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1.0 General Introduction

1.1 Biomineralization

1.1.1 Biomineralization as a Natural Phenomenon

Inorganic structures are very important for organisms. These structures serve a variety
of purposes from the simple unicellular bacteria to human beings which are essential for
survival. For instance, a certain class of bacteria called magnetotactic bacteria uses iron
oxide-based nanostructures as sensors to orient themselves to the external magnetic field. [1]
These bacteria possess a special organelle called magnetosomes in which these specialized
inorganic structures are formed. The eukaryotic unicellular diatoms mineralize silica into
micro-sized shells with amazing shapes and a high degree of symmetry. [2] On a larger
dimension, the bones, shells and teeth of higher forms of organisms are similarly essential
inorganic structures. These structures provide mechanical support to the organism, help in
nutrition-related functions and also provide defensive mechanisms. In addition to their
aforementioned roles, these structures also have taxonomical significance. Mollusks possess
species-specific shells that can be used as tools for their identification and proper
classification. [3] This diversity in which biomineralization proceeds also manifests itself at
the protein level which highlights the complexity of the process. For example, the shell
matrix proteins of oysters that are highly involved in the regulation of shell and pearl
formation were characterized wherein 66 out of the 80 proteins were deemed unique. [4] In
spite of this seemingly complex process, a general model of biomineralization has been
described by Mann. [5] The model demonstrates two possible sites of biomineralization
wherein it can either occur within or outside the cell. For extracellular biomineralization,

ions are encapsulated in a vesicle and shuttled out of the cell where it is deposited onto a



polymeric support. In the case for intracellular biomineralization, the ions start nucleation
within the cell. Small units of the precipitated mineral are then combined with the
extracellular organic matrix. In any case, both types of biomineralization share the common
feature of being boundary-organized and the use of an organic matrix to direct the process.
From these features the different forms of regulation are achieved such as chemical, spatial,
structural, morphological and constructional control. Alienating the process within confined
spaces facilitates concentration control of the different components that influences the overall
property of the mineral. For instance, the shape of the spicules of the sea urchin was found to
be highly dependent on the concentration of its endothelial growth factor. [6] Moreover, this
feature has important implications on the manner in which the organism responds to its
environment that also has an impact on biomineralization. It has been shown that silification
is pH-dependent wherein the diatom Thalassioria weissflogii modifies its intracellular silica
content in response to the pH of the environment. [7] Boundary organization also controls the
size of the mineralized structure since the size of the microcompartment can dictate the
overall dimensions of the biogenic mineral. On the other hand, the use of an organic matrix to
induce biomineralization affects the nucleation and arrangement of the ions, [8] as in the case

of collagen and bone formation. [9]

1.1.2 Biomineralization as a Synthetic Route Towards Nanomaterial Synthesis

The materials produced from nature boast of efficiency and high-performance. [10]
These outstanding properties of natural materials are linked to the ability of biomineralization
to precisely regulate numerous parameters during the formation process. All of these have led
to the application of biomineralization for the preparation of synthetic materials. [11] Bio-
inspired approaches towards the preparation of materials showcase a relatively benign and

simple reaction conditions in contrast to the other known synthetic methods. [12] In addition,



it serves as an excellent alternative in the preparation of nanostructures that highlights an
innovative approach integrating two disciplines together. A common method of applying
biomineralization for nanostructure preparation involves the utilization of bacteria [13] and
fungi. [14] Both systems exploit the ability of the microorganism to direct mineralization
after which the produced materials are harvested. Another method involves the utilization of
peptides and proteins as templates to guide inorganic structure growth. [15,16] The utilization
of peptides was conceived out of the principal tenet of biomineralization which uses organic
matrices. While different kinds and classes of organic templates have been used, [17]
peptides have received special attention due to their several attractive properties. These
properties include self-assembly, metal coordination and crystallographic facet recognition
and binding. Peptide self-assembly can lead to a pre-organized scaffold from which structural
and morphological controls during biomineralization can be attained. Peptides can recognize
and bind to specific facets of the growing inorganic material which leads to shape and size
control. [18] From a functional perspective, peptide templates have also been shown to have
an effect on the catalytic activity of metal nanostructures. The bound peptide onto the
nanostructure surface can modulate the reactivity of the nanocatalysts. [19] The diversity of
biomineralization peptides makes peptide-mediated biomineralization a powerful tool for
nanomaterial synthesis. Different biomineralization peptides are available for different
inorganic materials (Table 1-1). In addition, different types of nanostructure can be formed
by using different sequences for the same inorganic material. [20] Through this method of
nanomaterial synthesis, various forms of highly active materials have been developed.
Biomineralized nanostructures have been created as catalysts, [21] plasmonic materials, [22]
and biomolecular recognition platforms. [23] These are just a few examples of numerous

applications where biomineralized nanostructures have been highly relevant.



Table 1-1. Biomineralization peptide sequences and the type of inorganic nanostructure they
form. These peptide sequences have been summarized in the review by N.L. Rosi and C.L.

Chen [24].

Peptide Sequences Inorganic Materials

NPSSLFRYLPSD Ag nanoparticles
AHHAHHAAD Au nanoparticles
HYPTLPLGSSTY CoPt nanoparticles
HNKHLPSTQPLA FePt nanoparticles

NNPMHQN ZnS nanoparticles
SLKMPHWPHLLP GeO, nanoparticles
FDFDFDFD CaCoO;




Biomineralization peptides are usually discovered through peptide libraries. Phage
peptide display is a powerful method in isolating peptides exhibiting binding affinity towards
metal surfaces. [25] Phage peptide display has led to the identification of numerous peptide
sequences that are able to support the growth of nanostructured silver, cobalt, palladium,
titanium, germanium and even calcium molybdate, [26] among others. This method involves
a phage library wherein peptide sequences are expressed as a fusion protein of the virus coat
(Figure 1-1). The phage library is incubated with the material of choice like crystals [27] and
particles. [28] After incubation, phage displaying peptides that exhibit little or no affinity
towards the chosen material will be removed during the wash step. Only phage displaying
peptide sequences that favor binding to the material will remain and be eluted. The collected
phages will be digested and its genetic material will be amplified through PCR. This
procedure is repeated several cycles and the final step involves the determination of the
peptide sequence based from the DNA sequence. [29] The affinity of a target peptide towards
a given inorganic surface provides the possibility that the peptide can support the growth and
stabilization of nanostructures. It should be noted however that not all peptides that exhibit
binding affinity to inorganic surfaces are effective templates and capping agents for
nanomaterial synthesis. This is due to the possibility of ineffective elution of peptides bound
to the surface during the wash step. Such was the case in a study of R. Naik and co-workers
wherein only one silver-binding peptide out of three was able to support nanoparticle
synthesis.[30] Moreover, the danger of false positive results is always present due to several

factors such as contaminations, propagation advantage, and the like. [31]



Elution

mm Biopanning

Phage library

Repeat
interaction

x 108
Identifying vi No
specific _ o8 Bacterial

binding  consensus peptide amplification
peptides sequence

) \ \ ] -Il . l"ql‘ '1’ »

DNA analysus

Figure 1-1. Schematic diagram of the phage-display method to identify peptide sequences
that bind to the target of interest. Adapted from [32] with permission. Copyright 2006
Elsevier.



The combinatorial system of Split-and-Mix library [33] is another viable approach in
discovering biomineralization peptides. Wennemers and colleagues used this method to
isolate and characterize silver mineralizing peptides. [34] In their work, the Split-and-Mix
system of generating a library starts by having seven equal proportions of amino acid-loaded
Tentagel resins. Each proportion is encoded with an inert, unique tag or a unique combination
of tag for identification and tracking of reaction history. A linker is then coupled with the on-
resin amino acid followed by the addition of another set of unique tags. The third and final
round involves the coupling of amino acids and tag addition. After the library has been
created, the beads were then incubated with a solution of silver nitrate. Reduction with UV
irradiation or ascorbic acid will lead to bead coloration if the peptide present in the bead has
affinity for silver. The colored beads can then be easily picked followed by peptide

identification.

