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Abstract

Microorganisms possess multiple mechanisms to transport, regulate and bind metal ions that
can in some cases result in nanoparticle (NPs) biosynthesis. Bacteria can produce a wide variety
of metallic NPs including palladium (Pd) NPs. While current industrial practices employ
chemical and physical methodologies for NP production, these methods often entail high-
energy consumption, the use of toxic chemicals, and the production of waste. Biologically
mediated nanoparticle (NP) synthesis offers an eco-friendly and sustainable alternative route
for metal NP production.

Pd-based NPs are versatile, well-described catalysts with many different industrial
applications. Uniform and size-controlled synthesis of NPs has become a significant area of
research due to its influence on their properties. At the nanoscale, small Pd NPs exhibit weak
ferromagnetic properties, which can be enhanced by incorporating iron (Fe). The combination
of Pd with Fe leads to synergistic effects that enhance the catalytic performance of Pd and
modify the magnetic behavior. Surprisingly little is known about the production of Pd-Fe
bimetallic nanoparticles by microorganisms, despite their potential applications.

In this thesis, various advanced techniques were used for the systematic characterization of
biogenic Pd and Pd-Fe NPs produced by Escherichia coli K-12. Using high-angle annular dark
field - scanning electron microscope (HAADF-STEM) combined with energy-dispersive x-ray
spectroscopy (EDX spectroscopy), the composition, size distribution, and localization of the
biosynthesized NPs were analyzed. In addition, atomic force microscopy (AFM) and magnetic
force microscopy (MFM) were used as novel methodologies for the direct study of the low
magnetic moment of intracellular and extracellular Pd-based NPs within well-preserved cells.
Despite the low magnetization, the use of embedded samples enables the direct detection of
the magnetic behavior of particles within bacterial cells, providing valuable insights into their
biophysical characteristics. This study emphasizes the potential of biogenic Pd-Fe NPs as
efficient and sustainable catalyst for hydrogenation reactions, offering environmentally
friendly alternatives for various applications, including wastewater treatment and synthesis of
fine chemicals.






Sammendrag

Mikroorganismer tar i bruk flere mekanismer for transport, regulering og binding av
metallioner som resulterer i biosyntese av nanopartikler. Det har tidligere blitt vist at bakterier
kan produsere et bredt utvalg av metalliske nanopartikler, blant annet av palladium (Pd). | dag
foregar industriell produksjon av nanopartikler ved hjelp av kjemiske og fysiske metoder som
er kjennetegnet ved hgyt energiforbruk, toksiske forlgpermolekyler og miljgskadelige
avfallsstoffer.

Pd-baserte nanopartikler er allsidige og godt beskrevne katalysatorer med flere industrielle
anvendelsesomrader. Siden nanopartiklenes starrelse har mye a si for deres egenskaper, har
starrelseskontroll i syntese av nanopartikler blitt et betydelig forskningsomrade. Pd-
nanopartikler har svake ferromagnetiske egenskaper, som kan forsterkes ved a inkorporere jern
(Fe). Kombinasjonen av Pd og Fe kan gi en synergisk effekt som bade kan gke de katalytiske
ytelsene til Pd, og modifisere nanopartiklenes magnetiske egenskaper. Pa tross av de mange og
viktige bruksomradene av Pd er imidlertid mekanismene for produksjon av Pd-Fe-bimetalliske
nanopartikler ved hjelp av mikroorganismer hittil lite kjent.

| denne avhandlingen er flere avanserte metoder tatt i bruk for & systematisk karakterisere
biogeniske nanopartikler av Pd og Pd-Fe, produsert av Escherichia coli K-12. Hgyvinkel
sirkuleert markefelt - skanning transmisjonselektronmikroskopi (HAADF-STEM) i
kombinasjon med energidispersiv rgntgenspektroskopi (EDX-spektroskopi) er brukt til a
analysere sammensetningen, stgrrelsesfordelingen og lokaliseringen av biosyntetiserte
nanopartikler. For ferste gang er atomear kraftmikroskopi (AFM) og Magnetisk
kraftmikroskopi (MFM) blitt benyttet for & undersgke det lave magnetiske momentet til intra-
og ekstracellulere Pd-baserte nanopartikler i godt preserverte celler. P tross av lav
magnetisering viser det seg at praver innstapt i epoksyharpiks muliggjer direkte detektering av
de magnetiske egenskapene til partikler inne i bakterieceller, noe som gir verdifull informasjon
om partiklenes biofysiske egenskaper. Dette arbeidet vektlegger potensialet av biogenisk Pd-
Fe nanopartikler som effektive og berekraftige katalysatorer av hydreringsreaksjoner samt
muligheten for & utvikle alternative miljgvennlige lgsninger med brede anvendelsesomrader,
som for eksempel behandling av avlgpsvann og syntese av fin- og spesialkjemikalier.
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Doctor at the University of Oslo. The thesis structure consists of five chapters and a collection
of four papers. Chapter 1 starts with an introduction to the synthesis of palladium nanoparticles
by bacteria. Chapter 2 states the main aims of this research, followed by the methods used
throughout this work described in Chapter 3. The paper summaries are in Chapter 4 and are
accompanied by a general discussion in Chapter 5. Finally, at the end of this thesis are the full
versions of the papers with their supplementary material.
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Chapter 1. Introduction

Nanoparticles (NPs) are defined as small structures with dimensions of 1 - 100 nm that can be
comprised of a variety of materials such as carbon, metal, or organic substances. At the limits
of this dimensions (<10 nm), some literature may also refer to them as nanoclusters which are
typically composed of up to 100 atoms and possess relevant to nanoparticles physicochemical
properties [1]. Metal-based nanoparticles (MNPs) contain at least one metallic element and
display diverse shapes. Most of them have different properties compared to bulk metals due to
their large surface-to-volume ratio, unique electromagnetic behavior, and high catalytic activity
[2]. In literature a variety of MNPs is described, which not only comprise pure metals
nanoparticles (e.g., Au, Ag, Pd, Pt, Fe), but also minerals or metal oxides NPs (e.g., Fe20s,
C0304, TiO2), metal sulfides (e.g., FesSs, CdS), doped metal/metal compounds, and metal-
organic complexes [3].

The unique behavior of nanoparticles and other nanostructured materials is strictly size-
dependent and can provide improved functional performance in a variety of technical
applications. Examples of industrial applications of MNPs include their use in chemical
catalysis, cosmetics, detergents, water remediation, and even medical applications. The
particular electromagnetic properties of Fe-based nanoparticles have secured their place as one
of the most frequently used contrast agents in medical imaging [4,5] while the antibacterial
properties of Ag have been effectively enhanced when it is used in the nanoparticle form [6—
9]. The large active surface of MNPs makes them highly reactive, and therefore, nanoparticles
based on Ag, Ni, Pt, Pd, and other elements, are distinctly effective in heterogeneous catalysis
[10-13]. Pd nanoparticles are an example of an efficient catalyst of Suzuki-Miyaura reactions,
in which carbon-carbon single bonds are formed to produce a complex variety of molecules
that are especially important for the pharmaceutical industry [14]. Other useful potential
applications include the degradation of a variety of toxic Azo dyes present in the wastewater
produced by the textile industries [10,11,15], and their use in anticancer treatments [16].

1. Synthesis of metal nanoparticles

The targeted production of nanoparticles with specific properties such as defined shapes or size
distributions requires strict control of the experimental conditions. The choice of synthesis
method profoundly influences the characteristics of the resulting metal nanoparticles, including
size, crystallinity, porosity, roughness, and shape [17,18]. Tailoring these parameters is crucial,
as they dictate the nanoparticles’ physicochemical attributes and, consequently, their
performance in various applications. Current methods for MNP synthesis are based on different
chemical, physical, or biological methods, which can be classified into two major categories:
(a) top-down and (b) bottom-up approaches (Figure 1). The preferred approach is dependent
on the desired particles characteristics, the size of production, cost of operation, and the
applications intended for the produced nanoparticles [19].

Top-down methods involve physical or chemical processes that aim to reduce or decompose
large substrates or bulk materials. Preparation of MNPs by these methods allows the large-



scale production of the high purity nanoparticles, which is crucial for many applications. One
commonly employed top-down approach is mechanical milling, where bulk metal is subjected
to intense mechanical forces, resulting in the fragmentation of the material into nanoparticles
[20]. Other methods include, sputtering [21], chemical etching [22], laser ablation [23],
electroexplosion [24], lithography [25], sonication [26], ultraviolet irradiation [27], and
electron beam evaporation [28]. Traditional top-down methods can produce particles with well-
controlled shapes and uniform sizes, however, they usually require specialized fabrication
facilities, large amounts of energy, produce hazardous waste and entail high production costs
[25]. Additionally, most of them are not suitable for the preparation of extremely small-sized
nanoparticles (<10nm) [17,25].
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Figure 1. Hlustration of the top-down and bottom-up approaches for the synthesis of metal
nanoparticles [29].

In the bottom-up approaches, dissolved or evaporated substances are used as the basis for
growth and synthesis of the particles. Using a variety of chemical reactions and physical
processes, the building blocks are assembled by controlled precipitation, crystallization and
condensation with a low energy input to result in the nanoparticles [30]. These bottom-up
approaches are widely used, as they tend to be more accessible and cheaper compared to the
top-down methods. Among them are gas condensation [31], spinning [32], sol-gel method [33],
co-precipitation [34], microemulsion technique [35], hydrothermal synthesis [36], aerosol-
based methods [37-39], plasma arcing [40], and chemical vapor deposition [41]. Frequently,
they are referred to as wet methods since most of them involve solvents, stabilizers, reducing
agents and other chemicals. Nanomaterials produced by these methods often must be capped



to restrict the particle growth and to obtain homogeneous nanoparticle populations. Capping
agents are stabilization molecules widely employed to control the material's particle size,
agglomeration, and morphology. They attach to the surface of the nanoparticle and reduce the
surface energy, which has a direct effect on the dispersion of the NPs in wet media. Examples
include gums, cationic surfactants, polymers, and plant extracts [42]. The toxicity of some of
the capping agents and other chemicals involved in this process has proven to be an important
disadvantage of the techniques, along with the lack of precise control of particle shape, size
and dispersity [25]. As an alternative, bio-based methods have received increasing attention,
as they promise a more reliable, nontoxic and eco-friendly synthesis of MNPs [43].

2. Bacterial synthesis of nanoparticles

The production of metal nanoparticles using biological methods belongs to the bottom-up
approaches. A great variety of organisms such as plants, bacteria, fungi, and algae have been
explored for their potential to synthesize, for example, silver, gold, iron, palladium, selenium,
zinc, and platinum-based nanoparticles [43—46]. In addition, not only living organisms, but
also many chemical substances derived from the metabolism of microbes and plants, such as
biopolymers and biological extracts have been proposed as agents for the biological synthesis
of MNPs [19,47]. The natural reduction and stabilization agents in these reactions result in a
potentially more sustainable synthesis compared to current chemical and physical methods. In
general, these biological methods are considered to be more inexpensive, nontoxic, and
environmentally benign as most reactions occur at room temperature and with a low energy
input [48]. However, it is pertinent to note that these bio-nanoparticles tend to be polydisperse
and difficult to purify. Some of the most significant challenges of nanoparticle biosynthesis
include the control of size distribution and dispersity. In addition, it is important to understand
the pathways of reduction that may lead to efficient nanoparticle production, and to develop
suitable purification protocols [49].

During the microbial reduction of metals into MNPs, cations are transformed into ions with a
lower valence. A special case is the precious metals, including Pd, Pt, Au, and Ag, that are
easily reduced into elementary forms [50]. The challenge of producing nanoparticles using
bacteria, is identifying the exact chemical components and mechanisms involved in
nanoparticle formation. The pathways may result in nanoparticles formed only extracellularly,
intracellularly, or both, and there is a debate about which method is the most efficient for
production of NPs in industrial processes. The intracellular nanoparticles formed in living cells
are attached to the biological material, making their purification difficult; however, capping of
the nanoparticles provides better control of their size, generating more homogeneous
populations of biocompatible nanoparticles with interesting novel physical and chemical
properties. In contrast, nanoparticles produced externally are preferred in many cases due to
their faster production, facile recovery, and simple purification.

Reports on the synthesis of nanoparticles with bacteria can be categorized into three main
methodologies, where NP production is mediated by intact living cells, by bacterial cell-free
supernatants, or by cell lysate supernatants (cell extracts). Nanoparticles produced by
biological methods are usually capped with non-toxic biomolecule coatings. These bio-



coatings can enhance bio-compatibility of the particles e.g. in medical applications, and can
also work as stabilizers that promote the formation of homogeneous small-size nanoparticles
by preventing their aggregation [44]. An example is the reduced toxicity of iron oxide
nanoparticles by the addition of a biocompatible coating of polysaccharides that enables
targeted delivery of materials for cancer therapy [51]. The biological synthesis of metal
nanoparticles has many potential uses not only in biomedical applications, but also in
bioremediation, bioleaching, and biocorrosion [52].

2.1. Bacteria-metal interactions

Bacteria have ubiquitous interactions with metals. They can be classified into the homeostasis
of essential metals, and (heavy) metal resistance to harmful metals. Some metals are important
as micronutrients whereas other (heavy) metals (such as Al, Pd, Cd, Au, Hg, Ag) are toxic to
living organisms and do not have specific biological roles [53]. The essential metals are
nutrients and trace elements for key metabolic processes, such as metals in the bacterial
respiratory chain. Therefore, microbes have developed a variety of often highly specific
mechanisms for metal transport, oxidation/reduction, or detoxification. Nevertheless, the
unintentional uptake of high concentrations of metal ions or toxic heavy metals can occur, and
microorganisms have developed different strategies to cope with heavy metal stress. Microbial
populations can survive in metal-polluted locations by, directly or indirectly, modifying the
metal availability through physical or biochemical mechanisms to protect their integrity [43].
The complex mechanisms developed by different species and strains vary and depend both on
the native environment and on the heavy metal content. The basic mechanisms of bacteria-
metal interactions can be divided into the following four categories:

2.1.1. Metal sequestration

Many essential biological processes involve metal ions, and in particular, redox active
transition metals like manganese, iron, cobalt, copper and magnesium. For instance, divalent
ions such as Mn?* and Fe?*, are indispensable for oxidative stress resistance or as cofactors for
the respiratory chain in bacterial core metabolism [54]. Hence, microorganisms have evolved
pathways of metal sequestration to transport ions and to regulate ion availability. In the simplest
case, the sequestration of metal ions occurs by adsorption. In Figure 2, metal ions are depicted
as positively charged entities interacting with the bacterial membrane and other biomolecules.
During adsorption, deprotonated functional groups (carboxyl, phosphonate, amine, and
hydroxyl groups) on the cell surface result in a net negative charge which attracts metal cations
and leads to non-specific binding of the metal to the cell surface [55]. This process is
independent of the cell metabolism, and it is mainly influenced by factors such as temperature,
pH, ionic strength, concentration and by the complex composition of the microorganism’s
surface. As an example, Gram-positive bacteria expose a large amounts of carboxyl groups in
their peptidoglycan-rich cell walls, making them efficient metal chelators [56]. As a
consequence of this sequestration, these metals are enriched on the cell surface and can be
taken up by specific transport processes (discussed below).
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Figure 2. Schematics of bacteria interaction with heavy metals and mechanisms of
nanoparticle formation [29].

Overall, the extracellular sequestration of heavy metals not only allows to accumulate relevant
metabolic cofactors, but it is also a defense mechanism against toxic metals, by reducing the
availability of unwanted metal ions. Polymers secreted by bacteria such as the
exopolysaccharide (EPS) coatings of some species, have the ability to adsorb and bind metals
extracellularly, thus acting as a protective layer that prevents the uptake of toxic metals [57].
Bacteria are likely to sequester non-essential metal ions, such as Au and Pd, by adsorption
mechanisms. Compared to other microorganisms, Gram-negative bacteria such as
Acinetobacter calcoaceticus, Erwinia herbicola, Pseudomonas maltophilia and Pseudomonas
aeruginosa have the highest ability to accumulate metals such as gold [58]. This is a result of
the surface charge present on the Gram-negative bacterial membrane, which promotes the gold
adsorption from aqueous solutions. In the same way, the biosorption of Pd is presumably a
result of the chemical affinity of metal complexes such as [PdCls]* for protonated groups on
the cell surface at an acidic pH [59].

