by
staining the focal adhesion protein vinculin (Figure 32). In all samples, focal adhesion
plaques could be recognized as vinculin accumulations at the edge of the cells
(Figure 32 Al - C1, indicated in the enlargements (Figure 32 A2 - C2) by white arrows).
In comparison to untreated hMSC, no noticeable changes in the frequency or morphology
of the focal adhesions could be detected after exposure to Pt-
containing NP (Figure 32 Al - A2, B1 - B2, and C1 - C2, respectively). In addition, since
stress fibers transmit contractile forces through their connection to focal adhesions [233],
staining of the actin cytoskeleton was performed. However, morphological differences
between untreated hMSC and hMSC exposed to pure Pt NP or AgioPteo NP were not
observed (Figure 32 A3 - A4, B3 - B4, and C3 - C4, respectively).

As was proposed by Sun et al., NP-mediated inhibition of cell migration is based on
cytoskeletal disruption, especially in terms of the disintegration of the actin organization
resulting in de-bundled and fractured actin filaments [227]. However, no obvious structural
alterations of the cytoskeleton in the presence of pure Pt NP and AgioPteo NP were
detected, while similar results were also obtained for the Pt-rich AgsoPtzo NP and AgsoPtso
NP (see Appendix, section 7.2.3, Figure A4 and Figure A5). Therefore, cell nodule
formation and cell migration inhibition were not associated with an adverse interaction of
Pt-containing NP with the cytoskeleton. Furthermore, Sun et al. demonstrated that NP-
mediated inhibition of cell migration depended on NP size, while larger NP (d 300 nm)
affected cell migration stronger than smaller NP (d 100 nm) [227]. Hence, due to the small
size of the NP used in this thesis (d 5 - 10 nm), another mechanism by which the NP affect
cell migration should be considered. For instance, differentiating hMSC are known to
undergo substantial changes with regards to their morphology but also their migration and
adhesiveness, while differentiating cells show inhibited migration and enhanced adhesion
properties [235]. Therefore, the differentiation potential of tissue cells in the presence of

Pt-containing NP was analyzed and is presented below (see section 4.5.4).
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Figure 32: Detailed view of the immunohistochemical analysis of the cytoskeleton by CLSM.
Representative fluorescence images of hMSC after 7d of NP exposure in RPMI/FCS and
staining of vinculin protein (anti-vinculin / AlexaFluor488, green fluorescence), actin filaments
(TRITC-phalloidin, red fluorescence), and cell nuclei (Hoechst 33342, blue fluorescence).
Al - A4: untreated hMSC (no NP exposure). HMSC exposed to B1 - B4: pure Pt NP and C1 - C4:
Agi10Ptoo NP (100 ug mL* each). A2 - C2: enlargements of white squares in Al - C1; vinculin
accumulations (focal adhesions) are indicated exemplary by white arrows. Scale bar 50 ym

applies to all images.
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4.5.4 Cell differentiation

One of the characteristic properties of hMSC is their multipotency, i.e., their ability to
differentiate into different cell types, among others into osteoblasts. Bone tissue is highly
dynamic and continuously remodeled throughout life. The bone remodeling process
represents a balancing act between bone formation by osteoblasts and bone resorption
by osteoclasts and includes many regulatory factors [215,236]. Therefore, factors that
influence bone formation concomitantly influence bone resorption.

Since cytoskeleton organization was not adversely affected by Pt-containing NP, Pt-
related cell nodule formation and cell migration inhibition should be influenced by another
pathway. As mentioned above, cell clusters formed in the presence of Pt strongly
resemble bone nodule formation during the osteogenic differentiation of h(MSC in vitro. As
was reported previously, bone formation in vitro is initiated by the formation of bone-ike
nodules of osteoprogenitor cells, which then differentiate into osteoblasts followed by
mineralization of the extracellular matrix [150,214,215,236]. On the other hand, cell
migration is well known to play a key role in bone formation [235,237,238]. Therefore,
a possible correlation of Pt-related cell clustering and inhibition of cell migration with
osteogenic differentiation was investigated. Considering the strong interdependency
between bone formation and resorption, a possible interference of Pt-containing NP with

the osteoclastogenesis was also examined.
4.5.4.1 Osteogenic differentiation

Due to the observed cell nodule formation in the presence of Pt-rich NP, a possible osteo-
inductive potential of the NP was examined first. Therefore, adherent hMSC were exposed
for 21 d to pure Pt NP and AgPt NP containing at least 50 mol% Pt in the cell culture
medium RPMI/FCS. Subsequently, the exposed cells were stained with Alizarin Red S,
which visualizes the calcificated matrix of differentiated osteoblasts.

As is shown in Figure 33, in contrast to untreated hMSC (Figure 33 A), cells exposed to
pure Pt NP as well as bimetallic APt NP containing = 50 mol% Pt formed nodule-like cell
clusters (Figure 33 C - F, respectively), similar to those observed after 7d of
incubation (see section 4.5.1, Figure 24). However, in comparison to the positive

control (Figure 33 B, hMSC stimulated for osteogenic differentiation), no mineralization of

72



- Part I: Bimetallic silver-platinum nanoparticles -

hMSC treated with Pt-containing NP was observed according to the Alizarin Red S
staining, which suggested that there was no completed osteogenic differentiation, and
therefore no osteo-inductive effect.

Figure 33: Osteo-inductive activity of NP on hMSC. Representative light micrographs of hMSC
cultured in RPMI/FCS for 21 d in the presence of different NP after Alizarin Red S staining for
visualization of cell calcification. A: Negative control (hMSC cultured in RPMI/FCS without NP).
B: Positive control (hMSC cultured in ODM without NP). HMSC exposed to C: pure Pt NP, D:
Agi10Ptoo NP, E: AgsoPtzo NP, and F: AgsoPtso NP (25 ug mL each) in RPMI/FCS. Cell clusters are
indicated exemplary by black circles. Scale bar 500 um applies to all images. Modified from
[194].

Following analysis of the osteo-inductive potential, it was examined if Pt NP initiate
osteogenic differentiation by acting as a ligand of the Toll-like receptor 4 (TLR4). Beside
its involvement in inflammation, TLR4 was also demonstrated to play an important role in
osteogenesis upon stimulation by LPS from gram-negative bacteria [126,239-241]. The
expression of functional TLR4 by BM-derived hMSC was also frequently
reported [126,239,242].

To investigate a possible TLR4 involvement, TLR4 signaling was interrupted by the TLR4
signaling inhibitor CLI-095. Thus, adherent hMSC were incubated with pure Pt NP as well
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as Pt-rich bimetallic AgPt NP (= 50 mol% Pt) for 7 d in RMPI/FCS, either in the absence
or presence of CLI-095, and cell cluster formation was analyzed by calcein-AM staining.
As is shown in Figure 34, untreated hMSC (nhot exposed to NP or CLI-095, Figure 34 A)
exhibited a similar morphology as hMSC incubated in the presence of
CLI-095 (Figure 34 F), i.e., the TLR4 inhibitor alone did not lead to morphological changes
of hMSC. In the presence of pure Pt NP and the bimetallic AgPt NP (= 50 mol% Pt) cell
nodules were formed either in the absence or presence of the TLR4 signaling inhibitor
CLI-095 (Figure 34 B - E and Figure 34 G - J, respectively). Thus, a correlation between
the formation of cell nodules and the stimulation of TLR4 by Pt-rich NP, which would
induce osteogenic differentiation, was not observed, so these results supported the
absence of an osteo-inductive effect, as described above.

Figure 34: Morphology of hMSC after long-term NP exposure. Representative fluorescence
images of hMSC incubated for 7 d with different NP (50 ug mL* each) and the TLR4 signaling
inhibitor CLI-095 (5.0 uyg mL™). Cells were stained with calcein-AM (green fluorescence) for
visualization of the morphology of live cells. A: untreated hMSC (no NP or CLI-095 exposure).
hMSC exposed only to B: pure Pt NP, C: AgioPteso NP, D: AgsoPt7o NP, and E: AgsoPtso NP.
F: hMSC exposed to CLI-095. hMSC exposed to CLI-095 and additionally to G: pure Pt NP,
H: AgioPteo NP, I: AgsoPtzo NP, and J: AgsoPtso NP. Cell clusters are indicated exemplary by white

circles. Scale bar 1000 um applies to all images.
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After an osteo-inductive activity of Pt-rich NP could be excluded, the osteo-promotive
potential of these NP was examined by incubation of adherent h(MSC with the different Pt-
rich NP for 21 d in ODM. As is shown in Figure 35, after osteogenic differentiation was
induced by ODM, mineralization of the extracellular matrix of hMSC exposed to pure Pt
NP and bimetallic AgPt NP (= 50 mol% Pt) was obviously enhanced (Figure 35 C - F), in
contrast to cells cultured only in ODM (Figure 35 B).

