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Abstract
Escherichia coli can, under specified conditions, produce valuable nanoparticles (NPs) when
challenged with Au(III) and Pd(II) metal salts. These nanoparticles exhibit catalytic
properties comparable to known industrial catalysts. The green and cheap formation of
bacterial NPs makes them promising ecofriendly alternative catalysts. A biologically active
mechanism for the formation of Au- and PdNPs has been postulated, but in spite of extensive
research for the past three decades, it is still poorly understood and its existence has even
been called into question. In this thesis, we have shown conclusively that the bioconversion
of Au(III) and Pd(II) solutions, to Au- and PdNPs is indeed a biological process that happens
only in the presence of metabolically active biomass.
This thesis outlines a novel assay that enables the study of biological systems involved in the
biosynthesis of Au- and PdNPs, based on a colorimetric readout. The main aim of this study
was to also make such protocol available for a high throughput screening of mutant strains
(lacking a single gene), where a large number of mutants are compared to their parent strain
for bioreduction of Au(III) and Pd(II). Various mutants were screened using a low throughput
color-based assay and one gene involved in the reduction of Au(III) was identified. A few
putative pathways involved in the transport of Pd(II) ions across cellular membranes were
also identified, using a genetic approach.
The resulting nanoparticles were characterized using electron microscopy (EM), energy
dispersive X-ray spectrometry (EDX) and their catalytic activity was tested. EM micrographs
showed that both Au- and PdNPs were spherical. EDX analysis detected high abundance of
intracellular Pd and very weak presence of Pd in the extracellular medium. In contrast, only
extracellular Au (and no intracellular Au) was detected by the EDX analysis of cross
sectioned bacteria. This suggest different pathways for the bioformation of Au- and PdNPs.
Both Au- and PdNPs produced by E. coli were found to be catalytically active when they
were used for the reduction of para-Nitrophenol.
The color-based assay developed in this study opens a straight forward path for delineating
the mechanisms of biogenic NP (BioNP) synthesis. Genetically fine-tuning those
mechanisms will enable the synthesis of BioNPs with pre-selected features. The production
of custom-built NPs is vital for the future of BioNPs research, its application and integration
in industry as a reliable technology, where the yield, size and morphology of NPs can be
controlled.
v
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Introduction

General background on nanoparticles
Solid state chemistry has traditionally focused on bulk sized materials with dimensions equal
to or larger than 1µm, while inorganic and organometallic chemistry mainly focuses on
entities with atomic or molecular dimensions (usually 0.1-1 nm). In recent decades, an intense
and broad interest was developed for solid materials with dimensions between these two
scales (1-100 nm), due to the fascinating novel chemical and physical properties displayed
by nanomaterials compared to their bulk and atomic scale counterparts[1, 2].
Nanoparticles: definitions and historical background
Nanomaterials are solids with at least one dimension that is equal to-, or smaller than 100
nanometers (100 nm), and display novel properties in relation to their scale. Nanoscience is
the study and exploration of the novel effects arising from the nanoscale size of a given solid.
Nanotechnology is the utilization or manipulation of these properties for improving or
creating new functionalities in everyday technology. Nanoparticles (NPs) are the building
blocks of nanotechnology. The unique properties of NPs are governed by their size, shape,
lattice structure and composition. Special focus has been devoted to metal nanoparticles
(MNPs) due to their unique quantum, electric, optic, magnetic and catalytic properties, that
do not exist in bulk of the same composition[2-7].
The first use of MNPs is dated back to 1400-1300 BCE, and was related to the production of
opaque red glass with the addition of colloidal copper in Egypt and Mesopotamia[8]. The
Lycurgus Cup dates back to 4th century Rome. The Cup can change color from red to green
depending on the source of incoming light. These special optical properties arise from the
presence of nanosized silver and gold nanoparticles (AuNPs) embedded in the glass[9]. In an
attempt of forming the Philosopher’s Stone (believed to be red), the medieval alchemist Al
Razi (865-925) wrote a recipe, naming it the “Secret of Secrets” accounting for what we
know today to be Ruby red glass. Al Razi described that the molten glass attracted the gold
and silver thereby increasing its own weight by “1000 times” becoming what he believed to
be ‘pure gold’. In 15th to18th century Europe, Gold nanoparticles (AuNPs) were used mostly
as a form of art for the production of Ruby red glass such as the Purple of Cassius, Rose
Pompadour porcelain and church windows[10]. A scientific approach for the preparation of
AuNPs emerged in the 19th century with the pioneering experimental work of Michael
12

Faraday, who conjectured in 1857 that the gold present in the solution (Purple of Cassius)
was at its ‘final divided state’. The optical properties of colloidal AgNPs, CuNPs and AuNPs
were investigated by Gustav Mie in 1908 who found that the particles were ‘much smaller
than the wavelength of light’. He defined and characterized the phenomenon known as the
local surface plasmon resonance (LSPR) used today for many technological applications.
Later in 1959 Richard Feynman, predicted that scaling down to the nanolevel will be crucial
for future technological advances[11, 12]. In 1974, the term nanotechnology was introduced by
Norio Taniguchi, when the physicochemical properties of nanoparticles were already in use
in different medical, catalytic, electronic, magnetic and optical technologies[13]. Today,
nanotechnology is a broad interdisciplinary field involving physics, chemistry, biology and
medicine. NPs are commercially used in industries like telecommunications, optics, water
and sewage treatment, catalysis, green energy, medicine, dentistry, space technology,
cosmetics and many other fields.
Properties and applications of Au and Pd nanoparticles
The bulk properties of metals are altered when the metals’ dimensions are reduced to the
nanometer scale. In the bulk state, microscopic properties associated with the metal are
averaged. By subdividing bulk metal below a critical size, properties of individual atoms
become more significant giving rise to systematic changes in electrical, optical, thermal and
magnetic behavior, as well as structural changes at the molecular and sub-molecular level,
compared bulk of the same composition. The degree of change depends on the sizes as well
as the number of the solid’s nano-dimensions[2].
Surface area to volume ratio
The hallmark of NPs is their high surface area-to-volume ratio. The amount of surface atoms
dramatically increases as the size of the metal particle drops. In the bulk state, the surface
atoms comprises a negligible portion of the atoms constituting the metal. NPs on the other
hand, contain only few atoms (106 or less atoms) with a significant percentage of them being
exterior atoms[14]. The exterior atoms make fewer bonds in the lattice, thus offering multiple
types of active sites. The exterior atoms are available to interact with the environment and
play important roles in the altered catalytic activity, reactivity and solubility of the NP. The
surface of NPs is given as square meters per gram (m2/g). Some NPs offer as high as 6000
m2/g[15-17] while bulk offers a fraction of square meter per gram[18]. The high abundance of
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surface atoms in NPs enables the highest possible concentration of reactant chemisorption. A
good commercial catalyst should have 100-400 m2/g specific surface area[10] .
Geometrical structure
NPs of the same composition can give rise to different packing (lattice) patterns and different
shapes for example spherical, triangular, cubic, icosahedral, star, disc and rod shape NPs.
Different shapes have characteristic absorption bands. For example, anisotropic ally shaped
particles exhibit multiple peaks in their absorbance profile, while symmetric particles have a
single scattering peak[11]. Different shapes result in unique localized charge polarizations at
corner and edges atoms that give the NPs different types of reactivities. The differently
shaped NPs are used for the development of different types of catalysts, conductors and
optical technologies[14, 19].
[20-24]

.
Functionalization

A high surface area enables massive chemical adsorption and the functionalization of the NP
grains with surfactants. Nanosized gold for example, has high affinity for organic thiols and
reacts with them spontaneously. The organic thiol tails can be designed with different
functional groups (FGs) (Figure 1) to give the AuNPs different (exterior) chemistry and
thereby modify its interactions with the solution or other molecules. Figure 1 illustrates the
range of technologies AuNPs functionalization has enabled, such as targeting proteins, drug
delivery, biosensing of proteins, biodetection of pesticides, gene therapy and catalysis[10, 23].
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Figure 1: Selected examples for the attachment of ligands (ii and iv) to the tail-thiolated surfactants (i and
iii) on AuNPs (red sphere). The functionalization of AuNPs led to many recent breakthroughs medicine
biosensing and bioimaging technologies as well as in catalysis. The thiol’s tails can be designed with different
(a) FGs (carboxyl, amine, amide, alcohol or halide groups) changing the chemical composition of the (coated)
NP. In biology and medicine the surfactants can be anchors for (b) drugs, (c) antibodies, (d) proteins, (f)
sugars, polymers or (e) florescent proteins (in bioimaging of tumors). The inverted micelle (iv) gives the
AuNP (iii) hydrophobic tailing (iv) making it more permeable to enter cells and destroy them from within,
in photo-thermal tumor therapy [23, 25, 26]. The figure was created using Microsoft Office and PerkinElmer
Chemdraw software.

Electric properties
In bulk, the energy levels of all atoms are averaged together into one dense energy band
(Figure 2(a)). In bulk metals that are also good conductors, very little energy is required to
promote an electron from highest occupied band (also called the valence band) and the next
lowest unfiled band (the conductive band), due to partial overlap between the conductive
band and the valence band (Figure 2 (a) black and yellow respectively). However, as size
decrease to the nanoscale, discrete energy levels of atoms become more and more defined
and a separation appear between the valence and conductive bands (Figure 2 (b) and (c)).
This separation is known as the band gap (Figure 2 (d)). A very small particle can become
more similar to a molecule having bonding and anti-bonding orbitals (HOMO and LUMO)
(Figure 2 (c)). These properties were exploited for the creation of novel semi-, superconductors and novel catalysts[2, 5, 27].

15
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Figure 2: The larger the band gap (d), the more energy it takes to promote an electron from the valence
band to the conductive band. Thus, electrical resistivity is expected to increase, as the cluster get smaller in
size. The ability to control resistivity by modifying the grain size gives an opening for novel semiconductors
[28]. The figure was created using Microsoft Office and PerkinElmer Chemdraw software.

Optical properties
Plasmon resonance
When a spherical NP is irradiated by light, a small oscillating electric field is generated,
giving the NP a net dipole (Figure 3). This phenomenon is regarded as the LSPR[11]. The
LSPR makes nanostructures very sensitive to local chemical changes and these changes can
be registered by a detector and hence LSPR is used in many biosensing applications[19].

Figure 3: Representation of plasmonic effect in gold NPs: The electron cloud of a NP (a) can be excited by
white light (b) generating local polarization (c). The opposite charges on the particle (generated by the
distribution of the electrons) act as a restoring force and the electrons bounce back to stabilize it. The
oscillation back and forth is known as the Plasmon resonance. The figure was created using Microsoft Office
and PerkinElmer Chemdraw software.

Color variations
The color of a solid is determined by the wavelength absorbed by it. Particles of different
sizes or shapes absorb white light at different wavelengths and hence impart colors that are
different than bulk (Figure 4). To most, gold is associated with metallic yellowish color, but
at the nano-regimen, gold exhibits a wide range different colors from pale pink (1-5 nm
particle diameter) to deep purple (80 nm particle diameter) [23] (Figure 4).
16

Figure 4: The optical difference between bulk and nanosized clusters. In the nanoscale regimen, gold
exhibits a wide range of colors depending on the sizes or shapes of the particles. (nanoAu solutions (image
on the left): taken with permission from nanoComposix [29] ;Bulk gold (image on the right): CC0 Public
Domain, found at pixabay.com). Both images were edited using Microsoft Office.

When particles are very close to each other or when the ionic strength of the solution is
increased, aggregation of the particles would be thermodynamically more favored.
Aggregation gives rise to color changes, a phenomena regarded as the proximity effect
(Figure 5). The color change resulting from aggregations (Figure 5) or pairwise interactions
is readily detected with the naked eye and hence can be used as a cost-effective color assay.
Simple biosensing-test kits using this color assays require minimal training and save the high
costs of the LSPR sensor [10, 30-33].

Figure 5: The proximity effect: when dispersed AuNPs aggregate, a change in the absorbance of white light
takes place, shifting the color from red (a) to deep purple (b). The arrow on the right side represent
aggregation. The figure was created using Microsoft office.

Thermal properties
The surface atoms are bonded to fewer atoms than interior atoms and hence require less
energy to break out from the structure. The observed decrease in the boiling point of NPs is
therefore expected due to their high percentage of surface atoms. For example, the melting
point of 2 nm Au is about 500K compered to 1377K for bulk gold[34]. These features,
combined with optical effects are used in photothermal therapy to burn cancer tumors, or in
drug delivery. When AuNPs are irradiated, part of the intercepted light is scattered, while the
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rest is absorbed and emitted as heat. Rod shaped AuNPs reach boiling when irradiated with
near infrared light. This property is exploited in local tissue (or tumor) ablution[35-37].
Magnetic properties
One of the most fascinating properties of nanoscale structures is the observed magnetism of
non-magnetic elements, such as in rhenium NPs (at less than 20 atoms)[38] and bacterially
fabricated Palladium NPs (PdNPs)[39] . In some cases, the magnetic properties were not lost
at elevated temperatures [40, 41]. Thermo-resistant/tolerant magnets would be extremely useful
in future technologies and areas such as space and rocketry[36, 41, 42].
Catalytic properties
The high abundance of active sites in NPs makes them potent catalysts for many important
chemical processes (1.1.2.(1)). Up until recently gold was considered inert[3]. A few decades
ago it was found that when gold is broken down to the nanoscale (approx. 5 nm), it acts as a
catalyst for many important reactions (mainly hydrogenation and oxidations). Gold was
shown to be successful where other metals failed by binding to the reactant with just the right
strength (not too tightly or too loosely). Historically speaking, AuNP catalysts were first
utilized as environmental protectors, converting toxic nitrogen oxide species into the
harmless elemental nitrogen in car exhausts. Special interest was invested in these reactions,
since gold has high selectivity for small gaseous molecules (water, ozone, oxygen, CO and
nitrogen oxides). ̴ 2.5 AuNPs can be used for destruction of ozone and oxidation of CO to
CO2[3, 10, 23, 34, 43-47]. AuNPs have been used also for the purification of H2, which requires the
removal of residual CO. Many gold catalysts have the ability to remove CO to below 10 ppm
with greater than 99.5% conversion rate (to CO2) at room temperature (in 1% CO, 1% O2
75% H2)[48].
PdNPs are most famous for being excellent H2 gas sorbents. Pd can reversibly absorb
hydrogen up to 900 times its own volume, where the dihydrogen is broken in to two H atoms
and these diffuse within the lattice structure. Thus, Pd is now the preferable electrode over
Rh since it doesn’t require continuous bubbling of H2. The potential of PdNPs in biofuel cells
and other green energy technology is promising[40, 49-53]. The unusual H2 sorption property of
Pd is predominantly used for a range of important organic reductions such as reductive
eliminations, dehalogenations[52, 54-58], and the reductions of alkenes, alkynes, nitro-oxides
and nitrophenols[52, 59]. Pd is also famous for the Heck and Suzuki cross-coupling reactions
(forming a new C-C bond) [53, 60, 61].
18

Selective hydrogenations, epoxidation, alcohol and aldehyde oxidations, and cross-coupling
reactions, as well as carbonylations have been reported using both AuNPs and PdNPs[3].
These reactions have been reviewed extensively[44].
MNPs’ novel properties (different melting points, colors, electrical and thermal
conductivities, reactivity and magnetic properties) open an opportunity to develop materials
with new technological applications. Au- and PdNPs are currently used in commercial
quantities in biological diagnostics, medical devices, specialized stains and electron
microscopy, water treatment, solar energy production, remediation of pesticides and organic
catalysis. There are also potential applications that are under development such as gene
therapy and green energy based on biofuels[62-66]. An upsurge in the demand for (rare metal)
NPs have emerged in recent years that intensifies the need for more efficient synthesis
methods.
Physical and chemical synthesis methods of metal nanoparticles
NPs can be produced either by assembling individual atoms (bottom up) or by subdividing
bulk material (top down approach) (Figure 6). Some of the synthesis methods are very simple
where’s others are very complicated[28, 67]. Top-down protocols usually involve physical
methods, where the larger metal structure is broken down mechanically. These protocols are
usually energetically and economically demanding, with long production times that include
many steps[28, 67]. The advantage of top-down protocols is the control over size distribution
and morphologies, which are important in cases where a specific size is absolutely required
(e.g. electronics). Chemical synthesis protocols are largely based on bottom-up approaches,
where the formation of NPs takes place within the liquid phase (wet chemistry) using a wide
range of precursors. The precursors are usually soluble metal cations that are triggered by
reduction to form metal-monomers, a process known as nucleation. The next stage is termed
growth, a process where a larger cluster of reduced metal atoms is assembled. The growth
stops once particle reaches a certain size that is thermodynamically stable or by using capping
agents shortly after nucleation to arrest growth. The size and morphology of nanoparticles
can be controlled by using different precursors (for example Na2PdCl4, Pd(NH3)2Cl2, or
Pd(NO3)2 in the case of PdNPs), capping agents, concentrations, pH values, reaction times,
temperatures and pressures. Many of these protocols require stoichiometric quantities of
compounds that are hazardous for both human health and the environment. Chemicals such
as hydrazine[60], tetraoctylammonium-bromide (which is converted into toluene in the Brust-
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Schhiffrin synthesis), dodecanethiol and borohydride are used in the production of AuNPs[68,
69]

. Other reactions require harsh solvents and capping agents (e.g. thioglycerol,

mercaptoethanol and sodium hexaetaphosphate) which leads to toxic byproducts. In many
cases, chemical synthesis requires elevated temperatures, extreme pressures and reducing
conditions[70, 71].

Figure 6: Top down ((c)→(b)) and bottom up approach ((a)→(b)) for the production of NPs (b). Top down
usually involve physical methods where the precursor is a bulk sized metal (c) and bottom up approach
usually involve ‘wet chemistry’ where the precursor is individual atoms (ions) (a). The figure was created
using Microsoft Office software and PerkinElmer Chemdraw software.

The chemical synthesis methods produce larger yields, but demand specialized and expensive
equipment, high investment of energy, harsh conditions and the use of toxic chemicals.
Currently, most challenges related to the synthesis of MNP are precise control over sizes and
shapes and above all high yields. New techniques are currently under heavy investigation
with the goal of overcoming these challenges. There is an ever-growing need to develop costeffective, non-toxic and more ecofriendly pathways for the production of MNPs[72].
Recycling of Au and Pd
The increased consumption of rare metals worldwide has led to an increase in the price of Pd
and Au over the last 30 years. The growing use of rare metals in electronics, jewelry,
medicine, car exhaust catalysts made the prices Au and Pd even more volatile[45, 73]. The
increasing demand, the low (and finite) abundance and the expensive mining costs of rare
metals have led industry to search for ways to recover those metals from wastes. Most of
these processes, such as solvent extraction and electrochemical recovery are costly and have
a number of technical difficulties. These techniques are also environmentally damaging but
still widely used, since a high yield is the primary concern for industry[74].
20

Biological synthesis of nanoparticles
The disadvantages in the chemical synthesis of NPs, has pushed scientist to pursue greener
synthesis methods. Biological NP synthesis offers notable advantages, such as benign
reaction conditions (normal atmospheric pressure, low temperatures or microwaves assisted
NP synthesis), non-toxic solvents and reagents, biodegradable byproducts (comprised of
biological entities in a water medium) and a downstream NP separation processes that is
usually very simple (filtration or ultra-sonication)[43, 52-54, 75-80].
The diversity of organisms in the bioproduction of nanoparticles
A wide range of organisms have been utilized for the green production of metal (and metal
oxides) NPs (Table 1). Protocols involving even earthworms[81], sponges[82, 83] and freshwater snails[84] have been explored. Extensive research was devoted to plants and plant
extracts for the production of MNPs, due to the large amount of reducing and capping agents
present in plants[85-89]. However, the most promising candidates for biological MNP synthesis
are microorganisms. Microorganisms are superior bio-sorbents, due to their high surface
area-to-volume ratios. The cellular surface of microbes offers high content of FGs with many
chemisorption-active sites. In contrast to plants, microbes are cheap, can be grown rapidly
and do not require large facilities to be produced in large-scale volumes. The reactions are
easy to scale-up and are readily adjustable for industrial use[72]. A wide varieties of
microorganisms have been exploited for metal NP synthesis including bacteria, fungi, yeast,
algae and viruses (Table 1 and Table 2). The first report of a fungal system for metal
reductions was by Mukherjee et al.[90] for the synthesis of intracellular Au- and AgNPs in
sizes ranging from 2-20 nm. The synthesis of MNPs using algae is relatively unexplored.
Nevertheless, several recent reports showed that algal filtrate and biomass can be used for
MNP production[91, 92]. Bao et al. carried out the production of cadmium telluride quantum
dots (QD) using yeast cells (Saccharomyces cerevisiae), offering a tunable size (2-3.6 nm)[93].
PdNPs produced using a genetically modified tobacco mosaic virus (TMV) were shown to
act as a useful template for organic memory capacitors[94]. Dujardin et al. replaced amino
acid residues on a 4 nm “pocket” active site on the capsid protein, thereby enhancing the
charge on the TMV mutant for the production of controllable sized Au, Pt and Ag[95].
Genetically fine-tuning the proteins by site directed mutagenesis is a powerful tool for
controlling the hubs and sties of nucleation and hence the morphologies and sizes of
MNPs[72].
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Table 1: Selected examples of organisms (and microorganisms) utilized for the bio-production of NPs

Group

specifics

Animals

Lumbricus
rubellus
(earth worm)
Lymnaea
luteola
(Fresh water
snail)

Metal
Element

Morphology

Size
[nm]

Ref.

Ag, TeCd

Spherical, QD

50-250

[81, 96]

ZnO

spherical

22

[84]

Au, Ag

Triangular

2-3.6

[97]

Plants

Aloe vera
(extract)

yeasts

Saccharomyces
cerevisiae

CdTe

Quantum
dots

11

[93]

fungi

Verticillium sp.

Au, Ag

spherical

2-20

[90]

algae

Chlorococcum
humicola

Ag

spherical

16

[91]

viruses

TMV

Pt, Pd

spherical

10

[94]

Bacteria got perhaps the highest attention for biogenic production of NPs, it is also the focus
of this thesis. Thus, bacteria will be discussed separately and more extensively.
Bacterial synthesis of metal nanoparticles
A range of different, often non-pathogenic bacteria, were explored for the study of bacterially
produced MNPs. Special focus was invested in metal-reducing bacterial strains[42],
extremophiles[98], biofilms[99], sulfur-reducing bacteria (SRB)[100], marine photosynthetic
bacteria[83,

101]

and bacterial strains with well-defined electron transport chains or fully

sequenced genomes[78]. Although a wide range of bacteria were studied for the bioformation
of nanomaterials, very little was accomplished in terms of delineating the pathways
underlying the biosynthesis process. Table 2 lists few examples of bacterially mediated
production of MNPs by various species. In the cases of Pd- and Au ions, bacterial
biosynthesis has led to the formation of NPs with extraordinary catalytic, magnetic and
antimicrobial properties that are in some cases superior to chemically produced NPs[41, 43, 52,
54-56, 100, 102-107]
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Table 2: Selected examples of Au- and PdNPs production by different bacterial strains.

Metal
element

Au

Organism
Desulfovibrio
strains.
E. coli
(MC4100)
Cupriavidus
metallidurans
Lactobacillus
strains
E. coli
(MC4100)

Pd

Shewanella
oneidensis
Micrococcus
luteus
Arthrobacter
oxydans

Morphology

Size [nm]

Applications

Ref.

[78]

Spherical

20-50

Bioremediation,
catalysis, optics,
green energy,
electric devices

Unspecific

̴ 100

Bio-mineralization

[99]

Crystalline,
hexagonal,
triangular
Mainly
spherical
and
hexagonal

20-50 and
submicron

Catalysis

[108]

Spherical

Spherical

20-50

Varied
size

4.5 - 50

Catalysis, electric
devices, biofuels
and green energy,
biorecovery, space
technology, green
organic synthesis,
dehalogenation,
bioremediation
and treatment of
waste.