Free metal ions passively or actively transported from outside of the membrane into the
cytoplasm can pose a danger to the cell and must be immobilized or transformed. Bacteria can
produce metabolites, like metallothioneins, phytochelatins and glutathione with high affinity
for metals for the intracellular sequestration of metal ions. Metallothioneins are small, cysteine-
rich proteins that are directly involved in the homeostasis of different metal ions, including Cu*
and Zn?*. These proteins have been reported in bacteria such as Bacillus altitudinis MT422188
and Mycobacterium tuberculosis where they are expressed under Zn?* and Cu* induced stress,



respectively [60,61]. The immobilization of the ions decreases the toxicity; however, the metal
sequestration mechanisms are limited by the saturation of the binding sites in the extracellular
and intracellular matrix [57].

2.1.2. Metal uptake

The metal ions in proximity to the extracellular layers can be imported by passive or active
influx through the different layers of the cell wall, using non-specific transporters, metal-
specific channels or passive diffusion (Figure 2) [57]. The indispensable uptake of essential
metals is highly regulated and typically mediated by specific, energy-dependent uptake
systems. In E. coli, Alcaligenes eutrophus and many other enterobacteria, essential trace
elements such as Ni%*, Co?*, and Zn?* ions are transported into the cell by constitutive Mg?*
transport systems [62,63]. These relatively unspecific uptake systems allow the ‘cost-effective’
accumulation of macronutrients such as Mg and of trace metal ions in environments with
habitual metal concentrations. In extreme conditions, with deficits in trace metals, bacteria can
upregulate genes related to specific, ATP-dependent uptake systems for these elements in order
to transport the ions against the concentration gradient. The TonB-dependent transporter,
OprC, is repressed in P. aeruginosa by high exogenous Cu ion concentrations and expressed
in anaerobic conditions to bind and transport Cu*/?* [64]. In environments with low availability
of essential metals, many bacteria also secrete metal-sequestering proteins or other chelators to
bind the biologically relevant ions and to specifically import them [54]. An example of this
mechanism are iron siderophores, which are low molecular weight compounds known for their
high affinity for Fe ions. Siderophores are frequently used by pathogenic bacteria to chelate
Fe?* and Fe®" in host environments that are otherwise deprived of free Fe ions [61]. The
siderophores with bound ions are then recognized by specific outer membrane receptors that
guide the chelated ions through energy-dependent ATP-binding cassette (ABC) transporters
[65,66]. Because of the different chemical properties of Fe3* and Fe?*, bacteria utilize different
specific transport systems (and siderophores) for each ion [67,68]. Examples of different
transport systems involved in bacterial Fe uptake, include MntH, ZupT, YfeABCD, FutABC,
EfeUOB and Feo [67].

The uptake of precious metals like Au, Ag, Pt, and Pd ions into bacteria is not well understood,
as cells do not possess inherent active, specific transport mechanisms to regulate non-essential
ion uptake. The absorption of toxic heavy metals is presumably a process carried out by passive
mechanisms such as diffusion. Therefore, at elevated concentrations, non-essential metals can
interact with the cell, cross into the cytoplasm and accumulate there [69]. However, some
authors suggest that heavy metals like Pd may also accidentally be absorbed and imported into
living cells through systems specific for essential metallic metabolites, such as Fe, Ni, Cu or
Zn [70]. Metal ions with comparable properties and ion radius, due to their similar
conformations, can out-compete essential ions in binding to proteins. As an example, the high
affinity of Hg and Cd ions to cysteine-rich sites in Zn-binding proteins results in translocation
of these toxic metals. A similar effect is found in Cu-binding proteins with Au and Ag as
competing metal ions [71]. A special case of non-essential metal uptake is the homeostasis
mechanism of specialized metal-resistant bacterial strains for some toxic heavy metal ions. In
the case of Cupriavidus metallidurans, genes in the gig (gold-induced genes) operon are



strongly upregulated after sequestration of Au ions in the membrane. The proteins encoded by
this operon are suggested to be directly involved in the import of Au ions into the cytoplasm to
prevent the harmful action of Au®* in the periplasm. The reduced complexes there are later
removed from the cytoplasm [72,73].

2.1.3. Metal detoxification

If not regulated, high concentrations of metals would have adverse effects in the metabolic
processes of the cell. In metals such as Cu, their redox activity favors the formation of active
oxygen species, which explains their toxicity. Excess of essential metals or toxic, non-essential
heavy metals also leads to mismetallation of proteins which results in their inactivation [74].
The exposure to high concentrations of heavy metals activates a mechanism of defense called
metal exclusion, in which the permeability of the cell membrane, the envelope, or the surface
layer is modified to prevent or reduce the further influx of metal ions (Figure 2). Bacteria can
alter the composition of the cell wall in an attempt to form a barrier for ions. A well-known
example of this mechanism is the reduction of the expression of Porin channels in heavy-metal
resistant mutants of E. coli. In this case, pore proteins such as OmpF are expressed at a reduced
rate, leading to increased Cu and Ag resistance [75-77]. In a complementary mechanism, the
active efflux of metal ions involves the use of highly specific membrane transport systems.
This process to decrease the concentration of harmful metal ions inside the cell is widely spread
among bacteria. The transport of cations and anions from the cytoplasm against a concentration
gradient requires energy. The involved efflux pumps can be broadly classified by their energy
source into ATP-dependent and proton-gradient-based systems. Further classifications are
based on sequence similarity, transport function and substrate specificity [78-80].

Some examples of well-studied heavy metal efflux pumps are the P-type ATPase transport
protein CopA, known to be involved in copper resistance [81] and the resistance-nodulation-
cell division (RND) family proteins, CzcA and CusA, which bind and export Cu* and Ag* in
E. coli [82]. In partly silver-resistant E. coli bacteria, the detoxification mechanism for silver
is based on the expression of the CusCFBA copper/silver efflux systems that actively export
the silver ions from the cytoplasm and bind it in the periplasm [83]. In some bacteria, metal
ions transported by efflux pumps may be retained in the periplasm even after the efflux process,
along with the metal ions sequestered by EPSs and by other metal-binding proteins [84]. The
ions bioaccumulated in the cytoplasm, periplasm and in the extracellular matrix can later
become sites for nucleation and formation of nanoparticles (Figure 2).

2.1.4. Metal transformation

Some microorganisms have a remarkable ability to transform heavy metal ions in their
environment and to produce MNPs. Even when sequestered, the high reactivity of transition
metal ions could disrupt metabolic processes or damage DNA molecules. Various metal ions
have a high binding affinity for biological macromolecules such as nucleic acids, or thiol-
containing proteins [79,85], and, therefore, they need to be transformed into inert or less toxic
substances. This is mediated by redox-active metabolic pathways in order to change solubility
and toxicity, and often leads to complexation or precipitation of metals extracellularly



[57,86,87]. Alternatively, biomethylation is a metabolic process in which methyl groups are
transferred to the toxic metal ions or metalloids to create less toxic, sometimes volatile
compounds. Hg, Sn, As, Se, Te, Au, Tl and Pb have been reported as methyl group acceptors
in primary and secondary metabolic processes [88]. The resulting products are more toxic than
the inorganic compounds, in many cases, so it is debatable whether methylation is, in fact, a
detoxification mechanism. However, it is important to note that the volatility has an important
effect on reducing the concentration of the metals in the surrounding environment. Extended
descriptions of the general pathways for biomethylation can be found elsewhere [89-91].

Table 1. List of relevant standard reduction potentials (EO) in respect to the standard
hydrogen electrode at 298.15 K (25 °C) and 101.325 kPa (1 atm). The list is in alphabetical
order, according to the symbol of metal element. Taken from [92]. Published in [29].

Reaction Eo (Volts)

Ag' +e =2Ag 0.7996

AuCly +3e 2Au+4CH 1.0020
Cd*+2e=Cd -0.4030
Co”*+2e =Co -0.2800

Co** +e =Co* 1.9200
Cr*+2e 2Cr -0.9130

Cr’t+e 2Cr* -0.4070
Cr+3e2Cr -0.7440

Cr:07 +14H" +6e 22Cr* +7H.0 1.3600
Fe**+2e 2Fe -0.4470
Fe**+3e =Fe -0.0370

Fe’* +e =Fe” 0.7710

2 HFeOs +8 H* + 6 e 2Fe,03+ 5 H,O 2.0900
Mn?* +2e &Mn -1.1850

Mn’** + e =Mn** 1.5415

MnO, + 4H* + 2 e 2 Mn?* + 2 H,0 1.224
Ni?* + 2 e 2Ni -0.2570
[PdCl > +2e =Pd+4 CI 0.5910
[PdCls]>~ + 2 e 2 [PdClyj>~+ 2 CI 1.2880
[PtCl}* +2e 2Pt+4ClI 0.7550
[PtCls]*~+ 2 e 2[PtCly)*+ 2 CI- 0.6800
TcOs +8H" +7e 2Tc+4 H,0 0.4720
Ti**+2e 2Ti -1.6280

UO +4H +6e 2U+2H,0 -1.4440
Zn**+2e 22Zn -0.7618

Some bacteria can decrease the mobility of metal ions through enzymatically promoted redox
reactions that reduce the metals irreversibly, leading to the assembly into metal clusters. An
illustration of the general process of reduction of the metal ions to neutral ions by redox proteins
intra- and extracellularly can be found in Figure 2. The electron-accepting potential of different



metal ions known to be reduced by bacteria are shown in Table 1. The reduction potential is
expressed as the Eg value, ranging from very negative Eo values for compounds that are easily
oxidized, to large positive Eo values for compounds that readily accept electrons (are easily
reduced). “Precious” metals such as Au, Pd or Ag have cations species with very high positive
potentials and are frequently reduced into nanoparticles by bacteria.

The cornerstone of every living organism is energy conservation where chemical or light
energy is ultimately converted into adenosine triphosphate (ATP). ATP production is
facilitated by substrate-level  phosphorylation, oxidative  phosphorylation, or
photophosphorylation. In order to achieve this, electrons need to be transferred in an oxidation-
reduction coupled reaction. This electron movement within the cell is facilitated by electron
carriers, such as nicotinamide adenine dinucleotide (NAD*/NADH), which promotes a
diversity of reduction-oxidation reactions as they allow a variety of electron partners to interact
with each other [93-95]. It is these metabolic reactions and electron carriers that are diverted
and used for metal ion reduction.

On an extracellular level, bacterial growth is heavily influenced by the oxidation-reduction
(redox) potential of the environment, and in turn, bacteria can modify the redox potential of
their environment. Surprisingly, this ability is highly species-specific and can be exploited to
identify different species by using redox electrodes [96]. A change in redox potential indicates
the availability of electron acceptors and donors. Since bacteria can inhabit every niche that
can support life, their diversity is also manifested in the type of electron acceptors that they can
utilize intracellularly. Under aerobic respiration conditions, oxygen is the final electron
acceptor while under anaerobic respiration conditions, a variety of electron acceptors can be
utilized, such as nitrate (NO*), trimethylamine oxide/dimethyl sulfoxide (TMAO/DMSO),
carbon dioxide (CO2) or organic electron acceptors such as fumarate, depending on the
bacterial species studied [97,98]. Metal-based respiration is characterized by the utilization of
manganic manganese (Mn*") or ferric iron (Fe®") as electron acceptors. Bacteria can reduce
these metal compounds through mechanisms that involve redox-active proteins like reductases,
cytochromes, and metallothioneins [99].

Sulfate- and metal-reducing bacteria are frequently employed for the synthesis of metal
nanoparticles, as these organisms are rich in membrane redox-active proteins and therefore
easily enzymatically reduce different metal ions. These ‘reducing’ microorganisms can use the
metal cations as terminal electron acceptors while performing anaerobic respiration, reducing
Fe3* to Fe?* and Mn** to Mn?* for energy conservation [100]. These proteins however, are not
necessarily highly specific and multiple enzymes are capable of reducing several redox-active
metals ions [101]. The interaction of some bacteria with non-essential, toxic metal ions such
as Au®*, Ag*, Pd?* and Pt** also upregulates the expression of multiple redox-active enzymes
located on the cell walls, in periplasmic space and intracellular contents, such as hydrogenases
and NADH reductases, which can reduce ions to insoluble complexes that are subsequently
transformed into MNPs [70,102]. One example is nitrate reductase known to be involved in the
bioreduction of the bound Ag* to Ag® in Bacillus licheniformis as defense from heavy metals
exposure [103,104]. As suggested by their negative reduction potential (Table 1), the
NAD(P)H-dependent reduction of ions such as Cd?*, Zn?*, Co?* or Ni?* to metallic form may
not be energetically favored, so the reduction of these ions is uncommon in bacteria and the
particular cases of reduction must involve different mechanisms [62]. In Shewanella strains,



EPS-induced reduction and indirect electron transfer using electron shuttles such as flavins, L-
cysteine, and quinones are possible alternative pathways that have been thoroughly described
elsewhere [105]. Metal NPs reduced and precipitated in the extracellular and intracellular space
may possess different characteristics than their chemically produced counterparts. The
biomolecules associated with them create a biological cap that stops nanoparticle growth,
minimizes cytotoxicity, and may affect their chemical and physical properties [106]. The
reduced metal particles accumulate without much effect on the cell population. Therefore, the
formation of MNPs can be regarded as a by-product of microbial defense mechanisms,
bacterial metabolism, or as a biomineralization process intended to control, immobilize, or
decrease the heavy metal bioavailability.

2.2. Bacterial metal nanoparticles in nature

Even though naturally occurring nanoparticles are widely found in living organisms, the
intracellular accumulation of solid metals is usually not a favorable condition for the cells and
can lead to cell death. A complete metal particle detoxification would require energy and
elaborated mechanisms of particle excretion [107]. This is probably the reason why only few
bacterial species produce metal-based nanoparticles as part of their normal metabolic
processes. The most remarkable example are magnetotactic bacteria, an extraordinary group of
Gram-negative organisms that rely on biosynthetic iron-based crystals to orient and migrate
along the geomagnetic field lines in a behavior known as “magnetotaxis” (Figure 3) [108]. The
highly specialized organelles made of nanometer-sized metal crystals wrapped in a membrane
are called magnetosomes. They are composed of magnetic iron oxide magnetite (FezOa) or iron
sulfide greigite (FesS4) of different shapes and sizes depending on the exact bacterial species.
The magnetosomes are frequently aligned in chains across the motility axis of the cell. This
imparts the bacteria with a permanent magnetic dipole moment, causing them to align passively
in a parallel orientation with external magnetic fields [109]. The cells swim along the
geomagnetic field lines of the earth to the oxic-anoxic interface of the aquatic habitat where
there are the most favorable conditions for their growth [110].

Despite the abundance of magnetotactic bacteria in the environment, only a few strains have
been isolated into pure culture due to their particular growth requirements. Strains from the
proteobacterial genus Magnetospirillum are the most common isolates. However, recent
publications report up to 16 different lineages that include Proteobacteria, Nitrospirota, and
Omnitrophota [111,112]. The strains Magnetospirillum gryphiswaldense MSR-1 (first isolated
in 1991 by Schleifer et al. [113]), Magnetospirillum magnetotacticum strain MS-1 and
Magnetospirillum magneticum AMB-1, are currently the most studied bacteria for the
understanding of magnetosome formation and its complex genetic regulation [114]. In M.
gryphiswaldense MSR-1, the magnetosome island (MAI) comprises most of the genes that
control the magnetosome synthesis. These genes encode all the essential processes in the
majors steps of the organelle formation and determine the morphology and chemical
composition of the particles [115,116]. In the past, different models of magnetosome
biomineralization have been proposed [108,114,117]. Currently, four major steps are
considered necessary to achieve the biomineralization. The first step is (i) the cytoplasmic
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membrane invagination into vesicles, followed by (ii) the arrangement of specific
magnetosome proteins into the organelle membrane. Then, (iii) the internalization and
accumulation of iron into the vesicles by energy-dependent transport proteins takes place. Here,
the cell rapidly chemically transforms the Fe ions and combines them into metal crystals.
Specific proteins guide this process in order to avoid the toxic effect of intracellular Fe. Finally,
(iv) the magnetosomes are assembled into a linear chain along cytoskeletal filaments [115].
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Figure 3. Hlustration of bacterial magnetotaxis. Bacteria cells are aligned with the
geomagnetic field of the earth due to a magnetic torque created by the intracellular chains of
magnetosomes. The cells move along the field lines to the oxic-anoxic transition zone of the
aquatic habitat.