The subsequent quantification of the osteogenic hMSC response by Alizarin Red S
extraction with cetylpyridinium chloride confirmed these findings (Figure 36 A).
A significantly enhanced mineralization was detected in the presence of 25 - 10 ug mL™*
of pure Pt NP and AgPt NP containing at least 50 mol% Pt. The analysis of the AP activity
provided similar results. As is shown in Figure 36 B, AP activity was also significantly
increased in the same concentration range. Since both the calcification and the AP activity
are important markers of osteogenesis, these results demonstrated the promotive activity
of Pt-rich NP on osteogenic differentiation of hMSC [149,151,194].

Figure 35: Osteo-promotive activity of NP on hMSC. Representative light micrographs of hMSC
cultured in ODM for 21 d in the presence of different NP after Alizarin Red S staining for
visualization of cell calcification. A: Negative control (hMSC cultured in RPMI/FCS without NP).
B: Positive control (hMSC cultured in ODM without NP). HMSC exposed to C: pure Pt NP, D:
Agi0Pteo NP, E: AgsoPt;o NP, and F: AgsoPtso NP (25 ug mL?* each) in ODM. Scale bar 500 pm
applies to all images. Modified from [194].
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Figure 36: Quantitative analysis of the osteogenic hMSC response in the presence of NP. HMSC
were cultured in ODM for 21 d with different NP. A: Quantification of hMSC calcification by
Alizarin Red S extraction with cetylpyridinium chloride. B: Quantification of the AP activity
using the AttoPhos assay. Data are expressed as mean + SD of at least three independent
experiments and given as the percentage of the untreated hMSC (no NP exposure). Asterisks (*)
indicate significant differences (*p <0.05, ** p £0.01) compared to the untreated hMSC.
Modified from [194].

In general, different kinds of nano-composites (e.g., iron NP, gold NP, hydroxyapatite NP)
were demonstrated to exhibit osteogenesis stimulating activity [243—-245]. The metallic
iron and gold NP were suggested to promote osteogenic differentiation by activation of
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the MAPK signal pathway, which is activated by different hormones and growth factors,
including bone morphogenetic proteins, and therefore promotes, among others,
transcription factors for osteogenesis, such as Runx2 [244,245]. Similarly, activation of
the Wingless/B catenin and the p38 MAPK pathways were also reported [246]. However,
studies demonstrating an osteo-promotive activity of Pt NP are missing, although the
inhibition of osteoclastogenesis was already demonstrated [90,91]. As mentioned before,
bone remodeling is a continuous balancing act between the formation of new bone by
osteoblasts and the resorption of bone by osteoclasts. To clarify the influence of Pt-rich
NP on this metabolic process, in addition to osteogenic differentiation, the

osteoclastogenesis in the presence of these NP was analyzed (see section 4.5.4.2).
4.5.4.2 Osteoclastogenesis

Examination of the effects of Pt-containing NP on osteoclastogenesis was performed
using the Rat Primary Precursor Osteoclasts Culture Kit. In detail, osteoclast (OSC)
progenitor cells were cultivated in OSC differentiation medium for 14 d in the presence of
pure Pt NP and Pt-rich bimetallic AgPt NP with at least 50 mol% Pt. After incubation, cell
cultures were stained with TRAP to identify differentiated OSC, which represent large,
multinucleated cells emerging from the fusion of mononuclear progenitor cells and are
responsible for bone resorption [139,140,247].

Figure 37 shows the results of light microscopic analysis after TRAP staining.
Differentiated OSC could be detected as multinucleated cells exhibiting a positive TRAP
staining as well as various different morphologies and sizes (Figure 37 A - F). Mature
OSC were present in all samples, including the untreated OSC cultures and cells treated
with Pt-rich NP. However, in the presence of Pt-rich NP cell clusters consisting of unfused
precursor cells occurred frequently, as is shown in Figure 37 G - | on the example of pure
Pt NP. Giant hypernucleated OSC with 20 to 50 nuclei and a length of up to 1 mm
(Figure 37 A - C) were observed mainly in the untreated OSC cultures. In contrast, in the
presence of 25 pug mL?' of pure Pt NP and the bimetallic AgPt NP containing at
least 50 mol% Pt none or only very few giant OSC were detected, as was quantified by

OSC counting (Figure 38). In addition, the overall OSC count (sum of all TRAP positive
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cells) was also significantly inhibited for pure Pt NP and the bimetallic AgioPteo NP
compared to the untreated OSC cultures (Figure 38).

Hence, these results demonstrated an inhibiting effect of Pt-rich NP on OSC
differentiation, suggesting in particular an impairment of the OSC size and the OSC fusion
mechanism. In addition, the OSC differentiation inhibition decreased with decreasing Pt-

content within the bimetallic NP, which provided a strong evidence for a Pt-related effect.

Figure 37: Osteoclastogenesis in the presence of NP. Representative light micrographs of
differentiated OSC incubated for 14 d in OSC differentiation medium and subsequently stained
with TRAP (purple) and hematoxylin (blue) for detection of differentiated OSC and cell nuclei,
respectively. A - C: Morphologies of giant OSC. D - F: Different morphologies of mature OSC.
G - I: Cell clusters of unfused precursor cells after 14 d of incubation with pure Pt NP (25 pg mL-
1. Partially modified from [194].
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Figure 38: Quantification of osteoclastogenesis in the presence of NP. The osteoclastogenesis
potential was quantified by counting of TRAP positive cells after 14 d of exposure to different
NP (25 ug mL! each). Giant OSC = total giant OSC count. Sum OSC = sum of all TRAP positive
cells. Data are expressed as mean * SD of at least three independent experiments and given as
the percentage of the untreated OSC (cells cultured in differentiation medium without NP).
Asterisks (*) indicate significant differences (* p £ 0.05, *** p £ 0.001) compared to the untreated
OSC. Modified from [194].

Considering the results of osteogenic differentiation and the detected osteo-promotive
activity of Pt-containing NP, an impairment of osteoclastogenesis was likely, due to the
strong interdependency between bone formation and resorption [236]. Furthermore,
Nomura et al. and Kim et al. already demonstrated that small Pt NP are able to inhibit
osteoclastogenesis, while both OSC number and size were significantly decreased, which
is in great agreement with the here presented results [90,91].

In general, RANKL is one of the key regulators of osteoclastogenesis, which induces the
differentiation of OSC precursors and stimulates the survival of mature OSC as well as
their bone resorption ability [153,156]. The binding of RANKL to its receptor induces
formation of small amounts of ROS that, in turn, were shown to induce osteoclastogenesis
and bone resorption, and thereby play an important role in bone remodeling
[152,155,156]. Pt NP themselves were frequently reported to act as scavenger of

hydrogen peroxide and superoxide anion exhibiting multiple enzyme-like in vitro and in
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Vvivo properties [87,88,248]. In this way, Pt-containing NP may affect the bone remodeling
process. Thus, the ROS scavenging potential of the NP used in this study was examined,
as presented below (see section 4.5.4.3).

4.5.4.3 Catalytic activity of nanoparticles

The chromogenic peroxidase substrate TMB was used to investigate a potential ROS
scavenging activity of NP. TMB is oxidized by peroxidases, such as HRP, into a blue-
colored complex product, while H202 is concomitantly reduced to water. This chromogenic
catalysis reaction can be used for the detection of a peroxidase-like catalytic activity of
agents.

Figure 39 shows the TMB conversion in the presence of HRP and different NP
dispersions. Similar to HRP, pure Pt NP as well as the bimetallic AgioPteo NP, AgsoPt7o NP,
and AgsoPtso NP, caused a fast color change to blue, indicating rapid TMB oxidation. The
intensity of the conversion depended on the NP concentration and decreased with
decreasing NP amounts. Bimetallic Ag7oPtso NP led to obvious TMB conversion only at
higher NP concentrations of 50 pg mL-t, while Ag-rich AgPt NP containing 90 mol% Ag as
well as pure Ag NP did not provoke any color change at all. Hence, a Pt-related TMB
oxidation was observed, which confirmed that pure Pt NP and Pt-rich bimetallic AgPt NP
(250 mol% Pt) exhibited a peroxidase-like catalytic activity, and therefore a ROS
scavenging potential.