Despite the success of biomineralization as a synthetic route towards nanomaterial
formation, challenges and limitations are present which need to be addressed. First of which
is that the interplay among several parameters during biomineralization has not been
thoroughly examined. Much focus has been given on the relationship between the
biomineralization peptide and the nanostructure. Although the peptide occupies the central
role in biomineralization, understanding how other factors affect biomineralization is also
important. Another challenge in biomineralization is how to precisely direct the three-
dimensional assembly of the peptide. The 3D assembly of the peptides is the key in the
proper formation of bioinspired materials since this one of the reasons behind the outstanding
properties of natural materials. [11] However, methods have been scarce which can
specifically assign the 3D orientation of the biomineralization peptide while simultaneously
controlling other parameters. Therefore addressing these challenges will facilitate a deeper

understanding of biomineralization.



1.2 Palladium

Palladium is one of the most important metals in catalysis since it is known to be
involved in numerous classes of reactions. In general, Pd catalysts exhibit several attractive
properties which make them key components in organic synthesis or industrial processes. The
most important property of Pd is that no other transition metal can offer the same versatility
in C-C bond formations. Also Pd catalysts are quite insensitive to oxygen and moisture, even
to acids. [35] Pd catalysts exist as Pd(Il) and Pd(0) complexes, or a combination of both
valence states for reactions involving redox systems. Pd(ll) complexes are square planar 16-
electron complexes that are coordinatively unsaturated. This property of Pd(Il) complexes
render them suitable as homogeneous catalysts since they are highly labile. These complexes
are able to carry out the facile coordination of reactants and loss of products from the
coordination sphere. [36] Catalysis on Pd surface wherein Pd usually exists in a zero-valent
state is commonly encountered in heterogeneous catalysis. Pd surfaces are known to facilitate
chemisorption of reactants and on this surface is where the reaction occurs. Pd is known to be
a superior catalyst for hydrogenation reactions since it is able to easily facilitate the
rearrangements and transformation of the reactants. [37] Aside from functional group
reductions, Pd catalysis is most known for cross coupling reactions. This type of reaction

includes the Suzuki coupling, Heck reaction and Sonogashira coupling.

The usual forms of Pd catalysts used in the present time include both bulk and
nanostructured Pd. Most prominent type of bulk Pd catalysts are Pd black (elemental Pd(0)),
Pd/C (carbon-supported Pd) and the Lindlar catalyst (Pd in CaCO3; or BaSO, treated with
lead). [38] For Pd nanocatalysts, different morphologies have been reported but the most
common of which is the nanoparticle. Developing highly active, selective and stable catalysts
has been the focus of research involving Pd nanocatalysis. The motivation arises from the

observed improved characteristics of nanostructures over bulk materials. The enhanced



catalytic activity of nanostructures in general, can be credited to the size and shape of the
catalyst. The decrease in size increases the surface area of the catalyst. This basically means
that for the same amount of material, nano-sized materials have more active surfaces exposed
compared to larger materials. This high amount of surface atoms is the source of the
reactivity of nanocatalysts. The fraction of the atoms at the surface, called dispersion has
fewer neighbors compared to the atoms located internally. These surface atoms are less stable
than the internal atoms and are thus more reactive in an attempt to lower their energy and
achieve stability. [39] The shape of the material also has an influence on the reactivity since
corner and edge atoms have higher reactivity than surface atoms. [40] The high reactivity of
Pd nanocatalysts is connected with the alteration of the electronic band structure which
translates into an increase in the adsorption energy of the reactants and a decrease in the

dissociation barrier for the adsorbed species. [41]
1.3 The Electron Microscope (EM)

The electron microscope is the primary instrument used for the structural and
morphological characterization of nanomaterials. The EM uses accelerated electrons as the
illumination source whereas visible light for the conventional light microscope. This
difference provides the superiority of the EM in terms of resolution since electrons have
much shorter wavelengths than visible light. The relationship between wavelength and
resolution in microscopy is given by the Abbe equation [42]

(0.612)(1)

resolution =
NA

Where A is the wavelength and NA is the numerical aperture of the instrument. By using
shorter wavelength, the distance between two objects that can be resolved decreases. This

therefore translates into greater resolution.



1.3.1 Electron-Matter Interaction

The electrons used for illumination is produced from the electron gun and are
accelerated in an electric field towards the sample. Before reaching the specimen, the
electrons are focused into a beam using electromagnetic coils. The whole process is
conducted in a vacuum to avoid unnecessary scattering. An electron from this beam interacts
with the sample in different manners, from which different types of signals are generated.
Secondary electron (SE) signals are formed inelastic collisions between the electron beam
and the sample. [43] The primary electron (from the electron beam) collides with an electron
in the sample which in the process transfers kinetic energy into it. This results to the ejection
of the electron from the sample and this secondary electron is picked by the detector.
Secondary electrons possess sensitive topographical information about the sample which
makes them the method of choice for surface characterization. [44] This is because the
density of secondary electrons generated is concentrated at the surface of the specimen. The
primary exciting electron can also elastically collide with the specimen which forms
backscattered electrons (BSE). Little energy is loss when the primary electron interacts with
the nucleus of the specimen atom. This leads to scattering in all direction and hence it has no
useful topographical information. However, the degree of interaction of the primary electron
depends on the atomic number of the specimen. Therefore backscattered electrons carry
compositional information of the sample and are useful to differentiate the elements that are
contained in the specimen. Backscattered electrons that are collected by detectors are used to
produce Z-contrast images or dark field images. [45] Transmitted electrons (TE) are also
important sources of information for characterization. TE pass through the sample which
interacts with the internal composition of the material that forms the basis of the generated
image. [46] The sample however must be very thin in order for the electrons to pass through.

Regions of the sample which are denser would appear darker since fewer electrons will be

10



able to pass through. On the other hand, thin regions will appear lighter since more electrons
will be allowed to pass. This type of imaging is called bright field since the area surrounding
the sample appears very bright. The first two types of electron sources are used by the
Scanning Electron Microscope (SEM) whereas transmitted electrons are used by the
Transmission Electron Microscope (TEM). A combination of both microscopes called
Scanning Transmission Electron Microscope (STEM) is able to carry out numerous functions

based on the interactions described.

Electron microscopes are commonly coupled with and an additional detector to carry
out Energy Dispersive Spectroscopy (EDS). EDS is a valuable characterization method to
qualitatively and quantitatively analyze the composition of the sample. EDS is also rooted in
the interaction of the primary electron with the sample. The primary electron upon collision
with an inner shell electron of the sample will induce it to be ejected. This process leaves a
gap in the orbital. An electron from a higher energy state will then relax to fill in the gap of
the ejected electron. This relaxation gives rise to the emission of characteristic x-rays.
Therefore by examining the emitted x-ray, the elemental identity and amount can be

determined. [47]

11
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Figure 1-2. Simplified representation of the different types of signals that arise from the
interaction of the electron beam with the specimen.
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1.4 Circular Dichroism (CD) Spectroscopy

CD spectroscopy is an effective method to probe and determine the secondary
structures and conformations of biomolecules like peptides and proteins. This method
exploits the absorption disparity of chiral molecules towards circularly polarized light. [48]
CD spectrometers produce left circularly polarized light and right circularly polarized light. A
chiral molecule exhibits absorption preference towards circularly polarized light. The
difference between the absorption of both types of circularly polarized light is called circular
dichroism. Data from CD spectroscopic measurements can be broadly classified into two
types, namely circular dichroism and ellipticity. [49] As mentioned above, CD is the
difference in absorption between left and right circularly polarized light; and can be defined

as.