The bacteria tightly control the size and morphology of the magnetosomes. Magnetosome
crystals typically fall in a size range of about 30-120 nm. However, some species can form
particles up to 250 nm in length [108]. The spirillum-shaped bacterium M. magneticum AMB-
1, originally collected from fresh water sediments of a natural spring in Tokyo, presents
magnetite magnetosomes with an average diameter of 50 nm, aligned in chains of around 15
particles per cell [118]. In contrast, the M. gryphiswaldense MSR-1 bacteria were found to
produce chains of up to 60 homogeneous magnetosomes with particle sizes of about 42 nm
[117]. Both strains, like other bacteria from the Magnetospirillum genus, produce cubo-
octahedral crystalline magnetosomes. In general, three different morphologies of
magnetosomes can be found in nature: (i) cubic or cubo-octahedral, (ii) elongated hexa- or
octahedral and (iii) even more elongated crystals with large, anisotropic faces, showing tooth,
arrowhead, or bullet shapes [119]. These crystal structures are consistently replicated in the
magnetosomes of bacteria of the same strain and have a direct influence on the final magnetic
behavior of the particles.

The magnetosomes, due to their narrow size distribution, low aggregation, and strong
ferromagnetism, have many potential technical applications. The low toxicity of bacterial
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magnetosomes in comparison with synthetic magnetic nanoparticles makes them especially
attractive for biomedical applications. Cytotoxicity of bacterial magnetosomes varies
depending on various factors, including cell type, incubation time, and concentration. While
many types of magnetite nanoparticles (such as Superparamagnetic iron oxide nanoparticles
(SPION)) are considered cytotoxic at exposure levels above 70-100 pg/mL [120-122], a study
by Alphandéry et al. in MDA-MB-231 cells suggested low cytotoxicity due to magnetosome
exposure at concentrations below 1000 pg/mL, which can be further improved by removing
bacterial endotoxins and using biocoatings [112,123]. In a recent study, Gwisai et al. evaluated
the use of the ferromagnetic properties of AMB-1 bacterial magnetosomes for targeted cancer
therapy. Thanks to their susceptibility to external magnetic fields, magnetotactic bacterial cells
were magnetically manipulated and studied as a vehicle for tumor infiltration and drug delivery
[124]. In a similar approach, Xing et al. successfully demonstrated the colonization and
ablation of tumors in mice by means of in vivo magnetically manipulated M. magneticum
AMB-1 bacteria, showing their enormous potential for an efficient cancer treatment [125].
Other potential application of magnetosomes include their use as magnetic resonance contrast
agents. In vivo experiments were conducted on mice to examine how magnetosomes were
distributed and eliminated after injection as a contrast agent in magnetic resonance imaging
(MRI). The researchers concluded that their use in MRI was adequate in terms of spatial
resolution and sensitivity [126].

Microorganisms play an important role in the process of biomineralization and metal
geochemistry. The metals transformation into nanoparticles is also a natural process observed
in some astounding microorganisms known as dissimilatory metal-reducing bacteria. In anoxic
environments with abundant metal species such as Fe3*, Mn3"4* U®* Cr®*, Co®" and Tc’*, these
metal cations are reduced into nanoparticles by the bacteria [127,128]. All these elements have
in common that they are good electron acceptors due to their high reduction potential. Then,
during anaerobic respiration, the bacteria can replace oxygen as the terminal electron acceptor
with the available cations. Fe** is the most abundant possible electron acceptor in anoxic
environments. Due to its comparatively high reactivity with oxygen, elemental Fe is not
frequently found in nature, but instead, is commonly found in the form of iron oxides. In metal-
and sulfur-reducing microorganisms like, Geobacter sulfurreducens, Geobacter
metallireducens GS15 and Shewanella oneidensis MR-1 (S. oneidensis MR-1), specialized
membrane proteins are suggested to be involved in the Fe3* reduction. Their outer membranes
are rich in c-type cytochromes that transfer electrons coupled to the oxidation of lactate and
other carbon sources to soluble Fe®* oxides resulting in iron oxide NPs [129-131]. Many Fe-
based NPs naturally synthesized by bacteria consist of diverse compositions of iron oxides.
The metal-based anaerobic mechanism of respiration is considered part of the natural cycle of
precipitation of many heavy metals into anoxic sediments [128]. Multiple processes of
bioremediation of heavy metals from the environment and contaminated water streams have
been engineered based on the reducing ability of these bacteria [132]. Other transition metals
such as gold, silver, and copper have high positive reduction potentials and are exchanged with
iron. Bacteria readily precipitate them during remediation, which can then be applied to the
biogenic production of these metal nanoparticles.
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2.3.

Biosynthetic nanoparticles

Bio-inspired NPs of different metals have been successfully synthesized using a large variety
of bacterial strains. Under optimal conditions in temperature, pH, and redox state, some
bacterial species can reduce metal ions and form nanoparticles. Among the metals successfully
recovered by bacteria in form of nanoparticles are iron, manganese, chromium, cobalt,
palladium, gold, silver, arsenic, selenium, uranium, and polonium [85]. Their resulting size-
distribution, morphology and functional properties are highly dependent on the protocols used
for the biosynthesis as well as on the type of bacteria and metal involved. In Table 2, details
from recent, published protocols for metal nanoparticles fabrication using different bacterial

strains are listed.

Table 2. Bacteria-mediated metal-based nanoparticles reported in the literature [29].

Metal Name of organism NP Size Morphology Localization Reference
Bifidobacterium lactis Au 5-40 nm Hexagonal Intracellular [133]
Spherical /
Bacillus cereus Au 20-50 nm Hexagonal / Extracellular [134]
Octagonal
. . . . 60— )
Bacillus Licheniformis Au Spherical Intracellular [135]
146 nm
Caldicellulosiruptor
o Au 1-20 nm - Membrane [136]
changbaiensis CBS-Z
Au Escherichia coli Au 6—60 nm  Spherical Extracellular [133]
Lactobacillus casei Au 7-56 nm - Membrane [137]
, ] Spherical /
Marinobacter pelagius RS11 Au 2-10nm ) - [138]
Triangular
Paracoccus haeundaensis BC74171 Au 15-35nm Spherical Extracellular [139]
Pseudomonas stutzeri KDP_M?2 Au 10-20 nm  Spherical -—-- [140]
Sporosarcina koreensis DC4 Au 92 nm Spherical Extracellular [141]
100-
Vibrio alginolyticus Au Anisotropic = ---- [142]
150 nm
Aeromonas THG-FG1.2 Ag 8-16 nm  Spherical Supernatant [143]
Bacillus brevis Ag 22-60 nm  Spherical Supernatant [144]
Bacillus cereus Ag 5—7 nm Spherical -—- [145]
Bacillus clausii Ag 30-80 nm  Spherical Supernatant [146]
Bacillus Pumilus ROM6 Ag 20-70 nm  Spherical Supernatant [147]
Ag Escherichia coli 116AR Ag 5-70 nm - Membrane [83]
Escherichia coli Top 10 Ag 2-40nm - Supernatant [148]
Lactobacillus Acidophilus Ag 10-20 nm  Spherical Supernatant [149]
Spherical
| , 30-100 ° /
Lactobacillus brevis Ag Triangular/ Supernatant [150]
nm
Hexagonal
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Paenarthrobacter

o Ag 13—27 nm  Spherical Supernatant [151]
nicotinovorans MAHUQ-43
Pseudomonas aeruginosa Ag 25 nm Spherical Supernatant [152]
, ] Membrane /
Pseudomonas putida MVP2 Ag 6-16 nm  Spherical [153]
Supernatant
Pseudomonas stutzeri Ag 22-46 nm  Spherical Extracellular [154]
Pseudomonas stutzeri Ag 10-50 nm Anisotropic = ---- [155]
Sporosarcina koreensis DC4 Ag 102 nm Spherical Extracellular [141]
Stenotrophomonas maltophilia Ag 93 nm Cuboidal Supernatant [156]
o . 2.3-4.5 )
Escherichia coli MC4100 Pt Spherical - [157]
nm
Pseudomonas ]
) i Pt 3.95 nm Spherical Supernatant [158]
kunmingensis ADR19
Psychrobacter faecalis FZC6 Pt 2.49 nm Spherical Supernatant [158]
ot Vibrio fischeri NRRL B-11177 Pt 3.84 nm Spherical Supernatant [158]
Jeotgalicoccus coquinae ZC15 Pt 5.74 nm Spherical Supernatant [158]
Sporosarcina psychrophila KC19 Pt 4.24 nm Spherical Supernatant [158]
Kocuria rosea MN23 Pt 5.85 nm Spherical Supernatant [158]
Pseudomonas putida KT244 Pt 8.06 nm Spherical Supernatant [158]
) ) ) Intracellular
Acinetobacter calcoaceticus Pt 2-3.5nm  Cuboidal [159]
/ Membrane
_ 1.7-5.8 . .
Bacillus benzeovorans Pd Anisotropic  Intracellular [70]
nm
) . ) Intra /
Bacillus megaterium Y-4 Pd 10-40 nm  Spherical [102]
Extracellular
Bacillus wiedmannii MSM Pd 10-36 nm - Membrane [160]
. 11.3-15.6
Citrobacter sp. Pd - Membrane [161]
nm
, 17.6-25.8 , .
Citrobacter sp. Pd Anisotropic  Membrane [162]
nm
o . Dendrite-
Cupriavidus metallidurans Pd 20-40 nm Shaped Intracellular [163]
ape
Pd P
. . Intra /
Desulfovibrio desulfuricans Pd 3-13nm - [164]
Extracellular
1.1-6.9 Cubo-
Desulfovibrio desulfuricans Pd Intracellular [70]
nm octahedron
Escherichia coli BL21 Pd 2-3 nm Spherical Intracellular [165]
_ . ) ) Intracellular
Escherichia coli MC4100 Pd 1-30 nm Anisotropic [166]
/ Membrane
L ) Intra /
Shewanella loihica PV-4 Pd 4-10 nm Spherical [167]
Extracellular
Shewanella oneidensis MR-1 Pd 2-12 nm Spherical Extracellular [168]
Shewanella oneidensis MR-1 Pd 2-25nm - Supernatant [169]
. Bacillus cereus FesOs 18-29 nm  Spherical Supernatant [170]
e
Bacillus subtilis FesOs 60-80nm Spherical Supernatant [171]
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Fe304

L . ) Intra /
Escherichia coli / 18 nm Spherical [68]
Extracellular
Fe,03
Proteus vulgaris - 20-30 nm  Spherical Supernatant [172]
Fes0q4
Pseudomonas aeruginosa / Extracellular (68]
Fezoa
. ) Intra /
Pseudomonas putida Fe 1-4 nm Spherical [173]
Extracellular
Bacillus pasteurii Cos04 10-31nm Anisotropic = ---- [174]
Bacillus subtilis Cos0s 31.2nm Anisotropic  ---- [175]
Bacillus subtilis Co304 2-5nm -—-- Membrane [176]
Bacillus thuringiensis Co 84.81 nm  Spherical -—-- [177]
Marinobacter )
) Co 8-22 nm Spherical Intracellular [173]
Co hydrocarbonoclasticus
_ _ 10-100 Spherical/  Intra/
Microbacterium sp. MRS-1 C0304 [178]
nm pentagonal  Extracellular
Micrococcus lylae Cos04 2-10nm - Membrane [179]
L Quasi-
Proteus mirabilis 10B Co304 22.1nm ) Intracellular [180]
spherical
) . Nis(P . .
Bacillus subtilis 04) 4090 nm  Anisotropic = ---- [181]
4)2
: . , ) 100- Quasi-
Ni Microbacterium sp. MRS-1 NiO ) Extracellular [182]
500 nm spherical
- . , _Intra/
Pseudomonas alcaliphila Ni -—- Anisotropic [50]
Extracellular
Hexagonal /
Alkalibacillus sp. W7 Zn0O  1-30nm  Quasi- Supernatant [183]
spherical
Cyanobacterium Nostoc sp. EAO3 Zn0 50-80 nm Star shape  Supernatant [184]
Bacillus sp PTCC 1538 Zn0  99nm Nano-rods — ---- [185]
Halomonas elongata IBRC-M ) ]
Zn Z/nO0  18.11nm  Anisotropic Supernatant [186]
10214
Lactococcus lactis NCDO1281 Z/n0  55nm Spherical - [185]
] ] Intracellular
Pseudomonas geniculata Zn 4-13nm  Spherical [173]
/ Membrane
) ) ) Extracellular
Shewanella oneidensis MR-1 ZnS 5.1 nm Spherical [187]
/ Membrane
Enterococcus thailandicus Cu 1-4 nm Spherical Intracellular [173]
22.33-
Escherichia sp. SINT7 Cu Spherical Extracellular [188]
Cu 39.00 nm
Spherical /
Pseudomonas fluorescens MAL2 Cu 20-80 nm -—- [189]
hexagonal
] Halomonas elongata IBRC-M ] ]
Ti TiO,  104.63 nm Spherical Supernatant [186]

10214
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. 100-200 )
Alishewanella sp. WH16-1 Cr,03 Spherical Intracellular [190]
nm

Cr ) Anisotropic  Extracellular
Bacillus cereus Cr,05  8-60 nm ) [191]

/ Spherical ~ / Membrane
Bacillus subtilis Cr,03  4-50 nm Spherical - [192]
Bacillus badius CdS 20-80nm --—-- Supernatant [193]
Cd Pedobacter sp. UYP1 CdS 2.8-4.9 nm Anisotropic  Extracellular [194]
Raoultella sp. X13 Cds 5-8 nm e - [195]

2.3.1. Gold and silver nanoparticles

Metallic gold (Au) and silver (Ag) can be used in a wide range of applications due to their high
stability, oxidation resistance, and biocompatibility. In nanoparticle form, gold displays an
improved potential for chemical catalysis and has antimicrobial effects, while Ag NPs are of
special interest for their uses in the biotechnology industry. Drug delivery, diagnostics, cancer
treatment and antibacterial agents are some of their most known applications for the NPs [196]
Despite these antibacterial properties, some microorganisms have been successfully used to
synthesize Au and Ag NPs. One of the first bacterial species studied for the reduction of Au
was Bacillus subtilis. In their work, Beveridge and Murray exposed bacterial cells to solutions
of Au®* chloride at room temperature and observed the formation of Au NPs of octahedral
morphology with sizes of approximately 5 — 25 nm [43,197]. Since then, many other species
and strains have been examined for their capacity to synthesize Au and Ag NPs of diverse
morphologies and dimensions. Extracellular and intracellular Ag NPs have been produced by
several bacterial species, including Pseudomonas [103,152], Lactobacillus [149,150] and
Bacillus [144-147] genus. Pseudomonas stutzeri cells produce Au NPs in the size range of 10
— 20 nm when incubated in a medium with chloroauric acid (HAuCls) as the precursor [140]
and Ag crystalline nanoparticles when cultured in presence of high concentrations of silver salt
(AgNO:s) [198]. Thus far, however, the complex mechanisms of Au and Ag NPs formation by
bacteria are still not completely understood. For Lactobacillus casei bacteria, it was found that
high cell numbers and high concentrations of Au salt solutions inhibit the particle formation.
The same study suggested a direct participation of unsaturated fatty acids from di- and tri-
glycosyldiacylglycerol glycolipids in the membrane in the formation of Au NPs [137].