[53, 78, 105,
109]

Many studies[40, 41, 53, 90, 110-119] identified a two-step mechanism in the biofabrication process
of MNPs (Figure 7). In the first step, the metal ions are removed or taken up from the solution
by the biomass (Figure 7 i). In second step (Figure 7 ii), the metal ions are reduced by the
flow of electrons present in the many important cellular redox systems, or by FGs with strong
reducing power in the cytoplasm or the cell’s surface. In this work, the two steps of
biosorption and bioreduction will be regarded as the uptake phase and the reduction phase,
respectively (Figure 7 i and ii).
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Figure 7: Biosorption and bioreduction: a two-step mechanism in the microbial synthesis of MNPs.
Biosorption is a process where the bacteria is removing the metal ions from the solution. In this work, we
will regard this process as ‘the uptake phase’ (i). It is accepted that the uptake of metal ions from solution
is driven by physicochemical mechanisms that require no metabolic energy [120]. In the reduction phase
(ii), the metal ions are reduced in to the form of NPs. The particles can be intracellular (a), periplasmic
and/or extracellular (b and c, respectively). Microbial PdNPs can have various sizes depending on their
location in the cell. The extracellular PdNPs particles (c) are usually larger (≥40 nm), while the intracellular
Pd (a) are much smaller (1-10 nm) [100]. The figure was created using Microsoft Office software.

Uptake phase: the uptake of metal ions from solution
Conventionally, it is accepted that the uptake (or biosorption) of Pd(II) and Au(III) from the
solution relies solely on physicochemical mechanisms. These mechanisms include
electrostatic interactions between the metal ion and the FGs on the cell surface, ion exchange,
chelation and passive diffusion through the cell membranes in a process that does not involve
active transport or require metabolic energy[111, 120] (Figure 7 i). Few authors on the other
hand, suggested that the internalization of metal ions with no biological role is mediated via
active mechanisms of (metal) transport, where the cell mistakenly imports the (toxic) metal
(for example Ag, Hg and Cr) in place of analogue d-block metals essential for metabolic
functions (such as Fe, Ni, Zn, Cu, Co, Mo etc.)[123-125]. Nevertheless, these mechanisms have
never been shown for Au and Pd. In a recent report Omjali et al. hypothesized that the uptake
of Pd(II) is mediated via Ni(II) transporters. However, this hypothetical was not tested[122].
Biorecovery: the uptake of metals from industrial wastes
Biomass has a remarkable ability to reclaim metals from industrial waste and polluted
effluents[41]. The potential of metal uptake using microorganisms was first recognized in the
early 1900’s[126, 127]. Despite the promising potential for biorecovery from industrial waste,

24

industry for the most part have been slow to employ biosorption for waste collection. The
lack of commercial interest stems mostly from the high variability between batches (common
problem with biological samples) and the lack of selectivity (or bias) for a target metal ion[115,
128, 129]

.
Reduction phase: the reduction of metals

In contrast to the uptake phase, it is widely accepted that reduction phase is driven by
metabolically active processes. Bioreduction is a recent addition to the metal recovery
portfolio[41, 49, 100, 109-113, 118, 130, 131] (Figure 7 ii). Cells have a wide range of molecular redox
systems where electrons are shuttled between components for the production of energy and
other metabolic processes. The electrons exchanged by these cellular redox systems can be
gained by the metal ions. The molecular mechanisms characterizing the process are largely
unknown. Though metal bioreduction is believed to be supported actively by enzymes, it is
important to stress that the reduction of heavy metals was also observed in the presence of
dead biomass, biotic extracts, viruses, bio molecules, purified none-enzymatic proteins,
biosynthetic membranes and other biological templates that are independent of metabolic
activity[7, 79, 95, 132].
Sites of bioreduction in bacteria
The microbial reduction sites of MNPs can be intracellular (Figure 7 a), periplasmic and/or
extracellular (Figure 7 b and c, respectively). Reports on microbial Pd biosynthesis showed
PdNPs of various sizes, depending on their location in the cell. The extracellular PdNPs
particles (Figure 7 b and c) are usually larger (≥40 nm), while the intracellular Pd (Figure 7
a) are much smaller (1-10 nm). The extracellular PdNPs exhibited catalytic properties that in
some cases were superior to their commercial counterparts[107,

133-135]

. The intracellular

PdNPs (Figure 7 a) exhibited an unusual magnetic properties that can eventually lead to novel
applications and/or novel technology[136]. Special focus was designated to the periplasmic
PdNPs. The bacterial periplasmic space has a distinct size (about 40 nm), and hence can be
used as a confinement site for controlling the particle size[137] (Figure 7 b). The bioreduction
systems of intracellular and extracellular NPs are not well defined, but believed to be
different.
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Molecular systems of extracellular nanoparticle synthesis
The extracellular synthesis of nanoparticles is believed to be mediated by enzymes on the cell
surface. The sites of reduction can vary a lot depending on the class or strain of organism, the
metal species or its oxidation state[77, 138].
Molecular systems of intracellular nanoparticle synthesis
The reduction of intracellular metal ions, is widely believed to be mediated by enzymes
present in the cytoplasm. However, those mechanisms are poorly characterized[40, 136, 139].
Biological roles of uptake and reduction
The reduction and uptake of nonessential rare earth metals is not well understood. It is also
unclear why organisms absorb metals with no biological role or benefit into the cell. It has
been hypothesized that the biotic accumulation and reduction of heavy metals, is a result of
detoxification mechanisms, where the toxic ionic metal species is converted to the less toxic
elemental metal species. According to the hypothesis, these cellular-detoxification
mechanisms evolved to ensure the survival and further growth of microbes in environments
rich with toxic metal ions. The elemental metal species resulting from the bioreduction are
also insoluble, and eventually precipitate with the dead biomass leaving the rest of the
medium with lower concentration of metal ions and thus less toxic for the surviving
microbes[40, 43, 47, 49, 57, 58, 66, 80, 99, 109, 123, 133, 140-143].
Historical background of bacterial nanoparticles
The reduction of heavy metals by Micrococcus Lactilayticus, Micrococcus aerogenes,
Clostridium pasteurianum and Desulfovibrio desulfuricans was first demonstrated in 1962
by Woolflock et al.[144]. The author of this study hypothesized, that the reduction of metals
observed in bacterial suspensions was mediated by hydrogen producing enzymes (known as
hydrogenases), or other related electron carriers. The mechanism proposed by Woolflock et
al. was controversial at the time, since there was no organism known that could metabolically
reduce inorganic metals. It was accepted that microorganisms could only reduce metals
indirectly. Conventionally, the reduction of metals in the presence of biological matter was
attributed to the biotic acidification of the environment or the extracellular liberation of
metabolic byproducts, with sufficient reducing power (hydrogen, sulfide, glucose or organic
acids such as citrate and formate)[145-147]. In 1987, it was first verified that metals can be
reduced by means of direct bio-enzymatic activity[148]. The first report for bioreduction of a
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metal was for ferric iron (Fe (III)), and shortly after for manganese (Mn (VI))[147]. These
studies established a novel understanding of the Fe and Mn cycles and spiked up an extensive
research covering biotic reductions of many other metals[148]. Special interest was devoted to
precious metals, due to their growing accumulation in the environment, finite abundance,
high market demand and the consequent need for their recovery[127]. A variety of bacteria
have shown the ability to convert precious metal ions in to nano-sized particles.
Bacterial production of Pd nanoparticles: overview and mechanisms
The enzymatic reduction of Pd was first demonstrated in 1998 by Lloyd et al. using the SRB
Desulfuvibrio desulfuricans in the presence of hydrogen, formate, fumarate, ethanol or
pyruvate as the electron donors (EDs). Electron micrographs showed that the resulting Pd
nanoparticles were mainly located on the cell surface or in the periplasmic space of the
palladized cell (illustrated in Figure 7 b and c). The study suggested that a set of H2-producing
enzymes known as hydrogenases were involved in the reduction. When the control culture
was treated with Cu(II) (a known inhibitor of periplasmic hydrogenase), the production of
Pd(0)NPs was arrested due to the lack of an ED produced by the hydrogenase[131]. The effect
of hydrogenase on PdNP formation was further studied by Mikheenko et al. (2003)[139].
Several Desulfuvibrio fructosovora mutants lacking periplasmic or cytoplasmic
hydrogenases were compared for the production of PdNPs with their wild-type (wt)
background strain. The NPs were formed, predominantly in the cytoplasm in mutants lacking
the membrane bound periplasmic hydrogenases, thereby providing a strong evidence for the
involvement of hydrogenases in the reduction of Pd(II) to Pd(0). Intracellular particles were
also observed (illustrated in Figure 7 a), however these were of much smaller size (0.2-6 nm)
than the periplasmic and extracellular NPs (ca. 10-40 nm) [57, 139, 149, 150]. The ̴ 5 nm PdNPs
had interesting magnetic properties with thermal stability that were later characterized by
Mikheenko et al.[136]. The resulting nanoparticles shown to be highly efficient catalysts for
many important organic reactions such as cross couplings hydrogenations and
dehalogenations[52-58].
Deplanche et al, further investigated the involvement of hydrogenases in the reduction of
Pd(II) with D. desulfuricans and E. coli MC4100. The hydrogenase system consists of at least
four known periplasmic [Fe-Ni] enzymes. One of the four hydrogenases is cytoplasmic (or
soluble) while the rest are membrane bound. The authors used a series of strains deficient in
individual or all hydrogenases. The study has shown that Pd(II) reduction was significantly
reduced in the strain lacking all hydrogenases and partially reduced in strains lacking part of
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the system. It was shown that the membrane bound hydrogenases were important for the
reduction of Pd(II) as well as for the catalytic activity of the nanoparticles, while the soluble
hydrogenase was less important for reduction and/or the catalytic activity of the PdNPs. The
study showed that very little or no reduction was observed in membrane fractions of the strain
lacking all hydrogenases compared with the parent strain[40]. The important findings of
Deplanche et al., further support the hypothesis that the bacterial reduction of Pd is mediated
via active enzymatic systems and thus the size, morphology, catalytic activity and the amount
of NPs produced by bacteria can be altered by careful genetic modification of the organism
in addition to varying the physicochemical reaction conditions[40] .
Bunge et al. demonstrated the reduction of Pd(II) in strains lacking hydrogenase, pasteurized
and autoclaved cells (that showed no hydrogenase activity). In contrast to Mikheenko et
al.[149], the author found no evidence for the involvement of hydrogenase and thus proposed
hydrogenase independent mechanism[79]. The author also noticed that Pd(II) was converted
to Pd(0) spontaneously, in the cell-free controls. Other studies also reported that Pd(II) will
be reduced spontaneously, and that the presence of reduced palladium i.e. Pd(0) in the
suspension accelerates the reductions of remaining Pd(II) ions via autocatalytic process[116,
151, 152]

. The particles observed in the cell-free controls were 4-10 times larger than those in

bacterial samples. Based on these observations, it was hypothesized that the FGs on biomass
shield the particles and thus prevent aggregation[79].
Rotaru et al. compared biosynthetic surfaces to bacterial surfaces for the reduction of Pd(II)
in order to determine whether the reduction of Pd(II) is driven by chemical or biological
parameters. The authors compared synthetic polystyrene beads with a controlled surface
chemistry to E.coli MC4100, Pseudomonas putida and S. oneidensis, autoclaved cells, live
cells treated with sodium azide (to arrest metabolism), the purified non-enzymatic protein
bovine sodium albumin and protein extract from P. putida. The result showed that Pd(II) was
reduced in all conditions tested. The reduction of Pd(II) was also observed in the cell-free
controls but was over 12 times slower than the live or autoclaved cells. When using
biosynthetic membranes, it was shown that increasing the abundance of amino group on the
surface systematically enhanced the reduction of Pd(II). When the amino FGs were
substituted with acyl FGs on the surface, the reduction of Pd(II) was slowed 6-fold and the
resulting particles were 4-10 times larger than those of the aminated-surface. The larger
particles suggest that there were less nucleation sites or events in acetylated surfaces, and
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hence it was concluded that the amino groups support the rapid reduction of Pd(II) by
providing a higher number of reduction/ nucleation sites[153].
The observed Pd(II) reduction by synthetic surfaces showed that enzymatically active
biomass is not required for the reduction of Pd(II) and that the reduction of Pd(II) is
predominantly driven by the chemistry of FGs present on biosurfaces.
Recent publication by Foulkes et al. demonstrated the reduction of Pd(II) under aerobic
conditions where hydrogenase is not expressed[143]. The authors used various E. coli mutants
lacking oxido-reductase systems, among them strains lacking dehydrogenase and a strain
lacking all molybdoenzymes. The reduction of Pd(II) was twice as slow in the mutant strains
lacking the dehydrogenase compared with the parent strain. Interestingly, the ΔmoaA stain
lacking all molybdoenzymes, reduced Pd(II) 14 times slower compared with the parent strain.
Bacterial production of Au nanoparticles: overview and mechanisms
In 1980 Beveridge et al reported on the production of intracellular octahedral AuNPs (5-25
nm) with Bacillus subtilis[154]. The reduction mechanism was thought to be mediated by
organophosphates or sulfur secreted by the bacteria since these elements were present with
the gold[155]. The anaerobic iron-reducing bacteria Shewanella algae was used for H2supported reduction of gold. The particles were extracellular and spherical with a size range
of 10-20 nm. The authors hypothesized that the reduction of gold was mediated by the
hydrogenase system when H2 was supplied as the ED[156]. Deplanche et al. however
postulated later that hydrogenase only partially influence the reduction of Au(III), since the
reduction of Au(III) was observed in D. desulfuricans and E. coli cultures supplemented with
Cu(II) (a hydrogenase inhibitor). The authors also suggested that cytochrome c3 was not
involved in Au(III) reduction since it is the complementary system to hydrogenase[43, 78, 141].
He et al. demonstrated (with Rhodopseudomonas capsulata) that the size and morphology of
AuNPs can be controlled by changing physicochemical parameters, such as the length of the
experiment or the pH conditions. At neutral pH, the resulting AuNPs were 10-20 nm in size
with spherical morphology. In contrast, at pH 4 the particles were predominantly triangular
with edge lengths of 40-500 nm[17]. In a very recent publication, Ma et al. demonstrated the
biosynthesis of intracellular AuNPs with unusual anisotropic structures such as pushpin-,
star- and biconcave disk-like structures, as well as more complex jellyfish- and flower-like
structures using E. coli[65]. Chen et al. demonstrated the production of intracellular Aunanowires by reducing the Au ions trapped on the DNA template[157]. Deplanche et al.
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showed that the uptake and reduction of gold increased as the amount of sulfur residues
increase. The study was measuring the sorption and reduction of Au(III) using genetically
engineered flagella enriched with sulfhydryl (-SH) groups compared with its parent strain[133].
Other studies showed that tyrosine residues enhanced the reduction of Au(III)[158,

159]

.

Cytochrome c systems have shown to be involved in the production of Au- and AgNPs[160,
161]

. In a recent study, Ng et al. found that particles were smaller and less abundant in several

mutant strains lacking different metal redox proteins compared to the wt. The size and
presence of NPs was found to proportional to the presence of the extracellular MtrC and
OmcA proteins[138]. Nicotinamide adenine dinucleotide phosphate or NADPH-dependent
enzymes were shown to be involved in the reduction of Au(III) in many studies[162-166]. A
recent study shown that Au(III) was reduced by sulfite reductase purified from E. coli[164].
Nitrate and nitrite reductase systems were also suggested to mediate the reduction of Au(III)
by several bacterial and fungal strains[103, 165]. A Protease enzyme from an Actinobacter
filtrate was shown to reduce gold where the presence of O2 slowed the reduction rate by a
mechanism that is not yet understood. When the protease was inhibited, no reduction was
observed[166]. Other studies showed the similar mechanism for three Streptomyces strains[167169]

.

Table 3 summarizes the biological mechanisms in bacteria that were identified to be involved
in the reduction of Au(III) and Pd(II) in the last 3 decades. Some of mechanisms are
enzymatic (direct/active reduction mechanism) and others are none- enzymatic
(indirect/passive reduction mechanism).
Table 3: Current Au and Pd molecular reduction mechanisms described in literature.
reduction

metal
element
Pd

Active/
direct
reduction
“enzymatic”

Indirect/
passive
"nonenzymatic
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Au

Pd and
Au

bacteria
E. coli
E. coli
E. coli ,
Brevibacterium
casei
E.coli,
Actinobacter
and other
strains
E.coli and other
strains

enzymes
Cytochrome c3 and/or
hydrogenase
Molybdoenzymes
NADPH

ref.

[139]
[143]

Nitrite and nitrate reductase

[170]

Sulfite reductase

[164]

Protease

[166]

Functional groups and
biomolecules present in the cell
or cell surface (-SH, -NH, -OH, COOH, -CHO etc.)

[111]

Limitations bio-nanotechnology and future perspective
A review of the literature shows that there are many different mechanisms for the
bioreduction of metal ions[40, 57, 66, 135, 155, 171, 172]. Unfortunately, most of the mechanisms
proposed are hypothetical and have not been extensively validated. An exact mechanism for
NP formation is not yet known, but it is widely accepted that the reduction of metal ions is
mediated via enzymatic activity[40, 142, 143]. Nevertheless, these claims lack support as the
reduction of metal ions also occurs using biological entities independent of enzymatic
activity[79, 153]. Thus, the existence of active enzymatic mechanism for the biosynthesis of Auand PdNPs still needs to be clarified.
Breakthroughs in the elucidation of the mechanisms of NP bioformation are essential for the
fate of this technology and play a key role in the application and integration of biogenic NPs
as a reliable technology. Novel insights on metabolic, genetic and physiological biotic
systems involved in metal NP formation are likely to yield such breakthroughs. However,
there are no available genomics or metabolomics-based screening protocols for the biofabrication of NPs.
The existing procedures are not applicable for high throughput screening. In addition, these
protocols vary greatly, using different organisms, strains and varying conditions, which
makes it hard to validate and compare the results of one study with another. Thus, a simple
and applicable NP protocol is vital for robust study of mutants and biosynthesis mechanism
elucidation.
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2

Aims of the project

The aim of this study was to develop a standard biosynthesis protocol of Au- and PdNPs
applicable for high throughput screening of mutants in order to elucidate the biological
pathways of Au- and PdNP production based on the hypothesis that the bioreduction of Pd
and Au is indeed an enzymatically active process.
Bioreduction mechanism elucidation
Establishing a color-based assay for the screening of mutants with impaired NP
formation capacity
The reduction of Au and Pd metal ions leads to a color change that is readily detected with
the naked eye (Table 4). The change in color can be used as a simple and cheap assay to
monitor the reduction of metals in the presence of bacteria. In this assay, mutants lacking the
systems involved in bioreduction of metals can be easily identified by the weak, or the lack
of color change in the suspensions compared with the parent strain. Thus, our first objective
is to develop an assay that would allow the screening of ideally 100-200 mutant strains per
experiment.
Table 4: the reduction of Au and Pd can be readily identify by the resulting change of color in suspensions.

reduction
Pd(II) → Pd(0)

color
(yellow/orange) → (black)

Au(II) → Au(0)

(yellow) → (red)
(yellow) → (purple)

Screening of mutants
Once a protocol has been established, the screening of mutants will begin using a limited
number of hand-selected mutant strains mainly lacking transporter genes of d-block metals
(efflux/influx). Mutant strains reported to have impaired ability to reduce Au(III) and
Pd(II)[40, 143] will be used as live negative controls for BioNP formation.
Uptake mechanism elucidation
Heavy metals like Pd(II) and Au(III) with no biological role or benefit to microbes are not
expected to be imported into the cell. How these metals are being trafficked into the cells is
still unknown. Several authors suggested a passive transport pathway, driven by
physicochemical mechanisms rather than active biological factors[111, 120]. Few authors on the
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other hand, suggested metabolically active transport[121,

173]

. Nevertheless, booth

hypotheticals were never tested for Pd(II) and Au(III).
Here, I am basing my investigation on the hypothesis that the that the translocation of Pd(II)
into the cell is metabolically or enzymatically supported, where Pd(II) is mistakenly taken
into the cell by transport systems of d-block heavy metals which are important for cellular
metabolism. Our goal is to conclusively verify the existence of active transport and determine
the biological component in Pd(II) and Au(III) uptake. Once the biological component of
uptake is identified, I will screen selected mutants lacking transporter systems of various
metals (Ni, Fe, Co, Cu, Zn) for the uptake of Pd(II) and Au(III) in order to better characterize
some of the pathways involved in the transport of these metals into the cells. Mutant with
abnormal uptake are expected to have higher or lower Pd(II) uptake compared with their
genetic background.
Characterization of particles
Metallized bacteria and bio-nanoparticle will be characterized using electron microscopy
(EM) and energy dispersive X-ray spectroscopy (EDX) analysis for their size morphology
and distribution within the cell. The biogenic Au- and PdNPs will also be separated from the
biomass and their catalytic properties will be compared to their chemical commercial analogs
for the reduction of para-nitrophenol (PNP).
Strain used in this project
Traditionally for the reduction of Pd and Au, the main focus was on SRB strains due to their
unusual uptake and bioreduction capacities [49, 54, 56, 57, 78, 100, 103, 117, 122, 131, 150, 155, 174] . In recent
years however, it was found out that the reduction of Pd and Au is not restricted only for
SRB, and some of the focus have shifted towards E. coli[57, 143, 164]. For this project, I will use
the gram-negative E. coli strain for several reasons. E. coli is a facultative anaerobe which is
easier to culture than SRB. SRB stains also generate H2S as byproduct of metabolism, H2S is
a known Pd and Au catalyst poison[175]. Above all, the genome of E. coli is the most
established, with well-described biological systems, and readily available mutant libraries
like the Keio collection[176].
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3

Materials and methods

Materials
All chemicals and equipment used in this thesis are listed in appendix A.
Methods
Organisms and growth conditions
E. coli strains MC4100 (wt)[177], FTD150[178, 179] and ΔmoaA[143] (Invitrogen, Paisley, UK),
were a kind gift from Lynne E. Macaskie School of Biosciences in the university of
Birminghem (Table 5). FTD150 and ΔmoaA were used as negative controls compared with
the parent strain MC4100, for the bioformation of PdNPs.
The E. coli K12 strains used in this study are listed in Table 6. The K12 strains are part of the
famous Keio collection. The Keio library is a collection of ‘knock out’ strains where each
strain incorporates a single-gene deletion in relation to the K12 background strain (K12 wt)
which naturally allows the study of mutant strains compared with the background strain. The
K12 knock outs were imported from the National Institute of Genetics, Japan[176] to be used
for screening of Pd(II) and Au(III) uptake and/or reduction (Table 6). Most strains (Table 6)
have a disruption in metal transporter genes (efflux or influx system) we believe to be
involved in the uptake of Pd(II).
Table 5: E. coli parent (MC4100) and mutant (FTD150 and ΔmoaA) strains. Mutants strains (FD150 and
ΔmoaA) were identified to have impaired ability to reduce Pd(II) by literature [143, 149].