AA = A(LCP) — A(RCP)
By invoking Beer’s law, molar CD (Ag) is expressed as:

Ae = &(LCP) — e(RCP)

AA

Ae = ——
Yy

Where b is the cell path length and C is the analyte concentration. A variation of this unit
which is specifically used for proteins is the mean residue molar circular dichroism (AgéMR).
Here, circular dichroism is reported in terms of the amount of amino acid residues of the
protein instead of the absolute protein concentration. This is convenient in comparing

different proteins each possessing varying numbers of residues. It is calculated by:

protein concentration

mean residue concentration (MRC) = ,
number of residues

13



AA

MeMR = o

Circular dichroism can also be expressed in terms of ellipticity (0). Since CD arises from an
absorption preference for a type of circularly polarized light, elliptically polarized light
results. This is because the left and right circularly polarized light that passed through the

sample now has different amplitudes. The relationship between AA and 0 is expressed as

6
© 32982

AA

Although large biomolecules are made up of chiral molecules, relevant signals are obtained
due to the interaction of polarized light with the entire three-dimensional structure of the
biomolecule. Each type of secondary structure has a unique CD signal within the UV and
visible regions. These signatures are utilized in various ways such as identification of a
structural motif, monitoring the change in a particular structural motif as a function of other

parameters, and so on (Figure 1-3). [50]

14
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Figure 1-3. Representative CD spectra of peptides showing the typical spectral profile for the
different secondary structures. Adapted from [50] with permission. Copyright 2006 Nature
Publishing Group
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1.5 Aims

The presented study aims to evaluate the effect of precisely defining the spatial
orientation, arrangement and valency of the biomineralization peptide on the produced
nanostructures. Given the importance of palladium in numerous applications especially in
catalysis, biomineralization of palladium was chosen as the system to test the hypothesis that
defining the abovementioned parameters will have an effect on the structure and catalytic
activity of the biomineralization products. Similarly, the effect of buffer on the structure and
catalytic activity of the biomineralization products was also analyzed. The parameters
examined in this study, namely the topological property of the biomineralization peptide and
the type of buffer are very important factors related to biomineralization. Arrangement and
orientation are important features of natural materials. On the other hand, maintaining the pH
of the system through buffers is important every time peptides are involved. Therefore, this
study is expected to contribute to the deeper understanding of biomineralization as a method

to synthesize materials.
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2.0 Effects of the Buffer on the Structure and Catalytic Activity of Pd
Nanomaterials Formed by Biomineralization

2.1 Abstract

The effect of the buffer on the structure and catalytic activity of Pd nanostructures
obtained from biomineralization was evaluated. Significant structural differences attributed to
the buffer were observed. The Pd nanomaterials produced from unbuffered biomineralization
were severely aggregated in contrast to those formed in the presence of either Tris or HEPES.
Tris-buffered biomineralization produced dispersed particles whereas HEPES-buffered
biomineralization afforded large and linked particles. In addition, the Pd nanostructures
prepared in buffered solutions had enhanced catalytic activity in the reduction of
nitroaminophenol isomers. The enhancement in the catalytic activity can be possibly
attributed to the non-aggregated nature of the Pd nanomaterials formed from buffered
biomineralization. Our findings emphasize that the buffer selection is critical for
biomineralization. Moreover, these indicate that the buffer can be possibly used to control the
structure and activity of Pd nanomaterials which is a very simple and cost-effective way

compared with other methods.
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2.2 Introduction

Metal nanostructures have found increased interest in a wide variety of applications
especially in catalysis due to the improved performance over their bulk counterparts. [1]
Palladium nanostructures are highly sought after since Pd is known to catalyze diverse class
of reactions ranging from C-C bond formation to functional group reduction. [2] Various
methods are available to synthesize metallic nanostructures that include the use of polymer
templates, stabilizers and surfactants. [3] Among these methods, biomineralization is an
emerging technique of inorganic nanomaterial synthesis that relies on biomineralization
peptides (BMPep) for the regulation of the nanostructure. [4] Biomineralization has been
applied to form nanostructures of different metals such as Pd, Ag, Au, Ti, Pt, among others
by using various metal-specific BMPep. [5] However, the interplay among several factors
involved in biomineralization still remains largely unknown. Although it has been established
that the sequence of the BMPep affects the structure and catalytic activity of the resulting
nanomaterial, [6] the effect of other synthetic parameters on the biomineralized product has
not been thoroughly examined. Buffers are very important components of biomineralization
due to the sensitivity of the overall properties of the BMPep with the pH. Since several
buffers with different properties are available at identical pH ranges, we determined the effect
of buffer on the resulting palladium nanostructure produced through biomineralization. In this
study, a 12-resiude BMPep (TSNAVHPTLRHL-amide) was used to direct the formation of
Pd nanostructures. This BMPep, termed as Pd4, was discovered through a phage display
assay. [7] This sequence is well-studied and frequently utilized for Pd biomineralization.
However, previous studies that used this BMPep conducted biomineralization only in water.
[6-9] In addition, we also examined the effect of these buffer-related structural changes on

the catalytic activity of the Pd nanostructures. Analyzing how this parameter affects the
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properties of the biomineralized products is very important since biomineralization will be

better understood which can potentially lead to the formation of improved materials.
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2.3 Experimental Procedure

2.3.1 Chemicals. All Fmoc-protected amino acids and the rink amide resin used were
obtained from Novabiochem whereas the other reagents used in the peptide synthesis such as
HOBt, HBTU, piperidine, TFA and solvents were purchased from Watanabe Chem. Ind. Ltd.
NaBH, and Tris buffer were purchased from Nacalai-Tesque, K,PdCl,and HEPES were both
obtained from Sigma-Aldrich. All purchased reagents were used as received without further

purification. Milli-Q water was used throughout all experiments.

2.3.2 Peptide Synthesis and Characterization. The Pd4 BMPep (TSNAVHPTLRHL-
amide) was synthesized using an Applied Biosystems 433A automated peptide synthesizer
utilizing the standard Fmoc synthetic strategy on a rink amide resin. The cleaved peptide
obtained after treatment with Reagent K (9 mL trifluroacetic acid (TFA), 0.5 mL milli-Q, 0.5
mL phenol, 0.5 mL thioanisole and 0.25 mL of ethanedithiol) was purified using a Shimadzu
LC-6AD HPLC equipped with a 22 x 250 mm? Vydac C8 column with a binary gradient of
buffered MeCN/H,0O as the solvent system. The purified peptides were characterized using an

Applied Biosystems Voyager 4379 MALDI-TOF MS.

2.3.3 Biomineralization reaction. Biomineralization was conducted with a 40 UM BMPep in
Milli-Q water or 2.5 mM buffered solution at pH 7.4. Two buffers were used in this study, 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
tris(hydroxymethyl)aminomethane (Tris). A five-fold equivalence of K,PdCl, was then added
into the BMPep solution and after 45 minutes, a four-fold excess of NaBH, was added. After
90 minutes, the pH of the crude biomineralization solution was measured using a pH paper.
Reduction was quenched after 90 minutes through the 10-fold dilution of the solution with

water to destroy the excess reductant.
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2.3.4 Electron microscopy. Structural characterization was performed using a scanning
transmission electron microscope (Hitachi HD-2000) operating at an acceleration voltage of
200 kV. Samples for characterization were purified by centrifugation. The purified, re-

suspended materials were then placed on a carbon-coated copper grid.

2.3.5 UV-vis measurements. UV-vis spectra of the crude, diluted biomineralization products
were obtained using a Jasco V-630 spectrophotometer in a glass cuvette after background
subtraction.