2.3.1. Iron-, cobalt- and nickel-based nanoparticles

Iron, cobalt and nickel are indispensable elements for bacteria. They are known mainly as co-
factors in important processes, such as biological redox reactions. In microorganisms, there are
highly specific and efficient systems for the transport and regulation of these elements in the
cell to avoid their accumulation and toxicity in the cytoplasm [199]. Taking into account that
at high concentrations Fe, Ni and Co are extremely toxic to bacteria, the interaction between
the metals and the cells has to be carefully controlled. Organisms, such as bacteria, can utilize
various sources to fulfill their nutritional requirements and have elaborate mechanisms to
regulate the uptake of metal ions. Some bacteria, including metal-reducing and magnetotactic
bacteria (see above), also have the ability to reduce Fe ions and form crystals naturally.
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Bio-production of metal nanoparticles is frequently described as a clean, simple, and economic
way to obtain magnetic NPs. It should be noted that not just the reduced metal, but also some
iron, nickel and cobalt oxides possess remarkable magnetic properties that are attractive in
countless applications, making the development of new methods for the synthesis of
ferromagnetic nanoparticles an attractive field of research. Fe and Co are highly reactive in
zero-valent state, and when in contact with aqueous solutions, they rapidly oxidize. Therefore,
the NPs produced by bacteria are typically composed of more stable, oxidized forms of cobalt
and iron such as Coz04 and FesO4 [200]. Due to its low redox potential, the reduction of Ni
ions by bacteria is not energetically favorable for NP formation under standard growth
conditions [50]. However, a recent study with metal-reducing bacteria Pseudomonas
alcaliphila described the successful reduction of Ni?* by incubation at 28°C under aerobic
conditions in a solution with 2 mM NiClz and sodium citrate as an electron donor. The formed
Ni NPs were found intracellularly and in the bacterial periplasm, with irregular shapes [50].
Iron-based NPs produced by E. coli living cells can be found intracellularly and extracellularly,
depending on the iron precursor used, the pH, and the metal concentration [68]. E. coli and P.
aeruginosa cell extracts facilitate the synthesis of spherical magnetic FesOs NPs when
incubated in 1 mM FeSO4 at pH 6.5 for 48 h and 37°C [68]. In G. sulfurreducens, the
upregulation of c-cytocrome OmcC in Co-rich environments is an indication of Co competition
with Fe for binding to the cytochromes, which ultimately promotes the reduction of Co?* to
CoP and its precipitation on the cell surface [200]. In other methods, CosO4 NPs of 10 - 31 nm
size are produced by chemical alteration in the media when the urealytic Bacillus pasteurii
hydrolyzes urea in the presence of high concentrations of Co(NOz)2 [174].

2.3.2. Platinum group metals nanoparticles

Metals from the Platinum group of elements are notorious for their outstanding catalytic
properties, especially when used in nanoparticle form. The synthesis of Pd and Pt NPs by
bacteria has progressed rapidly, and a wide range of bacterial species and strains have been
studied for the efficient production of nanoparticles. A recent study by Mikheenko et al.
describes the formation of Pd NPs by sulfate-reducing bacteria, Desulfovibrio desulfuricans,
and their application for the Heck reaction and hydrogenation. The examination of the samples
showed Pd NPs on the cell surface and in the different membrane layers with sizes in the range
of 3 — 13 nm [164]. Pseudomonas kunmingensis ADR19, Psychrobacter faecalis FZC6 and
Pseudomonas putida KT244 synthesize spherical Pt NPs of the average particle sizes of 3.95,
2.49 and 8.06 nm [158]. Other species, such as Acinetobacter calcoaceticus, synthesize small
cuboidal Pt NPs of 2 - 3.5 nm in size [159].

The potential applications of Pt NPs include their use in diagnostics [201], anticancer
treatments [202], and as antibacterial agents [203]. For the case of Pd in nanoparticle form, it
is utilized for hydrogenation and as a carbon-carbon bond forming catalyst in Heck reactions
and in Suzuki-Miyaura coupling. A further description of palladium-based nanoparticles
synthesis and applications can be found in the following sections.

2.3.3. Other elements, alloys, and bimetallic nanoparticles
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Many other types of metal-based nanoparticles have been produced successfully using bacteria.
These include nanoparticles composed of elements such as Zn, Cr, Cd, Ti, Cu and different
mixtures of metals. For example, antibacterial nanoparticles made of TiO2 and ZnO can be bio-
synthesized with bacteria. The Gram-negative bacterium Halomonas elongata can be used to
produce spherical TiO2 NPs and anisotropic ZnO NPs by incubating the cells with various
concentrations of TiIO(OH). and ZnCl; solutions at different temperatures. The synthesized
TiO2 and ZnO NPs were on average of 104.63 £ 27.75 and 18.11 + 8.93 nm in size, respectively
[186]. Other examples are the nanoparticles produced by the metal-reducing bacterium S.
oneidensis MR-1, known for its ability to live in heavy-metals polluted environments and
studied for the synthesis of NPs of a wide range of metal ions, including ZnS [186], Pd
[168,169], Cr [204] and U [205]. Synthesis of Te NPs has also been reported using a
methanogenic microbial consortium in 270 mL continuous reactors as an alternative of Te
recovery in wastewater treatments [206].

Table 3. Bacteria-mediated bimetallic metal-based nanoparticles reported in the literature

[29].
Name of organism NPs Size Morphology  Localization  Reference
Bacillus benzeovorans | Pd-Ru 1-8 nm Core-shell Membrane [207]
Cupriavidus necator Pd-Au 10-50 nm Spherical Membrane [208]
Deinococcus Au-Ag 60—400 nm  Spherical Supernatant  [209]
radiodurans Au-Ag -—-- Spherical Supernatant  [210]
Intracellular
Au-Pd 16 nm Spherical / [211]
_— ) Membrane
Escherichia coli
Intracellular/
Pd-Ru 1-3nm Core-shell [212]
Membrane
Lactobacillus Au-Ag 100-500 nm Irregular Membrane [213]
Paenibacillus polymyxa |FeO-MnO  11-54 nm Spherical Supernatant  [214]
Pd-Fes0q4 55nmm - - [215]
Au-FesO; 154 nm - - [215]
PdAu-
8.3 nm [215]
F8304
. ) ) Intracellular/
Shewanella oneidensis | Pd-Pt 3-40 nm Spherical [216]
Extracellular
Intracellular/
Pd-Au 1-50 nm [217]
Extracellular
Pd-Ag 5-60 nm Core-shell Membrane [218]
Pd-Au 4-15nm Core-shell Extracellular  [218]
Shewanella Flower-
i Pd-Pt 4-60 nm Membrane [219]
putrefaciens shaped
Spirulina platensis Au-Ag 17-25nm Core-Shell Supernatant  [220]

Although microbial-mediated monometallic nanoparticles have been extensively studied, there
is limited research on the production of bimetallic nanoparticles by bacteria. The synergistic
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effect of metal combinations can result in superior or novel catalytic, electronic, and optical
properties. Therefore, bimetallic nanoparticles often exhibit improved performance that could
be interesting for different applications [216]. Exposing bacteria to high concentrations of
various mixes of heavy metal ions can result in the formation of nanoparticles made of
combinations of these elements. Bimetallic nanoparticles can have structures such as core-
shell, alloys, crown jewel, cluster-in-cluster, hollow, and porous NPs [221] and it is not
surprising that the synthesis methodology has a direct effect on the final architecture of the
formed bimetallic NP. An example is the synthesis of spherical bimetallic Pd-Pt NPs by S.
oneidensis MR-1 prepared by incubation of the cell’s biomass in a Pd** and Pt** mixed
solution. Research showed that the synthesized polycrystalline Pd-Pt NPs possessed an
improved catalytic performance in comparison with pure Pd or Pt NPs [216]. Extracellular
biosynthesis of bimetallic FeO-MnO NPs can be performed using Paenibacillus polymyxa. In
this case, cell-free extracts were incubated with solutions of FeCls and MnSO4 at 45°C in the
dark for 5 h and the formed spherical nanoparticles had sizes in the range from 11.28 to 543
nm. These particles are useful as micronutrient additives to fertilizers for crop production [214].
For core-shell Pd-Ru bimetallic NP production, Gomez-Bolivar et al. incubated E. coli bacteria
in a Pd?* solution for an initial reduction of Pd under Hz on the cell surface. The biomass with
Pd® was then resuspended in Ru®* solution for Pd-Ru NPs formation. Pd-Ru NPs were
synthesized mainly at the cell surface, although small MNPs were also present intracellularly
[212]. Table 3 summarize examples of bimetallic nanoparticles produced by different bacteria.

3. Palladium-based nanoparticles

Palladium is a precious metal with outstanding catalytic, mechanical, and electronic properties.
It is extensively used in catalytic converters to help reduce harmful emissions from vehicles
and, it is crucial in a large variety of industrial-scale chemical reactions. In particular, it is an
indispensable tool for modern organic synthesis [222]. According to reports from 2021,
automobiles accounted for the largest amount of palladium consumption, followed by
electronics, chemical catalysis, dental alloys, and jewelry (Figure 4) [223]. The outermost
configuration of the electron shell of palladium is atypical when compared with other elements
from the same group in the periodic table [224]. Pd possesses an empty fifth shell (Pd 4d!°5sP)
and a density of states just below the Fermi level, nearly satisfying the Stoner criterion for
ferromagnetism. [225]. Bulk or atomic Pd are then paramagnetic, however, there are a few
special cases in which palladium can be forced to behave magnetically, including close to
surfaces, material boundaries, in modified lattices, or low dimensions [226]. Therefore, Pd
local structure, shape, and size are highly correlated with material activity and general
properties [227]. When produced in sizes between 1 and 100 nm, palladium presents unigque
features useful in various applications. For example, ferromagnetic moment has been reported
in small cluster of Pd of less than 7 nm in size [225,228]. Pd NPs of 2.1 nm biosynthesized by
bacteria have also been shown to display ferromagnetic behavior [229]. The generation of small
Pd nanoparticles results in a higher degree of interfacial interaction between the metal and the
medium, making them more efficient and reactive than the bulk material [227]. In nanoparticle
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form, palladium is frequently utilized for selective hydrogenation [230] and as a carbon-carbon
bond-forming catalyst in Heck reactions [164] and Suzuki-Miyaura couplings [218].
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Figure 4. Consumption of palladium by industry reported in Nornickel Annual report 2021
[223].

Several chemical and physical methods can be used to synthesize palladium nanomaterials in
various shapes and sizes. For instance, the top-down approach described by Salman et al. uses
pulsed laser ablation in liquid resulting in Pd NPs with spherical morphology and fcc crystalline
structures [231]. Another example is the hydrothermal method from the bottom-up approach
which produces tetrahedral Pd nanocrystals as indicated by Fu et al. in their research [232].
The three primary components used in the chemical synthesis of Pd NPs include a metal
precursor, a capping or stabilizing agent, and a reducing agent [233]. Synthesis protocols first
require a Pd source such as a Pd salt. Na2PdCl4 (Sodium tetrachloropalladate (I1)) is among the
most common Pd NP precursors. Then, production involves reduction agents like hydrogen,
citrate, or sodium borohydride that facilitate electron movement to Pd ions. The capping agents
ensure stability and prevent aggregation of the resulting nanoparticles. Stabilizers like different
kinds of polymers, polyelectrolytes, and ligands are frequently employed. Some examples
include hexadecyltrimethylammonium bromide (CTAB) [234], polyvinylpyrrolidone
(PVP)[235], polyvinyl alcohol (PVA)[235], and sodium dodecyl sulphate (SDS)[236]. In any
case, these additives are in general complex molecules not found easily in nature. Hence,
capping agent toxicity is one of the principal disadvantages of Pd NPs synthesis by chemical
methods.

Due to Pd scarcity, limited production, and high cost; innovative methods to synthesize, reuse,
and recycle it are in high demand [237]. Methods for palladium recovery after being discarded
(e.g. in catalytic assays) include pyrometallurgical methods, chemical reduction,
electrochemical, and biological methods [238-241]. Pyrometallurgical methods consume huge
amounts of energy and contribute to pollution while wet chemical methods require large
leaching time and result in low metal recovery rates leading to a significant waste of Pd
resources [240]. Bio recovery strategies are cleaner and more attractive from an economical
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point of view and are particularly suitable for metals recovery at low concentrations [239].
Environmentally friendly microbial-based recovery uses mild reaction conditions and simple
protocols. Yet, little is known about the processes, bacteria strains and microbial communities
optimal for recovery, or the efficiency of the methods [238].

3.1. Biosynthetic palladium nanoparticles

Recent studies on palladium-based nanoparticles highlight the potential of biological methods
for small NP synthesis. It is easy to find plant-mediated, bacteria-mediated, algae-mediated, or
fungi-mediated processes for MNP production [233]. Plant-mediated methods are widely
applied due to their simplicity and straightforward purification. In particular, plant extracts
carry components that serve as a reducing agent as well as a stabilizer [233,242]. Among the
bioactive compounds are water-soluble plant metabolites and antioxidant constituents, for
instance, terpenoids, vitamins, alkaloids, glycosides, flavonoids, and phenolic compounds
[237,242]. These compounds are usually found in extracts derived from diverse plant
components, such as leaves, seeds, fruits, and roots. For example, researchers have utilized
Persea americana bark extract to produce 16 nm Pd NPs [243]. Palladium NPs synthesis using
algal extracts has also attracted great attention for various applications as antibacterial,
antibiofilm, and anticancer agents [244]. An example is use of the green alga Botryococcus
braunii which produces cubical, spherical, and truncated triangular shape Pd NPs of 4.89 nm
in size with antimicrobial activity against Gram-positive and Gram-negative bacterial strains
[245]. Fungi-mediated synthesis can also biosynthesize Pd NPs. Extracts of Agaricus bisporus,
an edible mushroom have been shown to produce 13-nm Pd NPs [246].

The synthesis of Pd NPs using microorganisms, as mentioned above, could be done using intact
living cells, by cell-free supernatants, or by cell lysate supernatants (cell extracts). Using living
cells can result in intracellular and extracellular nanoparticles. Typical synthesis of intracellular
Pd NPs by bacteria is performed under anaerobic conditions and starts with incubating the
microorganisms in aqueous solutions of Pd precursors, such as Na2PdCls. The cells are then
loaded with metal ions, and a reducing agent, sodium pyruvate, formate, or Hz gas, is added as
an external electron donor to accelerate the metal reduction [237]. For the in vitro biosynthesis
of nanoparticles, the cells are ultrasonicated and centrifuged. Then only the cells lysate
supernatant is incubated with the Pd precursor solution. Some examples of Pd NPs biosynthesis
include the metal-reducing bacterium S. oneidensis MR-1, which can synthesize in vitro 2-12
nm Pd NPs [168], metal-resistant species Cupriavidus metallidurans [163], and sulfate-
reducing bacterium Desulfovibrio fructosivorans [247]. Other strains studied for their capacity
for Pd NP synthesis, which are not specialized in metal reduction for detoxification include, E.
coli [165], Bacillus megaterium [102], and Bacillus benzeovorans [70].

As shown in the section 2.3.3, a large portion of the microbial bimetallic nanoparticles currently
produced are Pd-based nanoparticles. Pd synergy with different metals and elements frequently
results in novel or enhanced properties [208,215,219]. Various examples of bimetallic Pd-
based nanoparticles are found in Table 3. Bimetallic nanoparticles based on Pd and Fe produced
by bacteria were not previously reported. However, they have been produced by other
biological methods. Examples of plant-mediated synthesis include the use of bark extract of
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Ulmus davidiana var. japonica, root extract of Euphorbia condylocarpa M. bieb., and grape
leaf extract [248-250].

3.2.  Applications of palladium-based nanoparticles

The study of microbial Pd NPs synthesis has increased in recent years, but few works have
evaluated their use for specific applications. Nevertheless, some research has been conducted
on biosynthesized Pd-based nanoparticles for catalysis, biomedical applications, and nano-
electronics. As mentioned above, catalysis is one of the main uses for Palladium, which
includes various hydrogenation and C-C bond-forming reactions. For instance, Pd NPs
produced by a thermophilic protein SP1 isolated from aspen plants (Populus tremula) and
expressed in E. coli cells were described to be effective for converting acetylene feedstock into
ethylene and ethane [165]. An additional example is the sulfate-reducing bacterium
Desulfovibrio alaskensis G20 which can synthesize Pd NPs with high catalytic activity.
Research by Era et al. [251] suggests these NPs to be effective for the ligand-free Suzuki
Miyaura reaction of aryl bromides and phenylboronic acids.