Strain
MC4100
FTD150
ΔmoaA
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Features/ Description
Parent strain for FTD150 and ΔmoaA
Lacking [Fe-Ni] hydrogenase system
Disruption in molybdopterin co-factor biosynthesis

Table 6: list of E. coli K12 mutant strains that have been screened and compared to parent strain (K12) during
this study. The mutant description was taken from GenBank ® (NIH genetic sequence database)

Strain

BW25141
acrR
apaG
copA
corA
cueO
cusA
cusR
cutA
fecD
fieF
fur
modB
modF
narJ
nikE
nikR
yebN
yieF
yohL
yohM
zupT

features /Description

Parent K12 strain for all mutants below
Disruption of negative regulator transcribing of drug binding elements
Disruption in protein associated with efflux of divalent Co and Mg
Disruption in copper transporter gene
Disruption in Mg/Ni/Co transporter gene
Deletion of copper oxidase gene
Disruption in membrane efflux component of copper/silver
Disruption in regulator gene of copper/silver efflux
Deletion in Cu(II) tolerance (or resistance) protein
Disruption in ferric iron citrate permease gene
Disruption in divalent Fe and Zn transporter gene
Disruption in repressor gene of ferric iron uptake
Disruption in molybdate transporter gene
Disruption in molybdate ATPase transporter gene
Disruption in the assembly of molybdenum-cofactor for nitrate
reductase system
Disruption in Ni transporter ATPase
Disruption in Ni regulatory system (Ni resistance)
Disruption in divalent Mn efflux gene
Disruption in Cr reductase gene
Disruption in repressor gene of Ni and Co resistance (or efflux)
Disruption in Ni Co efflux gene
Disruption in Zn transporter gene

E. coli cells were streaked on fresh agar plate from a glycerol stock, and incubated overnight
at 37oC. A single colony was inoculated for each replicate and grown to mid exponential
phase (OD600 = 0.5-0.7) in fresh Lysogeny Broth[180] (LB) supplemented with the suitable
antibiotics (see Table 7). A 1:100 dilution of each parent culture was transferred to fresh LB
and cells were grown with shaking (220 rpm) overnight (16-20 hours) at 30oC (Figure 8 ‘precultures phase’).
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Table 7: Antibiotics added (µg/ml) to the different strains listed in Table 5 and Table 6 (above) during growth
phase.

strain

antibiotics

MC4100
FTD150
ΔmoaA

Streptomycin
Streptomycin
Streptomycin

concentration
[µg/ml]
50
50
50

BW25141 (K12 wt)
Keio mutants

No resistance
Kanamycin
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Table

Table 5
Table 5
Table 5
Table 6
Table 6

Reduction of heavy metals: bioreduction of metal nanoparticles protocol
The protocol for the reduction of heavy metals was developed using literature protocols[40, 57,
79, 116, 143, 149]

as starting point and gradually removing steps that complicates the experiment.

The protocol was simplified and dissected into ‘phases’ (Figure 8) where each ‘phase’ was
investigated by tuning variables that ultimately led to a final optimized protocol. Table 8 lists
the protocol conditions in this work compared with those of the literature.
Table 8: Comparison of literature protocols to this work. The table lists variables that were altered or
eliminated with the goal of developing applicable protocol for high throughput screening.

literature

this work

3-4

3 and
eventually 1-2

2000

0.2-250

Substrates for Anaerobic growth

Glycerol glucose formate
and fumarate

See Table 10 nutrients

Anaerobic atmosphere

H2 CO2 N2 (11%, 20%, 69%
respectively)

Experiment duration [days]
Culture volume [ml]

CO2, N2 (20%, 80%
respectively)

Apparatus for anaerobic
atmosphere

Anaerobic cabinet

mainly catalyst for
anaerobic cultures, in an
anaerobic bag

Washing buffer used
Pd(II): biomass ratio [%]

MOPS; NaHCO3
5, 20, 50 and 100

See table Table 11 Buffers
2.5-25

2-10

0.3-5

H2 and formate

(+/-) formate

Pd(II) overall concentration [mM]
Reduction phase electron donor
(+/-) = with/ without
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Literature protocol
The following protocol is presented only for comparative purposes and was never followed
to the fullest, due to limited access to equipment (mainly anaerobic cabinet with matching
anaerobic atmosphere conditions). Mid-exponential phase pre-cultures were diluted 1:10,
v/v, and regrown in fresh medium at 37 °C in Nutrient Broth no.2 oxoid under anaerobic
conditions supplemented with sodium fumarate, glucose and glycerol to maximize
hydrogenase expression. The cultures were grown in 2 l Duran bottles, filled with medium
and sealed with rubber stoppers. Before sealing bottles were degassed for 30 minutes under
vacuum and oxygen-free nitrogen (OFN) was bubbled for 30 min. Cultures then were
transferred to an anaerobic atmosphere (80 % N2, 10 % CO2, 10 % H2) in an anaerobic cabinet.
Next day, the cells were centrifuged (12 000 g, 15 min), and washed three times with 50 ml
degassed MOPS/NaOH buffer (20 mM, pH 7.2). The washed cells were degassed and purged
with OFN (each cycle 30 minutes). Finally, the concentrated cell suspensions were
refrigerated at 4 °C under OFN until use, usually in the next day when cells were transferred
to an anaerobic environment and challenged with oxygen free 20 mM Na2PdCl4 dissolved in
0.1 M HNO3 to give an overall concentration of 2 mM Pd(II). The reduction of Pd(II) was
induced by addition of 50 mM final concentration sodium formate to give a 20 mM overall
concentration[40, 149].
General protocol layout of this work
Figure 8 shows a general representation of the procedure used for heavy metal bioreductions.
Many variables were investigated (Table 9) and optimized leading to a final metal color based
assay protocol for screening of mutants (gold and palladium).
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Figure 8: Schematic representation of the reduction protocol. In this study, each ‘phase’ (see top, marked
in red (a) - (e)) was investigated independently leading to a final reduction color assay protocol for screening
of mutants (3.1.2.(3)). The ‘pre-culture phase’ (a) was the preparation phase for each parent culture. In the
‘anaerobic growth phase’ (b) cells were resuspended in fresh medium and grown usually under microaerobic conditions (unless mentioned otherwise). The anaerobic growth phase (b) was investigated by
adding different nutrients (Table 10) with the rational of expressing the hydrogenase system (the FTD150 is
lacking compared with the background strain MC4100), or in order to simplify the protocol. The
spectrophotometer (instrument in (b)) was used to determine the bacterial dry-mass present in each culture
using a mathematical conversion of the OD600 readings. The cells then, were cleansed and separated from
medium by centrifuging and resuspending the pellet in a washing buffer (c). The washing step was repeated
3 times (cycle in c). The uptake (d) and reduction (e) of Pd(II) were investigated by testing different buffer
solutions, with different pH buffer capacities. In the uptake phase (d) Pd(II) ions were added to each culture,
giving rise to a yellow-orange suspension (tube in d). The amount of Pd(II) that was added to each culture,
was proportional to the predetermined bacterial dry mass (calculated on (b)). Finally, during the ‘reduction
phase’ (e), the bioreduction of palladium ions took place, usually under anaerobic conditions (marked as () O2 in (e)) The bioreduction of Pd(II) to Pd(0), is readily identified by the color change, from yellow (d) to
black (e) suspension during the reduction phase (see tubes on (d) and (e)). The figure was created using
Microsoft Office and PerkinElmer Chemdraw software.
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Table 9: variable modifications implemented though the process of protocol (reduction of heavy metals)
optimization.

Phase

Growth

washing

uptake

Reduction

variable

unit

details

volume
negative control

ml
-

Growth nutrients
atmosphere

mM
-

0.2-250
FTD150 and ΔmoeA (MC4100) and
HKc eventually
See Table 10
Aerobatic, micro-aerobic and
anaerobic

Buffer

pH

Pd: biomass ratios
pH
Temperature
Pd(II)
concentration

atmosphere
formate

(w/w) %
3.1-7
o
C

See Table 11

25, 12.5, 4 and 2.5
3.1, 3.3, 3.4,3.6, 4.6, 6.5 and 7
0.3-5

mM

Aerobic verses
anaerobic
10 mM

with or without formate

Pre-culture phase (Figure 8 a)
Cells were inoculated from glycerol stock (see strains Table 5, Table 6 and negative controls
Table 9), streaked onto fresh agar plate and incubated over night at 37oC. The next day cells
were sampled from the plates and grown in 3 ml LB with antibiotics (Table 7) to midexponential phase (OD600 = 0.5-0.7) (Figure 8 Pre-culture phase).
Anaerobic growth phase (Figure 8 b)
1:10 dilutions were added to fresh LB, LB light or NB no.2 Oxoid (NBno.2) media alone or
supplemented with the addition of growth nutrients (Table 10). The cells were grown
overnight at 37oC in micro-aerobic conditions by capping the firmly falcon tubes filled to the
top with the media, or alternatively in strictly anaerobic conditions by sealing the cultures in
anaerobic bag with activated anaerobic catalyst[181].
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Table 10: Different growth media and different nutrients supplemented as electron donors (EDs) and
acceptors (EA). Overall concentrations of EDs were 25 mM while EA concentrations were 5 mM. For ferric
iron citrate and cysteine overall concentrations were 1 mM. [182]
Nutrients supplemented

electron
acceptor

electron
donor

Recipe Fumarate KNO3

inducing Hyd
expression

Formate Glucose Glycerol

Ref.

Fe(III) Cysteine Medium
citrate

1

+

-

+

+

+

+

+

LB

1

2
3
4
5
6
7
8
9

+
+
+
-

+
+
-

+
+
+
+
+
+
+
-

+
+
+
+
+
-

+
+
+
+
+
-

-

-

LB
NBno.2
LB lite
LB
LB
LB
LB
LB

tw
2
tw
tw
tw
tw
tw
tw

(+/-) = (supplemented / Not supplemented)
tw = this work
1: [40, 41, 139, 149]
2: [182]

Washing phase (Figure 8 c)
After the overnight anaerobic growth phase, the optical density at 600nm (OD600) of the
cultures was measured and the readings were converted to culture dry mass where 1 unit at
OD600 equals 0.431 g of dry weight/l[183, 184]. The determination of the bacterial dry weight
was used in order to add the correct relational weight of palladium that was added to each of
the cultures during the uptake phase (3.1.2.(2.d.)). In the meantime, cultures were
centrifuged, the supernatant was discarded and the cells were resuspended in fresh 20 mM
washing buffer (Table 11) in a volume 50 times smaller than initial culture volume (i.e. 50fold concentration). The washing process was repeated 3 times (Figure 8 ‘washing phase’).
Buffers were also used for the preparations of cell-free controls (containing only buffer
solution and the same amount of Pd(II) added to each culture).
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Table 11: washing buffers used during this study

pH

Acid

Base

Buffer
concentration
(mol/l)

7

MOPS

NaOH

0.02

3.4

HNO3

Sodium Malate

0.02

4.7

HNO3

Ammonium
citrate

0.02

3.3

HNO3

Sodium formate

0.02

3.7

HNO3

Glycine

0.02

Uptake phase (Figure 8 d)
Sodium tetrachloropalladate (see stock solution formulation at appendix A) was added to the
washed cells at a predetermined Pd (II): dry biomass (w/w) ratio (see Pd(II): biomass ratios
used in this work listed in Table 9) and incubated at 30oC for 20-30 minutes (uptake phase
Figure 8d). In some cases, surplus Pd(II) ions were removed by centrifuging (9000 g for 1
minute), discarding supernatant and resuspending the pellet in fresh 20 mM buffer solution
with no added palladium.
Reduction phase (Figure 8 e)
Sodium formate was added to the palladized cells to give a 10 mM final concentration and
put in anaerobic conditions until color change in reaction mixture appeared (see Figure 8 e
and Table 9 reduction phase for modifications).In some cases, the sodium formate was
omitted completely. The reaction was considered as completed once the wt reaction mixtures
turned dark (Figure 8). The reduction rates were measured by the change of color over time
using a stop watch, or by measuring the residual palladium in the supernatant using the SnCl2
method (described in section 3.1.3.(1)), or both combined.
Optimized protocol
The final protocols for the biological production of Au- and PdNPs, were established based
on the information obtained from the long (and rigorous) optimization process described in
the previous section. Heat- killed cells (HKc) were used as a negative control for the
formation of metal NPs, the experiment is relatively simple in terms of labor, takes 1-2 days
and allows the screening of 4-16 mutant strains per experiment.
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Palladium (II) bio-reduction color assay protocol for the screening of
mutants
1. Inoculate a single colony from Petri-dish and transfer into marked 15 ml centrifuge
tube with 3 ml LB fresh media with antibiotics and grow to mid-exponential phase (OD600
= 0.5 - 0.7) (see Figure 8 “Pre-cultures phase”). Use four or eight parent cultures for
mutants or wt strains respectively.
2. Transfer 500 µl aliquots to marked 50 ml centrifuge tubes with 50 ml fresh LB
supplemented and the right antibiotics for strains with resistance cap the tubes firmly and
leave for overnight incubation at 37oC with shaking at 220 rpm (Figure 8 “growth
phase”).
3. Next day, measure the OD600 and adjust it to 0.5 ± 0.02 for all replicates in all strains
by diluting the samples. Turn on the heated water bath and adjust the temperature to 80oC.
4. Centrifuge the cells at 4700 g for 15 minutes, discard the supernatant and resuspend
the pellet in 1 ml of 20 mM buffer solution (i.e. 50-fold concentration resulting in an
OD600 value of 25). As the buffer, use Glycine/ HNO3 pH 3.6 or MOPS/ NaOH pH 7 in
cases where one is interested in comparing the results to literature data (Figure 8 “washing
phase”).
5. Transfer cell suspensions to a marked 2.5 ml a micro-centrifuge tube and wash the
cells two more times by discarding the supernatant and resuspending the pellet in fresh
buffer with centrifugation at 9000 g for 2 minutes on each round (Figure 8 “washing
phase”).
6. Place the tubes with the washed and resuspended cells on ice, take 4 replicates of the
wt strain and incubate in the water heated bath (800C) for 15 minutes. After heating, place
HKc on ice and let the temperature equilibrate with that of the other samples. Pierce 3
holes in each micro-centrifuge tube cap using syringe needle (12.7 mm x 29 g) to allow
the exchange of gases.
7. Add Na2PdCl4 to give an overall concentration of 0.7 mM (correspond to 4% Pd(II):
biomass (w/w)) from stock solution of 20 mM Na2PdCl4 dissolved in 0.01 M HNO3.
Vortex the samples shortly and add sodium formate (pH 7) to a final concentration of 10
mM (Figure 8 “uptake phase”). Prepare 3 more replicates of cell free buffer controls
containing only washing buffer and equal amounts of Na2PdCl4.
8. Seal the replicates in anaerobic bag with activated catalyst for anaerobic environment
formation (Anaerocult® A för mikrobiologi; KRUUSE; VWR) and wait till color change
appears in the wt strain suspensions (about 40 minutes); (Figure 9 “reduction phase”).
Reduction is detected by the change of color from yellow to black solution. No reduction
and hence color change should appear in HKc reaction mixtures (see Figure 9 HKc).
9. Transfer 200 µl aliquots from each replicate (wt live and HKc and mutant strains) to
a 96 well plate (see illustration Figure 10). Take pictures of plates with imager station (or
plate imager) or personal camera. Strains with impaired reduction capacity are readily
identified by having lighter suspension colors than the wt, closer to the color of the
negative controls (see illustration Figure 10 in gray).
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Figure 9: Reduction of Pd(II) by bacteria comparing live and heat killed cells (HKc). When Pd(II) ions are
added to washed cells (a) in the absence of oxygen (b) reduction takes place given that the bacteria are still
alive (c). The reduction of Pd(II) can be readily detected by the color change in solution from yellow (Pd(II))
to black (Pd(0)) (c). The HKc [heat killed cells] are not enzymatically active and thus no reduction (no color
change) takes place in the reaction mixture (c). The figure was created using Microsoft Office and
PerkinElmer Chemdraw software.

Figure 10: Example for how screening of mutants ought to look like. Reduction appears in live wt strain
(positive control) and other mutant strains (black appearance). No reduction takes place in the HKc [heat
killed cells] (yellow appearance), and less reduction take place in mutants with lower reduction capacity
(gray-yellow appearance). The figure was created using Microsoft Office and PerkinElmer Chemdraw
software.

10. Optional: Mutants that came out positive for color assay screening (see gray Figure
2) can be further investigated by quantitatively measuring the reduction rate using the
SnCl2 assay described later (3.1.3.(3)).
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Gold (III) bio-reduction color assay protocol for screening of mutants
Steps 1-6 are identical to those of ‘Palladium (II) bio-reduction color assay protocol for
Screening of mutants’ explained previously (see 4.6.5).
7. Add NaAuCl4 to give an overall concentration of 0.7 mM from a stock solution of 20
mM NaAuCl4 dissolved in 0.01 M HNO3, Vortex samples for 10 seconds. Prepare 3 more
replicates of cell-free buffer controls containing only washing buffer and NaAuCl4 with
equal volumes and amounts to those of the bacterial samples).
8. Optional: prepare an additional chemically reduced gold (‘ChemAuNPs’) control
(see 3.1.6.(2.b.)) using equal concentrations of Au(III) in 0.2 M MOPS/NaOH to those
added to bacteria.
9. Centrifuge samples at 5000 g for 4.5 minutes at RT, resuspend in the same buffer or
fresh buffer (1 ml) and purple color should develop in live cells samples within a few
minutes while HKc samples should remain unchanged (or yellow), as should buffer
controls (“reduction phase” Figure 11 live verses HKc)
10. For screening of mutants take 200 µl aliquots of each replicate of each strain and
transfer to 96-well plate. Take picture with an imager. Mutants with abnormal reduction
ability will be readily identified by having color similar to that of heat killed cells
(negative control) or different than the wt (positive control).

Figure 11: Reduction of- Au(III) by bacteria, comparing live (top row) and HKc [heat killed cells] (bottom row)
when Au(III) ions are added to washed cells (a) and centrifuged (b) reduction is observed in live but not HKc
E. coli wt suspensions (c). Au(III) reduction is readily monitored by a color change in solution from yellow
(Au(III)), to purple (Au(0)) given the cells are alive (see (c) top live cells). HKc are not enzymatically active
and hence no reduction (no color change) takes place in the reaction mixture (c). The figure was created
using Microsoft Office and PerkinElmer Chemdraw software.
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Quantitation of heavy metals
Assay for palladium(II) in test solutions: the tin chloride (SnCl2) method
The detection of residual Pd(II) in washing buffer was determined by the SnCl 2 method. 12
g of SnCl2 powder was mixed carefully in 200 ml concentrated HCl (25% v/v) until the
powder was completely dissolved. 160 µl aliquots were made ready in 96 well plates shortly
before mixing with 40 µl samples containing the Pd(II) analyte in unknown concentration.
The mixed samples were incubated at 30oC, with shaking at 220 rpm for 30 minutes, after
which absorbance at 463 nm was measured. For blank samples, 40 µl with distilled water
were added to the SnCl2 solution. Standard curves were prepared for every experiment using
a series of Pd(II) dilutions in 20 mM buffer solution (Table 11). Concentrations used for the
calibration curves were 0.1, 0.2, 0.5, 1, 2.5, 5 and 10 mM Pd(II) (Figure 13). Calibration
curves were plotted using Microsoft office excel.

Figure 12: Example for standard curves of several washing buffers (20 mM) used in this study. The Standard
curves correlate the amount of Pd(II) to absorbance at 463 nm. Citrate, Malate and Glycine buffers were
aligned on top of each other. Ammonium citrate /HNO3 pH 4.7; Maleic acid pH 3.41 and glycine absorbance
values at 463 nm corresponded to the same concentration values. Standard curves were identical regardless
the type of buffer used. Error bars account for the standard deviation (SD) of 4 replicates. The error bars
were smaller than the figure’s legends. The curve stopped obeying the Beer-Lambert law in concentrations
higher than 10 mM. Similar absorbance readings were obtained when the standard curves of formate/HNO3
(pH 3.3), MOPS/NaOH (pH 7.1) and distilled water (un-buffered solution) were plotted (not shown).

Assay for palladium in bacterial test solutions: Uptake of Pd(II) by
bacteria
8 pre-cultures of wt and 4 pre-cultures of mutant strains were grown overnight in firmly
capped in Dorham bottles (250 ml) filled to the top with fresh LB and antibiotics if necessary
(Table 7). The next day OD600 was measured and adjusted to 0.5 ± 0.02. The 250 cultures
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were centrifuged (4500 g for 10 minutes), and concentrated in 5 ml fresh 20 mM
glycine/HNO3 buffer solution (pH 3.6), respectively. 4 of the 8 wt replicates were incubated
in a preheated water bath at 80oC for 15 minutes while live cells were put on ice. After
incubation, the HKc were put on ice until temperatures of live and HKc matched. 20 mM
Na2PdCl4 dissolved in 0.1 M HNO3 was added to the washed cells to give a final
concentration of 0.68 mM Pd(II) (corresponding to 4% Pd(II): biomass ratio (w/w)). Buffer
controls were also prepared, containing 20 mM washing buffer and the same amount of Pd(II)
as in the samples with cells. After Pd(II) was applied, 350 µl aliquots of buffer controls and
palladized cells were transferred to 1.5 ml micro-centrifuge tubes at different Pd(II) exposure
time points throughout the experiment and centrifuged at 5000 g for 1 minute. The residual
Pd(II) concentration in the supernatant was determined using the SnCl2 method described in
previous section (3.1.3.(1)). The amount of Pd(II) taken by bacteria was calculated by
subtracting remaining Pd(II) concentration from initial concentration (Equation 1).
(𝑷𝒅(𝑰𝑰)𝒊𝒏𝒊𝒕𝒊𝒂𝒍 − 𝑷𝒅(𝑰𝑰)𝒓𝒆𝒎𝒂𝒊𝒏𝒆𝒅 ) [𝒎𝑴]
= 𝑷𝒅(𝑰𝑰)𝒓𝒆𝒎𝒐𝒗𝒆𝒅 [𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏]
𝑷𝒅(𝑰𝑰)𝒊𝒏𝒊𝒕𝒊𝒂𝒍 [𝒎𝑴]
Equation 1: The amount of Pd(II) removed by bacteria was inferred by subtracting the remaining amount of
Pd(II) in supernatant from initial concentration of Pd(II). The fraction of Pd(II) removed by bacteria from
initial concentration, was calculated by dividing the removed Pd(II) concentration [mM] with initial Pd(II)
concentration [mM].