Various reports have demonstrated that Pt NP of different shapes, sizes, and
functionalization as well as distinct Pt-containing nano-composites exhibit antioxidant
enzyme-mimetic properties [83-85,206,249]. In this context, Pt NP are able to act as
catalase reducing H202 to water and molecular oxygen, as peroxidase oxidizing a reduced
substrate to decompose H20:into water, or as superoxide dismutase catalyzing the
dismutation of superoxide anion into molecular oxygen and H202 [86,88,90,91,248,250].
Scavenging ROS in biological systems therefore enables Pt NP to affect the homeostasis of
cellular ROS that, in turn, plays an important role in the RANKL-stimulated
osteoclastogenesis and thereby in the bone remodeling process [152,155,156].
Furthermore, cellular ROS was also demonstrated to regulate cell migration and
adhesion, while ROS scavenging was associated with the inhibition of cell migration [251—
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253]. Thus, similar to the inhibition of osteoclastogenesis, the inhibition of cell migration
by Pt-rich NP, as demonstrated in section 4.5.3, can be related to the ROS scavenger

activity of Pt.

no TMB TMB 5 min

(posi':ihvlt-eI r:: ntrol) \ X280 08
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Figure 39: Catalytic activity of NP analyzed by the conversion of the TMB substrate. Different
NP in various concentrations were incubated in the absence or presence of the ready-to-use
TMB solution (containing H2O3) in PBS for 5 min. The HRP served as positive control for TMB
oxidation, which generates a blue-colored complex product in the presence of H,O,. Empty

wells are indicated by X.
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Part Il: Physical mixtures of silver and platinum nanoparticles

As was demonstrated in the first part of the thesis, bimetallic AgPt NP did not represent a
sacrificial anode system. This observation was apparently a consequence of the alloy-like
structure of the AgPt NP, and the increased redox potential of Ag in a Pt alloy, as was
reported previously only for bimetallic alloyed silver-gold NP [210,212].

The fact that sacrificial anode activity is missing in alloyed systems, suggests that a
sufficient physical separation of the metals is required to induce sacrificial anode effects.
For most practical sacrificial anode applications, such as corrosion protection, the bulk
materials are physically separated, although the materials are in electrical contact [107].
It was therefore assumed that a nanoparticular sacrificial anode system can be obtained
by the combination of non-alloyed monometallic Ag NP and Pt NP in a physical mixture.
Such physical NP mixtures have the advantage of physical separation of the metals, while
the particles within the mixture interact with each other by collision due to the random
motion of the NP in solution (convection and Brownian motion).

To identify the postulated sacrificial anode effect and the resultant enhanced Ag* release
induced by the physical mixtures, the antimicrobial activity towards S. aureus and E. coli
as well as the viability of hMSC were analyzed. In addition, UV-Vis, CV-, and AAS
analyses were performed to assess the dissolution of Ag NP in the presence of Pt NP.
Three different physical mixtures were prepared (Ag30/Pt70, Ag50/Pt50, Ag70/Pt30,
Table 4), while for direct comparison of the effects of individual physical mixtures with the
effects of pure Ag NP, the total Ag NP amount was kept constant, and only the Pt NP

amount was varied.

4.6 Antimicrobial activity

The antimicrobial action of physical mixtures consisting of Ag NP and Pt NP against
S. aureus and E. coli was analyzed by determination of MIC and MBC and compared to
the effects of pure Ag NP and pure Pt NP. Table 8 summarizes the obtained MIC and
MBC values for an initial bacterial cell number of 10° CFU mL™! given in ug mL* of the Ag
NP (except for pure Pt NP). In consistence with the results presented in section 4.3.1,

pure Pt NP exhibited no antimicrobial effects against S.aureus and E. coli at
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concentrations < 35 ug mL-', while significant antimicrobial activity on both strains was
observed for pure Ag NP.

In comparison to pure Ag NP, the antimicrobial effects of the physical Ag30/Pt70 and
Ag50/Pt50 mixtures towards S. aureus and E. coli were considerably enhanced, as was
identified by decreased MIC and MBC values for both strains (Table 8). However, the toxic
effects observed for the Ag70/Pt30 mixture were similar to those of the pure Ag NP. As a
result of the previously discussed inoculum effect, MIC and MBC values increased for
both strains with increasing bacterial count in the case of pure Ag NP as well as for all
physical mixtures, but the overall toxicity ranking was not affected (see Appendix, section
7.3.1, Table A3).

Table 8: Antimicrobial activity of pure Pt NP, pure Ag NP, and the respective physical mixtures
towards S. aureus and E. coli (initial bacterial count 10° CFU mL?). The MIC and the MBC values are
given in pg mL™* of the NP. For physical mixtures, the NP concentration refers to the Ag NP
concentration. (>) indicates no inhibitory (MIC) or bactericidal (MBC) effects up to the given
concentration, and (2) indicates inhibitory or bactericidal effects at the given concentration and

above. Partially modified from [254].

10° CFU mL? pure Pt pure Ag Ag30/Pt70  Ag50/Pt50  Ag70/Pt30
e T g mLt > 35 > 10-25 > 5.25 > 10-25 > 525
MS&*,”;; L;,fL.l > 35 > 35 > 10-25 > 10-25 > 25-35
e i - > 35 > 25 > 10-25 > 10-25 > 10-25
BG ',‘:f;”mL_l > 35 > 35 > 10-25 > 25-35 > 35

As discussed in section 4.3.1, although different mechanisms are proposed, it is generally
accepted that the antimicrobial activity of Ag NP is mainly based on oxidatively released
Ag* [40,43,51,76,77]. The released Ag* interact with bacterial membranes as well as
various cellular organelles and biomolecules leading to disruption of membrane integrity,
cellular pathways, and generating bactericidal oxidative stress [51,76,77]. Therefore, the

enhanced antimicrobial activity of the Ag30/Pt70 and the Ag50/Pt50 physical mixtures
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compared to pure Ag NP (containing same amount of Ag NP) provided a good evidence
for an enhanced Ag* release from the physical mixtures. The fact that a Pt NP content of
30 wt% (Ag70/Pt30) was insufficient to provoke enhanced toxicity demonstrated the
dependency on the ratio of Ag NP and Pt NP, suggesting a Pt-induced sacrificial anode

effect.

4.7 Cell viability and morphology

As was demonstrated previously, cytotoxicity of Ag* towards prokaryotic and eukaryotic
cells occurs at comparable Ag* concentrations [63]. Therefore, viability of hMSC upon
exposure to different physical mixtures was investigated in comparison to pure Ag NP and
pure Pt NP.

Since the observed enhanced antimicrobial activity of the physical Ag30/Pt70 and
Ag50/Pt50 mixtures was assumed to be based on enhanced Ag* release (see
section 4.6), it was suggested that cell-toxic effects should occur faster for these mixtures
than for pure Ag NP. This assumption was examined using time-lapse microscopy and
recording cell culture images during incubation of adherent hMSC with pure Ag NP and
the physical Ag50/Pt50 mixture in RPMI/FCS, while an AgAc solution served as control
for Ag™.

As is shown in Figure 40 row A, cells incubated with 35 ug mL* of pure Ag NP for 120 min
were plastic-adherent and exhibited a typical fibroblast-like morphology, comparable to
untreated hMSC (see section 4.3.2, Figure 19). Thus, no visible cytotoxicity was induced
by pure Ag NP within 120 min of incubation. For the physical Ag50/Pt50 mixture containing
the same Ag NP amount (35 ug mL?), cell toxicity occurred already after 60 min of
incubation, which resulted in a spherical cell morphology due to cell detachment from the
culture plate (Figure 40 row B). After 90 min of exposure to the physical Ag50/Pt50
mixture, all cells had detached. Similar results were observed for a solution of AgAc
(solution of Ag*) that caused complete cell detachment within 60 min of exposure
(Figure 40 row C). Thus, the presence of Pt NP in a physical mixture with Ag NP induced
a very fast cell dying, similar to a solution of ionic Ag, presumably due to enhanced Ag*

release based on a sacrificial anode effect.
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Figure 40: Time-lapse microscopy of hMSC during NP exposure. Representative time-lapse
images of hMSC after 30 min, 60 min, 90 min, and 120 min of incubation with A: pure Ag NP
(35 ug mL1), B: the Ag50/Pt50 physical mixture (35 pg mL! of each NP), and C: AgAc solution
(3.5 ug mL* Ag). Live cells are plastic-adherent with a typical fibroblast-like morphology; dead
cells exhibit a spherical morphology due to detachment from the cell culture plate and are
indicated exemplary by black circles. Scale bar 200 um applies to all images. Modified
from [254].