It is well known that metal nanoparticles have several applications in biomedicine, including
biocompatible materials, antibacterial nanoparticles, drug delivery, imaging, and therapeutic
agents. In the case of Pd, one example is the antibacterial activity of Pd NPs produced by
Bacillus megaterium Y-4, expressed under near infrared radiation (NIR) irradiation [252]. The
evaluation of their performance demonstrated a good photothermal killing efficiency with
potential uses in photothermal therapy for theranostic applications. In the area of nano-
electronics, studies also revealed potential uses of biogenic Pd. The work of Matsena et al.
[161] showed that the addition of Pd NPs synthesized by Citrobacter sp. to the anode of bio-
electrochemical systems, such as microbial fuel cells can improve their performance for the
generation of energy. Hence, the Pd NPs synthesized by bacteria have potential to be as good
as other chemically and physically produced MNPs in diverse applications. It is therefore
imperative to continue research of their synthesis pathways and industrial utilization. Further
development in this field holds promise for a more sustainable and economically viable
industrial use of Pd NPs.
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Chapter 2. Aims of the thesis

The present work is part of the Bioengineered Palladium Nanoparticles (BEDPAN) project
funded by the Research Council of Norway, RCN294605, as part of the Center for Digital Life
Norway. The project's general goal is to generate and use engineered bacterial strains for the
production of Pd NPs with tailored properties suitable for diverse applications in catalysis,
electronics, and biomedicine. This thesis encompasses the systematic study of Pd-based
nanoparticle biosynthesis by E. coli strains to elucidate their novel physicochemical
characteristics and evaluate the enhancement of useful properties such as catalytic activity and
magnetism. Advanced characterization methods are required to understand the properties and
synthesis of nanoparticles. However, current methods have some limitations since there are no
techniques for the simple characterization of weak magnetic single NPs within cellular
structures, so the development of suitable innovative techniques is essential. The magnetic
characterization of Pd-based NPs is of particular interest in this work as the improvement of
the NPs ferromagnetic properties would have a positive impact in applications such as
catalysis. It facilitates the reuse and recovery of Pd NPs after they are exploited in catalytic
reactions. Through these studies, feedback is provided for improving synthesis protocols and
generating engineered bacteria that would produce nanoparticles with enhanced properties.

In order to achieve this, the aims of the thesis are to:

a) Demonstrate Escherichia coli proficiency in tailored nanoparticle synthesis using Pd
and Fe as model metals for bimetallic microbial nanoparticle production.

b) Characterize the physical and chemical properties of microbial Pd and Pd-Fe NPs to
provide feedback for engineered nanoparticle development.

c) Develop and optimize a simple characterization technique for the assessment of the
magnetic properties of nanoparticles produced by bacterial cells.

d) Elucidate the influence of nanoparticle size, structure, and composition on the catalytic
activity and magnetic properties of microbial Pd-based nanoparticles.
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Chapter 3. Theory and experimental procedures

Biosynthesis of Pd-based nanoparticles, as described above in Chapter 1 can be done using
various biological materials and different production protocols. The final features of the
nanoparticles change according to the applied methods; therefore, a thoughtful characterization
of the samples is necessary before they were used or tested for different applications. In this
section, the general methodology employed during the biosynthesis of Pd-based nanoparticles
by E. coli bacterial cells is described. A more detailed description of the specific samples
preparation, characterization, and testing can be found in Paper | and Paper Il. The theory
behind the most relevant techniques for biogenic nanoparticle characterization is also explained
in this section.

1. E. coli-mediated synthesis of Pd and Pd-Fe NPs

Escherichia coli K-12 strain BW25113 was selected as a model organism to produce Pd-based
nanoparticles. The particular use of E. coli bacteria in this work offers several additional
advantages. Due to rapid bacterial growth, the cultivation of E. coli can be easily scaled up for
large-scale NPs production if needed for industrial applications [253]. Also, the use of
exhaustively researched E. coli bacteria strains has the potential to be genetically modified to
express specific proteins or peptides related to the reduction of metal ions that may lead to the
formation of improved metal NPs.
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Figure 5. Standardization curve for CFU/mL versus ODeqo for E. coli K-12 BW25113 in LB
media at 37°C.

Previous studies demonstrated the successful biosynthesis of Pd nanoparticles using various E.
coli strains [59,212]. Here, a modified version of these protocols was used to synthesize
monometallic Pd and bimetallic Pd-Fe NPs (Paper 1). The production of Pd nanoparticles by
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bacteria is typically performed in the absence of O; therefore, the bacteria used during this
work were grown in Lysogeny Broth (LB) overnight (16 h) at 37 °C under anaerobic
conditions. Anaerobic conditions were approximated in this work by packing the falcon tubes
with the media to the top and tightly sealing them.

The bacterial cell number was normalized using the Optical Density (OD) recorded at 600 nm
with the help of a spectrophotometer. The ODeoo can be correlated to colony forming units per
mL (CFU/mL) of plated bacterial suspension at different dilutions [254]. The samples were
normalized to ensure that in all the experiments a similar number of bacterial cells was used
for nanoparticle synthesis. Each dilution of cells was measured in a spectrophotometer. Then,
the plates with the dilutions were incubated overnight at 37 °C, and colonies were enumerated.
A standard curve was established to relate the optical density to an approximated bacterial
CFU/mL (see Figure 5). All the bacteria solutions were normalized to an ODeoo 0f 3.5 which
is equal to 2.5 x 10° CFU/mL.
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Figure 6. General protocol for Pd NPs biosynthesis by E. coli K12 cells in MOPS buffer at
37°C with agitation. (a) Pd uptake, (b) addition of sodium formate as electron donor and (c)
Pd reduction. Created in BioRender

The bacterial cells were incubated in solutions of Pd(I1) or Pd(Il) + Fe(lll) at 37°C with 200
rpm agitation (Figure 6). Sodium tetrachloropalladate (I1) (Na2PdCls) dissolved in 0.01M
HNOs at ImM concentration was used as a palladium precursor, while for Fe, Iron (I11) chloride
(FeClz) in distilled H20O was selected. This thesis investigated different Pd and Fe ratios.
Specific details about the Pd and Fe concentrations in the samples are described in the methods
section of Paper I, Paper 11, Paper 111, and Paper IV. Metal ions are absorbed by bacteria
during incubation in metal-rich solutions (Figure 6). Pd loading can be monitored by
spectrophotometry using a tin (1) chloride (SnCl>) assay [59,255]. The reaction between SnCl;
and metals from the Platinum group of elements is an easy colorimetric method to quantify
small amounts of the metal in solution [256]. Red-brown complexes are formed when PdCl,
and SnCl; interact in HCI, and their color is proportional to Pd concentration. Thus, comparing
absorbance at 463 nm with a calibration curve allows quantitative determination of Pd from
media. This reaction was first used to establish the minimum incubation time to achieve Pd
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uptake close to 100% from the solution by the cells. Cells were incubated for two hours under
agitation before the addition of a reducing agent. Sodium formate was selected as an electron
donor to promote the reduction of the Pd and Fe in the cells into nanoparticles. A black
precipitate is the indication of nanoparticle formation (Figure 6 (c)).

2. The characterization of biogenic nanoparticles

Nanoparticles characteristics can be classified in physical and chemical properties. Among the
most important physical features are the particle’s morphology (size, shape, size distribution),
magnetic moment, as well as the optical, mechanical, and thermal properties. In the case of
chemical properties, elemental composition, chemical state, concentration, and catalytic
activity are the main features [257]. In this section, the most relevant characterization
techniques are described, with special emphasis on the methodologies used during this
research.

2.1. Size, shape and size distribution

The size, size distribution, and shape of the particles are important characteristics that dictate
the final catalytic activity and influence on the magnetic behavior of Pd-based nanoparticles.
Multiple techniques are available for the evaluation of these properties of nanomaterials. The
most common methods used to measure NP size distribution and shape include dynamic light
scattering (DLS), UV/Vis spectrometry, x-ray diffractometry (XRD), atomic force microscopy
(AFM), and transmission electron microscopy (TEM) [257], among others. In this work, TEM,
and scanning probe techniques such as AFM were used to the study of Pd and Pd-Fe NP
properties. An extended description of how these techniques work and why they are important
for the characterization of our samples is described in the following subsections.

2.1.1. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a powerful imaging technique that employs a
beam of electrons to visualize structures up to atomic resolution (<0.1 nm) [258,259]. In
conventional TEM (Figure 7(a)), part of the parallel beam will pass through an ultra-thin
specimen without interacting with the material atoms. At the same time, other electrons are
diffracted or absorbed by the specimen, leading to variations in the intensity. The resulting
electron pattern is then magnified and focused on a fluorescent screen or digital detector. This
generates highly detailed images of the specimen or diffraction patterns [260]. By modifying
the focus of the intermediate lens to the back-focal plane of the objective lens, it is possible to
move from image mode to diffraction mode (Figure 7)[261].

The image and diffraction modes can provide different information on the specimen as
morphology, size, shape, particle aggregation, and crystal lattice [262]. Therefore, TEM is
useful for the study of a variety of samples, among them, nanomaterials and biological samples.
The integration of techniques such as Energy Dispersive x-ray Spectroscopy (EDX) and
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Electron Energy Loss Spectroscopy (EELS) also permits the study of chemical composition
within different regions of the sample. EDX will be further discussed in Chapter 3 Section 2.3.
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Figure 7. Ray paths in conventional TEM, bright field and dark field image mode. Modified
from [261].

In TEM, a beam of electrons is emitted from an electron gun and accelerated by an
electromagnetic field. The operation happens under a high vacuum to facilitate the transmission
of electrons. Elements with higher atomic numbers, characterized by greater electron densities,
diffract the electron beam more hence they exhibit more pronounced contrast in TEM images.
An example is metal nanoparticles within cellular structures that normally have higher contrast
than biological materials. To enhance the contrast of specimens with low atomic number
elements, such as biological samples, it is possible to use staining reagents e.g. osmium
tetroxide [263]. In general, the contrast in TEM originates from the thickness and composition
of the sample [260].

There is also a complementary loss of intensity when the diffracted and transmitted electrons
passing through the sample are not separated. Hence, the use of an objective aperture improves
strongly the contrast of the images [261]. In bright field mode, the aperture is placed so that
only transmitted electrons can pass (Figure 7(b)) [260]. On the other hand, dark field images
are formed when only diffracted electrons are selected. This can be achieved by moving the
aperture (dirty dark field, Figure 7(c)) or by tilting the incident illumination on the specimen
[260]. In practice, the second method is commonly used since it is less affected by lens
aberrations [261].

High-resolution TEM (HR-TEM) is an imaging mode that allows the direct imaging of the
crystallographic structure of a sample at the atomic level [263]. Here, the phase contrast of the
smallest features in the samples is used for imaging. HR-TEM images are sensitive to sample
thickness and orientation, lattice spacings, atomic species, and their interaction with electrons.
It is frequently used to determine particle sizes and shapes too [264]. For instance, the study of
ZnO NPs biosynthesized by Lactobacillus plantarum TA4 with HR-TEM revealed spherical,
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hexagonal, and oval-shaped particles, with sizes ranging from 49.2 to 369.5 nm and an average
size of 191.8+69.1 nm [265]. Another example is the study of the crystal lattice of
biosynthesized Ag NPs that revealed interplanar spacings of 0.25 nm and allowed the
determination of face-centered cubic (fcc) crystal structure [266].

Sample thickness is an important factor that influences image quality in TEM studies. Materials
need to have dimensions small enough to be electron transparent and therefore good sample
preparation is crucial in TEM studies [260]. Sample preparation for TEM depends on the type
of material. Nanoparticles and powders are frequently diluted and deposited on top of
supported grids while biological samples, such as bacterial cells can be embedded into resin
and cut into thin films with a diamond knife before being deposited onto a grid [263]. A suitable
sample preparation method needs to balance the choices of contrast, resolution, and sample
preservation [267].

In this work, TEM was used to determine the nanoparticle location with respect to the cellular
structures. HR-TEM was employed for the determination of crystal structure and particle size.
The samples were prepared by embedding the cells with Pd and Pd-Fe NPs in an epoxy resin.
Cells were previously fixed to preserve their features. The samples were then cut with a
diamond knife into thin slices of 70 nm, which were deposited on 100 um copper grids.

2.1.2. Atomic Force Microscopy

AFM is a scanning probe technique that enables the visualization, manipulation, and analysis
of surfaces on the nanoscale [268]. Customarily, AFM employs a sharp probe that scans the
surface of a sample, measuring and mapping its properties with high resolution. As the
cantilever tip approaches the sample surface, intermolecular forces such as van der Waals
forces, electrostatic forces, and chemical bonding forces come into play. The study of the
different interactions makes AFM a multiparametric technique capable of evaluating various
physicochemical properties of samples [269].

AFM offers several operational modes. In static mode (contact mode), the tip maintains
constant contact with the sample, providing high-resolution topographical information. The
deflection of the cantilever in response to interactions with the sample surface is monitored
using a laser beam reflected off the back of the cantilever onto a position-sensitive detector. As
the tip moves across the sample, the cantilever deflection is continuously adjusted to maintain
a constant force between the tip and the surface [270]. The resulting topographical information
is used to construct a detailed three-dimensional map of the sample surface with nanoscale
resolution. In this mode, three images can be acquired simultaneously: height, deflection, and
friction.

In dynamic mode, known originally as tapping mode, the tip oscillates near its resonance
frequency above the surface, detecting the forces between the tip and the sample. In contrast to
contact mode, the probe only touches the surface at the end of its downward oscillation
movements, reducing the possibility of damage due to friction between the tip and the sample
[271,272]. Dynamic mode also prevents dragging weakly adsorbed materials along the sample
surface [273]. The tip experiences different attractive and repulsive forces coming from
intermolecular interactions with the surface in each oscillation cycle. This can be recorded
simultaneously as oscillation parameters such as amplitude, frequency, phase shift, and
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cantilever deflection [[271] (Figure 8 (a)). Amplitude modulation is a simple feedback method
used to adjust the tip height to keep the amplitude constant when measuring rough
topographies. Compared to frequency modulation, it requires fewer feedback loops [272].
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Figure 8. (a) Parameters of cantilever oscillation and schematic of probe scanning on a
sample with embedded nanoparticles by (b) AFM and (¢) MFM

AFM has been exploited beyond topography imaging of material surfaces. Various kinds of
physical and chemical interactions, such as current, voltage, and force quantification have been
acquired for a wide range of materials that include biological molecules, living cells,
nanomaterials, polymers, and semiconductors [274,275]. Different materials require different
sample preparations. For instance, the study of biosynthetic Se NPs produced by Bacillus sp.
E5 in AFM requires the deposition of cell suspension on coverslips which allows the
visualization of bacteria along with extracellular nanoparticles [276]. A similar protocol was
used for the study of ZnO NPs synthesized by Aeromonas hydrophila bacteria in AFM [277].
Other sample preparation methods involve the purification of nanoparticles, lyophilization, and
drying of the powder dilution on top of smooth surfaces [278,279]. Some suitable substrates
for AFM studies of nanomaterials and biological samples include freshly cleaved mica, glass,
and silicon oxide. In addition to their natural flat surface, these surfaces are easy to clean or
modify [274]. The straightforward sample preparation and the possibility to study the samples
in different mediums such as air, vacuum, and even liquid solutions make AFM an attractive
technique for the study of biosynthesized nanoparticles. However, the current protocols still
fail to provide a simple pathway to study intracellular nanoparticles at their place of formation.
In AFM scans, contrast arises from the interaction between the scanning tip at distinct regions
of the sample. During this work, dynamic mode was used to study the surface of our sample.
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The well-known specimen preparation of ultrathin slices of resin-embedded samples typically
used in TEM studies was employed in this work as a new pathway for the AFM examination
of bacteria with Pd and Pd-Fe NPs.