The following variables were tested and optimized through the course of this work: Pd(II):
biomass ratios, pH, concentrations, washing buffers, growth atmosphere, medium
composition, temperature and the pre-conditioning of bacteria with 10 µM Pd(II) during
anaerobic growth phase (Table 12).
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Table 12: The variable that have been studied and optimized leading to a final uptake phase assay used for
screening of mutants.

phase

variable changed

unit

uptake

Pd(II) : biomass ratio
Concentrations
pH
Temperature

(w/w) %
mM
pH
o
C

25, 12.5, 4 and 2.5
2.8 verses 0.3
6.7 verses 3
30 verses 37

20 mM

MOPS/NaOH pH 7
Ammonium citrate/HNO3 pH 4.91
Sodium malate/ HNO3 pH 3.41
Sodium formate/ HNO3 pH 3.33
Glycine/ HNO3 pH 3.1 and later 3.6

washing
and uptake

Growth

washing buffers

Growth atmosphere
Growth media
Growth media

µM

study specifics

µ-aerobic verses anaerobic
minimal media verses LB
LB with 10 µM Pd(II) verses only LB

Pd(II) uptake phase assay for screening of mutants
For screening mutants, I used the uptake assay protocol described above with the following
modifications: bacteria were transferred to 50 ml firmly capped centrifuge tubes filled to the
top with LB and necessary antibiotics during growth phase. Glycine- /HNO3 20 mM pH 3.6
was used as the washing buffer during the washing phase. Palladized cells were analyzed
only at one exposure time point (20 minutes) or at 3 exposure time points (20, 30 and 90
minutes Pd(II) exposure). Cell free buffer controls containing only the washing buffer and
the metal ion, were also taken for every experiment, to verify that the removal of ions from
the solution happen only on the presence of bacteria (Figure 66 in appendix B).
In the uptake assay, statistical analysis was performed in order to identify mutant strains with
abnormal uptake. Single factor ANOVA for two means assuming equal variance was taken
first to confirm not all strains behave similarly (using Microsoft office excel). If the generated
F value was larger than the critical value, additional statistical analysis was performed where
each of the mutant strains was compared to the wt separately using a pairwise t-test for two
means assuming equal variance and using the Bonferroni correction. Mutants with abnormal
Pd(II) uptake compared with parent strain were identified when p value was lower than the
critical p value (0.05 or according to the Bonferroni correction).
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Simple protocol for abiotic gold nanoparticle production
Protocol for gold nanoparticles
20 mM NaAuCl4 dissolved in 0.1 M HNO3 was added to 0.2 M MOPS/NaOH to make overall
concentration equal to- or higher than 0.125 mM NaAuCl4. The color change should be
instantaneous from yellow to purple or red-pink solution (depending on concentrations of
reagents).
Gold nanoparticle calibration curve and proximity effect via
spectrophotometric absorption readings
40 µl NaAuCl4 solution was mixed with a 160 µl solution of 0.2 M MOPS/NaOH (pH 7) to
give 0.125, 0.25, 0.5, 1, 2 and 4 mM overall NaAuCl4 concentrations. A color change
appeared within 40 seconds. Proximity test was done by adding NaOH dropwise from 3 M
stock solution using a plastic transfer pipette until a color change appeared (from red to dark
blue-deep purple). Pictures were taken using an imager, absorbance spectra (220-900 nm)
was recorded (NIPPON genetics Europe) and the output was analyzed using Excel correlating
absorbance readings with gold concentrations.
Survival assay
3 pre-cultures of 250 ml were grown as described earlier on protocol (3.1.2.(3) steps 1-6).
The cultures were resuspended in 5 ml cell fresh glycine/HNO3 buffer (pH 3.2) for Pd(II), or
MOPS/NaOH (pH 7) for Au(III) and split to 1 ml cell suspensions each dedicated for a single
metal ion concentration. The washed cells then were challenged with heavy metal ion solution
(Au(III) or Pd(II) diluted in 0.1 M HNO3) to give different overall concentrations (ranging
from 0-5 mM). 5 µl samples of metal loaded culture solution were taken at different exposure
times (0-70 minutes’ exposure) and streaked on fresh LB agar plates. The streaked samples
were grown overnight at 37oC. Growth (or survival), was monitored by colony development
on the plates the next day (see illustration Figure 13). Cells were considered to survive at a
given metal concentration after a given exposure time if colonies developed on the streaking
area (minimum 5 colonies).
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Figure 13: Example for how survival assay ought to look like. The cytotoxic effects of metal ions (Pd(II) or
Au(III)) on E. coli were evaluated by the development of colonies (incubated overnight (o/n) at 37oC) from
samples exposed to the metal for a given time length. E. coli samples were streaked after different exposure
times (the exposure time [min] is marked on each agar plate) at a given concentration of metal ion (see
concentration axis on top). In this schematic hypothetical, cells are unaffected by 0.1 mM metal exposure
for 50 minutes (a). At 0.5 mM cells tolerate only 10 minutes’ exposure (b arrow) and no colony forms at any
given exposure time when E. coli was exposed to 0.8 mM metal concentration. Thus in this example, the 0.5
mM metal concentration would be considered as the borderline lethal concentration. The figure was
created using Microsoft Office software.

Transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDX)
Transmission electron microscopy (TEM) was used for the imaging and analyzing of the
biological samples and their nanoparticles, or for the chemically reduced NPs. Dispersive Xray spectroscopy (EDX) was used in order to provide an elemental analysis of the sample
inside the TEM and map the distribution and abundance of the target metal (Pd or Au) in the
bacteria (intra- and extracellular area).
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Sample preparation for electron microscopy
Cell fixing for sectioning
Metal (i.e. Pd or Au) -loaded bacteria was centrifuged at 3500 g for 5 minutes, rinsed twice
with distilled water, fixed with double strength fixative (5% and 4% (w/v)) aqueous
glutaraldehyde and paraformaldehyde respectively in buffer (e.g. 0.1 M sodium cacodylate,
HEPES, PIPES). The amount of fixative solution: bacterial suspension was 1:1 (v/v) and the
fixative was at the same temperature as the bacteria. Samples were left to rest for 10 minutes
at room temperature.
After 10 minutes, palladized cells were pelleted and the double strength fixative was replaced
with single-strength fixative (i.e. 2.5% glutaraldehyde + 2% paraformaldehyde) where the
buffer conditions remained unchanged. Samples were and kept at 4oC for 24 hours or more
until further use. Samples were further sent to EM laboratory and cells were sectioned by
senior engineer.
Epoxy embedding and sectioning of the cells
Samples were rinsed twice with ultrapure water at 3500 g for 10 minutes and resuspended in
0.1 M sodium calcodylate buffer at 20oC (hereafter the working temperature). Samples were
post-fixed with 2% OsO4 (w/v) (for OsO4 staining) in 0.1 M sodium calcodylate buffer and
left in the dark for 1 hour. Samples then were rinsed 5 times with distilled water and
dehydrated using an ascending ethanol series (70, 90,100% dry ethanol), where each step
took 15 minutes. Cells were then washed twice with propylene oxide (10 minutes 3500 g),
embedded in epoxy resin under vacuum for 30 minutes and left to polymerize for 1 hour at
60oC. Samples were sectioned, placed on a copper grid, and imaged using a JEOL 1400plus
transmission electron microscope equipped with a ruby camera (both from JEOL, Japan) with
an accelerating voltage of 120 kV as a service at the EM facility at the Department of
Biosciences, University of Oslo. The procedure for EM imaging was optimized throughout
this study, the variables modified are listed on Table 13.
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Table 13: List of variables modified throughout this study using TEM.

Phase
Reduction

variable
(+/-) Pd(II) surplus
removal

Aim
Prevent cellular stress

Fixing

(+/-) OsO4

Reduce background to make
intracellular particles more visible

Fixing

(+/-) GA and PFA

Prevent NPs formation stemming
from the presence of EDs

GA and PFA = glutaraldehyde and paraformaldehyde
EDs = electron donors (i.e. GA and PFA)

EM sample preparation by air drying
For bacterial samples
Immediately after reduction, 1 ml palladized cell suspensions were rinsed twice with 200 µl
distilled water (3500 g, 5 minutes). 1 µl aliquots were applied on a copper grid and left to dry
under a table lamp. The sample were ready for EM analysis within 5 minutes.
For chemically reduced gold nanoparticles (ChemAuNPs)
1 µl of ChemAuNPs (see 4.10) was transferred to a copper grid and left to dry at RT under a
table lamp. The sample was ready for EM analysis within 5 minutes.
Particle size measurements
A population of 69 ChemAuNPs was measured by EM technician. Particle sizes were
averaged and plotted on a bar chart using Microsoft Office Excel.
Catalytic activity of nanoparticles
Separation of catalyst for reaction
Biological-catalyst preparation (Gold and Palladium)
BioNPs were separated by centrifuging 1 ml metal loaded cell suspensions (9000 g for 1
minute at RT) discarding of supernatant and resuspending in 200 µl in distilled water 2 times.
Cell/ metal NPs mixtures were centrifuged for the third time, resuspended in 200 µl dry
acetone and left to dry in fume-hood for 24 hours. Dry samples were filtered into 10 ml Pyrex
round bottom flasks (RBF) under vacuum using Buchner funnel with a filter paper
(Whatman® membrane filters nylon, pore size; 0.2 µm Sigma Aldrich) and flushed with 5
ml acetone. Filtered nanoparticles in the RBFs were dried again for 72 hours. Before
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experiments a 15-20 µg of dry bio-catalysts were scraped from RBF and resuspended in 150
µl MilliQ water. 50 µl of suspensions of each bio- catalyst were added to previously prepared
reaction mixtures in order to initiate the reduction of para-nitro phenol (PNP).
Chemical catalyst preparation (Gold and Palladium)
Chemically reduced PdNPs were harvested from 1 ml cell-free buffer controls by washing
the reaction mixtures 3 times with distilled water, after the last wash supernatant was
discarded and samples left to dry for 3 days. 15-20 µl of dry catalysts were weighed and
resuspended in 150 µl MilliQ water. For reduction of PNP, catalyst suspensions were split in
three 50 µl suspensions and added to 3 previously prepared reaction mixtures.
50 µl of 5-7 µg Pd/C commercial catalyst in MilliQ water were added as additional control
in the reduction of PNP.
Catalytic activity of biologically versus chemichally reduced nano-particles
The catalytic activity of BioNPs (Pd and Au) was compared to that of commercial and
chemically reduced catalysts via the hydrogenation of PNP to p-amino phenol (‘PAP’) (see
Figure 14).
37.5 ml of freshly made 0.2 M NaBH4 and 12.5 ml of 6 mM PNP (pH ~12) were added to
Pyrex 100 ml RBFs. 2 ml aliquots were placed in marked 2.5 ml micro-centrifuge tubes (3
replicates for each type of nanocatalyst tested). The spectrum (300-400 nm) of 200 µl of
ultrapure water and PNP reaction mixtures containing PNP reactant and NaBH4 was recoded
before the addition of the catalyst. 50 µl of the Bio/Chem/commercial catalysts were then
added to each replicate, mixed carefully and left until a color change appeared (see Figure
14). The reduction time varied greatly, from 4 minutes to several hours, depending on the
type of catalyst. The spectrum between 300-400 nm was recorded again for each sample, to
measure the conversion of PNP to PAP which is readily monitored by the flattening of the
peak (diagnostic for PNP) at 400 nm.
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Figure 14: scheme of PNP reduction to PAP. Reaction termination can be monitored by the change from a
yellow to a colorless solution. The figure was created using PerkinElmer Chemdraw.

Stability of metal ions (Pd(II) and Au(III)) in different buffer solutions
Na2PdCl4 or NaAuCl4 were added to range of sterilized buffer solutions (listed in Table 11)
in a series of concentrations (20-200 mM, with at least two replicates for each concentration)
to give a 5 mM final concentration of metal ions. Samples were left overnight on bench or in
anaerobic bag with activated catalyst (Mikrobiologi Anerocult® VWR). MilliQ water
suspensions, rather than buffered solutions were used as controls. Reduction was monitored
by color change of the test solutions.
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4

Results

Palladium nanoparticles
Macroscopic-scale approach: nanoparticle formation based on color readout
The macroscopic approach of investigating PdNPs formation relies on the observation of
color change in suspension via the necked eye (Figure 15). It is easy, inexpensive and requires
no specialized apparatus. I aimed to develop a simple reduction assay relaying on the color
change generated as result of reduction. This color-based assay will be used for the screening
of transposon library to search for mutants defective in BioPdNP formation.

Figure 15: Example of Pd bio-reduction process by E coli. Washed (FTD150) cells (a) were supplemented with
Pd(II) ions (b) giving rise to a yellow solution. When reduction of Pd(II) took place the yellow (ionic) solution
was converted to black (PdNPs) (c). The reduction rate of Pd(II) to Pd(0) was accelerated when an ED
[electron donor] such as fromate was provided during the reduction phase.

Reduction phase assay: the effects of nutrients (anaerobic substrates) and other
physicochemical conditions on E. coli Pd(II) reduction.
The current protocols described in literature are not applicable for high throughput
screening[40, 58, 79, 109, 135, 142, 149, 150]. My aim was to simplify existing protocols and get the
color assay to work for transposon library high throughput screening. The approach is to use
existing literature protocol as template and remove or simplify steps that would otherwise
make high throughput screening not possible.
In order to develop such a protocol, I investigated several factors depicted in Table 14 for
their effects on BioPdNP production. Anaerobic atmosphere was shown to be critical for
Pd(II) reduction. Reduction was observed under aerobic conditions but at much slower rates
(1.5 hours under anaerobic conditions versus one to several days under aerobic conditions).
Reduction in cell-free controls was 2-3 times more rapid than that in microbial mixtures with
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and without the addition of the formate ED before the reduction phase. Omitting the ED
during reduction phase (see Table 14 and Figure 15 (+/-) formate), suppressed the reduction
rates in both microbial cultures and the cell-free controls (2-4 hours for bacterial samples and
1 hour in abiotic controls) (See results in Table 14).
Table 14: Variables tested for the simplification of Pd bio-reduction protocol.
variable studied

variable I

variable II

(+) O2

(-)O2

(+) formate

(-) formate

Experiment length

3-4 days

1-2 days

Culture volumes

2000 ml

0.2-250 ml

conditioning with
substrates

See experimental
3.1.2.(2.b.)

Table 10

Atmosphere
ED during
reduction phase

Results
Anaerobic atmosphere was found to be
important for reduction
ED supplementation increased reduction
rates significantly
Experiment length was condensed from 3-4
day to 1-2 days
Culture volumes were decreased from 2 L to
20-50 ml
Higher reduction rates observed in cells
grown with KNO3 (EA) and formate (ED).

(+/-) = with / without

Reduced Pd in controls reaction mixtures appeared to be in the form of bigger aggregates
(Figure 16) while in bacterial samples much of the reduced Pd was in well-dispersed form
(Figure 15 and Figure 17).

Figure 16. Palladium solution before (a) and after (b) reduction in cell-free control reaction mixtures.
Reduction of Pd(II) can be monitored by color change from yellow (a) to black (b). Reduced Pd in cell free
controls was black but with metallic gloss. Most of reduced Pd was on the surface of the solution in the form
of big aggregates (b). Cell-free controls contain only the buffer (MOPS/NaOH pH 7) and Pd(II).

The length of the experiment was successfully condensed from 3-4 days to 1-2 days (compare
literature protocol described in 3.1.2.(1) to this work 3.1.2.(2)), since the purging back and
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forth with oxygen free atmospheres (30-90 minutes each cycle) and keeping every step under
anaerobic conditions was omitted from the protocol (PdNPs were produced anyway). The
volumes used for growing cultures were reduced from a 2 l culture to 10-50 ml culture per
replicate. Ideally, the aim was to grow cultures in 200 µl (96 well plates volumes) but the
amount of bacteria was found to be insufficient for bioreduction using such volumes (results
in Table 14).
The effect of conditioning bacteria with substrates supporting anaerobic growth on the later
reduction of Pd(II) was investigated (Table 10, section 3.1.2.(2.b.)). Since an anaerobic
atmosphere was shown to be essential for Pd reduction I assumed that ED and EA involved
in anaerobic metabolism should induce the expression of biological mechanisms involved in
reduction processes that was found to be important for Pd(II) reduction[139]. Results found no
enhancement in reduction rates of Pd(II) when samples were grown with nutrients inducing
the expression of hydrogenases (which the mutant strain FTD150 lacks) (Table 10, recipes
1-5). Changing the growth medium also shown to have no influence on Pd(II) reduction rates
(Table 10, recipes 3-5). When cultures were grown with KNO3 as the EA, sodium formate as
the ED and supplemented with 10 mM sodium formate before the reduction phase (Table 10,
recipes 7 and 8), Pd(II) reduction was 2-3 times faster compared with other growth conditions
(Table 10 recipes 1-6 and 9).
The hydrogenase deficient FTD150 strain was reported to have impaired ability to produce
NPs compared with the parent strain MC4100[40, 149] and hence I used it as negative control.
I expected to find less or no color change in the FTD150 mutant when compared with the wt
MC4100 parent strain. However, my results showed time and again that Pd reduction was
observed in both the mutant (FTD150) and its parent strain (MC4100) (see Figure 17). No
difference in Pd(II) reduction was observed between wt and mutant strains even when the
upregulation of hydrogenase system that FTD150 lacks was induced (Table 10; recipes 1-5).
Both strains transformed the solution from yellow to black at similar rates of reaction and
similar color intensities (Figure 17 a versus b after reduction).
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Figure 17: Before and after reduction of Pd(II) by E. coli parent strain MC4100 (a) and mutant strain FTD150
(b). No difference in color, reduction rate or color intensity was detected between the wt (a) and mutant
(b) strains.

Microscopic-scale approach: microscopic analysis of Pd(II) bioreduction
When no qualitative difference was apparent between wt and mutant reductions (color) or
reduction rates (the speed of color change), I decided to temporarily abandon the color based
assay optimization and rather study the difference between wt and mutant strains using other
methods. The investigation was shifted from a ‘macroscopic’ (relaying on naked eye
observations) to a ‘microscopic’ approach using EM.
Characterization of bacterial nanoparticle production via electron
microscopy and energy dispersive X-ray analysis
TEM analysis was used to further study whether distinguishable qualitative differences
between wt and mutant strains or between live and HKc differences can be identified on
microscopic-level observations. Several modifications have been carried out throughout this
study in order to eliminate possible “noise” interfering with the analysis of Biogenic PdNPs.
The first set of experiments examined Pd(II) reduction by E. coli MC4100 strain compared
with mutant strain FTD150 in overall concentration of 2 mM Pd(II). Very little or no
qualitative difference between wt and mutant PdNPs was evident in terms of size,
morphology, abundance or distribution in the cell (see arrows Figure 18 a and b and close up
images c and d). Many micrographs showed that the cellular integrity was compromised
(Figure 62 in appendix C) and the many vesicles (marked in circles a and b Figure 18)
indicated signs of cellular stress. The extra cellular PdNPs were larger (ca. 10-40 nm) and
predominantly located on membranes and periplasmic space. By contrast, the intracellular
NPs were abounded in the interior of the cells with much smaller size (1-5 nm) and were less
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visible in most TEM scans. The samples were stained with OsO4 for sharpening of the
contrast (for more details see 3.1.6.(1)). The strong contrast made it harder to detect
intracellular NPs and hence the experiment was repeated where the use of OsO4 as staining
agent was omitted. I also preformed EDX analysis to measure the abundance and distribution
of reduced Pd in case the intracellular particles will not be easily apparent. The loss of cellular
integrity seen in TEM resulted possibly from the exposure to high concentration of Pd(II). In
order to prevent cellular degradation, I removed surplus Pd(II) after a short exposure and
resuspended the culture is fresh buffer.

Figure 18: TEM micrographs of E. coli MC4100 (wt) (left side a and c) and mutant FTD150 (m) (right side b
and d). NPs (see arrows a, b and close up c and d) were detected both in wt (a and c) and mutant (b and d)
strains. The many vesicles (circles on a and b) indicated cellular stress. Very little or no qualitative difference
was evident between wt (c) and mutant (d) PdNPs in terms of size, morphology, abundance or cellular
location.
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TEM and EDX analysis for the wt MC4100 (Figure 19 and Figure 20) and mutant FTD150
(Figure 21 and Figure 22) strains are shown below. The intracellular NPs indeed became
apparent (Figure 19 and Figure 21) without OsO4 staining. Most of the extra cellular NPs
were lost when surplus Pd(II) was washed off (see TEM and EDX intra and extra cellular Pd
Figure 19, Figure 20, Figure 21 and Figure 22). Cellular integrity was preserved and no
deformed cells or vesicles were detected (Figure 19; and Figure 21). The presence of PdNPs
was evident in both wt and mutant strains (Figure 19; and Figure 21). EDX analysis for the
wt was consistent with TEM observations (Figure 20) showing a strong peak (and hence
presence) for intracellular PdNPs and negligible peak for extracellular PdNPs (Figure 20).
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Figure 19: TEM at different magnifications (see a, b and c) of wt strain MC4100 where sectioned samples
are not stained with OsO4 and surpluses Pd(II) ions were washed off after a short Pd(II) exposure (1-2
minutes). Intracellular particles became very apparent compared with osmium stained cells. Much of the
extracellular particles were lost (a and closer look on b). Intracellular PdNPs were shown to be anywhere
between 1-20 nm in size (c). The 20 nm particles appear to be aggregates of smaller particles.

Figure 20: EDX analysis of extra and intracellular area abundance of Pd in MC4100 wt strain (Pd marked in
white circles). EDX analysis was consistent with TEM observations showing strong peak for Pd in intracellular
area and weaker peak at the exterior area.

TEM for mutant strain FTD150 showed similar results with predominantly intracellular NPs
and very little extracellular NPs (Figure 21). The mutant strain PdNPs were larger and less
abounded than PNPs observed in the wt strain (see Figure 21 c verses Figure 19 c). EDX
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analysis gave a very weak peak for intracellular Pd and no Pd was detected extracellularly
(Figure 22).

Figure 21: TEM at different magnifications (see a b and c) of mutant strain FTD150 where sectioned samples
are not stained with OsO4 and surpluses Pd(II) ions were washed after a short Pd(II) exposure (1-2 minutes).
Intracellular PdNPs were less abounded than in wt strain and with aggregates reaching 25 nm in size (c).

Figure 22: EDX analysis of extra and intracellular Pd abundance in mutant strain. EDX analysis showed
negligible peak (and thus low presence) of Pd inside the cell (top marked with circle) and no peak on
extracellular area (bottom)

EDX analysis for the FTD150 strain measured much less reduced Pd compared with the wt,
these results were consistent with the reports that FTD150 has an impaired ability to reduce
Pd(II)[139]. Though EDX found there were less NPs in the FTD150 strain, the difference was
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still not pronounced enough on EM images. I wanted to test whether the presence of PdNPs
in the mutant strain can be completely eliminated. I assumed that the presence of reduced Pd
on the mutant strain could be a result of using fixing agents like paraformaldehyde (PFA) and
glutaraldehyde (GA), which are good EDs. These EDs could potentially interact and reduce
residual Pd(II) ions spontaneously during fixing. To avoid the possible ‘noise’ caused by
fixing agents, I decided to repeat the experiment without using fixing agents (i.e. GA and
PFA). This means that there is no fixing process and the untreated samples were dried on a
Cu grid after the palladized cells were rinsed with water (for more detail see 3.1.6.(2.a.)).
This simple air-drying method also avoided the expensive, labor intense and time-consuming
sectioning preparation. On the negative side, the unfixed cells are more prone for lysis and
the quality of TEM images were significantly reduced. Additional disadvantage is that the
TEM observations were limited only to the exterior of the cells (since unfixed cells cannot
be sectioned).
Figure 19 and Figure 21 showed that very little or no NPs were present on the exterior of the
cells when excess Pd(II) was removed. Thus, I decided to leave excess Pd(II) in suspensions
as the air dried sample images relies heavily on cell surface observations. The E. coli samples
included the wt strains K12, MC4100, the mutant FTD150, and additional HKc controls for
each strain (Figure 23).
TEM micrographs of air dried samples showed that PdNPs were abounded on surfaces of
both wt (Figure 23 MC4100 and K12 live cells a, c g and i) and mutant strains (see Figure 23
FTD150 live cells e) with no qualitative difference between particles on the exterior of the
mutant compared with the parent strain of K12 live cells (Figure 23 a, c, g and i verses e).
HKc of both wt and mutant strains (MC4100 and FTD150, respectively) had for the most
naked (Figure 23 HKc d h and j) cell surfaces, or in some cases large aggregates of about 200
nm (Figure 23 HKc b and f). The particles observed on HKc were very different than the
particles associated with live cells (submicron- versus nanoscale particles respectively).
During the experiment, a metallic mirror plane of large closed-packed aggregates formed
predominantly on the surface of HKc samples. By contrast, the reduced Pd in live cells was
more dispersed in suspensions. The reduced Pd formed on the surfaces of suspensions was
similar to that developed on cell free buffer controls containing only MOPS and Na2PdCl4
(see example Figure 16).
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Figure 23 TEM images of air dried samples where no electron donating agents were used for fixation. The
mutant strain FTD150 was compared with the wt strains MC4100 and K12 for production of NPs. HKc [heat
killed cells] (right side) of each strain where prepared by splitting each sample in two and heating one of
the tubes for 15 minutes at 80oC. Both live (left side) wt (a c g and i) and mutant (e) strains had PdNPs on
the exterior of the cells with no distinguishable qualitative difference. HKc were either naked with no PdNPs
(d, h and j) or with much larger Pd aggregates than the live cells. The Pd(0) found on HKc was 100-500 nm
in the form of closed packed aggregates at the sub-micron scale (see b and f), while the Pd(0) found on live
wt (a and c) or mutant strain (e) was 10-40 nm in the form of NPs.