2.3.6 Catalytic Reaction. The catalytic activity of the materials was determined using the
reduction of nitroaminophenol as the model reaction. The substrates used were the isomers 2-
amino-4-nitrophenol (Amax = 443 nm) and 4-amino-2-nitrophenol (Amax = 481 nm) in which
NaBH, serves as the reducing agent. In the absence of a metal catalyst, the reduction of the
substrates to 2,4-diaminophenol does not occur. The reaction is monitored by time-resolved
UV-vis measurements. In a typical experiment, 10 pL of a 5 mM substrate dissolved in
ethanol was added in an aqueous solution containing 10 mM of NaBH,. Upon the addition of
the Pd nanomaterials corresponding to 1 mol % Pd, UV-vis measurements were immediately

recorded in a glass cuvette.
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2.4 Results

2.4.1 Formation and characterization of the Pd nanostructures formed through

biomineralization in different buffers

Structural differences that can be attributed to the influence of the presence of a buffer
were clearly observed for the Pd4 biomineralization products. In the absence of any buffer,
disordered, aggregated particles were formed using the Pd4 BMPep (Fig. 2-1 A & B). The
average particle size was 27.2 £ 10 nm with a broad size distribution (Fig. 2-3A).The surface
of the materials was uneven and irregular (Fig. 2-2 A & B). On the other hand, conducting
biomineralization in a Tris-buffered medium yielded fused particles (Fig. 2-1 C & D). The
particle size distribution was narrow wherein the size was found to be 30.5 £ 4 nm (Fig. 2-
3B). The appearance of the particles is very different from the structures obtained under
unbuffered conditions. The particle surface depicts a smooth spherical characteristic (Fig. 2-2
C & D). For the HEPES-buffered biomineralization, large, spherical and fused particles were
formed (Fig. 2-1 E & F). The fused particles resembled solid chains which were 75.3 £ 9 nm
in size (Fig. 2-3C). The size distribution is not as narrow relative to the particles from Tris-
buffered biomineralization. The surface of the materials is smooth and even (Fig. 2-2 E & F).
These particles are very different from the structures obtained under the previous two
conditions with respect to size and shape. The UV-vis spectra of the Pd nanostructures from
buffered and unbuffered biomineralization (Fig. 2-4) exhibited the typical spectra for nano-
sized Pd, as expected. The continuous absorption along the visible and near-UV regions

coincides with the calculated spectrum of Pd nanostructures using the Mie theory. [10]
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Figure 2-1. BF-STEM images of Pd nanostructures produced using the Pd4 BMPep. A,B) No
Buffer; C,D) Tris; E,F) HEPES

28



Figure 2-2. SE-STEM images of Pd nanostructures produced using the Pd4 BMPep. A,B) No
Buffer; C,D) Tris; E,F) HEPES
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Figure 2-4. UV-vis spectra of the Pd nanostructures obtained from biomineralization using
the Pd4 BMPep. Solid line = No Buffer; dotted line = Tris; dashed line = HEPES
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2.4.2 Catalytic activity of the Pd nanomaterials formed from biomineralization under

different buffer conditions.

Since the nanostructures obtained in the presence of buffer had varying shapes and
sizes, it can be thus expected that differences in activity will be observed. The catalytic
activity of the materials was determined using the reduction of nitroaminophenol as the
model reaction (Scheme 2-1). The Pd nanomaterials prepared under the buffered conditions
exhibited higher turnover frequency (TOF) compared to the materials prepared under the

unbuffered condition (Fig. 2-5).
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OH 1 mol % Pd OH
NH2 NaBH4 NH2
=
H,0, 25°C
NO, NH,
OH OH
NO 1 mol % Pd
2 NaBH, NH,
=
H,0, 25 °C
NH, NH,

Scheme 2-1. Reduction of the nitroaminophenol substrates used for the catalytic activity
determination.
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Figure 2-5. Turnover frequency of the Pd nanostructures formed from biomineralization
using the Pd4 BMPep. Reaction is the reduction of nitroaminophenol isomers. [Substrate] =
50 UM, [Pd] = 1 mol %, [NaBH.] = 10 mM, 25°C, triplicate analyses. Solid fill= No Buffer;
diagonal striped pattern= Tris; dotted pattern = HEPES
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2.5 Discussion

The observed different Pd nanostructure indicate that the presence of the buffers
influenced peptide-mediated Pd biomineralization. HEPES and Tris were used since these are
very common buffers which are often used in biological experiments. Their respective
buffering range overlaps and their chemical structures are different from one another. In
addition, pH 7.4 was chosen since the phage display screening for the Pd4 BMPep was
conducted at around neutral pH. [9] It is reported that the Pd4 BMPep produce Pd
nanostructures through a capping mechanism. [8] The interaction of peptides with metals is
pH dependent. This is due to the dependence of the protonation states of the side chains
which can also affect peptide conformations. [11] Hence, a fluctuating environment pH can
lead to a non-uniform binding of the BMPep onto the growing nanostructure surface. Under
the unbuffered condition, the pH of the solution dropped to approximately 4 upon the
dissolution of the BMPep. After biomineralization, the pH changed to 3. This explains the
random and aggregated appearance of the nanostructures produced from unbuffered
biomineralization, in addition to the very broad size distribution. Under buffered conditions,
the pH of the system is maintained all throughout biomineralization or changes are
minimized. The pH of the biomineralization solution after 90 minutes of reduction was
maintained at around 7 in both of the buffered media. This leads to a more uniform
adsorption behavior of the BMPep towards the growing material. The buffer can also
participate in the stabilization of the nanoparticle. This is possible through the three hydroxyl
moieties and a primary amine of Tris which can bind to the surface of Pd (Fig. 2-6A). [12] In
addition to a hydroxyl group, HEPES also has a sulfonic acid moiety which can bind with
metal surfaces like Pd (Fig. 2-6B). [13-15] The variation in the nanostructure produced under
different buffer conditions possibly emanates from the difference in the pH of the system as

well as in the structure, number and type of binding groups of the buffer. In addition, the
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bound buffer on the particle surface can influence the binding behavior of the BMPep on the
growing particle. [16] It can be thus expected that the Pd4 binding is different between the
two types of buffers used. Taken together, the results indicate that maintaining the pH during
biomineralization is critical. In addition, the data suggests that using different types of buffer
can yield biomineralization products with varying structures. Therefore buffer selection is

also very important for biomineralization.
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Figure 2-6. Chemical structures of A) Tris and B) HEPES buffers. Gray = carbon, red =
oxygen, purple = nitrogen, yellow = sulfur. Hydrogen atoms were explicitly removed for
clarity.
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The materials prepared from unbuffered biomineralization were the least active since the
structure is mainly aggregated. Aggregation leads to catalyst deactivation since less amount
of active surface is exposed and available for reaction. [17] The high reactivity of the
nanoparticles from Tris-buffered biomineralization for both substrates can be accounted for
their size. Smaller particles have higher surface area compared with larger particles. The
surface, corner and edge areas of the nanoparticles are the reactive sites. [18] Therefore if a
particle has a higher surface area, more of these sites are exposed which translates into higher
activity. Such is the reason why the nanoparticles from HEPES-buffered biomineralization
are more active than the aggregated materials from unbuffered biomineralization but less
active than the materials derived under Tris conditions. All of the nanomaterials exhibited
slight preference towards 4-amino-2-nitrophenol on the basis of higher TOF for this substrate.
It is reasonable to assume that the binding of 4-amino-2-nitrophenol onto the catalyst surface
is more favored over 2-amino-4-nitrophenol. Such an assumption is plausible since the
reduction of nitroarenes follows an adsorption-reaction-desorption mechanism. [19] The nitro
moiety must be adsorbed onto the catalyst surface after which the reaction takes place. Upon
reduction, the product desorbs from the surface. The collective catalytic data indicate that the
buffer-related structural differences of the biomineralization products are significant enou gh
to affect their catalytic activity as well. Our results demonstrate that the buffer type can be
used as a tunable parameter in order to modulate the structure and catalytic activity of the
nanomaterials produced through biomineralization. This step is very simple and easy to carry
out. For Pd4 BMPep-mediated biomineralization, catalytic enhancement was observed when
amino acid residue substitutions were done. [6,9] Performing biomineralization in buffered
solutions is far easier and more cost-effective than synthesizing different Pd4 BMPep analogs.