The resin slices were analyzed by AFM using a scanning probe microscope JPK NanoWizard
4.0 shown in Figure 9. For AFM imaging, the instrument was equipped with commercial
pyramid-tipped silicon cantilevers PPP-FM (Nanosensors, Switzerland) with a tip radius of
approximately 7 nm.

Figure 9. Images of the scanning probe microscope JPK NanoWizard 4.0 used for AFM and
MFM study.

2.1.3. Other morphology characterization techniques

In DLS studies, a laser beam is directed at a sample containing nanoparticles in suspension.
Random Brownian motion of the nanoparticles causes variations in the scattered light intensity
over time [280]. The speed of a particle depends upon its size; large particles have low speeds
and small particles have high speeds [281]. In collisions with particles, light wavelengths
change according to their motion. In this way, the measurement of the intensity fluctuations
provides information about particle size and size distribution [280].

UV/Vis spectrometry is also often used to characterize particle size. The surface plasmon
resonance of metal nanoparticles such as Au NPs generates an extinction spectrum that varies
with size, shape, and particle aggregation [282]. The UV/Vis spectra of the nanoparticles are
recorded and analyzed using Mie theory, which solves the Maxwell equations and relates
extinction and scattering efficiencies to the diameters of metal particles [283].

XRD is a powerful technique used to investigate the crystal structure of materials among them
nanoparticles. When incident x-rays strike the sample, they interact with the electrons in the
atoms. The x-rays cause the electrons to oscillate, re-radiating x-rays in various directions and
interfering with each other constructively or destructively. This interference results in a
diffraction pattern when the conditions satisfy Bragg's law [281]. The diffraction pattern is a
series of peaks corresponding to specific crystallographic planes within the sample. The
diffraction peaks can give information about the crystal structure, including the lattice
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parameters and crystal symmetry. In the case of crystalline nanoparticles, it is also possible to
measure the average particle size through the Scherrer equation (D = KA/B cos 0) [284]. This
equation relates the width of the peak at half of its height (B) at a particular diffraction angle
(0), with the crystalline size (D) when studied with X-rays of wavelength A. K is the Scherrer
constant.

2.2. Magnetic properties

2.2.1. Principles of magnetism and magnetic materials

Magnetism is a property of materials that can arise from two principal sources, the movement
of charged particles or the orbital and spin moments of elementary particles [285]. In the first
case, the movement of charged particles such as electrons or ions creates a magnetic field
around them. This effect is known as electromagnetic induction and is described by Ampere’s
law. The second source of magnetism comes from the interaction of elementary particles. The
orbital motion of electrons around the nucleus and their spin generates angular momentum and
therefore magnetic moment. In the same way, an electric current through a circular loop creates
a magnetic field [286]. The magnetic moment of electrons can be added up and the atomic
magnetic moment depends in principle on the electronic configuration of the atoms.
Magnetization of a specimen can be classified following its response to an external field into
paramagnetic, diamagnetic, and ferromagnetic. Paramagnetic materials tend to align their
magnetic moments under an external magnetic field. It’s a weak form of magnetism and its
strength is directly proportional to the applied field [287]. Opposite to this, the diamagnetic
materials present weak negative magnetization when subjected to a magnetic field.
Ferromagnetism is a property of materials caused by spontaneous alignment of electron spin
and orbital magnetic moments. Ferromagnetic materials possess permanent magnetism. Under
an external field, the magnetic domains will start to align in a favorable direction sustaining a
growing magnetization. The magnetization value when all the domains are aligned parallel
under an external magnetic field is called saturation magnetization (Ms). The relationship
between the magnetization of a material and the external magnetic field can be described by
magnetization curves (Figure 10). A ferromagnetic material curve exhibits hysteresis loops as
a result of residual magnetization when exposed to a magnetic field of a specific orientation.
Some other important parameters include the remanence (M,), which is the remaining
magnetization in the ferromagnetic material after removal of an external magnetic field, and
the coercivity (H.), which is the magnetic field necessary to demagnetize a fully magnetized
material [287,288]. Traditional magnetic materials include alloys of ferromagnetic metals: Fe,
Co, and Ni.

Superparamagnetism is a particular case of ferromagnetism present in single-domain magnetic
materials with negligible remanence and coercivity [287]. Magnetic materials that reach a small
dimension (e.g., nanoparticles) at a critical diameter will demagnetize spontaneously as a result
of thermal effects. Their behavior is then similar to a paramagnetic material. However, their
magnetic moment align under external fields with a much higher magnetization [288].
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Figure 10. Schematic of magnetization curves of magnetic materials.

2.2.2. Magnetic characterization techniques

At the nanoscale, the study of magnetic behavior requires the use of highly sensitive techniques
capable of measuring the weak signals coming from magnetic interactions in small-volume
samples [281]. Magnetic properties characterization is typically done by techniques such as
vibrating sample magnetometry (VSM), superconducting quantum interference device
(SQUID) magnetometry, and magnetic force microscopy (MFM).

The magnetic study of samples by VSM describes the magnetic behavior of a material using
direct current (DC) or alternate current (AC). Typical magnetometry techniques record the
magnetization of the sample under a variable external magnetic field to find the hysteresis loop.
A sample is placed in a suitable non-magnetic sample holder which is attached to the end of
the VSM sample rod and then vibrated within a copper coil that generates a uniform magnetic
field [281,289]. Typically, a magnetic field is swept from zero to maximum, then maximum to
minimum, and then back to zero at constant temperature [263]. It is a simple and inexpensive
way to provide information about the magnetic moment of material. However, it is not as
sensitive as other methods like SQUID magnetometry [290]. Although, similar to VSM,
SQUID magnetometry is the standard for the characterization of magnetic materials [291]. The
main difference from VSM is that SQUID consists of a coil made with superconducting wire
and Josephson junctions that typically require cryogenic temperatures to operate. SQUID
magnetometry measures the changes in the critical current of a superconducting loop as a
function of the magnetic flux threaded through the loop making it an extremely sensitive
technique that can detect very weak magnetic fields [291,292].

In this work, we are interested in the evaluation of the magnetic properties of nanoparticles
biosynthesized by bacteria cells. As mentioned above, nanoparticles accumulate close to their
place of formation. Usually, NPs are distributed in the sample in the extracellular space, the
bacterial membrane, and in the cytosol. Biogenic Pd and Pd-Fe NPs in our study are not the
exception (Paper ). Particles formed at different locations on the sample have different
morphologies, so the question arises if their magnetic properties differ based on where they are
formed. The study of the magnetic behavior of single nanoparticles is then desirable. However,
methods like VSM and SQUID magnetometry evaluate total magnetic moment of the bulk
material. The development of a method that can relate the magnetic behavior to the particle
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location in the cells is required. Single nanoparticle studies have been performed before with
the use of MFM [293-295]. The following section describes MFM basic principles and their
application to the study of nanoparticles.

2.2.3. Magnetic force microscopy

MFM comes from the same family as AFM techniques. Standard cantilevers are coated with
magnetic layers containing elements such as cobalt or iron [291]. Sharp magnetic tips are used
to scan the surface of the samples. The cantilever then responds to the interactions of
intermolecular forces in addition to the magnetic fields generated by the specimen. The
intermolecular interactions are composed of repulsive and attractive forces. Most repulsive
forces decay rapidly with distance (within fractions of nm) as described by Pauli-exclusion
principles and electron—electron Coulomb interactions (Figure 11). The attractive forces
including van der Waals interactions and electrostatic forces, can be measured over long
distances from the surface, in some cases up to 100 nm [296]. Magnetism makes part of the
long-range interactions; it is prevalent at distances at which van der Waals forces are typically
not detected anymore.
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Figure 11. Interatomic forces vs tip lift height from the sample surface. AFM and MFM
modes of operation, contact mode, tapping mode and non-contact mode Modified from [297].

MFM operates in a similar way to AFM. In non-contact mode, the surface repulsive forces are
prevalent and not optimal for studying magnetic interactions (Figure 11). Hence, the imaging
of the specimen by MFM is mainly done in dynamic mode. The most common MFM method
is the two-pass scanning technique. Here, images are obtained by scanning each line twice. In
the first scan, the topographic information from the surface is recorded just like in the tapping
mode of AFM but then a second scan is produced by lifting the tip from the surface at a lift
height (Az) that allows the separation of the magnetic signals from all the other intermolecular
forces [298,299] (Figure 8 (c)). Non-contact scanning is used for this second scan.

The interaction of the tip with the forces normal to the surface (F,) produces variations in the
oscillation parameters. The force gradient normal to the surface will result in a shift in the
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resonance frequency (Af,), the amplitude (AA), and the phase (A¢) of the cantilever
oscillations, which can be expressed in the forms [300]:
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where k and Q are the cantilever spring constant and the quality factor of the cantilever,
respectively. The value Q reflects the intrinsic properties of the cantilever, at the resonant
frequency and the specific medium (air, liquid, or vacuum). f, and A, are the resonance
frequency and amplitude in the medium without external forces, respectively. The most
common parameter used to study magnetic samples in MFM is the phase shift of oscillation.
Then various works also model the magnetic interactions between the tip and the sample as
dipole-dipole interactions [281]. This allows us to derive an expression that describes the
gradient of the force normal to the sample surface as [301]:
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where m; and myp are the magnetic moments of the tip and the NPs, respectively, and p, is
the vacuum magnetic permeability. s is the height from the surface, and z, is the additional
distance expressed as z, = d,,/2 + d;/2, where d,,, and d; are the diameters of the NP and
the tip, respectively. Some examples include the study by Schreiber et al. [293] that evaluated
the magnetic response of superparamagnetic nanoparticles by measuring the phase shift values
on top of the nanoparticles at different lift heights. Another study estimated the remanent
magnetization of Co-based NPs deposited on an Al substrate by analysis of the phase shift of
the magnetic cantilever above the particles [295].

During this research, both AFM and MFM studies were done in the two-pass dynamic mode.
The phase shift, height, and amplitude parameters were used to represent the sample. The phase
shift on top of Pd and Pd-Fe nanoparticles at different locations of the samples were evaluated.

2.3. Elemental composition, concentration, and chemical state

The elemental composition is among the most relevant features of the samples. For the
determination of the composition, concentration and chemical state, there exist a wide range of
methodologies. The most used techniques are fourier transform infrared spectrometry (FTIR),
energy-dispersive x-ray spectroscopy (EDX), atomic absorption spectroscopy (AAS), x-ray
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photoelectron spectroscopy (XPS), UV/Vis spectrometry, inductively coupled plasma mass
spectrometry (ICP-MS), and XRD.

2.3.1. HAADF-STEM images and EDX

The scanning transmission electron microscopy (STEM) has the similar functions as TEM but
is equipped with more beam deflection coils used to focus the electron beam. This makes it
possible to scan the specimen with an electron beam as a probe. Electron scattering by a sample
emits a variety of signals that can be detected by detectors at different angles and positions.
Bright field, annular dark field (ADF), or High-angle annular dark-field images (HAADF) can
be formed. HAADF images use high-angle incoherent elastically scattered electrons, which
carry information about the sample elemental composition. The intensity of high angle
scattering, also known as Rutherford scattering, increases with the atomic number. Therefore,
HAADF imaging is also called Z-contrast imaging [260,262,302].

Elemental maps of the sample can also be recorded using x-rays emitted by the sample. EDX
uses an x-ray detector placed at an optimal angle above the sample to collect x-rays emitted
after electron interaction with the specimen to produce elemental maps of the sample. When a
sample is bombarded with high-energy electrons it emits characteristic X-rays due to the
interactions between the incident radiation and the atoms in the sample. These emitted X-rays
have energies specific to each element, allowing for their identification [303]. The x-ray
emission increases with the atomic number too, so it is optimal for heavy element
characterization due to a better contrast [262]. HAADF-STEM can be acquired simultaneously
with EDX spectroscopy enabling the mapping of elemental composition and structural details.
During this study, the distribution of Pd and Fe in the bacteria sample after nanoparticle
formation was studied with HAADF-STEM and EDX (Figure 12). The resulting elemental
distribution maps were also employed to confirm the nanoparticles elemental composition.

Figure 12. HAADF-STEM images of E. coli K-12 bacteria and magnified view of cell surface
loaded with Pd and Fe molar ratio (a) 1:2 and (b) 1:1 (Pd:Fe).
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2.3.2. Further composition characterization techniques

One of the best methods for determining the amount of metal in nanomaterials is AAS [304].
This technique is used to quantitatively analyze the concentration of various elements in a
sample based on their absorption of light at specific wavelengths. The absorption is specific to
each element, and the amount of absorbed light is proportional to the concentration of that
element in the sample. The sample after a process of preconcentration and dissolution in acids
is introduced into a flame and vaporized. Light at a specific wavelength passes through this
gaseous sample and absorption is analyzed [305]. In this work, the amount of Pd and Fe in the
biosynthesized NPs was quantified by AAS. The samples were digested using aqua regia before
their study (Figure 13) and light sources specific to Pd and Fe were used.
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Figure 13. Schematic of AAS study of Pd-based nanoparticles synthesized by E. coli. Created
in BioRender

ICP-MS is another technique frequently employed for element concentration analysis. Similar
to AAS, it first atomizes the sample, however, it is then ionized in an inductively coupled
plasma, and the resulting ions are detected and quantified by mass spectrometry [306]. This
makes it a highly sensitive method that allows simultaneous detection of multiple elements.

Techniques such as FTIR can also be used to study elemental composition. Here the absorption
of infrared light by molecular vibrations is measured. Different functional groups absorb at
characteristic frequencies, allowing the identification of compounds. The vibrations of
molecules are directly related to their symmetry, which can be used to determine the formation
of bonds on surfaces [307]

Another example is XPS which provides information about elemental composition along with
chemical states on the sample surface. It analyzes the photoelectrons emitted when x-rays
interact with a sample. The binding energies of these electrons reveal the elemental
composition, and their intensity provides quantitative information [308]. XPS is particularly
relevant for the study of surface chemistry and identifying oxidation states. It can provide vital
information about the presence of a chemical functional group and the composition of surface-
bound molecules [309].

36



For composition identification, the XRD technique mentioned above (Section 2.1.3) is also
useful. It can be employed for the identification of crystal structures of unknown materials in
the sample. The diffraction patterns found with XRD of the biogenic NPs powders in this work
were compared with the crystal structure reported for different crystalline Pd and Fe standards
in a database.

2.4. Catalytic activity

Catalysis is defined as the acceleration or facilitation of a chemical reaction by a substance
(catalyst). The catalyst lowers the activation energy, making the reaction proceed more rapidly.
The most commonly encountered catalyst types are materials containing metals, oxides, or
sulfides [310]. Metal nanoparticles with a high surface area and more active sites than in bulk,
promote faster reactions and increase product yield [311]. Transition metals are especially
effective as catalysts due to their unfilled d-bands. Noble metals such as Au, Pt, Pd, and Ag,
along with other metals like Fe, Cu, Ni, and Co have been studied in nanoparticle form mainly
in heterogeneous catalysis [311].

An important model reaction used normally to test metal nanoparticle catalytic activity in an
aqueous solution is the reduction of p-nitrophenol by sodium borohydride. Sodium borohydride
serves as the source of ions (H"), which are responsible for reducing the nitro group (-NO2) of
4-nitrophenol (4-NP) to an amino group (-NHz), resulting in the formation of 4-aminophenol
(4-AP). This movement of ions (H") cannot proceed on its own and must be promoted by a
catalyst (metal), like Pd [219]. The reaction occurs under ambient conditions, and it can easily
be monitored. UV/Vis spectroscopy is used to observe the decrease in the absorption of 4-
nitrophenol at wavelength of 400 nm [312]. The efficiency of the reaction serves as an
indication of nanoparticle catalytic activity.

2.4.1. Biogenic nanoparticles in chemical catalysis

Biosynthetic nanoparticles produced by bacteria have been studied for different catalytic
applications. The most studied reactions are related to the degradation of dyes, removal of
heavy metal ions, catalytic dehalogenation, and 4-nitrophenol reduction, among others [313].
Examples are given in this section.