The Pd(0) in the presence of HKc samples was 4-20 times larger than the Pd(0) found on live
cells. It is possible that the aggregates on HKc resulted from the same chemical reduction
process observed in our cell free buffer controls. Experiments showed consistently that free
Pd(II) ions in solution are chemically reduced in an anaerobic atmosphere. The reduction in
cell free buffer controls is also documented in literature[79]. This suggests that the biological
reduction of Pd(II) is accompanied by an independent chemical reduction. These chemical
Pd(II) reductions (“noise”) are a major drawback masking the biological reduction (“signal”)
of interest and thus must be suppressed. I decided therefore to repeat the experiment but this
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time remove surplus Pd(II) by washing the cells after short exposure to Pd(II) before the
reduction phase in order to reduce the “noise” stemming from surplus Pd(II) in suspension
during reduction. If the bio-reduction of Pd is indeed an enzymatic process (requiring live
bacteria), less or no reduction on HKc is expected when excess Pd(II) is removed.
In this experiment I also included the mutant strain ΔmoaA (MC4100) shortly after it was
published to be defective for PdNP production[143] by our collaborators in Birmingham
University (who also kindly provided us with the strain for the experiment). Figure 24 show
love and HKc TEM micrographs of K12, MC4100, FTD150 and ΔmoaA.
Fewer and smaller-sized NPs could be seen on cell surface of live cells when access Pd(II)
was removed (compare Figure 24 to Figure 23), as expected. No PdNPs were detected on
HKc of any of the strains. The large aggregates associated with HKc shown in Figure 23 b
and f did not appear when Pd(II) was removed (Figure 24 b, d, f, h, j and l). This means that
the large aggregates seen on HKc (Figure 23) resulted from a chemical reduction independent
of bacterial presence. The high abundance of PdNPs in the presence of live cells (which are
enzymatically active) and absence of NPs in the presence of HKc (which are enzymatically
inactive) is a strong evidence that the biological reduction of Pd is enzymatically supported.
The TEM analysis showed that the mutant strains (FTD150 and ΔmoaA) can in fact, produce
PdNPs with very little or no difference compared with the wt strains (K12 and MC4100)
(Figure 24 a, c, i and k versus e and g). Thus, none of the mutant strains can be used as live
negative control for BioNPs production. The optimization of wt vs. mutant color based assay
for screening was therefore aborted. On the other hand, a significant difference was observed
between HKc and live cells on TEM images. This difference was also pronounced in the
color of suspensions (very little reduction and hence color change was observed in HKc
suspensions in contrast to the live cells). HKc can therefore be used as a negative control
when compared with live cells.
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Figure 24: TEM images at different magnifications of air dried samples when excess Pd(II) was removed
before the reduction phase. The images equates live (left side) to HKc [heat killed cells] (right side). Images
compare the wt strains K12 and MC4100 to the mutant strains FTD150 and ΔmoaA with the anticipation to
see a difference on NP production. PdNPs were detected in both the live samples of mutant (I and k) and
wt (a, c, e and g) strains with no significant difference in size morphology or quantities of NPs. However, no
NPs were detected on the HKc samples for any of the strains (b, d, f, h, j and l).
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Pd(II) uptake assay
Currently, it is accepted that the removal of Pd(II) metal ions by biomass during uptake phase
is a biological independent process[111, 120] . However, this assumption was never investigated
thoroughly. The presence of intracellular NPs in cross-sectioned bacteria (shown on TEM
and EDX analysis (Figure 19, Figure 20, Figure 21 and Figure 22) strongly suggests the
existence of a biological component in the uptake mechanism. The formation of intracellular
PdNPs resulted from the prior presence of Pd(II) precursors in the interior of the cell. After
discussion with the supervisor, we assumed that the accumulation of Pd(II) ions into the cell
could not be a result of passive unspecific process. Nevertheless, the existence of
metabolically-active transport of Pd(II) in to the cell was never documented or verified.
Here I attempted to define conclusively the biological role in the uptake of Pd(II) by
comparing the uptake of live cells to the HKc, which are enzymatically active and inactive
respectively. Thus, a difference in uptake between the live and HKc will account for the
biological component of Pd(II) uptake (regarded here as the absorption). After the existence
of (1) Pd(II) absorption was verified, I optimized the conditions in order (2) to find the largest
difference in uptake between live and HKc. That difference was further used (3) to develop
an uptake assay for (4) the screening of selected mutants defect in d-block transporter genes.
Verifying the existence of metabolically active uptake of Pd(II) by E. coli
Conventionally, the literature treats the uptake phase (biosorption) as a single process
(independent of active metabolic processes)[120]. For the purpose of this thesis, I divided the
process of uptake into two processes: adsorption to the surface of the cell, and absorption into
the cell (Equation 2).

Equation 2: The overall metal ion uptake by bacteria can divided in to two components: adsorption and
absorption. Adsorption (b) or “chemisorption” corresponds to the uptake of metal ions by metabolically
independent mechanisms (interactions with the extra cellular FGs), while absorption is the metabolically
active uptake of metal ions into the cell. The common theory suggests that the overall uptake of Pd(II) is
driven by passive physicochemical mechanisms. The presence of intracellular Pd particles suggests that
there is at least some biological component for the overall uptake (i.e. absorption).

Adsorption (a) is the adhesion of metal ions in to the cell exterior via electrostatic interactions
independent of cellular metabolism. Absorption (b) on the other hand, is the translocation or
the trafficking of metal ions from the (test) solution into (and out of) the cell (by efflux or
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influx pumps). I hypothesized that absorption of Pd(II) into the cell is a metabolically active
process and thus will occur only in the live cells. I anticipated that the differences between
the live and HKc will be expressed in terms of different Pd(II) uptake rates or uptake
saturation. In Figure 25, I attempted to illustrate the two processes.

Figure 25: An illustration for the uptake of Pd(II) ions by bacteria. The overall uptake process was subdivided
into adsorption (a) and absorption (b) processes, corresponding to the extracellular and intracellular uptake
of Pd(II). The adsorption (a) is driven by the chemical composition of microbial cell surfaces. The cellular
surface is rich with FGs such as phenyl, sulfhydryl and amino groups on proteins or hydroxyl FGs on sugars.
These FGs attract, interact and stabilize the metal ion [111, 120]. Absorption (b) on the other hand, is the
trafficking of metal ions into (or out of) the cell. I hypothesized that the absorption of Pd(II) is a biologically
active process and hence will occur only in the presence of metabolically active (i.e. live) biomass. The
figures were created using Microsoft Office and PerkinElmer Chemdraw.

A difference in Pd(II) uptake between live (blue) and HKc (red) was indeed evident which
strongly suggests that a biological component to uptake does exist. This difference was
observed using several Pd(II): biomass ratios (w/w) (i.e. 25%, 12.5%, 7,5%, 5% and 2.5%).
Figure 26 (a), Figure 27 (a) and Figure 28 (a) are representative examples for the differences
in uptake between the live (blue) and HKc(red) that we have seen in the other concentrations.
The differences in uptake however, existed for the first few minutes of the experiment. There
was no difference between live and HKc saturation levels of Pd(II) uptake. The Live and
HKc removed about 50% of the initial Pd(II) ions from solution.
The uptake of Pd(II) in HKc was 4-7 times higher than that of live cells when sample taken
after 0.5 minutes (representative example Figure 28 (a)) but very fast that difference
disappeared.
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The influence of Pd(II) concentration on Pd(II) uptake
The difference in uptake between live and HKc evened out rapidly which is not useful for
screening purposes or studying the differences between live and HKc Pd(II) uptake. The
uptake process appears to be highly influenced by kinetics. Altering the kinetics may intensify
the differences between live and HKc or slow the interactions between Pd(II) and biomass.
Kinetics can be influenced by physicochemical conditions. Thus, I decided to investigate the
influence of variables such as concentration, temperature and pH on the uptake of Pd(II).
Figure 26 show results for uptake of Pd(II) by bacteria where the overall (molar)
concentrations of Pd(II) varied (2.8 mM compared with 0.3 mM Figure 26 a verses b). Results
in Figure 26 show a ca 20% decrease in uptake (Figure 26 c) when the overall Pd(II)
concentration was diluted by 10 fold (2.8 to 0.3 mM Pd(II)). The difference in Pd(II) uptake
between live and HKc was visible only in the high concentration. However, it was
pronounced only for few minutes (Figure 26 a).

Figure 26: Comparison of the effects of two different concentrations of Pd(II) on uptake by live cells (blue)
and HKc [heat killed cells] (red). The Pd(II)-to-biomass ratio was the same in both experiments i.e. the
experiment in b was done in more dilute solution (both cells and Pd). Results show how a 10-fold dilution
of overall molar concentration (a versus b) causes a 20% decrease in uptake (depicted in c) when bacteria
are supplemented with an equal amount of Pd(II) ions at constant pH (3.2). No Pd(II) was removed in cellfree buffer controls (gray legends). Dashed line present the approximate difference in saturation levels of
each graph. Error bars correspond to the SD.

The influence of temperature on Pd(II) uptake
Temperature is another way to alter the kinetics of a reaction. However, lowering the kinetics
is problematic in biological samples since this effects a large number of biochemical
processes. It is well established that there is a substantial biochemical difference in enzymatic
activity when E. coli is incubated at 30 vs. 37oC[128].
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Figure 27 show the effect of temperature on Pd(II) uptake. A 20% increase (Figure 27 c) in
uptake capacity was observed when palladized cells were incubated at 37oC (Figure 27 b)
versus those incubated at 30oC (Figure 27 a). In both conditions the HKc reached saturation
faster than live cells. This is consistent with earlier observations (Figure 26 a and Figure 27
a and b). It took about almost twice as long live cultures incubated at 37oC to reach uptake
saturation (Figure 27 b) than the cells incubated at 30oC, (Figure 27 a). Incubating in 37oC
increased Pd(II) uptake capacity by 20% (Figure 27 c) but on the other had slowed the uptake
rate of live cells compared with the live control (30oC).

Figure 27: Influence of temperature on Pd(II) uptake. HKc [heat killed cells] (red); live cells (blue) and Cellfree buffer controls (green) were incubated at 37oC (a) and compared to identical samples incubated at 30oC
(b). The uptake of Pd(II) was enhanced by ca. 20% (c) when the incubation temperature was 37oC compared
with 30oC (used in literature). Data points correspond to the amount of Pd(II) removed from solution
(fraction of initial concentration). Dashed line present the approximate difference in saturation levels of
each graph(c). The error bars correspond to the SD.

The influence of pH on Pd(II) uptake
At pH range 3-4 both live and dead cells removed 20% more Pd(II) from the solution
compared with close to neutral pH conditions (6-7). The results obtained at low pH were
reproducible for both 12.5- (Figure 28 c) and 2.5 % Pd(II): biomass ratios (w/w) (Figure 29
c). Live cells in both 12.5 and 2.5% Pd(II): biomass ratios (w/w) reach saturation of uptake
within 5-10 minutes (blue legends on Figure 28 b and Figure 29 b respectively). The live
cells were consistently slower in reaching saturation under acidic conditions, taking around
10-15 minutes (blue legends on Figure 28 and Figure 29 respectively). Results show that low
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pH is important for maximal Pd(II) uptake by biological mass. The 12.5% Pd(II): biomass
ratio shown in Figure 28 was tested in order to compare it with earlier data. A 2.5% Pd(II):
biomass ratio was also included in this test since I have learned that the cells survive only
briefly or die immediately after exposure in higher concentrations (survival assay Table 16
in section 4.1.5). To enable the longer survival (or enzymaticv activity) of live cells during
Pd(II) uptake, I decided to adopt the 2.5% Pd(II): biomass ratio from this point on, expecting
to see a longer lasting difference between the live and HKc.

Figure 28: Comparison of uptake at different pH values using a 12.5% Pd(II): biomass ratio (w/w). The uptake
of palladized cells exposed highly acidic (a) and weakly acidic (or almost neutral) (b) conditions was
compared. A 20% increase in Pd(II) uptake (c on right side) occurred in biological mass exposed acidic
conditions (b) compared with bacterial uptake at almost neutral pH (a). Saturation levels of Live (blue) and
HKc [heat killed cells] (red) were identical under each condition. No removal of Pd(II) was detected on cellfree buffer control in bot conditions. Data points corresponds to the amount of Pd(II) removed from solution
(fraction of initial concentration). Dashed line correspond to saturation levels of Pd(II) uptake on each
condition. (c) represents the sum of differences in uptake saturation levels. Error bars correspond to the SD.
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Figure 29: Comparison of uptake at different pH values using a 12.5% Pd(II): biomass ratio (w/w). The Pd
uptake experiment at different pH values (Figure 28) was repeated with a 2.5% Pd(II): biomass ratio
Bacterial uptake shown to be 20% higher (c on right side) under acidic conditions (a) than almost neutral pH
(b). Saturation levels of Live (blue) and HKc [heat killed cells] (red) were identical under each condition. Data
points correspond to the amount of Pd(II) removed from solution (fraction of initial concentration). The
dash lines are aligned with the approximate saturation levels of each graph. The sum of differences in
uptake saturation levels (dash lines) is depicted in (c). Error bars correspond to the SD.

Until this point, MOPS/NaOH washing buffer (pH 7) was used in the uptake of Pd(II). The
buffering capacity of MOPS is minimal at low pH conditions. I therefore examined bacterial
Pd(II) uptake in a range of alternative buffer solutions with lower pH buffer capacities. The
aim was to see whether the difference between live and HKc Pd(II) uptake could be longer
lasting when the cells are provided with stable system (pH) during uptake phase.
I have tested a series of buffers with acidic pH ranges, namely citrate/HNO3 (pH 4.8);
malate/HNO3 (pH 3.4); formate/HNO3 (pH 3.3) and glycine/ HNO3 (pH 3.2) (Figure 63,
Figure 64, Figure 65, and Figure 30 in appendix C respectively). Results of malate were
similar to the previous results observed with MOPS. In citrate, there was repression of uptake,
probably due to the presence of ammonium ion (strong ammonia-Pd bond). A prolonged
difference between live and HKc, was shown with formic acid buffer. However, the
difference was still not long enough for screening purposes. In addition, exposure to high
formic acid concentrations has known toxic effects on E. coli[50]. I decided therefore to try a
more biologically mild buffer (with low pH buffer capacity) like the amino acid glycine.
Figure 30 show a distinct 2:5 long lasting ratio between enzymatically active (live) and
inactive (HKc) biomass in relation to the uptake of Pd(II) when Glycine/ HNO3 (pH 3.15)
was used as the buffer. This ratio was large and stable enough to be useful for screening of
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mutant strains in order to study mechanisms involved in Pd(II) uptake. The results using
glycine buffer are consistent with earlier observations where live cells resist the uptake of
Pd(II) while HKc show less resistance (Figure 30).
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Figure 30: Pd(II) uptake by live (blue) versus HKc [heat killed cells] (red) E. coli using 20 mM glycine washing
buffer pH 3.15. The results show that Pd(II) uptake by live cells was 60% lower constantly over time (65
minutes). No Pd(II) was removed from solution in cell-free buffer controls (green).Error bars correspond to
the SD of 4 replicates.

Studying the effects of growth conditions on Pd(II) uptake
Before starting with the screening, I aimed to study the effect of Pd(II) cellular uptake when
the expression or upregulation of certain enzymes (like metal transporters and/or resistance
mechanisms) is promoted. This will provide further evidence for biological involvement in
the cellular uptake of Pd(II). In each experiment, a single variable in the culture growth
conditions was altered (Table 15, ‘variable’) and compared with the standard protocol (Table
15, ‘control’).
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Table 15: The effects of different pre-cultures growth conditions on Pd(II) uptake in E. coli.

Growth
conditions tested

Variable

control

atmosphere

anaerobic

micro-aerobic

LB + 10µM
Pd(II)

LB

M9

LB

pre-conditioned

Nutrient growth
media

Results

Figure

No significant
difference

Figure 31

Live cells’ uptake
was suppressed
by 50% when
grown with Pd(II)

Figure 32

No significant
difference

Figure 33

Anaerobic conditions are known to induce uptake of heavy metals[185]. Currently E. coli is
grown in micro-aerobic atmosphere (Table 15 atmosphere in ‘control’) in order to promote
the uptake of metal ions. Figure 31 attempts to determine whether strictly anaerobic
conditions further promote the uptake of Pd(II).

Figure 31: Comparison of strictly anaerobically [strict (-) O2] grown (a) and micro-aerobically [µO2] grown
(b) live (blue) and HKc [heat killed cells] (red) E. coli K12 in relation to uptake of Pd(II). Results show no
significant difference in Pd(II) uptake by biomass grown in strictly or micro aerobically conditions. No Pd(II)
was removed by cell free buffer controls (green). Error bars corresponds to the SD of 4 replicates.

Results show no significant difference in uptake between strict anaerobic (Figure 31 a) and
micro-aerobic conditions (Figure 31 b). Pd(II) uptakes saturation levels of HKc- in both
conditions (Figure 31 red a and b) were around 60% of the initial concentration (i.e. 0.5 mM
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Pd(II)). The uptake of live cells was about 20% after 10 minutes and gradually became around
30% after 45 minutes (Figure 31 blue a and b).
On the next experiment, I intended to study the uptake of cells introduced to- (or preconditioned with-) Pd(II) during growth phase. I assumed that the uptake of Pd(II) in both
live and HKc would be repressed due to upregulation of resistance genes induced by the
presence of Pd(II) during the growth phase (prior to uptake phase).
Figure 32 show results for Pd(II) uptake of bacteria grown in the presence Pd(II) (Figure 32
a ‘(+) preconditioned’) compared to bacteria grown in the absence of Pd(II) (Figure 32 b ‘() preconditioned’). The pre-conditioning of E. coli (grown in the presence of 10µM
Na2Pd(II)Cl4) shown to reduce the uptake of Pd(II) especially in live cells. Results show that
prior exposure to Pd(II) increases the resistance to uptake among live cells by at least two
fold (Figure 32 compare live cells (blue) a vs b). This is another strong evidence for the
existence of biological regulation component in the cellular uptake of Pd(II).

Figure 32: Effects of pre-conditioning cells with Pd(II) on Pd(II) uptake. The growth medium (LB) was
supplemented with trace amounts of Pd(II) (see a ‘(+) pre-conditioned’) and compared to cells grown with
LB only (see b ‘(-) pre-conditioned’). Preconditioning the cells with Pd(II) repressed uptake in both live (see
blue a vs b) and the HK [heat killed cells] (see red a vs b) cells. Error bars correspond to the SD of 4 replicates.

Heavy metals are scares in minimal media in relation to standard media (LB). Cells would
therefore be more active in the uptake of Pd(II) when they were grown with a short supply of
trace elements. However, results show no dramatic difference in uptake saturation between
cells grown in rich medium (control experiment Figure 33 b) and minimal medium (see
Figure 33 a and minimal media recipe in Table 22 appendix A).
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Figure 33: Minimal media grown cultures (a) compared with rich media grown cultures (b). Live (blue) and
HKc [heat killed cells] (red) exhibited similar behavior in relation to uptake of Pd(II). No removal of Pd(II)
was observed in cell-free buffer control mixtures (green). Error bars correspond to the SD of 4 replicates.

Since all conditions above had either a negative or no effect on bacterial uptake of Pd(II) in
live cells, none of them was adopted for later experiments.
Uptake screening assay
Result obtained from 4.1.4.(2) showed that HKc takes up between 2 to 3 times the amount of
Pd(II) compared to live cells depending on the time point the sample was taken. My aim was
to use the differences between live and HKc for a Pd(II) uptake screening assay, where the
Pd(II) uptake in the wt would be compared to that of hand selected mutant strains (Table 5
and Table 6). I assumed that E. coli either shuts the influx of Pd(II) into the cell, or that it
liberates intracellular Pd(II) back in the (test) solution via efflux systems and hence I selected
mainly mutants lacking heavy metal efflux and influx systems for the Pd(II) uptake screening
assay. HKc were used as negative control for non-enzymatic uptake for Pd(II) ions.
Optimization of uptake screening assay
For a simple screening protocol, I presumed a single time point measurement would be
enough to see differences between wt and mutant strains. The uptake of Pd(II) showed to be
similar after 20 and 50 minutes of exposure (Figure 34). I decided to pick the 20 minute time
point, since it was also the incubation time for Pd(II) uptake in literature protocols[40, 135, 150].
Initially, I screened 21 E. coli K12 mutant strains but precision within the strain was low,
with large and inconsistent error bars (Figure 34 a). In order to have the statistical power to
identify irregularities in Pd(II) uptake measurements, the protocol had to be optimized. Until
this point, the amount of Pd(II) (µg) added to each sample was correlated to the amount of
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bacteria (µg) present in each sample (converted from OD600) which varied in some cases. I
noticed that mutant strains grew at different rates. I assumed some grew very slow since they
lack systems that are important for metabolic function. Thus, I decided to have a uniform
amounts of bacteria on each sample by adjusting the OD600 of each sample to 0.5 ± 0.02 with
the expectation that the variability will be optimized (i.e. error bars will be smaller and more
consistent), since uniformed amounts of cells in each sample comprises equal amounts of
surface area for interaction with Pd(II). It also simplified the experiment, since all samples
were added with the same amount of Pd(II). Figure 34 show the significant improvement in
precision (error bars Figure 34 a verses b) when equal amounts of bacteria were present in
each sample. The SD of live cells using the old protocol was 11% and 6% at 20 and 50
minutes respectively (a) i.e. a 2-6 fold improvement in SD when uniformed amount of
bacteria were used (SD was 2.5-3% Figure 34 b).

Figure 34: Comparison of Pd(II) uptake assay protocols. The uptake of Pd(II) by E. coli K12 (wt) live (blue) vs
HKc [heat killed cells] (red) at two time points was compared using the old protocol (a) varied amounts of
bacteria in each sample to the new protocol (b) with overall 0.7 mM Pd(II) and the same amounts of bacteria
in each sample. A significant improvement in precision was noticed when the bacterial dry weight was the
same in each replicate of each sample (see b new protocol). The figure shows the error (SD) is reduced (i.e.
the variability between replicates was optimized) using the newly established (a) protocol compared with
the older format (b). Bars represent Pd(II) removed from solution by bacteria. Error bars correspond to the
SD of 8 replicates.

Screening selected mutant for Pd(II) uptake
The aim of this part is to screen for mutants with abnormal Pd(II) uptake behavior compared
with the parent strain in order to gain insight to the mechanisms involved in the transportation
of Pd(II) in and out of the cell.
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E. coli K12 wt was compared with the following mutants (K12) cusR, cusA, cutA, fur, narJ,
nikE and yohL (Figure 35). Two of the mutants showed statistically significant deviations
from the wt: fur (p = 0.010) and cusA (p=0.011) (Figure 35 marked with asterisks). youhL
exhibited borderline value (p=5.81) for having abnormal Pd(II) uptake.
Figure 36 show the results for the second set of mutant strains: acre, acrR, modB corA copA
and nikR for Pd(II) uptake. No mutant in this experiment was identified for having different
Pd(II) uptake than parent strain at statistically significant level.

Figure 35: Pd(II) removed from solution by K12 wt vs various mutant strains. fur and cusA were identified
for having abnormal Pd(II) uptake compared with the parent strain (p values 0.011 and 0.01 respectively).
Bars represent the fraction of Pd(II) removed from solution by bacteria. Asterisks are schematic
representation of the p value where a single red asterisk represent p value lower than 0.05 and two red
asterisks represent p value lower than 0.01. Error bars correspond to the SD of 4 replicates.