Further studies are still however required to fully elucidate the precise mechanism behind the
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effect of the buffer on palladium biomineralization, as well as how the differences on

nanostructure and the buffer type influence the catalytic properties.
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3.0 Formation of 3D Pd Nanostructure by Biomineralization Using an Oligomerized

Peptide as the Control Element

3.1. Abstract

The functional dependence of materials to their structure has led to the development
of methods with the aim of attaining structural control. One of the most promising methods is
biomineralization wherein the peptide aids the formation of mineralized structures. This
chapter reports the effects on the formed palladium nanostructures through a designed
biomineralization peptide capable of simultaneously supporting palladium growth and
forming spatially-fixed oligomers. The designed peptide consists of the Pd-specific sequence
(Pd4) and the p53 tetramerization domain (p53Tet). The tetrameric assembly of p53Tet was
exploited in order to direct the topology and valency of the Pd4 BMPep. The effect of a
topologically assigned BMPep with a fixed valency is evident from the 3D coral-like
structures and in the unique tetrahedral orientation of the filaments. These structural

observations reflect the critical role assumed by the p53Tet in forming 3D nanostructures.
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3.2. Introduction

Hierarchy and organization are hallmarks of natural materials. The outstanding
properties of precisely engineered natural materials are attributed to their specialized
hierarchical structures [1]. For example, the high mechanical stability of nacre is the direct
result of its precisely oriented structure with alternating layers [2]. Hence, an important point
in biomimetic approaches of nanomaterial synthesis is the three-dimensional assembly of the
biomolecular framework which greatly influences mineralization as well as the properties of
the material. [3] As a consequence, precisely controlling the assembly properties of
biomineralization peptides have been an important strategy in order to prepare materials with
remarkable properties. Here, this chapter describes the design and synthesis of a BMPep that
can simultaneously support the growth of palladium as well as precisely assemble into a well-
defined three-dimensional framework; wherein the spatial orientation and arrangement are
specifically assigned. The strategy involves the fusion of a BMPep to a three-dimensional
(3D) control peptide. Porous, hierarchical architecture characterized as coral-like materials
were obtained using our designed peptide. The described method overcomes the deficiency of
other fusion BMPep hybrids that cannot assign the spatial orientation and arrangement of the
BMPep as well as specifying its valency. [4] For example, a portion of the silk protein was
recently used to enhance the self-assembly of the attached BMPep. However, the relative
arrangement of the BMPep as well as its proportion in the protein assembly was not
identified. [5] Organic molecules like biphenyl [6] have also been attached to BMPeps.
However, the structures yielded through these methods have been primarily limited to
nanoparticles. Hence, fusion BMPep that can exactly direct the topological properties and
valency of the BMPep while creating unusual 3D nanostructures is very scarce. In principle,

this method can be applied to other metals by simply changing the metal-binding specificity
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of the conjugated BMPep. Our method will therefore further widen and broaden the scope of

biomineralization as a tool for nanomaterial synthesis.
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3.3 Experimental Procedure

3.3.1 Chemicals. All Fmoc-protected amino acids and the rink amide resin used were
obtained from Novabiochem whereas the other reagents used in the peptide synthesis such as
HOBt, HBTU, piperidine, TFA and solvents were purchased from Watanabe Chem. Ind. Ltd.
NaBH, was purchased from Nacalai-Tesque, K,PdCl, and HEPES were both obtained from
Sigma-Aldrich. 2,2’-furildioxime was sourced from Wako Pure Chemical Industries, Ltd. All
purchased reagents were used as received without further purification. Milli-Q water was

used throughout all experiments.

3.3.2 Peptide Synthesis and Characterization. The peptides (Table 3-1) were synthesized,
purified and characterized as described in the previous chapter. The concentrations of the
purified Pd4 conjugated variants and the p53Tet were determined by absorption
measurements at 280 nm corresponding to the absorptivity of a single tyrosine residue (¢ =
1280 Mecm™) in a denaturing solution composed of 25 mM sodium phosphate (pH 6.5) and
7.5 M GuHCI. Due to the absence of a highly absorbing chromophore in the Pd4 peptide, its
concentration was determined by mass. Circular dichroism spectra were obtained on a Jasco
J-805S spectropolarimeter using a 1 mm quartz cuvette at room temperature. Purified
peptides were dissolved at a final concentration of 10 UM in 50 mM phosphate buffer with a
pH of 7.4. The secondary structural proportions were calculated using the software SSE-
338W. For gel filtration chromatography, a GE Superdex 75 PC 3.2/30 (3.2 mm x 300 mm)
column was used. The column temperature was maintained at 25°C. Separately, 25 pL of
100 puM Pd4-p53Tet and Pd4-p53Mono peptides in 50 mM phosphate buffer with 150 mM
NaCl (pH 7.4) were injected. The samples were eluted using the same buffer composition in

which the peptides were dissolved with a flow rate of 0.1 mL / minute.
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3.3.3 Biomineralization reaction. The peptides were dissolved into a 2.5 mM HEPES-
NaOH buffered solution with a pH of 7.4 at a final concentration of 40 uM. Into the solution,
a five-fold equivalence of 50 mM K,PdCl, stock solution was added and the resulting peptide
— Pd* solution was incubated for 45 minutes. After this incubation period, an excess of
freshly prepared 100 mM NaBH, was added (800 uM). After the introduction of the NaBHy,,
the solution color transitioned from yellow to gray. The reduction was allowed to proceed for
90 minutes. Purification of the biomineralization product involved centrifugation at 15000
rpm for 20 minutes wherein the pellet was resuspended in 1 mL of milli-Q water. The

homogenous solution was then subjected to electron microscopic analysis.

3.3.4 Electron microscopy. Sample preparation for electron microscopy involved the
introduction of 4puL of the purified, re-suspended samples onto a 100 um copper pitch grid
coated with a thin layer of carbon. The prepared copper grids were air and vacuum dried.
STEM images, elemental analyses and ion maps were obtained using a Hitachi HD-2000
operating at 200 kV equipped with an EDAX Genesis energy dispersive X-ray. High
resolution TEM images and selected area diffraction patterns were obtained using a JEOL

JEM-2100F TEM.
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Table 3-1. Sequence of synthesized peptides

Peptide Sequence

Pd4 TSNAVHPTLRHL-amide
Pd4-p53Tet TSNAVHPTLRHLGGDGEYFTLQIRGRERFEMFRELNEALELKDAQAGKE-amide
Pd4-p53Mono TSNAVHPTLRHLGGDGEYFTAQARGRERFEMFREANEALELKDAQAGKE-amide
pS3Tet DGEYFTLQIRGRERFEMFRELNEALELKDAQAGKE-amide
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3.4 Results

3.4.1 Peptide design and structure analysis

The designed peptide, Pd4-p53Tet is composed of the Pd4 BMPep that was
conjugated to the N-termini of the tetramerization domain of the tumor suppressor p53
protein. The Pd4 peptide was discovered through phage display and is specific towards Pd
[7]. The p53 tetramerization domain (p53Tet) on the other hand, is one of the five domains
of the tumor suppressor p53 protein. The p53Tet is located at the C-terminal region and each
monomer within the tetrameric assembly contains a -strand (residues 326-333), a tight turn
(residue 334), and an a-helix (residue 335-356). Two dimers are formed through the
formation of a joint antiparallel B-sheet between monomers, and the two primary dimers
tetramerize through hydrophobic interactions of the helices in a four-helix bundle. [8] The
tetramer was chosen as the 3D control element since the position of its four N-termini is
reminiscent of the vertices of the tetrahedron which is the simplest three-dimensional object
(Figure 3-1). By utilizing a tetrahedral scaffold, the orientation of the metal binding peptide
will have adequate space and the likelihood of each Pd4 BMPep clashing and interacting with
each other will be minimized while maintaining a three-dimensional geometry. As a control,
the Pd4 BMPep was similarly conjugated to a variant of p53Tet that cannot oligomerize. This
monomeric variant of the p53Tet (p53Mono) consists of three alanine substitutions (L330A,
I1332A and L344A). [9] Other control peptides used include both the native Pd4 and p53Tet

sequences.