Matsena et al. [162] tested the catalytic activity of Pd NPs biosynthesized by Citrobacter sp.
bacteria for the reduction of Cr(V1) to Cr(l11) against chemically produced NPs. In their work,
a UV/Vis spectrophotometer was used to monitor the reaction and it was found that biogenic
Pd NPs performed better than their chemically produced counterparts. However, the study of
the same reaction with Pd NPs synthesized by Cupriavidus metallidurans CH34 using formic
acid (HCOOH) as a reductant showed that chemically produced Pd NPs were more efficient
for the removal of Cr(VI). Tan et al. [163] indicated a removal efficiency of 96% after 20 min
for chemical Pd NPs while biogenic Pd NPs only had 85% after 50 min. Other Pd NPs produced
by Desulfovibrio desulfuricans have been evaluated for the Heck coupling reaction between
iodobenzene and ethyl acrylate. The study results show that biogenic Pd outperformed a
commercial Pd-based catalyst by 10 — 25 % [164].
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The degradation of Azo dyes by microbially synthesized Cu NPs was studied by Noman et al.
[188]. In their work, Cu NPs were produced from a native Escherichia sp., and tested for the
degradation of different azo dyes. The degradation assays indicated that Cu NPs decolorized
congo red, malachite green, direct blue-1, and reactive black-5 at a dye concentration of
25mg Lt after 5h of sunlight exposure with efficiencies of 97.07%, 90.55%, 88.42%, and
83.61%, respectively.

2.5. Additional properties

Other important characteristics of nanoparticles include the optical and thermal properties. Due
to their small size, some nanoparticles exhibit effects like surface plasmon resonance, where
their electrons collectively oscillate in response to incident light [314]. This property has
important uses in the size determination of some metal nanoparticles by methods such as
UV/Vis mentioned above. Other applications based on specific properties include
photothermal therapy and photothermal imaging due to localized resonance. Certain
nanoparticles can also emit light upon excitation, displaying fluorescence or
photoluminescence. Absorption, transmission, reflection, and light emission are some of the
most important optical properties [315]. Techniques such as UV/Vis, fluorescence
spectroscopy, and thermal gravimetric analysis (TGA) are typically used to study these effects.
The latter technique measures changes in mass as a function of temperature, helping to
understand thermal stability and decomposition processes in nanoparticles [281].
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Chapter 4. Summary of papers

In this section, the summary of the four main papers that comprise this thesis is included:

Paper |

Microbial synthesis and characterization of bimetallic Pd-Fe nanoparticles
produced by Escherichia coli.

The manuscript delves into a bacteria-mediated approach to synthesize bimetallic NPs utilizing
Escherichia coli (E. coli). In addition to its rapid growth rate, this organism is easy and
inexpensive to culture, making it ideal for industrial applications. Aligned with the BEDPAN
project objectives, the protocols for biogenic Pd NP production by bacteria cells were modified
by the addition of other metals such as Fe to enhance the catalytic and magnetic properties of
the nanomaterial. The strategy developed resulted in the synthesis of bimetallic Pd-Fe
nanoparticles not previously reported using E. coli. Extensive characterization of these
nanoparticles revealed a predominant composition of Pd with trace amounts of Fe.
Biosynthesized Pd and Pd-Fe NPs demonstrated excellent catalytic activity in the 4-NP
reduction reaction, yet the catalytic activity was notably enhanced with the addition of Fe. E.
coli was found to generate distinct populations of Pd-Fe NPs, each exhibiting unique features
such as size and clustering. It is noteworthy that the mean size of the nanoparticles varied based
on the site of formation: outside bacterial cells it was 2.2 nm of diameter, while inside was 1.3
nm. Given the sensitivity of Pd NP magnetic properties to size variations, it is anticipated that
these NP populations will display distinct magnetic responses. However, the purification and
characterization of these as individual populations pose significant challenges. The work
described in Paper 11, Paper 111, and Paper 1V attempts to provide novel methods to characterize
these samples.

A drawback of our microbial NP synthesis protocol is the tendency of both metals to
agglomerate, resulting in disordered bimetallic particles lacking a defined structure and
exhibiting slightly unpredictable properties. However, Pd-Fe NPs, when compared to pure Pd
NPs, exhibit significantly improved catalytic activity than their monometallic counterparts. By
using Pd-Fe NPs instead of pure Pd NPs, the necessary amount of precious metal for catalytic
reactions is decreased, reducing costs and increasing economic viability.

Paper Il

Detection of microbial nanoparticles within biological structures by AFM and
MFM.

Advanced methods for characterizing the properties of NPs necessitate the samples to be
processed in different ways. Frequently, the study of multiple properties, such as size,
localization and magnetic behavior cannot be done simultaneously. In the case of the study of
magnetism with Vibrating Sample Magnetometry (VSM), the NPs are usually in dry powder
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form, preventing the assessment of specific particle populations within a sample. Building up
from the work presented in Paper I, this paper introduces a characterization approach for
evaluating NPs within biological samples using Atomic Force microscopy (AFM) and
Magnetic Force Microscopy (MFM). This approach involves AFM and MFM scanning of thin
slices of resin-embedded bacteria with NPs, a sample preparation technique previously
employed in EM studies, but never for the direct study of biosynthetic nanoparticles within
cellular structures. Our findings reveal a notable agreement between AFM and TEM in
delineating bacteria topography and providing information on Pd and Pd-Fe nanoparticle size
and localization. Nevertheless, achieving resolution for distinguishing between single
nanoparticles and clusters remains challenging.

The introduction of MFM not only validates topographical findings, but also offers valuable
insights into the magnetic properties of both intracellular and extracellular nanoparticles. Our
sample preparation protocol facilitates direct interaction between the magnetic tip and the
magnetic material within the cells, enabling the assessment of biogenic NPs magnetic
properties without the need for intricate purification procedures, even while studying weakly
magnetic nanoparticles. The comparison with a two-dipole model of interaction between the
magnetic tip and the nanoparticles indicates a good approximation of our data to pure magnetic
signal of the sample. The assessment of weakly magnetic nanoparticles produced by bacteria
serves as a model for comprehending broader implications of nanoparticle interactions within
biological systems.

Paper Il

Probing van der Waals and magnetic forces in bacterial samples containing
magnetic nanoparticles.

In this work, the study of the magnetic properties of biosynthesized Pd-Fe NPs by AFM and
MFM described in the Paper 1l is extended further. The sample protocol based on the well-
established TEM methods for embedding biological samples in epoxy resin was used for both
AFM and MFM. Normal methodologies consist in the purification of the nanoparticles or the
deposition of the bacteria with nanoparticles on top of smooth surfaces. This prevents the study
of bacteria structures interaction with the nanoparticles, their localization and the relation
between NP size and magnetic properties. Here, using MFM, a magnetic tip scans above the
sample surface, registering its interaction with magnetic nanoparticles, as well as providing
information about the sample topography and particle distribution. However, Pd-based
materials have low magnetic moment, hence this demands the tip to be in close proximity to
the sample surface, within a distance of a few nanometers. Working at such small distances
introduces complications, as van der Waals forces also act on the tip, preventing the isolation
of the magnetic force.

To address this challenge, first a simulation of the magnetic field of a nanoparticle and a tip
was conducted. This model was later compared with the AFM and MFM characterization of
the sample for low to high lift heights from the surface. This protocol allowed us to identify
that for the measured sample, the study with MFM at 22 nm above the surface is optimal for
detecting magnetic forces without significant interference from van der Waals interactions. At
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this distance, pure magnetic maps were generated, clearly visualizing Pd-Fe nanoparticles. This
suggests that the MFM technique is a convenient tool for resolving the magnetic properties of
nanoparticles within biological samples.

Paper IV

Magnetic decoration of Escherichia coli loaded with Palladium nanoparticles.

A new method was developed for the optimization of biosynthesized Pd nanoparticles studied
with MFM. Based on the results from Paper Il and Paper 111, the MFM characterization of the
samples allowed the study of the nanoparticles distributed at different locations in the cells and
in the extracellular space. However, nanoparticles within the cellular structures are smaller in
size than extracellular ones, as reported in Paper I, and therefore difficult to resolve. The MFM
study of the sample demonstrated the possibility of collecting magnetic signals from
extracellular nanoparticles while studying the sample at lift heights above 22 nm. However,
the intracellular nanoparticles, due to their weak magnetic fields are presented as dark regions
within the bacterial cells. The divergence of magnetic field lines from individual dipoles and
the merging of field lines from different NPs are suggested as the causes of this effect. This
paper explores the enhancement of the magnetic signal of Pd-Fe NPs through the deposition
(additional doping) of 10 nm commercial Fe2O3 NPs into the sample, coupled with a strong
external perpendicular magnetic field. Due to their magnetic nature, the added NPs accumulate
in an ordered pattern in the extracellular regions without a magnetic signal and are evenly
distributed on weak magnetic nanoparticles. This strategy aims to facilitate the visualization of
intracellular NPs. As a result of this approach, the magnetic signal of Pd-Fe NPs was increased
in bacteria by 15-fold. Bacterial cells displayed a more pronounced black contrast as a result
of this signal enhancement. Moreover, the bacterial cells exhibited a well-defined line profile
around them, in contrast to the diffuse appearance observed without the enhancement. These
advancements, however, were not yet sufficient for the individual resolution of intracellular
Pd-Fe NPs.
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Chapter 5. Discussion

1. E. coli-mediated synthesis of bimetallic Pd-Fe nanoparticles

The synthesis of MNPs by bacteria cells has been described before for a variety of strains
(Table 2, [29]). The complex mechanisms of defense that bacteria originally developed against
heavy metal toxicity (Chapter 1 Section 2.1) are now studied to generate different MNPs with
similar or enhanced activity comparable with their chemical produced counterparts, and
produced in an environmentally friendly way [43,44,132]. Currently, the synthesis of MNPs
involves the mining of metals and further transformation by a chemical or physical method into
nanoparticles (Chapter 1 Section 1). Metal extraction is highly polluting and limited in yield
[316]. Therefore, the growing use of precious metals in the industry cannot keep up with the
supply. Using bacteria to recover and reuse scarce metals could be of great benefit to reduce
pollution and decrease mining activity. Some bacteria have the ability to immobilize and
precipitate metal ions found in liquid environments, such as contaminated residual waters.
Subsequently, these bacteria convert the sequestered heavy metals from wastewater into
valuable nanoparticles that can be use in different applications.

Despite the growing interest in metal NP production in bacteria (Chapter 1 Section 3), it is
surprising how little is known about the mechanisms of metal nanoparticle synthesis by bacteria
cells. It is still unclear how bacterial metabolic side reactions complete precious MNPs
formation, but even more, it is unknown how the microbial synthesis pathways can be exploited
and tuned to achieve the desired production of nanoparticles for commercial use. Palladium is
an expensive element among these precious but limited metal resources with many important
applications in industry. Previously, it has been successfully produced as NPs by various
bacteria strains (Chapter 1 Section 3). Pd, which was selected in this work as the base metal
of the nanoparticles (Paper 1), is therefore the perfect candidate as a test case for the elucidation
of MNP formation by microorganisms and for the evaluation and fine-tuning of MNPs
properties to enhance their activity or tailor them for a specific application.

Among the most interesting properties of Pd-based nanoparticles are their strong catalytic
activity and their size-dependent magnetic behavior. Small MNPs with a high surface area and
available active sites are more chemically reactive and therefore more effective in catalytic
reactions than larger particles. As mentioned in Chapter 1 Section 3, Pd can behave
magnetically when reaching low dimensions. In nanoparticle form, it displays ferromagnetism
when in sizes between 1-10 nm [228,317—-319]. Remarkably, the synthesis mediated by bacteria
cells was reported to also be able to produce small sized magnetic Pd NPs [229]. The magnetic
properties of Pd are however weak when compared to other ferromagnetic magnetic materials
(Paper I1). Therefore, to overcome this, the addition of small amounts of a ferromagnetic
element was used to increase the magnetic moment. Fe was selected as the second metal for
Pd-based microbial nanoparticle synthesis. Doping of Pd with Fe is described to generate large
magnetic moments due to Pd atoms polarization when in contact with Fe atoms [320]. Hence,
the first aim (Aim (a)) of this work was to demonstrate the synthesis of bimetallic Pd-Fe NPs
mediated by bacteria. In the past, researchers reported the synthesis of Pd-Fe bimetallic
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nanoparticles from different biological sources. Plant-mediated synthesis is one of the most
studied biological pathways for bimetallic nanoparticle production [248-250]. However, few
bacterial strains have been demonstrated to generate them. Pd-Fe NPs produced by E. coli cells
have not been reported before. In Paper 1, | report an effective protocol for the synthesis of
monometallic Pd and bimetallic Pd-Fe NPs by E. coli bacteria. Various ratios of Pd/Fe were
tested to find the optimal relation that generates Pd-Fe NPs with enhanced catalytic or magnetic
features.

It is known that the reduction of Pd by bacteria is not restricted to metal- and sulfur-reducing
microorganisms but a large group of Gram-negative bacteria with no documented capacity for
reducing metals are suitable too [321]. Due to rapid bacterial growth, simple, and economical
cultivation, E. coli was selected as a model organism for nanoparticle biosynthesis [253]. The
results of the study described in Paper | suggest that the conditions for efficient production of
Pd and Pd-Fe NPs require the use of live bacteria cells. Usually, the nanoparticle formation
steps using live cells involve exposure of the bacteria to a medium rich in metal, adsorption of
metal ions and reduction, which is promoted by metabolically mediated side reaction with the
input of a reducing agent (Chapter 1 Section 3.1). As Pd is not an essential element for bacteria,
there is no dedicated transporter complex for its import and, thus it presumably enters the cells
through other inorganic ion transporter complexes or by passive diffusion (Chapter 1 Section
2.1.2). Paper | reported a limited metal uptake by heat-killed bacteria cells when compared to
normal cells and a slow reduction of the ions into nanoparticles. The efficiencies of particle
production in this case are significantly lower compared to those achieved by living cells, and
a large amount of precious metal is lost in the residual medium after adsorption by the
biological material. The recovery of Pd and Fe from the media by living E. coli measured by
AAS is above 90 % in most of the cases reported in this work, demonstrating that active
metabolic processes mediate the NP production.

Noteworthy is that the particle size and the reactivity of biosynthetic Pd NPs can be adjusted
by the relative amount of biomass to a metal ions, as reported in [322]. Here, the variable
material is Fe added to the same biomass while keeping the Pd concentration constant. The
question arises then whether the differences in particle morphology will affect the magnetic
and catalytic properties of nanoparticles. In the following section, I discuss these features from
the characterization biosynthetic Pd-Fe nanoparticles.

2. Characterization of microbially synthesized nanoparticles

The second aim (Aim (b)) of this work was to perform detailed characterization of Pd and Pd-
Fe NPs using various advanced techniques. The changes in the physical and chemical
properties of the NPs due to modifications in the synthesis are useful for the development of
better protocols. In Paper I, STEM visualization demonstrated intracellular and extracellular
Pd and Pd-Fe nanoparticle formation in cells (Figure 14). Cell membrane-bound NPs had an
average size of 1.3 + 0.4 nm, while extracellular NPs were as big as 2.2 + 0.6 nm. This is an
indication of the influence of nucleation site localization on the size distribution. It has been
suggested by others that bacteria-metal interaction within the cells leads to capping of the NPs
with biological macromolecules, preventing aggregation and promoting smaller intracellular
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NP formation [323]. Interestingly, the mean particle size for both extracellular and intracellular
nanoparticles seem to increase with the concentration of Fe used. The study of elemental
composition by HAADF-STEM with EDX analysis revealed the bimetallic nature of the NPs
(Figure 15 (a-c)).

Figure 14. High-angle annular dark field scanning electron microscope (HAADF-STEM)
micrographs of (a) E.coli-Pd/Feos, (b) E.coli-Pd, and (c) E.coli-Pd/Fe1 samples. Inset show
bacteria membrane at higher magnification.