Figure 36: Results of Pd(II) uptake screening assay comparing mutants (light blue) to their parent strain (dark
blue). Bars represent the fraction of Pd(II) removed from solution by bacteria. Error bars correspond to the
SD of 4 replicates. No mutant was identified for abnormal behavior in Pd(II) uptake compared with wt.
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In the next experiment Pd(II) uptake was sampled at 3 time points (20, 30 and 90 minutes).
Mutant uptake was tracked at several time points in order to see whether abnormal behaviors
are consistent over time (see Figure 37 a, b and c).
Analysis identified apaG, fieF and modF as statistically significant for abnormal Pd(II)
uptake with p=1.1%, p=0.9% and p=1.9% respectively at 20 minutes time point (Figure 37 a
marked with red asterisks). No other candidates were identified at any of the other exposure
time points (Figure 37 b and c). After 90 minutes’ of Pd(II) exposure (Figure 37 c), Pd(II)
uptake was around 50-60 % of initial concentration which is similar to the typical HKc uptake
observed consistently in earlier experiments (Figure 30, Figure 31, Figure 32, Figure 33 and
Figure 34).
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Figure 37: Screening of E. coli K12 mutants in 3 different Pd(II) exposure time points: 20 (a), 30 (b) and 90
(c). Bars represent the fraction of Pd(II) removed from solution by bacteria. Asterisks are schematic
representation of the p value where a single asterisk represent p value lower than 0.05 and two asterisks
represent p value lower than 0.01. apaG, fieF and modF behaved differently with statistical significance
after 20 minutes’ exposure (p=1.1%, p=0.9% and p=1.9% respectively) (marked with red asterisks in a). Bars
represent the amounts of Pd(II) removed from solution by bacteria. Error bars correspond to the SD of 4
replicates.
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Testing concentrations used in literature
The concentrations used in the newly established protocol are 3-9 times more diluted (0.4 to
0.7 mM Pd(II)) than the concentrations used in literature experiments[51, 53, 57, 61, 100, 109, 143]. I
wanted to test whether the (at least) 2:1 ratio (examples Figure 30 and Figure 31) persisted
when cells were exposed to literature concentrations which are at least 3 fold more
concentrated (i.e. 2mM Pd(II). My goal was to determine whether “live cells” exposed to
concentrations used in literature protocols were indeed alive and how long they survive. I
considered “live cells” to be alive (or metabolically active) as long as the difference in Pd(II)
uptake between live and HKc persisted with statistical significance.
Figure 38 show the results of Pd(II) uptake experiment where E.coli K12 live (blue) and HKc
(red) were exposed to 2 mM Pd(II) concentrations over 70 minutes. Results show that the
distinct ratios of 2:1 between the HKc and the live cells respectively (for example Figure 34)
disappeared and the live cells behaved similarly to HKc in terms of Pd(II) uptake with no
statistically meaningful differences at any exposure time point (i.e. p >> 0.05). (Figure 38).
These results are consistent with the survival (plate) assay which have shown that cells don’t
survive in concentrations equal to or higher than 2 mM. Thus, it is probable to assume that
the ‘live’ cells used in literature experiments were not actually alive when reduction was
induced (after 20 minutes)[51, 53, 57, 61, 100, 109, 143].

Figure 38: Pd(II) uptake assay of live (blue) vs. HKc [Heat killed cells] (red) K12 E. coli when cells were
exposed to literature concentrations of Pd(II) ions (2 mM Pd(II)). The distinct Pd(II) uptake ratio of 2:1
between HK and live cells (respectively) observed earlier (consistently), became 1:1 when cells were
exposed 2 mM (literature concentrations). Statistical analysis found no meaningful difference in Pd(II)
uptake of live vs. HKc, i.e. at 2 mM concentrations live cells behave very much like dead cells (in relation to
Pd(II) uptake). Bars represent the amount of Pd(II) removed from solution by biomass (fraction of initial
concentration). Error bars correspond to SD of 4 replicates.
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Screening mutants strains identified by literature
In the next experiment I have screened the wt strain MC4100 and the mutant strains FTD150
and ΔmoaA recognized by literature for impaired ability to reduce Pd(II)[40, 143, 149]. My goal
was to see whether the literature mutants strains, can also be identified for abnormal uptake
of Pd(II) in relation to their parent strain MC4100 (live and HKc). This uptake assay also
allow to monitor how long cells are alive or enzymatically active by comparing them to the
dead cells.
Figure 39 show results of uptake screening assay for FTD150 (yellow) and ΔmoaA (orange)
mutant strains compared to their parent strain MC4100 (light blue), MC4100 HKc control
(red) and the E. coli wt K12 (dark blue). K12 wt strain was included in order to relate these
results to our previous results. Pd(II) uptake ratio between live (light blue) and HKc (red)
was 2:1 (Figure 39 Light blue and red) which is consistent with K12 observations (red in
Figure 34 b). Live cells displayed similar behavior in uptake with no statistical difference
between the strains (p >> 0.05).

Figure 39: Mutant strains identified for impaired ability to reduce Pd(II) [40, 143, 149], were screened for
Pd(II) uptake compared with their parent strain and K12 wt. E. coli wt strains: K12 MC4100 were plotted
against mutant strains FTD150 (yellow) and ΔmoaA (orange) for Pd(II) uptake. HKc [heat killed cells] MC4100
was included (red) Bars represent the amount of Pd(II) removed from solution by bacteria. Error bars
corresponds to SD of 4 replicates. Statistical analysis showed that all strains (live) behaved similarly in terms
of Pd (II) uptake.
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Plate growth survival assay: The cytotoxic effects of Pd(II) on E. coli
Figure 38 suggests that cells possibly did not live longer than a few minutes when exposed
to concentrations used in literature[51, 79]. Similarly, EM micrographs of cells treated with 2
mM showed that that cellular integrity was compromised and other signs of cellular stress
were evident (Figure 62 in appendix B and Figure 18 a and b). It is important to ensure cells
are alive or at least enzymatically active during reduction when assuming that the reduction
is indeed a biological process. The need to determine the cytotoxic effects of Pd(II) on E coli
led to a series of experiments exposing cells to different concentrations and monitoring the
survival rate by plating bacteria on agar plates (Figure 40). The appearance of colonies on
agar plates indicated whether and for how long cells tolerated exposure to a given Pd(II)
concentration. This method however measures only the ability of parent cells to regenerate
colonies (after Pd(II) exposure) and not their actual ‘real-time’ survival as cells may remain
enzymatically active during the assay, but be “dead” for all intents and purposes (i.e. lose the
ability to replicate).

Figure 40: A representative example of survival assay results (schematic representation in Table 16). Each
agar plate corresponds to different Pd(II) concentration where samples were streaked at different time
points after Pd(II) exposure and left for overnight incubation. Pd(II) toxicity was monitored by bacterial
growth. The sample was considered viable if there were at least 5 colonies in the streak (depicted as (+) in
the figure). This method assumes that in tolerable Pd(II) concentrations, the mother colonies will be able to
reproduce. Results showed that cells tolerated 0.4 mM Pd(II) exposure for 10 minutes (both replicates).
Time points were no streaking was taken are depicted as (╪).

The survival of bacteria in relation to pH over the length of an experiment was studied first.
Cells were not affected by exposure to low pH (2.3) in the absence of Pd(II) for 2.5 hours.
HKc were also streaked and no growth was observed after overnight incubation.
The effect of Pd(II) concentration on E.coli K12 was tested at a range of Pd(II) concentrations
(Table 16). No growth at concentration equal to- or larger than 0.8 mM Pd(II) was observed
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at any given exposure time. 0.4-0.5 mM Pd(II) appears to be the borderline lethal
concentration where cells growth was observed in cells exposed to Pd(II) for 10 minutes
consistently in 0.4- and inconsistently in 0.5 mM Pd(II) concentrations. The cells were not
affected by exposure to concentrations equal to or lower than 0.1 mM Pd(II) for any length
of time. (Table 16 0.14 and 0.5 mM Pd(II)).
Table 16: Schematic representation of growth in agar plates after E. coli K12 parent cells were exposed to
different Pd(II) concentrations at different time lengths.

Na2PdCl4
[mM]
0.25
0.05
0.1
0.4
0.5
0.8
1
1.5
2

Replicate
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Exposure time [min]
0
+
+
+
+
+
+
+
+
+
-

1
+
+
+
+
+
+
+
+
+
-

5
+
+
+
+
+
+
+
+
+
-

10
+
+
+
+
+
+
+
+
+
-

15
+
+
+
+
+
+
+
+
-

20
+
+
+
+
+
+
-

30
+
+
+
+
+
-

(+/-) = (growth/ no growth)
(+) = (growth of minimum 5 colonies)

Establishing color based assay for the bio-reduction of Pd
The results obtained from uptake assay (section 4.1.4) showed that cells reach saturation of
uptake very rapidly (about one minute). TEM micrographs (section 4.1.3, Figure 24) showed
that the bioreduction of Pd(II) takes place only in the presence of live bacteria. The survival
assay (previous section) showed cells survived very shortly after Pd(II) exposure of tolerable
concentrations. I found that a successful color assay for reduction of Pd(II) can be obtained
by piecing together all the information acquired from the results. The difference in reduction
was easily identified by the distinct color difference between live (enzymatically active) and
HK (enzymatically inactive) biomass (Figure 41). I also noticed that chemical side reductions
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are minimal in concentrations were live cells survive since there was very little or no
reduction in HKc, while live cells mixtures turned dark.

Figure 41: Example of macroscopic-observation of the differences between E. coli K12 live and HKc [heat
killed cells] before (b) and after (a) washing the cells. No reduction of Pd(II) and hence no color change, was
observed in HKc suspensions, while live cells suspensions turned black. HKc suspensions turned milky white
when cells were washed with distilled water. Probably because the soluble Pd(II) (which gives the yellow
color) was removed. By contrast, live bacterial suspensions remained black.

Using this color assay, screening would be the next natural step. However, the project’s time
limitations did not allow me to continue further at this point.
Qualitative color assay for screening
I wanted to monitor the bioreduction of Pd(II) in live versus HKc cells over time. Formate
ED was not added to mixtures before the reduction phase in order to slow the reaction and
prevent chemical side reductions from taking place, thus allowing better monitoring of the
process. Figure 42 shows the results of a 3-hour Pd(II) bioreduction experiment by live and
HKc. No reduction was observed in HKc for the first two hours. When cells were centrifuged,
the pellet from the live cells samples appeared black (Figure 42 a) while HKc pellets were
yellow-white (Figure 42 a). Some reduction of palladium appeared in HKc after 3 hours.
However, most of it was associated with the supernatant (indicating chemical reduction) and
not the pellet which remained yellow-white (Figure 42 c and d). When cells were washed
(after 3 hours) and resuspended in water, no Pd(0)NPs could be seen in HKc suspensions,
which made the color difference between live and HKc even more pronounced (Figure 42 e).
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Figure 42: Bioreduction of Pd(II) in to the form of Pd(0)NPs, by E. coli K12 live (blue) and HKc [heat killed
cells] (red) over time (hours). Reduction of Pd(II) to Pd(0) was readily observed in live cells by the change of
color from yellow to black suspensions. When live cells samples were centrifuged most of the PdNPs were
associated with bacteria (pellet) while the supernatant of live cells stayed relatively clear (a). No reduction
was observed in HKc reaction mixtures for at least 2 hours and when the cells were centrifuged, the
supernatant solution was yellow (b) indicating the presence of Pd(II) (i.e. no reduction). Some reduction
was observed in HKc mixtures after 3 hours, but when the cells were centrifuged, most of the reduced Pd
was predominantly present in the supernatant while the pellet of HKc remained yellow-white (see d and d
(zoom)). By contrast, the live cells looked very different where most reduced Pd was associated with the
bacterial pellet of live cells, while very little reduced Pd was associated with the supernatant (see c and c
(zoom)). When cells were washed and resuspended in water, no presence of Pd(0)NPs was observed in HKc
suspensions (e bottom), making the differences between live and HKc even more pronounced (e top (live)
versus bottom (HKc)).
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Quantitative reduction rate assay
This part aimed to measure quantitatively the reduction process of live versus HKc described
in previous section (Figure 42) using the SnCl2 method. Figure 43 shows the results of a 3
hour reduction by live (blue) verses HKc (red). HKc removed about 30 % of the initial Pd(II)
from solution (Figure 43 red). The lack of color change seen in HKc suspensions (Figure 42),
indicates that the ions removed by HKc biomass accounts for uptake (and not reduction).
Live cells on the other hand removed 50 % of the initial Pd(II) concentration (Figure 43 blue).
Observations of the color change in live cells suspensions (Figure 42 HKc) indicate that those
ions have been reduced. The readings after 2-2.5 hours became unreliable with large error
bars in both live and HKc. The SnCl2 method measures residual Pd(II) in clear supernatant
solutions. The large error bars probably resulted from scattering effects caused by chemically
reduced Pd present in supernatants (Figure 43 and supernatants in Figure 42). The
measurements became even less reliable in HKc (Figure 43 (red) 2.5-3 hours), probably due
to the higher presence of (the chemically) reduced Pd in supernatant (Figure 43 d
supernatant).

Figure 43: Quantitative tracking of the reduction/sorption of Pd(II) presented in 4.1.6.(1) by E. coli K12 live
(blue) and HKc [heat killed cells] (red) reductions. Error bars correspond to the standard deviation. Live cells
have removed about 50% of initial Pd(II) from solution. Color assay observations of live cells suspensions
(Figure 42, live cells), suggests that these ions have been reduced. On the other hand, HKc suspensions
removed only 30% of the initial Pd(II) from solution. Color assay observations of HKc suspensions (Figure
42, HKc), suggests that these ions have not been reduced. The readings became unreliable after 2.5 hours,
probably due to scattering effect caused by (chemically) reduced Pd present in supernatants (Figure 42).
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Stability of Pd(II) ions in different solutions
I noticed that Pd(II) was reduced spontaneously in several buffers. The results obtained from
TEM also showed that in high concentrations, Pd was reduced chemically (Figure 23). The
aim of the next experiments was to examine the stability of Pd(II) ions in different buffer
solutions. I therefore preformed a simple experiment to determine the reactivity of the
washing buffer supplemented with Pd(II).
I prepared buffer solutions at different concentrations and let them rest in aerobic and
anaerobic conditions for 1-24 hours and monitored the reduction of Pd(II) by observing the
color change. Figure 44 show examples when 5 mM Pd(II) (final concentration) was added
to 20 mM buffer solution.

Figure 44: Stability of Pd(II) ions in different buffer solutions. The figure show the samples immediately after
the addition of Pd(II) (a) and after 24 hours (b) when they were left on the bench at room temperature
(24oC). The addition of Pd(II) ions to MOPS, resulted in an orange solution (a) while water (i.e. unbuffered
solution), HEPES and formic acid buffers resulted in yellow solutions (a). Glycine gave rise to almost clear
solution (a). The results show that Pd(II) was stable in 20 mM glycine, HEPES and RO water where no
reduction was detected (b). Some Pd(II) reduction was observed in MOPS after 24 hours, giving rise to a
darker orange solution while Pd(II) was completely reduced in formic acid buffer (suspensions became
black) (b).

Table 17 shows a schematic representation of Pd(II) (5 mM final concentration) ion stability
in different buffer solutions at different concentrations, ranging from 10-200 mM. The results
show that increasing the buffer concentration of MOPS and HEPES decreased the stability
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of Pd(II) and reduction/precipitation was observed. Pd(II) was unstable in formic acid buffer
and reduction was observed all tested concentrations. Pd(II) stability was not effected by
water and glycine (see Table 17). The same experiment (Table 17) was tested under anaerobic
conditions where it was found that Pd(II) was not stable in any buffer solution (at any
concentration) including water (unbuffered solution).
Table 17: Schematic representation of Pd(II) stability in different buffer solutions at different concentration
after 24 hours at room temperature.

reduction / color change of 5 mM Na2PdCl4 after 24 hours
aerobic conditions
Buffer
solution
MOPS
HEPES
Glycine
Formic acid
Water

Concentration of buffer [mM]
10

20

30

40

50

100

200

+
-

+
+
-

+
+
+
-

+
+
+
-

+
+
+
-

+
+
+
-

+
+
+
-

(+/-) = (reduction/ no reduction); reduction is inferred from a color change
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Stability of Au(III) ions in solution
The stability of Au(III) was also tested (in aerobic and anaerobic conditions). 5 mM NaAuCl4
was tested in MOPS and Glycine buffer solutions (concentration ranging from 10-500 mM).
Unlike Pd(II), gold ions showed robust stability in anaerobic as well as aerobic conditions.
However, when MOPS concentration was equal or higher than 0.2 M, Au(III) was reduced
(Table 18) giving rise to red- purple color solution depending on the abundance of Au(III)
ions added to solution. This newly found chemically reduced gold (ChemAuNPs) was further
investigated (see 4.2.2) and compared to biogenic gold nanoparticles (BioAuNPs) (see 4.2.5).
Table 18: Stability of Au(III) ion in MOPS / NaOH (pH 7) and Glycine (pH 3.4) buffer solutions. Results were
similar under aerobic and anaerobic conditions. When MOPS concentration was equal to or higher than 200
mM, the color of the solution changed from yellow to purple as soon as NaAuCl 4 was applied on buffer
solution.

reduction / color change of 5 mM NaAuCl4 after 24 hours
Concentration of buffer [mM]
Buffer
10
20
30
50
150
200
solution
+
MOPS/NaOH
Glycine/HNO3
Water**
(+/-) = (reduction/ no reduction), reduction is inferred from a change of color
**unbuffered

500
+
-

There were no spontaneous chemical reductions at concentrations used for color assay (i.e.
20 mM) in aerobic and anaerobic conditions over time (Table 18). Thus, both glycine and
MOPS buffer solutions could be used for biological reductions without the concern of “noise”
stemming from chemical reductions.
Chemically reduced gold nanoparticles (ChemAuNPs)
During ion stability assay described in 4.2.1, a change in color appeared in cell free reaction
mixtures when MOPS concentrations of 0.2 mM or higher were added with NaAuCl4 (see
Table 18). The change in color indicated that Au(III) have been reduced by MOPS and thus
I decided to explore this newly found reaction further. I have noticed that the color of test
solution changed gradually from purple to pink as Au(III) concentration dropped from 4 91
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0.25 mM (Figure 45 and Figure 67 a in Appendix D top rows). This could potentially be a
useful color assay for the detection of Au(III) that requires very little training or the costs of
expensive detectors.
Increasing the ionic strength of the solution by dropwise addition of soluble ionic salts, a
strong acid or base caused a dramatic change in color of solution (Figure 45 bottom row and
Figure 67 b in Appendix D) and AuNPs absorption profile (Figure 68 in Appendix D
aggregated vs colloidal AuNPs). The absorption of both dispersed and aggregated state
AuNPs was found to be diagnostic for concentration (Figure 46 and Figure 68 in appendix
D). Absorbance readings at 520 nm of colloidal gold were found to be beyond range for
concentrations equal or higher than 2 mM. In the aggregated state a dramatic change in the
absorbance profile took place (where peaks at 520 are flattened) causing concentrations up
to 4 mM to be within range of detection (Figure 68, appendix D). When lower concentration
were tested, it was found that concentrations equal to or lower than 0.125 mM (not shown)
could not be measured sensitively.

Figure 45: AuNPs at different concentrations of Au(III) precursor in 0.2 M MOPS. The top row contains
colloidal AuNPs, the middle row has aggregated state. Bottom row show control of the same concentrations
in 20 MOPS/NaOH, which is the standard concentration used for bacterial reduction of gold.

Figure 46: Absorbance measurements of colloidal gold corresponding to top row Figure 45. The absorbance
of three replicates of 0.25 (); 0.5 (); 1 () and 2 () mM was recorded to see whether absorbance is
mathematically related to concentration of Au(III) precursor.
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Two separate standard curves were schemed using 520 nm readings of aggregated (Figure
48) and colloid (Figure 47) AuNPs. The relationship between absorbance and AuNPs
concentration was found to be linear. The optical properties of colloidal gold can be used for
detection color assay or as method to measure unknown residual Au(III) in solutions by
converting it to AuNPs using MOPS (see Figure 48 and Figure 49).

Standard curve for Colloidal Au
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Figure 47: Relationship between different concentrations of colloidal gold NPs and the absorbance at 520
nm.
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Figure 48: Relationship between different concentrations of aggregated gold NPs and the absorbance at 520
nm.

Our results showed that method is not very sensitive (and therefore not useful) for detection
of colloidal state gold at concentrations lower than 0.125 mM. In addition, the curve stops
obeying the Beer-Lamberts law in concentrations equal to or higher than 1 mM Au for
colloidal gold which leaves a very narrow range of detection. For aggregated gold NPs,
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reliable reading at 520 nm could be obtained up to 4 mM, however the method was not
sensitive for detecting concentrations equal or lower than 0.25. The ChemAuNPs were also
analyzed using EM (Figure 49). TEM analysis shown ChemAuNPs to have predominantly
spherical hexagonal (or cornered) morphology. We measured 69 particles to estimate size
distribution of ChemAuNPs and found the mean diameter to be 9.72 ± 1.65 nm.

Figure 49: TEM micrograph of colloidal gold at different magnifications (scale bars are 100 nm for (a) and 50
nm for (b)). Particles are dominantly spherical hexagonal (or cornered as highlighted with a circle in (b)).

No further investigation was conducted on ChemAuNPs since this was not the focus of this
work and a literature search revealed the synthesis was already published [186]. Nevertheless,
the ChemAuNPs will be a useful additional control to compare with the BioAuNPs (color,
size distribution, morphology, absorbance and catalytic activity in sections 4.3.5 and 4.3)
Plate growth survival assay: The cytotoxic effects of Au(III) on E. coli
Toxic effects of Au(III) were measured using the (plate) survival assay (see section 3.1.5)
where E. coli K12 samples were streaked and grown on fresh media after exposure to gold
for different times and different concentrations (Table 19). The results show parent cells were
able to form colonies for at least 10 minutes at concentrations equal to or smaller than 1 mM.
At 0.25 mM cells were still able to form colonies after 20 minutes of exposure to Au(III). No
colonies were detected in concentrations equal to or higher than 2 mM. Based on this assay
the borderline lethal concentration was determined to be 1 mM, which is at least half the
concentration used in literature.
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Table 19: Growth of E. coli on agar plates exposure to Au(III) over time at different concentrations. 2 mM
concentration of Au(III) was lethal to E. coli K12. At 1 and 0.5 mM cells lose the ability to produce colonies
after 10-20 minutes. At 0.25 mM colonies were detected after 20 minutes’ exposure but not at a later point.

Exposure time [min]

NaAuCl4 [mM]
10
+
0.25
0.5
+
1
+
2
2.5
(+/-) growth / no growth
(growth = more than 5 colonies)

20
+
-

30
-

40
-

50
-

In terms of concentration, toxicity of Au(III) is lower than that of Pd(II). Colonies tolerated
twice the concentrations of Au(III) compared to Pd(II). However, when it comes to exposure
time, cells tolerated the presence of Pd(II) longer than that of Au(III).
Biologically reduced gold nanoparticles (‘BioAuNPs’)
My results on the effects of Pd (TEM images, uptake assay) showed that HKc can be used as
a negative control for PdNP bacterial production. I wanted to test whether this will be true
also for gold.
Novel color assay for production of BioAuNPs
Unlike the formation of BioPdNPs, I found that the production of BioAuNP does not require
anaerobic environment. HKc reaction mixtures have shown to be a useful negative control
for reduction of gold. No reduction was observed in the HKc and cell free controls
suspensions respectively (Figure 50 middle and bottom row). By contrast, purple solution
was formed by the live cells (Figure 50 top row). Figure 50 show that live biomass is required
for the bioreduction of gold. The difference in reduction can be readily identified with the
unaided eye (see example Figure 50 camera) or imager station (one source of light). When
live cell suspensions were centrifuged, BioAuNPs were predominantly associated with cells
(pellet) while supernatant stayed almost clear (Figure 69 in appendix D). It was also noticed
that within 3-5 days some reduction appeared in HKc however, this observation was not
consistent for all experiments.
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Figure 50: Gold NPs formations color assay. Observations taken by camera (left) or plate-imager (right) for
AuNPs formation by E. coli strain K12 live (top row) versus HKc [heat killed cells] (middle row) and cell free
control (bottom row). Formation of NPs can be monitored by the color change from yellow to deep purple.
AuNPs formation was observed only with live cells (top), while no formation of AuNPs was observed in HKc
(middle) or cell free control reaction mixtures (bottom). Reaction time was relatively fast 1-2 minutes.

Characterization of Bacterial AuNPs
BioAuNPs and the cells producing them were sectioned and analyzed using TEM and EDX
(see Figure 51 and Figure 52).TEM images show AuNPs with spherical morphology
predominantly on the exterior of the cell with very little or no intracellular NPs (in contrast
with bio-produced Pd(0)NPs). EDX analysis was consistent with TEM observations
recording a strong extracellular Au peak and no peak on intracellular Au.