As was discussed in the sections 4.3.2 and 4.5.1, the amount of released Ag* and the
resulting biological effects of Ag NP are time- and concentration-dependent, since many
factors influence their oxidative dissolution in biological environments (physicochemical
NP properties, the nature of the environment, etc.) [43,51,57-62,205,219].
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Therefore, time- and concentration-dependent cell viability upon exposure to the physical
Ag50/Pt50 mixture in comparison to pure Ag NP was examined. To capture the time- and
concentration-dependency of cell viability, adherent hMSC were exposed to pure Pt NP
(35 - 5.0 ug mL1) as well as pure Ag NP and the physical Ag50/Pt50 mixture at different
Ag NP concentrations (35 - 5.0 ug mL1), and cell viability was analyzed after different
incubation periods (2 h, 4 h, 16 h, 24 h, 7 d) by Live-Dead staining with subsequent phase
analysis of the calcein-positive signals.

As is shown in Figure 41 A, no cell toxicity occurred after 2 h of incubation for pure Ag NP,
which was in agreement with the time-lapse microscopy analysis (Figure 40 row A).
Significant cell-toxic effects of pure Ag NP were observed after 4 h of incubation at Ag NP
concentrations of 35 - 25 ug mLt, while at 10 - 5.0 ug mL* significant cell toxicity was
detected only after a prolonged incubation time of 7 d (Figure 41 A).

In contrast to pure Ag NP, the physical Ag50/Pt50 mixture containing 35 - 25 ug mL?
Ag NP induced significant cytotoxicity already after 2 h of incubation (Figure 41 B). After
4 h of incubation and at Ag NP concentrations of 35 - 25 ug mL?, cell viability was overall
stronger affected by the physical mixture compared to same amounts of pure Ag NP, but
became similar after 16 h (Figure 41 A - B). Remarkably, after 4 h of incubation and at an
Ag NP concentration of only 10 ug mL, cell viability was already significantly decreased
by the Ag50/Pt50 mixture (Figure 41 B), in contrast to same amounts of pure Ag NP
(Figure 41 A).

Pure Pt NP exhibited no significant cell toxicity in the tested concentration range and
incubation period (see Appendix, section 7.3.2, Figure A6).

Overall, at the same Ag NP concentrations cell toxicity of the physical Ag50/Pt50 mixture
was higher and occurred faster than for pure Ag NP, which demonstrated a substantially

enhanced cell toxicity of the physical mixture.
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Figure 41: Quantification of time- and concentration-dependent influence of NP on hMSC
viability. HMSC were exposed to A: pure Ag NP or B: the physical Ag50/Pt50 mixture for 2 h,
4 h, 16 h, 24 h, and 7 d in RMPI/FCS. Quantification of cell viability was performed by phase
analysis of calcein-positive signals. Data are expressed as mean * SD of at least three
independent experiments and given as the percentage of untreated hMSC (no NP exposure).
Asterisks indicate significant differences (*** p £ 0.001) compared to the untreated hMSC.

In addition to the time- and concentration-dependent cell toxic effects, the influence of the
Ag/Pt NP ratio within the physical mixture was analyzed. Therefore, hMSC were exposed
to pure Ag NP and different NP mixtures (Ag30/Pt70, Ag50/Pt50, Ag70/Pt30). Cell viability
was analyzed after 24 h and 7 d of incubation by Live-Dead staining with subsequent

phase analysis of the calcein-positive signals, and is summarized in Figure 42.
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At Ag NP concentrations of 35 -25 ug mL?, pure Ag NP and all physical mixtures
exhibited significant cell toxicity towards hMSC either after 24 h and 7 d of incubation
(Figure 42 A and B, respectively). Substantial differences between the toxic effects of pure
Ag NP and the different physical mixtures were detected at an Ag NP concentration of
10 ug mL?* after 24 h of exposure (Figure 42 A). In contrast to pure Ag NP and the
Ag70/Pt30 mixture (which exhibited no cell toxicity at 10 pg mL* Ag NP), cell viability
decreased significantly in the presence of the Ag30/Pt70 and Ag50/Pt50 mixtures, either
than compared to untreated hMSC (Figure 42 A, black asterisks) or to pure Ag NP
(Figure 42 A, red asterisks).

Although, following long-term incubation of 7 d cell toxicity increased for pure Ag NP as
well as for all physical mixtures compared to untreated hMSC (Figure 42 B, black
asterisks), the toxic effects of the Ag30/Pt70 and Ag50/Pt50 mixtures were still
significantly enhanced compared to pure Ag NP (Figure 42 B, red asterisks). Similar to
the observations regarding the antimicrobial activity (see section 4.6), a Pt content of
30 wt% in the physical mixture did not lead to higher toxicity in comparison to pure Ag NP

after 24 h and 7 d of exposure.

In summary, regarding the results obtained by analysis of antimicrobial activity and
viability of hMSC, a Pt-dependent increased toxicity of physical Ag/Pt NP mixtures
containing at least 50 wt% Pt was detected compared to pure Ag NP. To prove whether
these observations were correlated to an enhanced Ag* release, dissolution experiments

were performed and are presented below (see section 4.8).
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Figure 42: Quantification of cell viability of hMSC after exposure to physical NP mixtures
containing different Pt NP amounts. HMSC were exposed for A: 24 h (partially modified
from [254]) or B: 7 d to pure Ag NP and different physical NP mixtures (Ag30/Pt70, Ag50/Pt50,
Ag70/Pt30) in RMPI/FCS. Quantification of cell viability was performed by phase analysis of
calcein-positive signals. Data are expressed as mean = SD of at least three independent
experiments and given as the percentage of untreated hMSC (no NP exposure). Asterisks
indicate significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001) compared to the untreated

hMSC (black) or between pure Ag NP and the physical mixtures (red).

4.8 Dissolution of physical mixtures

Concerning the increased biological activity of physical mixtures against both bacteria and
hMSC compared to pure Ag NP (see sections 4.6 and 4.7) and the postulated sacrificial
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anode effect, the dissolution behavior of Ag NP in the presence of Pt NP was analyzed by

UV-Vis spectroscopy, CV measurements, and AAS analysis.

Spectroscopic analysis

Surface plasmon resonance is one of the intrinsic properties of Ag NP dispersions and
responsible for their characteristic optical absorption spectra, which are correlated to the
morphology of the NP, including NP shape, size, and surface coating [255-258]. In
particular, in dependency of the NP size a single maximum is displayed by spherical and
spherical-like Ag NP in the range between 390 and 460 nm [255,259,260]. Therefore,
morphological alterations of Ag NP (e.g., caused by NP dissolution) can be monitored by
changes of peak height, area, and position.

The change of the absorption properties of Ag NP within the physical Ag50/Pt50 mixture
were tracked time-dependently in the cell culture medium RPMI1640 between 300 and
500 nm and compared to pure Ag NP. In general, pure Pt NP do not show absorption
maxima in this wavelength range [261]. The pure Ag NP used in this thesis were spherical
with an average diameter between 5 and 10 nm, and therefore displayed one single
absorption maximum at 400 nm (Figure 43 A - B).

The absorption maximum of pure Ag NP at 400 nm decreased only minor in height within
15 min of incubation in RPMI1640, suggesting that no considerable NP transformation
occurred. In the case of the physical Ag50/Pt50 mixture, a strong decline of the Ag NP
absorption maximum was observed already after 5 min of incubation, while the plasmon
peak disappeared completely within 15 min. This rapid and complete decline of the
characteristic Ag NP plasmon peak in the presence of Pt NP indicated that the interaction
of both particle types led to a considerable morphological transformation of the Ag NP
[255,259].