The CD spectra of the synthesized peptides are shown in Figure 3-2. The Pd4-p53Tet
had a similar spectral profile with p53Tet wherein the distribution of their respective
secondary structures was predominantly composed of a-helix and B-sheet as what have been

expected. This indicates that the Pd4-p53Tet successfully formed tetramers in reference to the
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spectrum of the p53Tet. The Pd4 peptide by virtue of its relatively short sequence primarily
adopted a random coiled structure. Similarly, the Pd4-p53Mono peptide exhibited a random
coiled structure indicating that the alanine substitutions at key residues inhibited the peptide
from oligomerizing. The difference between the gel filtration chromatograms of Pd4-p53Tet
and Pd4-p53Mono confirms this since smaller peptides have longer retention times over large

peptide oligomers (Figure 3-3).
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p53 Tetramerization Domain
as 3D element

BMPep-p53Tet

Pd4-p53Tet

TSNAVHPTLRHL-GG-DGEYFTLQIRGRERFEMFRELNEALELKDAQAGKE
Pd4 p53 Tetramerization Domain (324-358)

Figure 3-1. Design strategy of a fusion biomineralization peptide with a highly defined three
dimensional orientation. The fusion peptide is composed of a BMPe congu%ated with a 3D
element. The BMPep used is the Pd pept(ljde and the 3D element is the p53tetramerization

omain.
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Table 3-2. Calculated distribution of the secondary structures of the different peptides based
on their circular dichroism (CD) spectra

Peptide a-helix  B-sheet Turn Random
Pd4 0 32.1 16.7 51.2
Pd4-p53Tet 36.9 31.7 2.7 28.7
p53Tet 38.8 28.0 6.7 26.5
Pd4-p53Mono 0 34.8 11.8 53.3
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Figure 3-3. Gel filtration chromatogram of Pd4-p53Tet (Blue) and Pd4-p53Mono (Red). The
longer retention time of Pd4-p53Mono compared to Pd4-p53Tet confirms that the monomeric
variant is incapable of forming tetramers.
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3.4.2 Palladium nanostructure synthesis and characterization

The Pd4-p53Tet facilitated the formation of hierarchical and coral-like Pd structures
with dimensions such as filament thickness and pore diameters in the nano order. These
nanostructures are porous which arises from the network of branched filaments (Figure 3-
4A). The absence of lattice lines from TEM images and the halo-like SAED patterns taken at
multiple areas indicate that the structures are amorphous (Figure 3-4B). Elemental mapping
through EDX (Figure 3-5) confirmed that the structures are made up of Pd. The observed
carbon, nitrogen and oxygen signals can be attributed to the incorporation of the peptide with
the Pd nanostructures. Moreover, higher resolution analysis using a spot size of 5 nm indicate
that both Pd and the peptide are present even at very small areas of the nanocorals (Figure 3-
6) It was also often observed that the Pd4-p53Tet derived nanostructures had several
filaments at the pore junction oriented in a tetrahedral orientation (Figure 3.4C-D).
Comparative structural analysis (Figure 3.7, Table 3-3) was conducted using the native Pd4
sequence, the Pd4-p53Mono, the p53Tet and peptide-free conditions. The negative control
yielded aggregated particles. The Pd4 peptide in itself produced uniformly sized and shaped
globular aggregates of nanostructured Pd that resembled solid chains. This was in contrast to
the irregularly shaped and sized Pd nanoparticles obtained from the p53Tet which were
dispersed. Finally, a porous thin film was observed when the Pd4-p53Mono was used as the
template. The material produced from the Pd4-p53Mono peptide, which is incapable of

assembling into tetramers lack a well-defined and distinct 3D structure.
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Figure 3-4. Representative electron microscopy images of the coral-like Pd structures
derived from the Pd4-p53Tet peptide. A) SE-STEM image showing the porous nature of the
Pd strucutres which emanates from the branched network of filaments. B) HRTEM image
focusing on a section of the filament which shows the absence of lattice lines. Inset is the
SAED FFT pattern confirming its amorphous nature. C-D) STEM images showing the
tetrahedral orientation of the filaments at different angles.
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Figure 3-5. EDX elemental mapping of Pd nanocorals from Pd4-p53Tet. From top left
clockwise: BF-STEM image of Pd nanocorals, Pd map from L line, N map from K line and C
map from K line.
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Figure 3-6. EDX spectrum obtained from high-resolution spot measurement using a spot size
of 5 nm. Inset picture shows the area of the measurement pointed by the arrow.
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Figure 3-7. BF-STEM images of the Pd nanostructures prepared using peptide sequences A)
No peptide, B) Pd4, C) p53Tet, D) Pd4-p53Mono.
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Table 3-3. Descriptive summary of the Pd nanostructures produced under different conditions

Pd nanostructures Size and shape

Porous, coral-like with 3D network

Pd4-p53Tet (Filament thickness =104 + 21 nm)

Fused, globular particles

Pa4 (Particle diameter =75.3 = 9 nm)

Network of thin filaments

Pa4-p53Mono (Filament thickness =28.5 + 10 nm)

Severely aggregated small particles

No Peptide (Particle diameter =2.86 + 0.62 nm)

Irregularly shaped and sized dispersed
p53Tet particles
(Particle diameter =14.4 + 9 nm)
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3.5 Discussion

The presented method shows the simultaneous control over the spatial orientation,
arrangement and valency of the BMPep during biomineralization. This assignment of the Pd4
BMPep was achieved through its conjugation with the p53Tet. The faster retention time of
Pd4-p53Tet over Pd4-p53Mono in gel filtration chromatography indicates that the designed
fusion peptide successfully formed stable tetramers. The designed fusion peptide, Pd4-p53Tet
aided the formation of a hierarchical 3D porous material characterized by frequent branching.
This porous characteristic is different from the common spherical nanostructure obtained
from other biomimetic methods. [10]. Moreover, the nanocorals were also very different from
the linearly arranged Pd nanoparticles formed using other BMPep in terms of the structure,
size and shape. [11] Furthermore, the 3D branched morphology of the nanocorals was
different from the nanostructures obtained from other reported fusion BMPep. To name a few
examples, Au nanoparticle double helices were formed when dodecanoic acid was used as the
control element in which the Au BMPep was attached. [12] Spherical and rod-like
morphologies of Ag were formed when different silk protein sequences were conjugated to
Ag BMPep. [13] When a variant of the cowpea virus was used as the control element for Au
BMPep, spherical arrangement of Au nanoparticles resembling the shape of the capsid of the
virus was observed. [14] The recurring geometric occurrence wherein several filaments were
tetra-directional and oriented in a tetrahedral fashion is a consequence of the controlled
oligomerization through the p53Tet. The tetrahedral arrangement stems from the spatially-
fixed N-termini of the p53Tet from which the Pd4 was conjugated thus validating the
rationale for the design of the Pd4-p53Tet. The Pd4-p53Tet peptide effectively acted as a
scaffold wherein it was distributed all throughout the coral-like Pd nanostructures. Its

presence and wide distribution on the materials explain the amorphous nature of the Pd
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structures. The Pd4-p53Tet attaches with the surface of the material rendering the Pd atoms

unable to reorganize into ordered crystalline structure. [15]