Figure 51: TEM micrograph of biogenic gold NPs (a and b scale-bars 500 and 200). Particles are
predominantly extracellular with spherical morphology (round) and ununiformed size. Most particles were
associated with bacteria and not free in solution. Particles size is ranging from 20-80 nm (diameter).
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Figure 52: EDX spectra of extra and intra cellular area of TEM sections. The analysis detected gold presence
predominantly on the exterior of the cell (marked in white circle bottom). No gold was detected on the
interior of the cells (see top intracellular NPs).

BioAuNPs vs ChemAuNPs
The following part will briefly compare the differences in physical and chemical properties
of ChemAuNPs with those of BioAuNPs in terms of size, morphology, optical profile thereby
provides a distilled summery of biogenic gold properties in contrast to those of chemically
reduced gold. The catalytic activity was also be compared but in a separate segment (5.3).
Most noticeable difference between ChemAuNPs and BioAuNPs is the resulting color after
reduction. The different color indicates different size and possibly morphology (Figure 53 (a)
vs (b)). The color of BioAuNPs solution is purple and particles had round (spherical)
morphology while ChemAuNPs give red solution and the particles are hexagonal (sphericalcornered) (Figure 53 c and d marked with arrows). The absorbance spectra of the two NP
solutions were consistent with the color observations of Bio- and Chem- AuNP solutions
(Figure 54). ChemAuNPs absorbed maximally at 520 nm, thus absorbing blue, yellow and
green light and hence transmitting red light. In contrast BioAuNPs had absorption peak at
570 nm absorbing green, yellow and orange spectrum transmitting blue and red light (which
gives purple) (Figure 54). BioAuNPs peak was shifted towards the red end of the spectrum
point to a larger particle size than the red color ChemAuNPs. BioAuNPs gave a broad peak
(from ca. 530-600) which indicates large size distribution. By contrast, ChemAuNPs gave
much sharper peak which indicates to narrow size distribution. The size distribution
measurements were consistent with absorbance recordings, as expected (Figure 53 e and f).
ChemAuNPs average particle size (diameter) was 9.72 ± 1.65 nm (Figure 53 e) while
BioAuNPs mean size was 47.07 ± 21.05 nm (Figure 53 f). BioAuNPs were 5 times larger in
particle size and had 13 times wider range of size distribution than that of ChemAuNPs
(Figure 53 c and e versus d and f).
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Figure 53: The physical, chemical and optical properties of BioAuNPs [biogenic AuNPs] were compared to
those of ChemAuNPs [chemically reduced AuNPs]. ChemAuNPs appear red (a) with cornered spherical
morphology (c) and are ca. 10 nm in size (e). BioAuNPs on the other hand are purple in appearance (b) with
round spherical morphology (d) and average size of 50 nm with broad size distribution (f). The sized of
ChemAuNPs is 5 times smaller in average than that of BioAuNPs. The size distribution of ChemAuNPs is
about 13 times larger.

98

Figure 54: The absorption profile of BioAuNPs [biogenic AuNPs] (purple legend) compared with ChemAuNPs
[chemically reduced AuNPs] (red legend). A sharper peak was observed for ChemAuNPs at 520 nm (red
legend) while the BioAuNPs (blue legend) exhibited a broader peak at 570 nm. The broad peak indicates
larger size distribution. The absorbance profiles of Bio- and Chem- AuNPs are consistent with TEM
observations for size, and size distribution as well as the macroscopic observations of color solutions. The
spectrum of buffer only (no gold) was also taken (gray legend).

Bacterial Au nanoparticle formation: color assay for screening of mutants
Previous reports asserted that enzymatically active (i.e. live) cells are required for bioreduction of Au(III). Several NADPH dependent systems were identified as important for
reducing gold, among them is the NADPH dependent nitrate reductase system[164, 165, 167].
Thus, I wanted to see whether the K12 nar J strain defective for the nitrate reductase system
can be used as a live negative control in addition to the HKc control. I also aimed to determine
the effects of Au(III) concentration on bio-NP production by E. coli to see which working
concentration would be useful for color assay. Once an optimized procedure was established
I screened a series of K12 mutants for the bio-production of AuNPs.
Optimization of the color assay and exploring narJ as a negative control
In this experiment K12 narJ is a mutant strain was screened in order verify its use as a live
negative control. I expected K12 narJ to behave similarly to HKc (i.e. lacks the ability to
form NPs). In addition to narJ and K12 wt, this experiment included HKc (K12) control, K12
live cells only (no Au added), and cell free buffer controls. I also included ChemAuNPs to
compare with BioAuNPs.
Figure 55 show results captured by imager station and phone camera respectively. The cells
were challenged with different concentrations of Au(III) (Figure 55 see top axis 0.25-2) and
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images were taken over time (Figure 55 time axis at bottom). The results show that the narJ
mutant strain produced NPs with no difference than the wt and hence can be ruled out from
being a (live) negative control. No production of NPs was observed in the presence of HKc
under any concentration, as expected. No bio-production of AuNPs was evident in live K12
wt and narJ at 2 mM Au concentration (Figure 55 a and b). However, after 24 hours reduction
occurred (Figure 55 b) while no change took place in HKc at the same concentration (or any
other concentration). The color became progressively stronger in 2 mM concentrations over
time (Figure 55 b, c and d) and live cells looked very different from the HKc with
corresponding concentrations. Weak color change was also observed in HKc after 72 hours
(Figure 55 e). Some side reactions were noticed in the narJ and K12 (live) reaction mixtures,
leading to a change of color from purple (Figure 55 reaction mixtures 0.5-24 hours) to gray
(Figure 55 live narJ and K12 reaction mixtures 48 and 72 hours). The delay in NPs
production suggests that maybe cells were not enzymatically active (or alive) enough at 2
mM Au(III) to produce NPs. This is consistent with survival assay results for gold showing
no survival at 2 mM concentrations, even after immediate exposure (Table 19). Since I saw
the production of gold was stunted at 2 mM, I decided to continue using 0.7 mM Au(III)
concentration for OD600 = 0.5 culture, to stay safe below the concentration where live cell
suspensions looked similar to the dead cells suspensions for several hours.

100

Figure 55: Imager station (i) and camera (ii) views of Au(III) reduction in different concentrations by E. coli
K12 live, HKc [heat killed cells], narJ, K12 live cells only ((K12 (-)Au(III) added); cell free control (contain only
Au(III) and MOPS) and ChemAuNPs [chemically reduced AuNPs]. Strains were challenged with different
concentrations of Au(III) (top axis 0.25-2 mM) and images were taken over time (bottom axis). Results show
that narJ mutant strain produced NPs and hence can be ruled out from being a negative control. No NPs
were produced in the presence of HKc and cells only, as expected. By contrast, the live cells (narJ and K12)
produced AuNPs however at 2 mM narJ and K12 behaved similarly to HKc with no NPs production (see a
and b). this is consistent with survival assay for gold showing cells die at 2 mM concentrations (Table 19).
After 2 hours some reduction occurred in 2 mM concentration of live cells reaction mixtures (see b). color
became progressively stronger in 2 mM concentrations over time (see b, c and d). Weak color change was
observed in HKc after 72 hours (see e). Some side reactions were noticed in the live cells reaction mixtures
leading to a change of color from purple (see reaction mixtures 0.5-24 hours) to gray (see live narJ and K12
reaction mixtures 48 and 72 hours.

Screening of mutants using the color assay
The aim in this part is to take the newly prescribed screening protocol and test few mutants
for AuNP production using the color assay. Figure 56 show the screening results where nine
K12 mutant strains were compared to their parent strain live and HKc (top K12 live and
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HKc). Initially all reaction mixtures turned purple but very quickly some began to turn dark
gray (Figure 56). After 24 hours all mixtures turned gray-black except K12 HKc (Figure 56
plate after 24 hours) indicating that that some side reactions took place. In this screen, yohL
mutant strain (3 replicates) showed abnormal behavior in Au(III) production compared with
parent strain producing significantly less AuNPs and hence should be investigated further
(Figure 56 yohL compared with K12 live).

Figure 56: Screening of mutants for AuNP production via color assay. Images were taken after 1 hour and
24 hours. All strains were initially purple but some side reactions took place and the sustentions turned dark
gray after 24 hours. yohL showed reduced ability to produce AuNPs, generating lighter color after 1 and 24
hours. The abnormal production of NPs was shown to be consistent in the three replicates of yohL. The
figure compares the E. coli wt K12 strain live and HKc [heat killed cells] to a range of K12 mutant strains with
a single gene deletion.

Testing the activity of bacterial nanoparticles in organic catalysis
In this final part the NPs produced in this project (Au and Pd) were (harvested and) separated
(described in 3.1.8 in materials and methods) in order to test for their catalytic activity in the
reduction of PNP.
PNP derivatives are considered stubborn and toxic pollutants. They are the building blocks
of various industrial solvents, dyes, pesticides, and consequently are a common byproduct of
the dye and agricultural industries[187, 188]. PNP was listed on the priority pollutant list by the
US Environmental Protection Agency, due to its carcinogenic and mutagenic properties. The
high solubility and stability of PNP in polar solutions, makes it challenging to remove PNP
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from waste water and prevent its accumulation in deep soils. One efficient way to degrade
PNP is by reducing it to the less toxic PAP[187, 189] using Au or Pd catalyst in the presence of
H2.
Here, the catalytic properties of bacterial Au and PdNPs were compared to those of
chemically reduced (Au and PdNPs) as well as to those of the commercial catalyst for this
reaction (Pd/C). The conversion of PNP to PAP was monitored with the unaided eye by the
color change from yellow to colorless solution. PNP absorbance has a characteristic peak at
400 nm, this peak disappears when reactant is converted to PAP. Absorbance spectra was
used to provide further evidence for the conversion from reactant to product.
Figure 58 and Figure 57 show macroscopic observations and full spectra results of Bio- and
ChemAuNPs respectively. Figure 59 compares ChemPdNPs, BioPdNPs and the commercial
catalyst Pd/C for the reduction of PNP to PAP. Figure 60 show the spectra of PNP reduction
using biologically verses chemically produced PdNPs detecting full conversion from reactant
to product in all catalysts.
The most robust reduction was observed with the commercially produced catalyst (Pd/C)
where reduction was completed within 4-5 minutes (Figure 59). Reduction using ChemAuNP
catalysts was completed within 8 minutes but the color resulting was gray and not colorless
as expected, indicating a conversion to another product than PAP (Figure 57). Reduction of
PNP using BioAuNPs was completed within 15-20 minutes (Figure 58). Reduction of PNP
using Pd catalysts showed to be more rapid when using NPs produced in cell free suspensions
than BioPdNPs (20 versus 270 minutes respectively). No reduction was observed in catalyst
free PNP suspensions (Figure 59 (-)cat and Figure 57 a).
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ChemAuNPs

Figure 57: show color observations results as well as full spectrum of the ChemAuNPs catalyst. PNP and
NaBH4 before the addition of a catalyst (a) after reduction with catalyst (b) and control with only catalyst
and NaBH4 (c) giving rise to yellow gray and orange solutions respectively. The characteristic peak for PNP
at 400nm was not completely flattened and two new peaks resulted at 320 nm and shoulder peak at 405
nm. Macro observations (b) and spectra profile was different using ChemAuNPs than expected (i.e.
complete flattening of the peak at 400 nm) leading to an unknown product. PNP (red legend) spectra was
take from the same batch containing PNP and NaBH4 (i.e. no Au nanocatalyst).

Figure 58: The reduction of PNP to PAP using BioAuNPs. Color transformations of the fade yellow PNP
solution (a) turns in to bright yellow when sodium borohydride is added (b). The solution turned colorless
shortly after BioAuNPs catalyst was added. The characteristic peak for PNP at 400 nm was completely
flattened (marked with an arrow) indicating the full conversion of PNP to PAP. The spectra of starting
product i.e. PNP (red legend) was taken for Au nanocatalysts is from the same batch containing only PNP
and NaBH4 (i.e. without AuNPs).
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Figure 59 : Reduction of PNP to PAP over time comparing biologically fabricated [BioPdNPs] to chemically
reduced Pd [ChemPdNPs] catalysts as well as commercial catalyst [Pd/C]. No reduction was observed in
catalyst free control [(-)cat] reaction mixtures. Reduction was completed within 5 minutes using commercial
catalyst (Pd/C), 20 minutes using ChemPdNPs and about 4.5 hours using biologically produced Pd.

Figure 60: Conversion of PNP (blue legend) to PAP (green legend) using different palladium catalysts. PNP
reduction results in flattening of the peak at 400 nm. The figure compares PNP reduction absorbance using
commercial catalyst [Pd/C], Bio-catalyst produced by bacteria [BioPd] and catalysts produced in cell-free
buffer control mixtures [ChemPd]. Absorption profiles of PNP conversion to PAP were similar regardless the
type of Pd-catalyst used for the reduction. The spectra of PNP (blue legend) reactant for all catalysts was
take from the same batch containing PNP and NaBH4 (i.e. no Pd catalyst).
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5

Discussion

Bioreduction
In this work, a novel protocol was developed for a color based screening of mutants, where
mutant strains with impaired ability to reduce Au or Pd can be easily identified with the naked
eye. The method is cheap, simple and does not require specialized training or equipment.
However, further modification and optimization is still required to enable high-throughput
screening. Ideally, the protocol should allow the screening of 200 mutants per experiment.
This will allow a quick and efficient covering of E. coli gene library. The current protocol
allows for only a hand full of mutants (4-10) per screen, which in turn would require hundreds
of experiments to cover the E. coli genome.
It is still under dispute in the literature whether the reduction of Pd(II) and Au(III) is mediated
via enzymatic processes. Bacterial mass has been studied for over 3 decades for biosorption
and reduction of Pd and Au[110, 112, 113]. Currently, it is widely accepted that the reduction of
Pd and Au is mediated by active biological mechanisms[40, 43, 57, 107, 141-143, 149, 162, 164, 165, 170, 172,
190].

Several studies described few pathways of reduction such as hydrogen producing

enzyme, electron carriers, respiration or degradation proteins[40, 139]. However, reviewing of
the literature reveled that this hypothetical is still unsettled since the reductions of Pd(II) and
Au(III) were also reported in dead cell controls, viruses, bio molecules, purified non-enzyme
proteins and other biological entities that are independent of metabolic processes[7, 79, 95, 132].
Thus, some authors even proposed a complete metabolic-free mechanism, where the metal
reduction is entirely controlled by the chemical composition of biotic surfaces [153, 191].
This work has shown conclusively that the reduction of Pd and Au requires enzymatically
active biomass. The data obtained from this work, agrees and further supports the widely
accepted hypothesis and demonstrates that the microbial reduction of Au(III) and Pd(II) is
mediated by enzymatically active mechanisms, i.e. the biosynthesis of Pd and Au requires
live cells and can be readily observed using the simple color based assay developed in this
thesis. However, to observe the enzymatic reduction, two conditions are required: the first is
ensuring that the cells are indeed alive (i.e. enzymatically active), and the second is ensuring
that chemical reductions are sufficiently suppressed or eliminated (in the case of Pd). Our
findings showed that given these two conditions, no reduction was observed using dead cells
in contrast to live cells, which are enzymatically inactive and active respectively. In contrast
to previous reports, we have also demonstrated that the reduction of Pd or Au takes place
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even without the customary addition of EDs (H2, Formate, fumerate, pyruvate, ethanol)[43, 53,
61, 78, 79, 100, 121, 122, 131, 133, 139, 143, 149, 174, 192, 193]

, which means that the cell has enough reducing

power to produce NPs.
Ensuring the survival of cells during reduction
The protocols I relied on prescribed a minimal concentration of 2 Mm Au(III) or Pd(II), where
the cells are exposed to the metal for 20-30 minutes before the bioreduction is initiated[51, 57,
104, 135]

. Thus, I initially assumed that “live” cells survive/tolerate the exposure of literature

concentrations[51, 79, 116, 194] (2-10 mM) for at least 20 minutes.
However, over time it was noticed that the exposure to 2 mM Pd(II) was lethal to the cells,
even after immediate exposure (Table 16 and Table 19). Additionally, EM micrographs
reveled that microbes treated with 2 mM Pd(II) exhibited signs of cellular stress (Figure 18).
Interestingly, those cellular stress symptoms disappeared once TEM micrographs of cells
exposed to lower metal salt concentrations were taken, or when surplus Pd(II) and Au(III)
ions were removed after a very short exposure. In an attempt to determine which
concentrations are lethal and for how long cells tolerate the metals, two approaches were
developed: the “survival assay” and the “uptake assay”. The survival assay showed
consistently that cells do not tolerate concentrations that are higher than 0.5 mM Pd(II) and
Au(III). The concentrations used in literature were at least 4-fold higher than the borderline
tolerable concentrations. Nonetheless, even in the borderline lethal concentrations, the cells
survived only shortly (few minutes).
One limitation with the survival assay is that it provides only a qualitative answer to how
long cells survived at a given concentration. Another limitation with the survival assay was
that it provides information only about the ability of the parent cells to replicate. It is unclear
whether metallized cells retained enzymatic activity during the exposure, and whether cell
death resulted immediately or after a delay.
In contrast to the survival assay, the uptake assay gives more reliable overview on the
metabolic activity of the samples, since it measures the real time behavior of live metallized
cells during exposure to the toxic ions. Indeed, Pd(II) uptake results showed that metallized
cells were active for a longer exposure time and higher concentrations of Pd(II) than indicated
by the survival assay. The advantage of the survival assay was the simplicity of the
experiment and the rapid results obtained which require no downstream workup, molecular
detection of residual Pd(II) methods or statistical analysis. By contrast, the Pd(II) uptake
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assay gives a metabolic/molecular, more exact depiction on how long the cells remain active.
Thus, both methods provide complementary information on cellular survival and activity.
The results from the uptake assay showed consistently that in tolerable metal concentrations
live cells exhibited resistance to the uptake of Pd(II). Pd(II) uptake of dead cells was at least
double than that of live cells. When cells were challenged with 2 mM Pd(II) (a lethal
concentration, but one used extensively by literature), live cells shown to be enzymatically
inactive shortly after Pd(II) exposure and exhibited identical uptake behavior to that of dead
cells (Figure 38). The cells were dead within 4 minutes, while the literature protocols expose
the live cells to the same metal concentration for 20-30 minutes before bioreduction was
initiated. This suggests that the ‘live cells’ in literature protocols were not alive when
bioreduction was initiated and hence the studies in effect compared dead cells to dead cells.
Our findings showed that it is important to ensure the ‘live’ cells are genuinely alive during
reduction, to be able to observe biological reduction.
Suppressing “noise” in the bioreduction of Pd(II)
The second major drawback with exposing bacteria to the 2 mM Pd(II) concentration is the
large scale of undesired chemical background reductions that takes place in the reaction
mixture in addition to the bioreduction of Pd(II) (Figure 61). This “noise” was masking (or
overriding) the biological reduction in our samples causing reduction of Pd(II) to appear also
in the HKc controls. Interestingly, when these background chemical side reductions were
suppressed or eliminated by removing the surplus free Pd(II) from the solution or by using
tolerable concentrations (that were 2.5-4 times more diluted), very little or no reduction was
observed in the HKc samples.
The reduced Pd that appeared in the HKc suspensions was in the form of large aggregates
with a metallic gloss, which indicates bulk sized Pd. By contrast, the reduced Pd in live
bacteria mixtures was in the form of a well-dispersed, soluble, black suspension which
indicates nanoscale Pd. The size of the Pd aggregates in the presence of HKc was strikingly
similar to the type of well-packed aggregates present in cell-free buffer controls (Figure 16).
The mixture observations were consistent EM micrographs, showing submicron-aggregates
in the HKc versus nanosized PdNPs in the live cells. When the chemical reductions were
supressed, no NP were detected on HKc samples. The mixture observations were consistent
with EM results, showing no color change (i.e. no reduction) of Pd(II) in HKc, while live cell
suspensions turned black. Some reduction was observed in the HKc mixtures after ca. 3
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hours. However, when the suspensions were centrifuged, the reduced Pd in HKc samples
remained in the supernatant and was not associated with the pellet. By contrast, in live
bacteria the reduced Pd was predominantly associated with the bacteria, leaving a clear
supernatant (Figure 42). This suggested that the reduced Pd(II) in HKc suspensions was not
generated due to the presence of biomass but rather from independent chemical processes
similar to that occurring in the cell-free buffer controls. These findings also provide strong
evidence to suggest that the reduction of Pd(II) is enzymatically driven, i.e. takes place only
in the presence of live cells.
We have seen that Pd(II) was reduced spontaneously under anaerobic conditions in all types
of buffered and even unbuffered (containing only distilled water and Pd(II)) solutions tested
in this work (4.1.7). Similar observations were also reported in the literature[79]. It was also
reported that once an initial grain of Pd(0) was formed in suspension, the remaining free
Pd(II) ions in the solution were reduced on the expense of an ED via an autocatalytic
process[39, 116, 151, 152, 193, 195]. In Figure 61, I attempted to illustrate and summarize the biotic
(desirable) and abiotic (undesirable) processes taking place in reaction mixtures combining
our observations and the molecular processes described in literature[53]. Our findings show
that bioreduction of Pd becomes the dominant process in the reaction mixtures when the
undesirable abiotic reductions are sufficiently suppressed.