For physical mixtures consisting of small Ag NP (d 10 nm) and more noble small platinum,
palladium, or rhodium NP (d 2 - 3 nm), Toshima et al. and Hirakawa et al. described a
spontaneous bi-metallization, i.e., the occurrence of bimetallic core/shell structured NP
with an Ag core and a shell of the more noble metal [261-265]. The authors associated
the rapid decrease of the Ag NP absorption peak in the respective physical mixtures with
the coverage of the Ag NP surface by the more noble NP. Although electrochemical
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Ag NP dissolution was not considered, the authors demonstrated that the original Ag NP
were larger than the emerging bimetallic NP, which indicated at least a partial Ag NP
dissolution.

Currently, such a bi-metallization process of Ag NP and Pt NP within the physical mixtures
examined in this work was not investigated and cannot be excluded. However, the
demonstrated enhanced toxicity of the physical mixtures together with the strong decline
of the Ag NP absorption peak in the presence of Pt NP provided a strong evidence for an

underlying sacrificial anode mechanism, which resulted in an enhanced Ag™ release.
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Figure 43: UV-Vis absorption spectra of A: pure Ag NP (50 ug mL'') and B: the Ag50/Pt50
physical mixture (50 ug mL* of each NP) in RPMI1640 as a function of time. Spherical Ag NP
exhibit a maximum at 400 nm due to surface plasmon resonance. Modified from [254].

Cyclic voltammetry

In addition to the UV-Vis spectroscopic analysis, CV measurements were used to
compare the Ag* release from the physical Ag50/Pt50 mixture with pure Ag NP. The
obtained cyclic voltammograms are shown in Figure 44. Similar to the observations made
in section 4.4 (Figure 23), the voltammogram of pure Ag NP exhibited a characteristic
peak at about 0.2 V, which corresponds to the oxidative Ag* release from the NP and can
be attributed to AgCl formation in solvents containing chlorides (Figure 44). In agreement
with previously published data, reduction of Ag* to Ag could be observed between 0.0 V
and -0.2 V [210,211].
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In contrast, for the physical Ag50/Pt50 mixture almost no signals for Ag oxidation and Ag
reduction could be detected. Also, no alloy signal occurred, which would be reflected by
broadening of the peak and shifting to higher oxidation potentials, as demonstrated for the
alloyed bimetallic NP (see section 4.4, Figure 23) [210,212]. Therefore, an
electrochemical stabilization of Ag by the presence of Pt NP could be excluded for the
physical Ag50/Pt50 mixture.
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Figure 44: Cyclic voltammograms of pure Ag NP and the physical Ag50/Pt50 mixture. NP were
applied onto the WE by drop-casting (2 uL pure Ag NP (1 mg mL™) or 2 uL Ag NP and 2 uL Pt NP
(1 mg mL! each NP dispersion)) and dried in an argon flow. CV analysis was carried out in a

0.1 M ag HCI solution at a scan rate of 100 mV s, Modified from [254].

Considering the experimental setup, which required a droplet-drying phase before the
measurement as well as the fact that Ag dissolution during CV analysis is driven either
chemically by the chloride-containing solvent and electrochemically by the applied current,
the absence of Ag oxidation and reduction signals for the Ag50/Pt50 mixture could be

correlated to an already finalized Ag NP dissolution. Thus, these results further confirmed
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the findings obtained by time-lapse microscopy, which demonstrated that biological

effects of the physical Ag/Pt NP mixture occurred very fast, indicating a rapid Ag* release.

Atomic absorption spectroscopy

As demonstrated above, both the UV-Vis and the CV analyses indicated a substantially
faster Ag NP dissolution in the presence of Pt NP. To finally confirm an enhanced Ag*
release from Ag NP within the physical mixture, the Ag NP dissolution behavior in the cell
culture medium RPMI1640 was investigated by quantification of the released Ag* using
AAS. As is shown in Figure 45, about 1 wt% of the total initial A NP mass was released
from pure Ag NP in the form of Ag* after 180 min of incubation.

In the case of the physical Ag50/Pt50 mixture (with the same total initial Ag NP amount)
1 wt% Ag* was released already after 60 min of incubation and increased to 4 wt% Ag*
after 180 min of incubation (Figure 45). Thus, when Pt NP were present the amount of

released Ag* from Ag NP increased four-fold compared to pure Ag NP in RPMI1640.
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Figure 45: Evaluation of released Ag* from pure Ag NP and a physical NP mixture as a function
of time. Pure Ag NP (50 pg mL™) or a physical Ag50/Pt50 mixture (50 pg mL! of each NP) were
incubated for different time periods in RPMI1640. Determination of the Ag* release was

performed by AAS and is given as wt% of the total applied Ag NP mass. Modified from [254].

In summary, with respect to the presented biological and analytical examination
(enhanced toxicity towards bacteria and hMSC, UV-Vis, CV, AAS), a substantially higher
Ag™* release due to a faster Ag NP dissolution in the presence of pure Pt NP within physical
Ag/Pt NP mixtures compared to same amounts of pure Ag NP could be confirmed. This
effect was dependent on incubation time, NP concentration, and the Ag/Pt NP ratio, and

obviously electrochemically-driven by a Pt-induced sacrificial anode reaction.
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5. Summary and Outlook

Despite best clinical practice, implant-associated infections remain one of the most
challenging clinical problems [5]. The main reasons can be identified as: (i) the ability of
pathogenic bacteria to adhere to the surface of medical devices and to form biofilms,
which are inherently little sensitive to antibiotics, (ii) the steadily increasing amount of MDR
microorganisms, such as MRSA or the ESBL harboring E. coli as well as (iii) the decline
in discovery and approval of new antibiotics [5,9,12]. Therefore, it is of great importance
to develop novel antimicrobial strategies, such as the coating of medical devices with Ag,
that can hinder or prevent bacterial colonization and growth.

In general, smart Ag-containing biomaterials or coatings should meet two requirements:
the effective bacterial killing by an efficient local Ag* burst and the prevention of long-
lasting toxic effects on human tissue using as little Ag as possible and a time-limited Ag*
release [51,104,117]. Thus, the aim of this thesis was to prove whether these
requirements can be achieved by the crosslinking of nanotechnology and the sacrificial
anode principle, while two distinct strategies were applied: the combination of Ag with the
electrochemically more noble Pt in the form of (i) bimetallic AgPt NP and (ii) physical

mixtures of pure Ag NP and pure Pt NP.

In the first part of the thesis, wet-chemically synthesized, PVP-coated pure Ag NP, pure
Pt NP, and bimetallic AgPt NP were characterized regarding their physicochemical
properties, dissolution behavior, and biological activity towards bacteria and human tissue
cells. As demonstrated by different analytical techniques, all NP had a spherical-like
morphology and diameters in the range of 5 - 10 nm with a narrow size distribution. Five
different metal compositions of the bimetallic AgPt NP were realized (metal content in
mol%: AgioPteo, AgsoPt7o, AgsoPtso, Ag7oPtso, AgeoPtio), exhibiting a hollow microstructure
with an alloyed character, i.e., Ag and Pt were uniformly distributed within the NP
(Figure 46).

Analysis of the antimicrobial activity against gram-positive S. aureus and gram-negative
E. coli demonstrated that bimetallic AgPt NP containing at least 50 mol% Ag exhibited
significant antimicrobial effects against both strains. However, the antimicrobial effects of

pure Ag NP were substantially higher compared to the bimetallic NP. In addition, the
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assessment of hMSC viability using different cell viability assays revealed a good
biocompatibility of bimetallic AgPt NP containing less than 90 mol% Ag, while the same
amounts of pure Ag NP exhibited concentration- and time-dependent cell toxic effects.
Thus, the overall higher toxicity of pure Ag NP indicated a lower Ag* release from
bimetallic NP and the absence of a sacrificial anode effect, which was confirmed using
AAS and CV measurements. CV analysis additionally revealed a considerably shifted Ag
oxidation to higher oxidation potentials, with a substantial peak broadening for bimetallic
NP. These observations were associated with the dealloying of the alloyed system, which
was based on electrochemical Ag stabilization and increased Ag oxidation potential. Such

an alloying effect of Pt was demonstrated here for bimetallic AgPt NP for the first time.

Silver Platinum

Ag,Pty Ag;,Pt;g Ags,Pts Ag;,Pt;, AggoPt,g

L J
!