The comparative analyses reveal that the coral-like appearance, in addition to the
tetrahedral spatial arrangement of the filaments, are exclusively observed for the designed
Pd4-p53Tet peptide. These results reflect the effect of simultaneously assigning the spatial
orientation, arrangement and proportion of the BMPep on the structure of the material. Pd4-
p53Tet facilitates nanocoral formation through the combined action of both peptide segments
within the Pd4-p53Tet fusion. Moreover, the nanocoral formation follows a multi-step
process. Additional experiment revealed that the 45 minute-incubation period of the peptide
with Pd ions prior to reduction is necessary to obtain the 3D porous structure. When the
incubation period was omitted and reduction was immediately done, flat structures with
visibly less porosity were formed (Figure 3-10). This suggests that hierarchical nanostructure
formation does not proceed spontaneously and involves multiples steps. The pre-reduction
incubation period may be necessary in order for the Pd4-p53Tet to properly assemble.
Therefore, it is highly plausible that the Pd nanocoral formation with Pd4-p53Tet proceeds
through the following stages (Figure 3-11). The Pd4-p53Tet monomers assemble into a
tetramer followed by nanostructure growth at the four Pd4 domains that are spatially-fixed

and continues to grow until it is terminated by the linking together of similar units.
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Figure 3-10. SE-STEM (left) and BF-STEM (right) images of Pd nanostructures from Pd4-
p53Tet after omitting the pre-reduction incubation period. This control experiment suggests
that the formation of the porous, coral-like materials involves a step-wise process
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Peptide-Pd
Assembly

Monomer Tetramer Pd Nanocorals

Figure 3-11. Proposed model of Pd nanocoral formation with Pd4-p53Tet. Starting from the
monomer of Pd4-p53Tet, the four monomers tetramerize. The spatially-fixed orientation of
Pd4 leads to an oriented assembly of growing Pd nanoparticles. Continuous accumulation of
Pd at the four sites results to crowding which forces nanostructure growth into tetrahedral
directions. Further assembly of similar units yields the hierarchical nanocorals.
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4.0 Effects of the Biomineralization Peptide Topology on the Catalytic Activity of Pd

Nanomaterials

4.1. Abstract

The effects of the biomineralization peptide topology and valency on the catalytic
activity of Pd nanomaterials are herein examined. The Pd nanocorals obtained by using the
previously designed fusion peptide (Pd4-p53Tet) whose topological arrangement and valency
are assigned were used as catalysts for the reduction of nitrophenol. The Pd nanocorals
exhibited excellent catalytic activity towards this reaction which suggests that designing
materials with highly-defined 3D character could potentially lead to high-performance
materials. The 3D properties of the material depend on the 3D properties of the
biomineralization peptide. Therefore, assigning the biomineralization peptide topology and

valency is a viable approach towards the formation of efficient catalysts.
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4.2. Introduction

The advantages achieved in using biomineralization as a synthetic route towards
inorganic nanomaterial synthesis have initiated efforts to understand this matter deeper.
Recently, attempts to elucidate the different factors that govern biomineralization have
been carried out. From these reports, it has been shown that the BMPep structure, [1]
BMPep sequence, [2] nature of BMPep binding onto the material surface, [3] BMPep-
metal equivalence, [4] buffer type [5] and amount of reductant [6] can affect the structure
and catalytic activity of nanomaterials formed from biomineralization. It has also been
reported that the structure of the BMPep acting as a scaffold can also affect the
nanostructure and catalytic activity of the biomineralization products. [7] Therefore, if
the spatial orientation, arrangement and valency of the BMPep can be simultaneously
defined, this may have a tremendous impact not only on the resulting nanostructure but
also with the catalytic performance of the materials. In the previous chapter, a fusion
biomineralization peptide whose valency and topological arrangement are well-defined
have been presented. Through this designed fusion peptide, coral-like, branched and 3D
porous Pd nanostructure were formed. In this chapter, the catalytic activity of the Pd
nanocorals is evaluated. This is done in order to examine the effects of defining the
topological properties and valency of the BMPep on the catalytic activity of Pd

nanomaterials.
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4.3. Experimental Procedure

4.3.1. Chemicals. 4-nitrophenol was purchased from Nacalai-Tesque; 2,2’-furildioxime
was sourced from Wako Pure Chemical Industries, Ltd.; 2-nitrophenol and 3-nitrophenol
were obtained from Tokyo Chemical Industry, Co. Ltd. All purchased reagents were
used as received without further purification. Milli-Q water was used throughout all

experiments.

4.3.2. Biomineralization reaction. The Pd nanomaterials which will serve as catalysts

were prepared in a similar manner as what have been descried in the previous chapter.

4.3.3. Catalytic reaction. The palladium content of the Pd4-p53Tet-based materials and the
nanoparticles obtained from peptide free conditions was determined spectrophotometrically
with the aid of 2,2’-furildioxime as the complexing ligand [8]. In a typical procedure, 0.1 mL
of purified material was dissolved in concentrated HCI. The resulting solution was
evaporated after which the Pd ions were complexed with 5 mM of the ligand in an acidic
environment. The resulting complex was bright yellow and its absorbance was immediately
measured at 425 nm. From a standard curve, the palladium content of the materials was

determined.

For the reduction of the nitrophenol isomers, 10 uL of 5 mM nitrophenol was
added to an excess of NaBH, to give a final concentration of 100 mM (200 fold excess).
Subsequently, the necessary amount of the purified Pd material to give a final
concentration of 0.42 uM Pd (0.8 mol %) was added to the solution. The progress of the
reaction was monitored by UV-vis for 5 minutes with measurements taken every second
(4-nitrophenol Amax = 398 nm; 3-nitrophenol Amax = 391 nm; 2-nitrophenol Amax = = 414

nm) . From the absorbance readings, the pseudo-first order rate constants were calculated
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as well as the turnover frequency for each reaction. All quantitative analyses were

conducted in triplicate.

4.4. Results

4.4.1. Catalytic activity of Pd4-p53Tet Pd nanocorals

The catalytic performance of Pd4-p53Tet Pd nanocorals was assessed using the
reduction of nitrophenol to aminophenol as the model reaction (Scheme 4-1). This reaction is
ideal to probe the catalytic properties of materials since the reactants must be adsorbed onto
the material surface in order for the reaction to proceed. In addition, this reaction can be
easily monitored by the progression of color loss. In this reaction, NaBH,4 serves as the
reducing agent in order for the reduction to proceed. All the nitro substrates yielded colored
solutions in the presence of NaBH,, whereas their corresponding amino products are
colorless. In the absence of a metal catalyst, the reduction of the nitro moiety does not occur.
In contrast, the color of the solution diminishes immediately upon the introduction of a metal
catalyst. The large excess amount of NaBH, used justifies the pseudo-first order assumption
since the change in its concentration is negligible. Thus, the integrated rate law (InC; = -kt +
InCo) for a first order reaction was applied in order to determine the rate constant for the
reduction. The rate constant corresponds to the slope of the graph in which InC; was plotted
as a function of time. The nanocorals exhibited high catalytic efficiency on the basis of the
higher turnover frequency (TOF) for the three different substrates compared from other
reports in literature. [9-11] The Pd4-p53Tet nanocorals possessed much higher activity than
the materials from Pd4, Pd4-p53Mono and no peptide materials with respect to the TOF and
rate constants (Figure 4-2, Figure 4-3, Table 4-1). On the other hand, the materials derived

from p53Tet had similarly competitive catalytic activity with the Pd4-p53Tet nanocorals.
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Scheme 4-1. Reduction of the nitrophenol isomers into the corresponding aminophenol

products.