The maps of Pd and Fe co-localization showed nanoparticles richer in Pd than in Fe at the
extracellular and membrane levels (Figure 15(d)). In the E. coli intracellular space, smaller NPs
containing pure Pd were found, but less frequently. This could be explained by the fast
sequestration and further reduction of Fe ions once they reach the intracellular space before
they can be integrated into the Pd NPs, which is consistent with the large deposits of
intracellular Fe found in STEM images. One disadvantage of our synthesis protocol for
microbial NPs is that both metals tend to agglomerate forming heterogeneous bimetallic
particles, lacking a defined structure, and making their properties slightly unpredictable.
Methods outlined in [212] for synthesizing Pd-Ru bimetallic nanoparticles, employing
sequential metal reduction, have successfully generated core-shell structures. Applying a
similar protocol to current Pd-Fe NPs production may enhance metal distribution, leading to
more homogeneous populations.

The crystal structure of the NPs, assessed via HR-TEM, selected area diffraction (SAED) rings,
and XRD, revealed fcc Pd formation (Figure 16). The increase in Fe concentration induced a
slight decrease in d-spacing, characteristic of "contracted” Pd-Fe alloys [60]. Compressive
strain in Pd-based alloys can enhance orbital overlap, produce expansion of the d-bandwidth,
and weaken the adsorption strength of the material [61]. XRD also showed disruption of
bacterial organic molecules upon exposure to Pd and Fe. A limitation found for the evaluation
of the biosynthetic nanoparticles in XRD is the background signal attributed to bacterial
biomass and other amorphous structures in the samples that obstruct the calculation of the
average crystal size of the nanoparticles. Methods to clean or purify the nanoparticles would
be useful before the study of the sample to reduce the noise in the measurements in the obtained
diffraction curves by removing most of the amorphous structure effects. However, harsh
cleaning methods could also have a disrupting effects on the original material properties [324].
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Figure 15. (a) HAADF-STEM micrograph of biosynthetic NPs in an E.coli-Pd/Fe; sample
showing the co-localization of (b) Pd (pink) and (c) Fe (blue). (d) EDX of a NPs cluster
cross-section.

FTIR analysis revealed changes in bands characteristic for bacterial biomass, including
frequency shifts, intensity variations, and appearance of new peaks. Our measurements suggest
an interaction of Pd and Fe primarily with P=0, -CH>, and -CHs functional groups. These
groups are likely to play a significant role in bacterial metal uptake, sequestration, and
subsequent nanoparticle growth [325]. TGA curves revealed variable mass losses in regions
linked to simple organic molecules, suggesting their reduced concentration in the Pd-Fe
samples. This agrees with our FTIR findings, indicating that cells loaded with Pd and Fe exhibit
lower lipid or fatty acid chain amounts, due to ion sequestration and metal toxicity. The
remaining weight in the last phase of TGA curves, following the sample pyrolysis, typically
consists of inorganic material, oxides, and carbon black [326]. Samples with high mineral
content show less mass loss because the evaporation temperatures of inorganic elements are
much higher than those used in the experiment. TGA measurements indicated that the final
weight of the samples did not correlate with the amount of loaded metal in the bacteria. For
instance, the control sample without Pd showed a similar final weight to heat-killed cells with
traces of Pd. Despite expectations of higher final weight in heat-killed samples due to the heavy
metal presence, both samples exhibited nearly identical weights. We suggest that this similarity
indicates a faster decomposition of organic molecules in the presence of the metal, with the
metal acting as a catalyst, accelerating the volatilization and degradation of biomolecules.

As mentioned in Chapter 3 Section 2.4, the model reaction of 4-nitrophenol (4-NP) reduction
to 4-aminophenol (4-AP) with NaBH4 is a common test for the catalytic properties of MNPs.
Normally, this reduction is challenging without a catalyst, but Pd NPs with notable catalytic
activity can facilitate the reaction. The paper shows that control samples evaluated in this
reaction exhibited about 1.0% 4-NP reduction to 4-AP indicating negligible catalytic activity.
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The best catalytic performance was achieved by the E. coli-Pd/Fe; sample of equal molar ratios
of Pd and Fe. Generally, samples containing both Pd and Fe displayed superior catalytic
performance compared to Pd-only samples. An obvious increase in the catalytic activity
proportional to the molar concentration of Fe in the samples was observed; however, saturation
was reached at the highest Fe concentration. In Paper I, we propose that the observed plateau
in the reaction rate might be attributed either to a limitation in the incorporation of Fe into the
nanoparticle or to the increase in particle size, which reduces the surface available for
interaction with the solution.

0.219 nm

- -

Figure 16. High-resolution TEM bright field images showing lattice spacing of Pd-Fe NPs in
E.coli-Pd/Fe; sample.

VSM results showed Pd NPs hysteresis loops with a saturation magnetization (M,) of 0.05
emu/g. According to Nouh et al. [322], ferromagnetism in Pd NPs can be induced by the
interaction between biological capping agents and the NP surface. The maximal magnetic
moments for Pd-Fe NPs with Pd/Fe ratios of 1:0.5, 1:1, and 1:2 were 0.27 emu/g, 0.29 emu/g,
and 0.34 emul/g, respectively. In samples with Pd and Fe, the magnetization increased
continuously with the applied magnetic field, showing low coercivity values indicative of
paramagnetic or superparamagnetic behavior. However, the observed weak magnetism was
insufficient for recovering nanoparticles using normal magnets. Standard magnetometry
methods assess the overall material effect in bulk and cannot distinguish magnetic fields
produced by intracellular and extracellular nanoparticles. Nanoparticles synthesized at
different locations in the cell structures have distinct size distributions and elemental
compositions, and it is appropriate to expect that they also own particular magnetic moments.
To clarify this, innovative techniques are needed. Hence, we aimed (Aim (c)) to develop a
novel methodology to characterize the magnetic moments of nanoparticles within cellular
structures (Paper 11, Paper 111, and Paper 1V).

3. Scanning probe microscopy advanced applications for
characterization of nanoparticles within cellular structures
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MFM has previously been used to investigate the magnetic properties of single nanoparticles,
also for biosynthetic NPs. (Chapter 3 Section 2.2.3). Hence, we considered that the use of
scanning probe methods would be optimal for the morphological and magnetic characterization
of the NP-loaded bacteria. It is, however, necessary to develop a different sample preparation
from the typical methods to study our samples in AFM and MFM (Chapter 3 Section 2.1.2). In
typical sample preparation for AFM and MFM studies, purified nanoparticles or nanoparticles
loaded onto bacteria are placed on smooth surfaces. While these methods enable the
examination of extracellular nanoparticles or the overall particle population, they do not allow
for the correlation of the location where NPs form with their morphology and magnetic
properties. The standard TEM sample preparation using ultrathin sections of resin-embedded
samples seems to fit all the requirements for the study of nanoparticles within cellular structures
in AFM and MFM. Similar to the approach reported by Matsko et. al [327], in Paper Il we
embedded in resin the cells with Pd and Pd-Fe NPs and sliced them into thin smooth cross-
sections of 90-100 nm of thickness using an ultra-sharp diamond knife. The transverse cut of
the cells provides direct access for the tip to the intracellular matrix. Therefore, the adopted
methodology for embedding bacteria with biosynthetic nanoparticles presents the possibility
to observe by AFM their localization in the cellular structures in the places where they were
originally formed.

The impregnation of biological structures with resin varies in efficiency depending on the
permeability of the structures and the viscosity of the polymer. Thus, the specimen would also
have local variations in hardness. Then, the contrast in AFM images would mainly be
influenced by local differences in the stiffness of the specimen, elemental composition, and
strength of van der Waals forces. Small features like periplasmic and intracellular NPs, due to
their small size, can remain concealed in AFM images amid topographic details. Nanoparticles
measuring around 2 nm are significantly smaller than the resin slices, which have a thickness
of about 90 nm. Only nanoparticles situated close to or exactly on the sample surface are visible
in AFM and MFM amplitude and height images. The measured dimensions of NPs by this
technique showed notable differences between lateral diameter and height evident in both AFM
and MFM studies. The distortion in AFM images is the result of tip convolution and sample
geometries [328-330]. A simple tip deconvolution method [329] that assumes a spherical apex
of tip and NPs was used to estimate the actual Pd NPs diameters. The diameters found were
9.9 + 5.3 nm (AFM) and 6.6 + 1.8 nm (MFM) for Pd NPs, which are comparable to our TEM
measurements. Conversely, Pd-Fe NP calculated diameters are significantly larger than TEM
values, with AFM and MFM diameters of 19.8 + 5.1 nm and 13.5 £ 5.0 nm, respectively. Thus,
at this point, it is not possible to confirm or disprove that the particles observed with AFM or
MFM are clusters or indeed individual NPs using this sample preparation. It is still necessary
to evaluate better deconvolution methodologies.

As mentioned earlier in Chapter 3 Section 2.2.3, the image contrast in AFM is expressed as a
sum of long-distance and short-distance, attractive and repulsive forces acting between the tip
and the surface [298]. Using a magnetic tip (MFM) on top of a non-magnetic sample showed
that the contrast was not visible after scanning the sample at 50 nm of height. When scanning
bacteria loaded with Pd NPs, dark regions inside the bacteria and in a few extracellular
locations are still visible up to 80 nm of lift height. The phase shift caused by non-magnetic
forces is often smaller than that of magnetic forces. As a result, magnetic forces tend to
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dominate over other intermolecular forces at long distances from the surface [331]. This
enables us to employ the two-pass scanning technique to distinguish magnetic interactions from
other forces originating from the sample surface. Hence, the dark contrast observed in this
sample between 50 nm and 80 nm of tip lift height is likely due to magnetic forces from the
magnetic nanoparticles in the specimen.

To isolate information about the magnetic field from the sample topography, the specimen must
be studied at heights above the non-magnetic force detection levels (50 nm for this sample,
Paper I1). Studying the magnetic response of individual MNPs at this lift height is challenging
due to weak magnetic properties and small distances between nanoparticles, which cause the
magnetic field lines to merge. This complicates the determination of individual NP
contributions and their location. The addition of Fe to the nanoparticles increases the magnetic
moment of the NPs, hence the MFM phase signal from the sample is visible far above the
maximum detection lift height of the pure Pd NPs (up to 80 nm).
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Figure 17. Example of phase shift images of Pd-Fe NPs synthetized by E. coli embedded in
resin recorded with a magnetic tip at lift heights of a) 12, b) 20, c) 22, d) 50, and e) 200 nm
and with a non-magnetic tip at lift heights of f) 5, g) 8, h) 9, i) 12, and j) 22 nm.

At that point, an additional method was tried to separate the magnetic contributions from the
non-magnetic ones at distances closer to the surface. The paper describes the study of
specimens with both a non-magnetic and the same tip with magnetic coating (Figure 17). We
subtracted the AFM data from the MFM data coming from single nanoparticles and obtained a
“pure magnetic” signal. The data was compared to the predicted phase shift curves at different
heights for the nanoparticles using a two-dipole model of interaction between the magnetic tip
and the nanoparticles. The discrepancy between the measured data and the model can probably
be attributed to the variability of the magnetic moment of each nanoparticle. The heterogeneous
composition and uneven distribution of Fe in the NPs make predicting their exact magnetic
behavior difficult. In addition, the nanoparticles in our samples are embedded in resin at
varying distances from the surface, often clustered together. The measured magnetic response
could reflect the collective signal from agglomerated NPs at different positions on and different
depths in the specimen.
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In Paper Il1, further optimization of the method was attempted. A simulation of the tip
interaction with a nanoparticle was performed by finite element analysis. The estimated phase
shift curve was compared with the experimental AFM and MFM phase shift signals coming
from single Pd-Fe NPs. It was easy to distinguish from the plot the height at which the van der
Waals forces become irrelevant compared to other forces (magnetic force). Measurements at
this height would have a strong magnetic component, low topography contribution, and
minimal merging of the magnetic fields coming from different points in the sample. Therefore,
MFM studies of magnetic nanoparticles would give better results at this optimal height.
Finally, an additional optimization of the nanoparticle magnetic field characterization by MFM
using our sample preparation was done. The magnetic phase shift in Pd-Fe NPs coming from
intracellular Pd-Fe is much weaker than that in the extracellular ones (Paper 1V). This might
be related to the different size distributions and compositions of the nanoparticle populations.
Paper 1V describes the doping of the sample surface with 10 nm commercial Fe2Oz NPs under
a strong external perpendicular magnetic field. These NPs, due to their magnetic nature,
accumulate in an ordered pattern in extracellular regions without a magnetic signal and are
evenly distributed on top of weak magnetic nanoparticles. The decoration methodology is
similar to Bitter’s method [332] used to visualize vortices of magnetic flux in superconducting
materials. After doping, bacterial cells exhibited a more pronounced black appearance and a
well-defined line profile around them, but the advancements were not yet sufficient for the
individual resolution of intracellular Pd-Fe NPs.

AFM and MFM characterization offer valuable insights into the properties of biosynthetic
nanoparticles, although at lower resolution compared to TEM studies. Both methods should be
employed as complementary techniques for characterizing nanoparticles in biological
structures providing important information, such as particle size, localization, magnetic
behavior, and general morphology.

4. Future work

As a result of joint work on the BEDPAN project, bimetallic Pd-Fe nanoparticles were
biosynthesized using a novel approach. In this thesis, a detailed characterization of the
nanoparticles using multiple advanced techniques was done to reveal their most important
features. The addition of Fe in this work was used as a pathway for the tailoring of microbial
nanoparticle properties. In the past, it has been shown that by tuning the metal concentration
and cell density, it is possible to obtain well-defined nanoparticles with a narrow size
distribution and homogeneous morphology using bacteria [136,333]. Doping of Pd
nanoparticles with Fe in general had the effect of increasing the average particle size and
contracting the crystal lattice. Nanoparticles synthesized intracellularly were smaller and made
mainly of pure Pd, while extracellular nanoparticles had traces of Fe, increased mean size and
different size distribution. The synergy between Pd and Fe results in improved catalytic activity
for 4-NP reduction, related to Fe concentration in the particles. The magnetic properties of the
nanoparticles were examined by the novel methodology developed in this work using scanning
probe microscopy and slices of embedded samples. This technique allowed the identification
of the different magnetic features generated in intracellular and extracellular NPs.
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Future work in nanoparticle synthesis will now be focus on the development of better bacterial
strains that can synthesize nanoparticles with the desired features. In the BEDPAN project and
parallel to this thesis, the findings of this work are now used for the development of efficient
mechanisms to supervise and adjust these parameters, in combination with choosing the ideal
bacterial strains. A variety of experiments have been conducted to understand how heavy metal
ions influence bacterial physiological processes. The results of Joudeh et al. [334] study gave
insights into candidate genes that might be responsible for the uptake of Pd?* ions in E. coli.
To determine how these transporter complexes directly contribute to Pd transport, and
ultimately to NP formation, more research is needed. Currently, some of the relevant mutants
are being studied for their interaction with Pd and ability to reduce it into nanoparticles in
comparison with wild-type strains. Some desirable results based on the results of the present
thesis are the development of mutant bacteria strains that, for instance, synthesize only
intracellular nanoparticles. Such particles, according to this work, are smaller, have narrower
size distributions, and should possess enhanced catalytic activity and possibly, beneficial
magnetic properties.

There seems to be enormous potential for a cost-effective and environmentally friendly
synthesis of metal nanoparticles by bacteria. Yet, some special considerations must be assessed
before the implementation of these approaches on a large scale and for commercial
applications. The most common disadvantages of nanoparticle synthesis using microorganisms
are the dispersity of the particles, low yield, and agglomeration [52]. Optimized conditions for
bacterial growth and nanoparticle formation must be determined in detail before any large-
scale synthesis is considered, and it is crucial to evaluate how controllable these parameters are
on larger scales.

Biosynthetic nanoparticles also present biocappings. Certain capping agents play a role in
producing small and uniform nanoparticles by preventing agglomeration and reducing toxicity
[335]. Even so, there is often a need for a purification process of these biocoatings depending
on the intended application. Excess proteins, ligands, and impurities can impede the catalytic
performance of nanoparticles. Hence, purification methods such as dialysis, filtration, and
sucrose density centrifugation could be introduced to address this issue. However, many of
these purification methods are found to be time-consuming, labor-intensive, or not cost-
effective, potentially hindering the profitable utilization of the nanoparticles for their intended
purposes [29]. The development of better purification methods for biosynthetic nanoparticles
is, therefore, desirable.
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