Bimetallic alloyed silver-platinum NP

Figure 46: Schematic illustration of the different metal compositions (Agmoi%Ptmoi%) 0f PVP-
coated bimetallic AgPt NP obtained by wet-chemical synthesis. The NP exhibited a spherical-

like morphology and a hollow microstructure with alloyed character.

Although a sacrificial anode effect could be excluded for the bimetallic system, long-term
investigation revealed certain promising biological effects of Pt-rich bimetallic NP. After
long-term NP exposure, cell convergence of hMSC cultures, similar to the formation of
cell nodules during osteogenic differentiation of hMSC in vitro, was observed for AgPt NP
containing at least 50 mol% Pt and pure Pt NP. Using cell migration assays, Pt-related
hMSC accumulation was shown to be associated with inhibited cell migration, although

no adverse effects on the cytoskeleton organization were observed. The inhibiting effect
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on hMSC migration was most pronounced for pure Pt NP, followed by the bimetallic
AgioPteo NP and AgsoPtzo NP, while the AgsoPtso NP did not inhibit cell migration, which
emphasized the role of the Pt-content.

As has been shown by various in vitro studies, osteogenic differentiation of hMSC is
associated with bone-nodule formation as well as the downregulation of cell
migration [215,235,237]. Therefore, a possible correlation of the observed Pt-related cell
clustering and inhibition of cell migration with osteogenesis was investigated. Analysis of
the osteogenic differentiation potential of hMSC after long-term exposure to Pt-rich NP
and examination of TLR4 receptor signaling involvement (an important mediator of
osteogenesis in vitro [240]) demonstrated the absence of an osteo-inductive activity of the
NP. However, stimulation of h(MSC for osteogenic differentiation by ODM in the presence
of pure Pt NP and bimetallic AgPt NP with at least 50 mol% Pt revealed a concentration-
dependent stimulatory effect on osteogenesis, resulting in significantly enhanced cell
calcification and AP activity. Thus, for the first time, a Pt-related osteo-promotive activity
on hMSC in vitro was demonstrated.

Considering this osteo-promotive activity of Pt-containing NP and the highly balanced
interplay between bone formation (osteoblasts) and bone resorption (osteoclasts) during
the bone remodeling process [140], an impairment of osteoclastogenesis by Pt-rich NP
was likely, and could be confirmed by examination of the differentiation potential of OSC
precursor cells. In detail, a concentration-dependent impairment of the OSC size as well
as the OSC fusion mechanism in the presence of pure Pt NP and Pt-rich bimetallic
AgPt NP (=50 mol% Pt) was demonstrated. Furthermore, a Pt-related peroxidase-like
enzymatic activity was shown by analysis of TMB conversion, which revealed the ROS
scavenging properties of Pt-containing NP. Since ROS represent key second messenger
molecules in biological systems, and are involved in many regulatory processes, including
multiple signal transduction pathways, cell growth, migration, and differentiation [266—
268], the demonstrated biological effects of Pt-rich NP can be correlated to their ROS
scavenging activity. In particular, ROS play an important role in the bone remodeling
process and stimulate osteoclastogenesis, which results in enhanced bone resorption and
inhibited bone formation (Figure 47 A). Hence, Pt-related ROS scavenging reduces ROS
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levels, which leads to decreased bone resorption and turns the bone remodeling balance

towards bone formation (Figure 47 B).
B Platinum NP
» ROS scavenging
‘ROS. |_ Q0
Q¢

Osteoblasts Osteoclasts Osteoblasts Osteoclasts
®® M 2000 3.
» reduced bone formation » enhanced bone resorption » enhanced bone formation » reduced bone resorption

Figure 47: Schematic illustration of the interplay between ROS, Pt NP, and the bone remodeling
process. A: ROS stimulates bone resorption, while bone formation is inhibited. B: Pt NP act as
ROS scavenger and reduce ROS levels resulting in an inhibited bone resorption, which, in turn,
shifts the balance towards bone formation. Stimulatory and inhibitory processes are indicated

by arrow-ending and bar-ending lines, respectively.

In conclusion, by the combination of Ag and Pt in the form of bimetallic AgPt NP and by
variation of the respective Ag and Pt content, elemental compositions were identified
harboring the combinatory properties of both metals. As was demonstrated, bactericidal
effects against both S. aureus and E. coli were induced at an Ag content of at least
50 mol%, while a Pt content of at least 50 mol% stimulated the osteogenic differentiation
of h(MSC and simultaneously inhibited osteoclastogenesis. Thus, the AgsoPtso composition
exhibited a good biocompatibility concomitantly with antimicrobial properties and osteo-
promotive activity, as is summarized in Figure 48. These findings might be useful
especially for the development of novel antimicrobial and osteo-promotive biomaterials

(as discussed below).
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Figure 48: Schematic overview of the Ag- and the Pt-related properties yielding bimetallic

AgsoPtso NP with combinatory properties (indicated by arrows) of both metals.

Since bimetallic alloyed AgPt NP were not suitable as a sacrificial anode system, i.e., the
Ag* release was not improved compared to the same amount of pure Ag NP, in the second
part of this thesis, a non-alloyed nanoparticular system, which provided a physical
separation of the metals, was examined. Physical mixtures of PVP-coated pure Ag NP
and pure Pt NP (characterized in the first part of the thesis) were prepared from the
corresponding NP dispersions with different metal ratios (metal content in wt%:
Ag30/Pt70, Ag50/Pt50, Ag70/Pt30), while the Ag NP amount was kept constant and only
the Pt amount was varied (Figure 49). As in the case of the bimetallic NP, biological
effects, including antimicrobial activity against S. aureus and E. coli and cell viability of
hMSC as well as the dissolution behavior of the NP were investigated.

It was demonstrated that the antimicrobial activity of the physical mixtures containing
70 wt% and 50 wt% Pt NP was significantly improved against both S. aureus and E. coli
compared to pure Ag NP, in contrast to the physical mixture with 30 wt% Pt NP, which
was comparable to pure Ag NP. Similarly, cell viability of hMSC was significantly
decreased for the Ag30/Pt70 and the Ag50/Pt50 mixtures and toxicity occurred
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substantially faster than for pure Ag NP, with dependency on NP concentration, incubation
time, and the Ag/Pt NP ratio. In particular, cell toxic effects of the Ag50/Pt50 mixture
containing 10 ug mL* Ag NP were detected already after 4 h of incubation, while the
same amount of pure Ag NP did not induce cell toxicity until 7 d of exposure. Such an
enhanced toxicity of physical Ag/Pt NP mixtures has not been demonstrated so far. Since
Ag* is the biologically active form of Ag, these results provided strong evidence for an
enhanced Ag* release from Ag NP due to the presence of Pt NP.
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Physical mixtures of silver NP and platinum NP

Figure 49: Schematic illustration of the different metal ratios (Agwtw/Ptwiw) of physical mixtures
obtained from wet-chemically synthesized PVP-coated pure Ag NP and pure Pt NP. All physical

mixtures contained a constant Ag NP amount, while the Pt NP amount was varied.

An underlying Pt-induced sacrificial anode effect was verified by analytical examination.
According to UV-Vis analysis, a substantial morphological transformation of the Ag NP
within the physical mixture was detected due to complete disappearance of the
characteristic Ag NP absorption peak (correlated to particle morphology), while only a
minor transformation was detected for pure Ag NP. The cyclic voltammograms obtained
for the physical Ag50/Pt50 mixture displayed no signals of Ag oxidation or reduction, which
was correlated to an already completed Ag NP dissolution prior to the measurement,
considering the experimental setup (droplet-drying phase) as well as the chemically- and
electrochemically-driven Ag dissolution during CV analysis. Furthermore, due to the fact
that no peak broadening or shifting to higher oxidation potentials was detected, an alloying
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effect, as in the case of bimetallic AgPt NP, could be excluded for the physical mixture.
Beside the Pt-induced sacrificial anode effect, at least a partial spontaneous formation of
bimetallic core/shell structured NP, consisting of an Ag core with a shell of the more noble
metal, as reported by Toshima et al. and Hirakawa et al. [264,265], could be considered
and would also explain the decline of the plasmon Ag peak as well as the absence of Ag
oxidation and reduction signals in the cyclic voltammograms of the physical Ag50/Pt50
mixture. However, although the detailed mechanism behind the observed effects has to
be investigated in detail, both the UV-Vis and the CV analyses as well as the
demonstrated enhanced toxicity of the physical mixtures provided strong evidence for a
fast Ag NP dissolution process in the presence of Pt NP, which was verified by dissolution
experiments with subsequent AAS measurements. As demonstrated, Ag NP dissolution
within the physical Ag50/Pt50 mixture proceeded substantially faster and yielded a four-
fold higher amount of released Ag* compared to pure Ag NP.