Figure 61: Biotic and abiotic reductions of Pd(II) ion. Abiotic reductions were reported to appear
independent of the presence of bacteria. Pd(II) can be spontaneously reduced on the expense of an ED (H2,
pyruvate, fumarate formate and ethanol) [79]. Our observations are consistent with these findings (Figure
16). Additionally, we observed that Pd(II) is reduced even in unbuffered solution (where H2O is the ED) in
the absence of oxygen (section 4.1.7). Yong et al. recounted [174] that once an initial PdNP is formed,
autocatalysis takes place. The PdNP absorb hydrogen atoms (reversibly) and further reduce the remaining
Pd(II) ions in the solution [53]. We found that the abiotic reductions (‘noise’) co-existed with the (desirable)
biotic reductions in cell suspensions and when the chemical reductions were sufficiently suppressed, the
biological synthesis of NPs was revealed. NPs were produced only in the presence of live (metabolically
active) bacteria, while control reaction mixtures (metabolically independent) stayed unchanged.
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Our observations offer a plausible explanation why several studies proposed an enzymatically
independent mechanism for Pd(II) reduction: this is caused by non-biological processes
taking place in HKc suspensions when excessive Pd(II) concentrations are used.
Gold bioreduction
In the case of gold, chemical side-reductions, or “noise” were not a concern, since the Au(III)
ion showed robust stability in all buffers tested under both aerobic and anaerobic conditions.
Au(III) ion was also less toxic to live cells compared to Pd(II). However, the cells tolerated
a shorter exposure time to Au(III) than to Pd(II) for a given concentration. Au(III)
concentrations used in literature for the reduction of gold (2 mM) were at least 2.5 times
higher than the borderline lethal concentration (based on the survival assay). When tolerable
concentrations were tested, the reduction of Au was robust and completed within two
minutes. However when cells were exposed to 2 mM Au(III), the reduction of Au(III) took
about 24 hours and the resulting particles had a different and darker color than the NPs
produced in live cells exposed to tolerable concentrations, which means that a different size
or type of particles was obtained (Figure 55). The cells possibly died shortly after the
exposure to 2 mM Au(III), but lived long enough to initiate some reduction at a slower rate
than the live cells. Similarly, a slight reduction of Au(III) was observed in the HKc after three
days. This observation may indicate that the conversion of Au(III) to Au(0) favors the
forward direction regardless the enzymatic activity of biomass. The presence of enzymes
however, accelerated the conversion of Au(III) to Au(0) significantly, from several days
(HKc) to a one or two minutes (live cells).
EM and EDX analysis showed that AuNPs were present predominantly in cell’s surface.
Thus, we assume that surface-localized enzymes mediate the formation of BioAuNPs. The
presence of BioPdNPs in the periplasmic space as well as intra- and extracellularly indicate
different or additional mechanisms for the biosynthesis of PdNPs. When the Au-metallized
cells were washed the surface-bound particles remained attached to the cells. By contrast,
when palladized cells were washed, most of the extracellular particles were removed. This
means that the extracellular particles were loosely attached to the palladized cells, while gold
was attached firmly to the extracellular surface. EM and EDX showed very little or no
extracellular Pd bioformation when the chemical undesired reductions were suppressed. This

110

suggests that a significant proportion of the extracellular particles present when using
literature Pd(II) concentrations are not biologically produced.
Enzymatic systems of bioreduction in this work
Review of negative controls reported in literature:
Following previous reports, I have tested several mutant strains reported to have a deficient
capacity to produce NPs. I expected to use those mutants as a live negative controls for BioNP
production. However, our findings could not further confirm or support the loss of ability to
actively produce NPs in these mutants.
narJ involvement in gold reduction
As described in the introduction (section 1.3.5), several reports suggested an NADPH
dependent nitrate reductase mechanism for the reduction of gold[163-165, 196, 197]. Thus, I tested
the K12 narJ strain, which has a disruption of the nitrate reductase system. I anticipated that
it would be a useful (live) negative control for the reduction of AuNPs. In contrast to previous
reports, I did not find a nitrate reductase to be involved in the biosynthesis of AuNPs. The
narJ mutant strain produced NPs with no apparent qualitative difference compared with its
parent strain and hence was ruled out from being used as a negative control for a color-based
assay. In addition, the reduction of Au using our protocol was under aerobic conditions where
the nitrate reductase system is suppressed[198]. However, the color-based assay gives only a
qualitative indication for reduction using the naked eye. It is still possible that narJ reduction
of Au(III) will be different than that of wt when quantitative methods employed.
Hydrogenase involvement in Au and Pd reductions
My findings could not demonstrate for a hydrogenase-driven mechanism in the bioreduction
of Pd(II), since the reduction was observed in the FTD150 strain lacking all hydrogenases
under all conditions tested in this work, even when the biological production of PdNPs was
the dominant process in reaction mixtures. This suggest another route for Pd(II) reduction,
weak involvement of hydrogenase, or a complete hydrogenase independent mechanism.
ΔmoaA involvement in Pd production
The MC4100 ΔmoaA strain was recently identified to have impaired ability to produce NPs
compared with its background strain (MC4100)[143]. Findings from the EM analysis, the
uptake screening assay and the color-based screening assay could not show that the ΔmoaA
strain, lacking all molybdate-containing enzymes had an impaired ability to absorb or reduce
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Pd(II) differently than its genetic background. However, these observations except for uptake
assay are only qualitative.
K12 yohL (rcnR): New gene identified for the reduction Au
In this work, 10 mutants were screened for the reduction of Au in a pilot experiment. Further
screening was not preformed due to time constrains. In this screen, the E. coli K12 yohL strain
was identified for having impaired ability to reduce gold (Figure 56). Interestingly enough,
yohL was also identified as mutant with irregular Pd(II) uptake in the Pd(II) uptake assay.
Which possibly suggest a less (metal) specific pathway. The yohL mutant strain exhibited a
higher resistance to the uptake of Pd(II) ions than the wt, which means it has a genuine impact
on Au and Pd uptake.
yohL, otherwise known as rcnR is a gene encoding RcnR which is a repressor of rcnA gene.
rcnA gene. The RcnA protein is a part of an efflux system that exports Ni(II) and Co(II) out
of the cell. In the mutant defective for RcnR (YohL), the (efflux) pump is upregulated, which
effectively leads to a lower uptake of these metals[199]. This fits in nicely with what we
observe for Pd(II), i.e. lower uptake of Pd(II). In the case of Au, it is more interesting since
the RcnA is an efflux pump, but EDX analysis did not recognize intracellular Au. Lastly,
Pd(II) and Au(III) are both Ni(II) analogues, i.e. all have 8 valance electrons and hence
exhibit many chemical similarities, as expected from isoelectric metals. It is therefore, more
expected that the Pd(II) or Au(III) ions would be transported via the (isoelectric) Ni(II) pump.
Limitations with the color-based screening assay and a suggestion on how to
improve it
A significant disadvantage with the color-based assay is the occurrence of false positive
clones. Mutants can be impaired in growth, especially if they lack important genes for
metabolic function and thus, are prone to die faster than their corresponding wt strain. Since
enzymatically active biomass enhances the reduction of metals (demonstrated in this work),
mutants that do not survive as long as the wt will reduce less Pd over the same length of an
experiment and hence appear (misleadingly) as having impaired ability to produce NPs.
One way to avoid that type of error is by further testing of the candidate mutant for survival.
The uptake assay, gives a real-time picture for how long the cell survive (or stay metabolically
active). A false positive clone mutant can be identified, if the mutant strain dies (or becomes
enzymatically inactive) earlier than its parent strain during exposure and behaves more
similarly to the dead cells in terms of Au(III) or Pd(II) uptake.
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Biosorption/ uptake of Pd(II)
Currently it is accepted that the removal of Pd(II) ions by biomass during uptake phase is a
passive (non-metabolic) process. Deplanche defined biosorption (or uptake) as the binding
of metals to biomass in a process that does not involve transport or metabolic energy. The
author asserted that biosorption relies on physicochemical rather than biological mechanisms
such as ion exchange, chelating, adsorption and passive diffusion through the cell’s
membranes[111, 120]. However, the presence of intracellular Pd observed in EM and EDX,
strongly suggested that at least part of the uptake is ought to be metabolically active. Our
findings identified the existence of an active enzymatic component in the uptake of Pd(II) by
comparing E. coli live cells to dead cells, which are enzymatically active and inactive
respectively. Later, we have also identified some of the mechanisms involved in the uptake
of Pd(II) by screening mutants lacking transporter genes.
The metabolic component in the bacterial uptake of Pd(II)
The existence of bioactive component was verified by the resulting different levels of live
and heat killed cells Pd(II) uptake (which are metabolically active and inactive respectively).
When comparing the live cells with the dead cells there was a two-fold difference in the
uptake of Pd(II), where the live cells took less Pd(II). Additionally, when the cells were preexposed to traces amount of Pd(II) during growth phase they have developed even stronger
resistance to Pd(II) uptake. A two-fold decrease in the uptake of Pd(II) was exhibited by cells
grown in the presence of traces Pd(II) compared with the control cells. The cells grown with
Pd(II) also showed an average of ca. 4-5 fold lower uptake of Pd(II) compared with the dead
cells (HKc), while the control cells showed only 2 fold lower uptake than the dead cells
(Figure 32). It is possible that the pre-exposure to Pd(II) during the growth phase enhanced
the upregulation of resistance enzymes such as efflux systems or the down regulation of
import proteins for transporting the metal ions into the cell. These findings further support
the existence of a metabolic active component regulating the uptake of Pd(II) across
membranes. However, the enzymes involved in the transport of Pd(II) across membranes are
still unknown.
In an attempt to characterize those systems, I developed an uptake assay and used it for the
screening of 21 d-block metal transporter-gene mutants. A recent reports hypothesized that
Pd(II) is mistakenly imported in place of metal ions that are essential for metabolic functions
(nickel, iron, copper and/or zinc). The authors hypothesized that Ni transport efflux and influx
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systems may be involved in the unknown translocation of Pd(II) in to the cell, but did not test
this hypothesis[122].
Biological mechanism of Pd(II) uptake across membranes
The screening of wt vs. metal transporter knockouts identified several potential E.coli K12
mutants with abnormal Pd(II) uptake compared to the parent strain:
cusA
In this work, the mutant (lacking) cusA had higher resistance to Pd(II) uptake compared with
the wt. cusA is a responsive gene for copper transport (efflux) and resistance to silver[200].
Interestingly, in a recent publication, CusA was also identified to be involved in the biofabrication of AgNPs together with the complementary CusB, CusC, CusF and the Nap
system[172]. Those systems should be further explored in the near future. This description of
CusA does not explain our observations, we should expect to see higher accumulation of
Pd(II) (since there is a deletion of Cu(II) efflux), but we see lower uptake of Pd(II) compared
with the wt. However, the results are consistent with what Lin et al. found for silver, since
no silver was produced when CusA was deleted[172]. This suggests that the role of cusA is not
fully characterized yet.
Other gens of interest: fur, fief, modF and apaG
The K12 mutant strains fur, fief, modF and apaG also had lower uptake of Pd(II). Fur is a
global regulator for Fe repression[199, 201, 202], FieF is involved in the efflux of divalent iron
(ferrous iron)[203], the ModF is part of the molybdate ATPase transporter system[204, 205] and
the ApaG is involved in the efflux of Co(II) and Mg(II)[206]. However, the role of fief, the full
regulatory role of fur and the specific roles of modF and apaG are still undefined.
Detoxification mechanisms of microorganisms in ionic solutions
It is still unknown why microorganisms take heavy metals with no biological role or benefit
for the cell, such as Au(III) or Pd(II). The occurrence of Au and Pd metals in nature is very
rare. In surface conditions, Pd and Au are extremely inert, insoluble solids and hence do not
form ions in aqueous environments[2, 207]. Thus, the role of microorganisms in cycling or
absorbing those nonessential metals remain controversial[99]. Nonetheless, it is widely
concluded that the bacteria accumulate and precipitate metal ions in order to detoxify and
enable further (microbial) growth in (toxic) ionic solutions[54, 66, 75, 112, 120, 151, 208][156, 171, 209,
210]

. In contrast to these reports, our results suggest that E. coli does not take up Pd(II) or
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Au(III) voluntarily. Our results showed conclusively that live bacteria actively resist the
uptake of those metals as long as they are alive, in contrast to the dead bacteria. It is possible
that bacteria tries to avoid the accumulation of Pd(II) and Au(III) in order to prevent cellular
toxicity and consequent death. Similarly, it is unlikely that microorganisms in general and
certainly E. coli, evolved to detoxify such ionic environments (2 mM Pd(II) or Au(III)) since
these ionic species (and/or concentrations) almost never encountered in nature.
On the other hand, we do see that the electrons used for metabolic processes in the cell play
an essential role in the reduction of those metals. Therefore, we propose a refined model
where the electrons are being hijacked from the cell by metal ions with higher electron
affinity (redox potential) than the next downstream cellular electron acceptor.
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Conclusion

Our findings have demonstrated that the reduction of Pd and Au by E. coli take place only in
the presence of live bacteria and no reduction occurs in the presence of dead bacteria (heat
killed cells) if the proper concentrations are used. This is consistent with the hypothesis that
reduction of Au(III) and Pd(II) is due to enzymatic/metabolic cellular activities. We have
developed a novel screening color-based assay for the reduction of Pd and Au using live cells
as positive control and dead cells as a negative control. This screening assay enable us to
readily identify mutants defective for metal reduction (based on color differences), and opens
the window for a better understanding of the mechanisms governing the reduction of Pd and
Au. Using the color assay, the mutant strain yohL was identified to have an impaired ability
to reduce Au. In this work, we have also identified the existence of a biological component
in the bacterial-uptake of Au and Pd. A Pd(II) uptake assay was developed in this thesis in
order to find the mechanism(s) involved in the absorption (or accumulation) of Pd(II) across
membranes and several mutants were identified for abnormal Pd(II) uptake (namely cusA,
fur fieF, yohL, modF and apaG). Our findings are not consistent with some of the mechanisms
described in the literature (hydrogenase- and nitrate reductase-dependent reduction of Pd(II)
and Au(III), respectively). Chemical reduction appears to be the dominant process when
concentrations employed in the literature (≥2 mM Pd(II)) were used. Those concentration
were found to be at least 4 times more toxic that the borderline lethal concentration for E.
coli and thus, should be avoided.
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Future prospects

In this work I have demonstrated that the reduction of Au(III) and Pd(II) is enzymatically
supported and thus, occur only in the presence of live cells. However, I only measured it
based on color. To further expend on the color observation, the experiments should be
repeated and analyzed using EM and EDX for both Au and Pd. We expect no production of
intracellular or extracellular NPs in the dead cells.
Further optimization of the color based assay for the bioreduction of Au and Pd is vital for
high-throughput screening of mutants. Once the assay has been optimized for higher
throughput, screening a transposon library should be the next step.
In this work I have screened only 21 mutants for biosorbtion of Pd(II). Screening of further
mutants for the uptake of Pd(II) should be employed in the near future. The uptake of Au(III)
by E. coli was not studied in this work due to time constrains and since EM and EDX analysis
detected only extracellular AuNPs. At the same time, the yohL mutant, defective for Ni and
Co efflux pump regulation, was identified in the Au(III) reduction screening assay. This
suggest the presence of intracellular Au(III). Hence, it is of interest to see whether a biological
transport system exists for Au(III). The biological component of Au(III) uptake can be
identified and characterized using a simple color assay like phloxine assay[43,

141]

. The

mechanisms of Au(III) uptake can be investigated once the biological uptake-component for
Au(III) have been verified, using the protocol developed in this thesis to find mutants
involved in the process.
All bacterial nanocatalysts in this work proved to be active for the reduction of PNP but only
qualitatively (color change and spectrophotometric profile change). A quantitative assay
comparing biologically to chemically reduced NPs will better define the catalytic activity and
reactivity of bio-nanocatalysts compared with their chemical equivalents.
This work puts forward a layout for a general screening protocol for the biosynthesis of Auand PdNPs. The protocol described here can be used as template to study the biosynthesis of
other metal NPs (e.g. Ag, Fe, Ni, Pt, Rh, U, Te and others) by first confirming whether the
reduction is enzymatically supported and if so the mechanisms of reduction can be outlined
using a similar color based screening assay.
In spite of much research in the last few decades, very few breakthroughs were accomplished
in characterizing the mechanisms of metal bioreduction. The screening assay developed in
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this work can be a useful starting point toward delineating the process of bioreduction which
is essential for the implementation of bioreduction as a reliable technology (and its eventual
integration in industry).
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Appendix A
The chemicals used in this work are listed in Table 20. Table 21 lists the instruments used in
this work and Table 22 prescribe a recipe for minimal media used in this thesis. For
developing the anaerobic culture growth atmosphere an anaerobic catalyst (sachet), bag and
anaerobic indicator (Mikrobiologi Anerocult® VWR) were used. The catalyst was activated
by applying 3 ml water for 15 seconds, the indicator was activated by wetting the colored tip
(blue) with water. The activated catalyst and indicator were placed in the bag and sealed with
OBH NORDICA feed sealer (fresh and easy). Filter paper (Whatman® membrane filters
nylon, pore size; 0.2 µm Sigma Aldrich) was used for the separation of nanocatalysts.
Nutrient Broth no.2 (NBno.2) (Oxoid microbiology products LTD) was a kind gift from Bård
Engar Mathiessen (MBV department’s engineer) (Table 20). Minimal media for anaerobic
growth

[120]

was prepared by Roy Falleth (technician and MBV) using the following recipe

(Table 22).
Table 20: depicts the chemicals used in this work

Chemical
Na2Pd(II)Cl4
NaAu(III)PdCl4∙2H2O
NaBH4
NaHCO2
para-Nitrophenol
Pd(II)/[OAac]2
L-Cysteine

Manufacturer
Sigma-Aldrich
ACROS organics
Sigma-Aldrich
Sigma-Aldrich (bio-ultra)
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Ferric citrate dihydrate
Glycine hydrochloride
Nutrient Broth no.2 (NBno. 2) oxoid
SnCl2 and/ or SnCl2∙H2O
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(MOPS)
4-Morpholinepropanesulfonic acid (MOPS)
Ammonium citrate
Sodium Malate
HNO3 (4.6 M)
KNO3

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
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Table 21: depicts the instruments used in this work

instrument
Microplate reader
Plate/ Gel imager
TEM

Manufacture
Biotek Synergy™ H1
NIPPON genetics Europe
Technai transmission electron
microscope FEI
Oxfornd instruments X-MaxN EDS

EDX
NMR
pH meter
Centrifuge (50 ml)

HANNA instruments
Allegra X-30R; Beckman Cotler

Centrifuge (up to 2.5 ml)
Photometer

eppendorf; Bergman
eppendorf; Biophotometer

Table 22: Minimal media recipe for anaerobic respiratory growth (E.coli)(120)

Chemical

quantity

Tris-buffer
KCl
(NH4)2HPO4
MgSO4∙7H2O
FeSO4∙7H2O
Sodium fumarate
Glycerol
Distilled water

12 g
0.62 g
0.96 g
0.063 g
3.3∙10-5 g
0.4% w/v
0.5% v/v
1000 ml (final volume)

The medium pH was adjusted to 7.2 with 3 M HCl and autoclaved. 0.5% sterile glucose (v/v)
was added to the medium separately before the experiment.
Palladium(II) and gold(III) stock solutions
20 mM NaPdCl4 or NaAuCl4 were solubilized in sterile 0.1 M HNO3. pH was measured to
be 2.3. Stock solution was kept at room temperature in aerobic conditions.

Washing buffer solutions
Buffer powder was solubilized in distilled water to give an overall 20 mM buffer
concentration. The pH was adjusted by adding 4.6 M HNO3 or 3 M NaOH dropwise (Table
11). Solutions then were sterilized using 0.2 µm syringe filter. MOPS/NaOH washing buffer
solution was covered with silver paper and stored frozen (-20 oC) and thawed at room
temperature before use. Other buffers (Table 11) were kept at room temperature under aerobic
conditions).
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Appendix B
Supplementary image showing an example for damaged cells when E. coli MC4100 was
exposed to 2 mM Pd(II) concentration.

Figure 62: Cellar rigidity damage. Many of the cells in the EM micrographs have shown to lose their cellular
integrity.
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Appendix C
The following experiments show results for a series of buffers with acidic pH ranges, namely
citrate/HNO3 (pH 4.8); malate/HNO3 (pH 3.4); formate/HNO3 (pH 3.3) and glycine/ HNO3
(pH 3.2) (Figure 63, Figure 64, Figure 65, and Figure 30 respectively). Sodium was the
counter ion for all buffers, except citrate for which I used ammonium. Cell free buffer
controls were taken in order to verify a given buffer is inert for Pd(II) (Figure 66 Appendix
C). Citrate is one of several known heavy metal chelating agents used by E coli for the
transport of ferric iron[211]. Thus I selected a citrate based buffer in order to study its effects
on Pd(II) bioavailability and consequently uptake in live and HKc.
Figure 63 show the results of Pd(II) uptake by bacteria using 20 mM ammonium citrate/
HNO3 buffer (pH 4.8). Removal of ions by biological mass was the lowest of all observations
so far, with only 20% Pd(II) uptake. No apparent difference in Pd(II) uptake or uptake rates
between live and HKc (Figure 63 blue and red respectively) was detected. It is possible that
the repression in Pd(II) uptake was due to the strong bond between Pd(II) and ammonia (the
base of ammonium) in the solution. Thus, I wanted to repeat the experiment with sodium
counter ion (sodium citrate) but I could not find sodium citrate and instead, I used sodium
malate.

Figure 63 Uptake of Pd(II) by live (blue) versus HKc [heat killed cells] (red) using 20mM Ammonium cirtate/
HNO3 buffer pH 4.81(final pH). Error bars correspond to the SD of 4 replicates. Pd(II) uptake was significantly
suppressed compared with earlier observations by both live and HKc where only 20% of initial Pd(II) was
removed.

Malic acid has a very similar chemical structure to citrate. Figure 63 shows that 70% of Pd(II)
ions were removed from solution by the bacteria using maleic acid buffer. HKc (red) reached
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saturation within 10 minutes while live cells (blue) reached saturation within 15 minutes. The
Pd(II) uptake after 5 and 10 minutes in HKc was about 1.5 times higher than that of live cells
(red versus blue 5 and 10 minutes time points on Figure 64).

Figure 64: Pd(II) uptake by E. coli strain K12 HKc [heat killed cells] (red) versus Live cells (blue) using Sodium
malate / HNO3 buffer pH 3.41. Error bars correspond to the SD of 4 replicates. A longer lasting difference in
uptake rates was observed between live and heat killed cells where live cells Pd(II) uptake was slower over
time and lower in the first 10 minutes.

The difference between live (blue) and HKc (red) Pd(II) uptake became even longer-lasting
when sodium formate/ HNO3 pH 3.3 was used as the buffer (compare with Figure 64). Bio
availability of Pd(II) increased to a point where 80% of Pd(II) ions were removed from
solution within 5 minutes in HKc (red) and 25 minutes in live (blue) samples Figure 65). It
took 5 times longer for live cells to reach saturation, suggesting that some metabolic
processes try to actively slow down or resist the uptake of Pd(II) probably in order to avoid
cytotoxicity. The most pronounced differences between live and HKc occurred within the
first 10 minutes. HKc removed over 3 times the amount of Pd(II) ions than live cells after the
first minute. At 4 minutes, HKc absorbed twice as much and at 10 minutes there was around
a 15% difference between live and HKc Pd(II) Uptake (Figure 65). Live cells reached the
same saturation level as HKc within 25-35 minutes. Bacterial uptake of Pd(II) using MOPS
at pH 6.7 was about half of that when Formic acid pH 3.33 was used as buffer (compare
Figure 29to Figure 65).
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Figure 65: Pd(II) uptake by E. coli strain K12 HKc [heat killed cells] (red) versus live cells (blue) using Sodium
formate / HNO3 pH 3.33 as the washing buffer. Error bars correspond to the SD of 4 replicates. Longer lasting
difference in uptake rates was observed between live and heat killed cells where live cells Pd(II) uptake was
slower over time and lower in the first 25 minutes.

Cell-free buffer controls to be used in this study, were first verified to be inert for interactions
with Pd(II). Figure 66 show the removal of Pd(II) ions by various buffer controls. No Pd(II)

Pd(II) removed from solution
[fraction]

was removed by any of the buffers from the solutions to be used in this work.
1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0
-0,1 0

Removal of Pd(II) from solution by the
buffer controls used in this study
(alligned with each other)
MOPS pH 7
HEPES pH 7.4
HCOOH pH 3
Glycine pH 3
Maleic acid pH 4.1
Citric acid pH 4.7

20

time 40
[min]

60

Figure 66: The removal of Pd(II) ions from solution by cell-free buffer controls used in this study (except
formate/HNO3 (pH 3.3)). The controls contained only buffer solution and Na2PdCl4. Error bars correspond to
the SD of 4 replicates. MOPS/NaOH (pH 7), HEPES/NaOH (pH 7.4), sodium formate /HNO 3 (pH 3); Maleic
acid/HNO3 (pH 3.41), and ammonium citrate/HNO3 (pH 4.7) were correlated together. All buffers behaved
similarly. No Pd(II) ions were removed by any of the buffers from the solution over time (60 minutes).

136

Appendix D
Figure 67 a show the array of color from pink to purple changes due to concentration. Figure
67 b show the proximity effect for each concentration. Figure 68 show the absorbance of gold
in colloidal state and aggregated state. Colloidal gold has a characteristic peak at 520 nm.
When the ionic strength of the suspension is increased aggregation takes place. In the
aggregated state there is a flattening of the peak at 520. The optical properties of aggregated
and suspended Au were found to be proportional to their concentration. This relationship can
potentially be used as simple color assay for the detaction of residual AuIII).

Figure 67: Au(0)NPs formation when MOPS/ NaOH washing buffer (0.2 M) is added with Au(III) at different
concentrations (a). The color of solution changes gradually from purple (4mM) to red (0.5-2 mM).
Suspensions turned dark when NaOH was added dropwise (b). The phenomena known as the proximity
effect and described in more detail in introduction (Figure 5).

137

Biosynthesis of NPS

Figure 68: Example for the different absorbance profiles of AuNPs at colloid state and aggregated state. The
ratios of absorbance readings at 520:700 nm are about 5:1 for colloidal state. In the aggregated state, a
dramatic shift in absorbance profile takes place where the absorbance ratio between 520:700 nm becomes
1:1 (i.e. flattening of the peak at 520 nm). The absorbance of both dispersed and aggregated state gold is
diagnostic for gold concentrations and hence can be used as assay to measure the amount of gold in
suspension.

Figure 69: AuNPs produced by live bacteria (E. coli K12 wt strain). No reduction was observed in the HKc
samples. When the live cells sample were centrifuged most of the AuNPs were associated with the pellet
while the supernatant stayed relatively clear.
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