In conclusion, biological and analytical examination demonstrated for the first time, that
the presence of Pt NP within physical Ag/Pt NP mixtures induced a significantly enhanced
Ag* release due to a faster Ag NP dissolution compared to the same amounts of pure
Ag NP. Thus, using physical Ag/Pt NP mixtures, a nanoparticular sacrificial anode system

with improved antimicrobial activity was obtained.

Considering the Pt-related osteo-promotive activity demonstrated in the first part of the
thesis and the improved antimicrobial activity of physical Ag/Pt NP mixtures shown in the
second part, these findings might contribute to the development of novel antimicrobial and
osteo-promotive biomaterials and implant coatings.

In general, the coating of implants and other surfaces with metallic NP can be realized by
multiple methods, such as electro- and electroless chemical plating, spin and dip coating,
chemical and physical vapor deposition, plasma thermal spraying, or chemical surface
conversion [269-272]. Suitable techniques for the direct transfer of NP from NP
dispersions on surfaces are represented by spin coating, where the coating material is
drop-casted and spread out on a spinning substrate, and dip coating, performed by the
dipping of the substrate into immersed coating material with subsequent force- or thermal-

drying [270]. Both methods allow for the formation of thin films on the substrate and might
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be suitable for the preparation of Pt NP and Ag NP layers on medical devices. Further
promising coating techniques are chemical and physical vapor deposition (CVD and PVD,
respectively), in which the coating material is deposited on the substrate from a gaseous
phase by chemical reaction with the substrate (CVD) or by evaporation from a solid phase
(PVD) [270]. One of the dominant PVD techniques is magnetron sputtering, which allows
for fast deposition rates and creates strongly adhesive coatings even on complex
geometries [273]. However, considering the results demonstrated above, a suitable
technique for the fabrication of implant coatings based on physical Ag/Pt NP mixtures
should meet the following requirements: (i) avoiding the involvement of electrolytes, due
to the sacrificial anode-driven Ag dissolution process, (ii) allow a sufficient physical
separation of the metals, as alloyed systems were demonstrated to lack a sacrificial anode
effect, and (iii) ensure an appropriate adhesiveness of the coating material to avoid
detachment, which can lead to systemic spreading of the NP.

The advantages of an implant coating based on physical Ag/Pt NP mixtures include the
Ag-related antimicrobial activity, improved in comparison to pure Ag-coatings by the
sacrificial anode effect of Pt, concomitantly with the Pt-related osteo-promotive properties.
The proposed mode of action is shown in Figure 50. First, the Pt-induced sacrificial anode-
driven Ag* burst creates a high local Ag* concentration around the implant (Figure 50 A),
while this toxic environment prevents bacteria from adhesion to the implant surface
(Figure 50 B). Although tissue cells are also affected during this antibacterial phase due
to the unspecific toxicity of Ag, the high velocity of the reaction provokes a time-limited
and rapidly declining Ag* release, thereafter cell adhesion takes place, since human tissue
is capable for regeneration, in contrast to bacteria. Thus, once the Ag NP are dissolved,
the regeneration process initiates, and the Pt-related osteo-promotive activity is
developed (Figure 50 C).

Although further detailed research is necessary, biomaterials and coatings exhibiting the
demonstrated combinatory effects of Ag and Pt have a high potential, especially in the
context of bone regenerative medicine, including bone fracture healing applications. With
regards to the improved antimicrobial properties, other fields of application, such as
bactericidal systems for water and surface purification in the technical area may also be

considered.
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Figure 50: Schematic illustration of the proposed mode of action for an implant coating based
on a physical Ag/Pt NP mixture with Ag-related antimicrobial and Pt-related osteo-promotive
activities. A: Pt-induced Ag™* burst based on the sacrificial anode principle, B: development of
the Ag-related antimicrobial activity, and C: development of the Pt-related osteo-promotive

activity.
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7. Appendix

7.1 Nanoparticle synthesis

For all syntheses ultrapure degassed water (PURELAB Ultra instrument) was used and
the obtained NP were stored under argon at 4 °C to avoid oxidation. All NP were coated
with PVP to stabilize the NP dispersions in cell culture media.

Pure silver nanoparticles

For synthesis of pure Ag NP, 1.8 mg silver nitrate (AgNO3, >99.9%; Carl Roth, Karlsruhe,
Germany) and 1.8 mg trisodium citrate (anhydrous 98%; Acros Organics, Nidderau,
Germany) were dissolved in 35 mL water and rapidly cooled using an ice bath with stirring.
Subsequently, 1 mL of a 10 mM cold aq solution of sodium borohydride (NaBH4, 296%;
Sigma-Aldrich, Taufkirchen, Germany) was added, followed by 1 mL of a 25 mM aq
solution of PVP. The reaction mixture was stirred for 3 h. The PVP-coated Ag NP were
purified in two centrifugation steps (29,400 g; Sorval WX Ultracentrifuge Series; Thermo

Fisher Scientifics, Waltham, USA) with re-dispersion in water [182].

Pure platinum nanopatrticles

Pure Pt NP were synthesized by dissolving 600 mg trisodium citrate and 300 mg tannic
acid (Fluka) in 150 mL water under stirring and heating to 100 °C under reflux. After
addition of 5 mL of an aq hexachloroplatinic acid solution (H2PtCls, >99.9%; Carl Roth,
Karlsruhe, Germany) containing 25 pumol Pt, the mixture was boiled for 20 min under reflux
and subsequently rapidly cooled to RT using an ice bath. After cooling 50 mg PVP
dissolved in 5 mL water (0.125 uM) were added and the reaction mixture was stirred for
at least 12 h. Purification of the Pt NP was performed by a first centrifugation step
(2,451 g; Hettich Rotofix 32A; Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) in
an Amicon Ultra-15 centrifugal filter (MWCO = 3 kDa), followed by ultracentrifugation
(66,000 g; Sorval WX Ultracentrifuge Series) for 30 min with subsequent re-dispersion in

water.
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Bimetallic silver-platinum nanopatrticles

Bimetallic AgPt NP were synthesized using a seeded-growth method [184]. The AgsoPtso
composition was obtained by addition of 0.25 mL AgNOs (10 mM, aq) and 0.5 mL
trisodium citrate (132 mM, aq) to 50 mL ice-cold water. Then 0.8 mL of NaBHa4 (10.6 mM,
aqg) were rapidly added under vigorous stirring and incubated for 2 min. Subsequently,
0.25 mL of H2PtCls (10 mM, aq) adjusted to pH 3 with hydrochloric acid were added to the
reaction mixture, followed by 0.8 mL of NaBH4 (10.6 mM, aq). After 4 min of stirring the
mixture was neutralized with 2 M sodium hydroxide and the NP were functionalized
overnight at RT with 1 mL PVP (135 mM, aq). The AgPt NP were purified by three steps
of ultracentrifugation (29,400 g to 66,000 g Sorval WX Ultracentrifuge Series; 30 min
each) and subsequently re-dispersed in water under ultra-sonication. Other AgPt NP

compositions were obtained by variation of the metal precursor amounts (Table Al) [184].

Table Al: Variation of the Ag precursor (AgNOs) and the Pt precursor (H2PtClg) amounts to obtain

different molar AgPt NP compositions (suitable for areaction volume of 50 mL) (modified from [184].

Nominal composition /
P Agi1oPteo  AQaoPt7o  AQsoPtso Ag7oPtzc  AgdeoPtio

Agmol%Ptmol%
(12,/ Q&T%L 0.05 0.15 0.25 0.35 0.45
(1\{, :Zhi)tfm 0.45 0.35 0.25 0.15 0.05
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7.2 Bimetallic nanoparticles

7.2.1 Antimicrobial activity

Table A2: Antimicrobial activity of different NP towards S. aureus and E. coli. The MIC and the MBC

values are given in ug mL? of the NP. (>) indicates no inhibitory (MIC) or bactericidal (MBC) effects

up to the given concentration, and (2) indicates inhibitory or bactericidal effects at the given

concentration and above.

S. aureus

pure Pt NP
Ag10Pteo NP
Agzo0Pt70 NP
AgsoPtso NP
Ag7oPtzo NP
AgooPtio NP

pure Ag NP

E. coli

pure Pt NP
Ag10Ptee NP
AgzoPt7o NP
AgsoPtso NP
Ag7oPtzo NP
AdooPtio NP

pure Ag NP

10° CFU mL™
MIC / MBC /
ug mL* ug mL*
> 100 > 100
> 100 > 100
> 100 > 100
> 50 > 100

2 50-100 > 100

=50 > 100
=10-25 =50
10° CFU mL?
MIC / MBC /
mgmL*  pgmL*
> 100 > 100
> 100 > 100
> 100 > 100
=100 > 100
=50 =100
250 2100
=25 =50

10* CFU mL*
MIC / MBC /
Hg mL* ug mL*
> 100 > 100
> 100 > 100
> 100 > 100
> 25 > 100
> 50 > 100
>25 > 100
>5 > 10-25
10* CFU mL
MIC / MBC /
pgmL*  ugmL?
=100 > 100
> 100 > 100
> 100 > 100
> 50 > 100
> 25 > 50
> 25 >25
>10-25  210-25
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10° CFU mL*
MIC / MBC /
ug mL* Hg mL*
> 100 > 100
> 100 > 100
> 100 > 100

225 = 50-100

225 2 50-100

=25 =50
>5 >10
10° CFU mL
MIC / MBC /
mgmL*  pugmL?
> 100 > 100
> 100 > 100
> 100 > 100
=50 =50
>10 >25
>10 >25
>5 >5
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7.2.2 Cell viability

Adherent hMSC (1.5 x 10* cells mLt) were exposed to different bimetallic AgPt NP, pure
Ag NP, and pure Pt NP (50, 25, 10 and 5.0 ug mL™* each) for 24 h, 7 d, and 21 d. Cell
viability was quantified by the BCA protein assay using the Pierce BCA Protein Assay

Kit (Thermo Fisher Scientifics) and the AlamarBlue assay.

BCA protein assay

Briefly, after incubation with the NP cells were washed with PBS and lysed with cell lysis
buffer containing 50 mM Trizma hydrochloride (Tris-HCI, >99%; Sigma Aldrich), 150 mM
sodium chloride (NaCl, >99.5%; Sigma Aldrich) and 1% Triton X-100 in PBS (v/v); Sigma
Aldrich) for 30 min at 4 °C shaking on a plate rotator (IKA Rocker 2D digital).
Subsequently, the lysed cells were centrifuged (5 min, 14,000 g, RT; Heraeus Picol7
micro centrifuge), 25 pl of the supernatant of the cell lysates were transferred to a 96-well
microplate and mixed with 200 pl of the BCA working reagent (prepared according to the
manufacturer protocol). After 30 min of incubation at 37 °C the plate was cooled to RT,
and the absorbance was measured at 562 nm using a microplate reader (MRX
Revelation). The data are expressed as the mean + SD and given as percentage of the
untreated hMSC (cells cultured in RPMI/FCS without NP).
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Figure Al: Quantification of hMSC cell viability after NP exposure. HMSC were incubated for A:
24 h, B: 7d, and C: 21 d with different NP in RMPI/FCS, and the protein content of the cell
cultures was determined by the BCA protein assay. Data are expressed as mean + SD of at least
three independent experiments and given as the percentage of untreated hMSC (no NP
exposure). Asterisks (*) indicate significant differences (** p £0.01, *** p < 0.001) compared to
the untreated hMSC.
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AlamarBlue assay
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Figure A2: Quantification of hMSC cell viability after NP exposure. HMSC were incubated for
21 d with different NP in RMPI/FCS, and the metabolic activity was determined by the
AlamarBlue assay. Data are expressed as mean + SD of at least three independent experiments
and given as the percentage of untreated hMSC (no NP exposure). Asterisks (*) indicate
significant differences (* p £ 0.05, ** p £0.01, *** p < 0.001) compared to the untreated hMSC.

7.2.3 Cell migration

Scratch cell migration assay

ot

Figure A3: Cell migration analysis by the scratch cell migration assay. Representative time-
lapse images of hMSC migration exposed to pure Pt NP (50 ug mL™!) after A: 0d and B: 7 d of
incubation. Black bars indicate initial scratch borders; white arrows indicate cell migration

direction. Scale bar 500 um applies to all images.
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Cytoskeleton organization

Figure A4: Immunohistochemical analysis of the cytoskeleton by CLSM. Representative
fluorescence images of hMSC after 7 d of NP exposure in RPMI/FCS and staining of actin
filaments (TRITC-phalloidin, red fluorescence), vimentin filaments (anti-vimentin /
AlexaFluor488, green fluorescence), and cell nuclei (Hoechst 33342, blue fluorescence).
Al - A3: untreated hMSC (no NP exposure), hMSC exposed to B1 - B3: pure Pt NP, C1-C3:
Agi10Ptoo NP, D1 - D3: AgsoPt7o NP, and E1 - E3: AgsoPtso NP (100 ug mL* each). Al - E1: actin /
nuclei overlay, A2 - E2: vimentin / nuclei overlay, A3 - E3: actin / vimentin / nuclei overlay. Scale

bar 100 um applies to all images.

137



- Appendix -

Figure A5: Immunohistochemical analysis of the cytoskeleton by CLSM. Representative
fluorescence images of hMSC after 7 d of NP exposure in RPMI/FCS and staining of actin
filaments (TRITC-phalloidin, red fluorescence), vinculin filaments (anti-vinculin /
AlexaFluor488, green fluorescence), and cell nuclei (Hoechst 33342, blue fluorescence).
Al - A3: untreated hMSC (no NP exposure), hMSC exposed to B1 - B3: pure Pt NP, C1-C3:
Agi10Pteo NP, D1 - D3: AgsoPtzo NP, and E1 - E3: AgsoPtso NP (100 pg mL-1 each). Al - E1: actin /
nuclei overlay, A2 - E2: vinculin / nuclei overlay, A3 - E3: actin / vinculin / nuclei overlay. Scale

bar 100 um applies to all images.
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7.3 Physical mixtures of nanoparticles

7.3.1 Antimicrobial activity

Table A3: Antimicrobial activity of pure Pt NP, pure Ag NP, and the respective physical mixtures

towards S. aureus and E. coli. The MIC and the MBC values are given in ug mL™? of the NP. For

physical mixtures, the NP concentration refers to the Ag NP concentration. (>) indicates no

inhibitory (MIC) or bactericidal (MBC) effects up to the given concentration, and (2) indicates

inhibitory or bactericidal effects at the given concentration and above.

S. aureus

pure Pt NP
pure Ag NP
Ag30/Pt70
Ag50/Pt50

Ag70/Pt30

E. coli

pure Pt NP
pure Ag NP
Ag30/Pt70
Ag50/Pt50

Ag70/Pt30

10° CFU mL*
MIC / MBC /
ng mL* Hg mL*
> 35 >35
> 10-25 > 35
> 5-25 > 10-25
>10-25  210-25
> 5-25 > 25-35
10° CFU mL
MIC / MBC /
pgmL*  pgmL*
> 35 > 35
>25 >35
>10-25  210-25
>10-25 22535
> 10-25 >35

10* CFU mL
MIC / MBC /
ng mL+* Hg mL*
> 35 > 35
>5 > 10-25
>5 >10
=25 =10
>5 >10
10* CFU mL
MIC / MBC /
pgmL*  ugmL?
> 35 > 35
>10-25  210-25
>5 > 5-10
=5-10 210
> 5-10 > 10-25
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10% CFU mL*
MIC / MBC /
Mg mL* Hg mL+*
> 35 >35
25 210
>5 >5
>5 >5
>5 >10
10% CFU mL*
MIC / MBC /
MgmL*  pgmL?
> 35 > 35
>5 >5
>5 >5
>5 >5
>5 >5
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7.3.2 Cell viability
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Figure A6: Quantification of time- and concentration-dependent cell viability of hMSC in the
presence of NP. HMSC were incubated with pure Pt NP for 2h, 4h, 16 h, 24 h, and 7d in
RMPI/FCS. Cell viability was quantified by phase analysis of calcein-AM staining. Data are
expressed as mean = SD of at least three independent experiments and given as the percentage
of untreated hMSC (no NP exposure). Asterisks (*) indicate significant differences (* p £ 0.05)

compared to the untreated hMSC.
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