70



100

90 4 A
80 1
g 70 1
£ 60 + S
.ﬁ 50 .
[
2 40 -
8
S 30 -
20 1
10 4
o - T T T T T 1
0 50 100 150 200 250 300
Time (Seconds)
100 -
20 {B
80 - /—/
g 70 +
5 60 -
-ﬁ 50 -
[
2 a0 -
8
S 30 |
20 -
10 -
0 T T T T T T 1
0 50 100 150 200 250 300
Time (Seconds)
100 -
90 {C
80
g 70
5 60
& 50
4
2 40
8
S 30 -
20 -
10 -
0 T T

T T T 1
0 50 100 150 200 250 300

Time (Seconds)

Figure 4-1. Time course reduction of nitrophenol isomers (Triplicate analyses, continuous
measurement, 1 second interval). A) 2 — nitrophenol, B) 3- nitrophenol, C) 4-nitrophenol.
Green = Pd4-p53Tet Pd nanocorals, Red = No Peptide Pd nanoparticles, Blue = Pd4 Pd
nanoparticles, Purple = p53Tet Pd nanostructures, Orange = Pd4-p53Mono Pd nanostructures
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Figure 4.2. Turnover frequency (TOF) comparison among the different Pd nanomaterials
prepared by biomineralization under different conditions. Green = Pd4-p53Tet Pd nanocorals,
Red = No Peptide Pd nanoparticles, Blue = Pd4 Pd nanoparticles, Purple = p53Tet Pd
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Figure 4.3. Pseudo-first order rate constant comparison among the different Pd nanomaterials
prepared by biomineralization under different conditions. Green = Pd4-p53Tet Pd nanocorals,
Red = No Peptide Pd nanoparticles, Blue = Pd4 Pd nanoparticles, Purple = p53Tet Pd
nanostructures, Orange = Pd4-p53Mono Pd nanostructures
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Table 4-1. Shape, size and catalytic data of the Pd nanomaterials formed from different
BMPep for the reduction of nitrophenol isomers.

Turnover Frequency (h™)
(Pseudo-first order rate constants (k, x10 s))

Shape and size 2-nitrophenol 3-nitrophenol 4-nitrophenol
Porous, coral-like with 3D network 2390 + 440 6650 + 300 6510 + 300

Pd4-p53Tet (Filament thickness =104 + 21 nm) (3.10 £ 0.20) (9.37 £0.74) (8.63 = 0.06)
Fused, globular particles 600 + 10 5640 + 290 3150 £ 90

Pd4 (Particle diameter =75.3 + 9 nm) (2.70 £ 0.10) (6.53 £ 0.50) (2.7£0)

Network of thin filaments 1580 + 120 2740 £ 270 3020 £ 60

Pd4-p53Mono  (Filament thickness =28.5 £ 10 nm) (2.4 £0.10) (6.83 £ 0.45) (4.13+£0.12)
Severely aggregated small particles 1660 + 100 2930 + 410 4170 £ 460
(Particle diameter =2.86 + 0.62 nm) 1.97 +0.06 4.07 +0.85 4.23+0.21

No Peptide ( ) ( ) ( )

Irregularly shaped and sized
p53Tet dispersed particles 2500 + 120 7100 + 240 4990 £ 130

(Particle diameter =14.4 + 9 nm) (3.83 £0.06) (7.30 £0.10) (7.13 £0.06)

Average size was determined from a minimum of 100 measurements. Numbers in parenthesis correspond to the pseudo-first
order rate constants. Numbers above the rate constants are the TOF. Conditions: [Substrate] =50 uM, [Pd] =0.8 mol%,
[NaBH,] =10 mM, 25°C, triplicate analyses.
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4.5. Discussion

The excellent catalytic performance of the Pd nanocorals, characterized by
competitive TOF and rate constant values can be attributed to the unique 3D branched
structure. The structure of the Pd nanocorals is defined by a high degree of filament cross-
links in different directions. The turnover frequency is an important descriptor of catalyst
efficiency. It is defined as the number of reaction cycles the catalyst can facilitate before
deactivation happens at a given period of time. [12] On the other hand, the rate constant
provides an idea to how fast the reaction proceeds in the presence of a catalyst. Thus, it can
be seen that the Pd nanocorals are efficient and active catalysts. The 3D structure of the
materials can influence catalyst reactivity. [4] On the other hand, the structures from Pd4 and
Pd4-p53Mono share the linked morphological feature with the nanocorals but obviously had
less 3D character. Comparing the activities of the materials from Pd4-bearing sequence
suggests that increasing the 3D character of the material can lead to the formation of catalysts
that are capable to greatly accelerate the reaction as well as facilitate reactant turnover. The
nanoparticles from peptide-free conditions showed low activity, both in terms of TOF and
rate constants. This is most likely due to the aggregation of the particles. In contrast were the
p53Tet-derived materials which had high catalytic activity. The high activity can be
attributed to the small and dispersed nature of the particles which commonly result to
favorable catalytic properties such as alteration of the electronic properties, high surface area,
among others. [13] Comparing the activities of Pd4-p53Tet and p53Tet raises an interesting
observation. The nanocorals were very active despite their larger size. This strongly suggests
that the materials with a highly defined 3D structure could give rise to the formation of
excellent catalysts. Assigning the topological properties of the BMPep therefore affects not
only the nanostructure but the catalytic properties as well. This highlights the importance of

specifying the 3D property of the template since the 3D structure of the material depends on
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it, which influences the catalytic activity. This information expands the knowledge on other
known factors that can influence the nanostructure and the catalytic properties of
nanocatalysts formed from biomineralization such as the BMPep sequence, [2] nature of the
BMPep adsorbed on to the nanomaterial surface, [3] metal salt equivalence, [4] and presence

of a buffer [5] among others.
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5.0 Conclusion

In conclusion, the work presented systematically analyzed the effects of two different
parameters on the structure and catalytic activity of Pd nanomaterials formed from
biomineralization. This study has successfully achieved precise control over the spatial
orientation, arrangement and valency of the BMPep. This was done through an elegant
technique of using a self-oligomerizing peptide as the 3D control element from which the
BMPep was conjugated to. As a proof of concept, the p53Tet was used as the 3D control
element which resulted to a tetrahedral orientation of the Pd4 BMPep within the tetrameric
assembly. By using this designed fusion peptide, highly branched, porous and coral-like Pd
nanostructures were produced which exhibited high catalytic activity. The high catalytic
activity of the Pd nanocorals, despite having a large size can be attributed to the well-defined
3D character. Having the ability to control the spatial and order of the BMPep at this level of
precision represents an important advancement given that hierarchy and order and the
hallmarks of nature-made materials. In addition, the study has expanded the knowledge
regarding the factors that affect the nanostructure and catalytic activity of materials formed
from biomineralization, such as the BMPep sequence and metal stoichiometry. The
developed method also exhibits both generality and versatility since other BMPep may be
similarly conjugated with the p53Tet thus providing a very flexible method for

biomineralization control that can be fine-tuned by choosing a specific BMPep.

This study has further shown that maintaining the pH and the presence of a buffer
have significant effects on the structure and morphology of the Pd biomineralization
products. In turn these structural variations influence the catalytic activity of the materials.
Therefore, buffer selection is critical for Pd biomineralization and should be considered
carefully. Through this, a facile and cost-effective method of enhancing the catalytic activity

of Pd nanomaterials formed from biomineralization has been brought forward. Conducting
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biomineralization in buffered medium is far easier and simpler compared with other means of

enhancing the performance of Pd nanomaterials.

By and large, the study has expanded the knowledge regarding the factors that affect
the nanostructure and catalytic activity of materials formed from biomineralization.
Moreover, this study has aided in the deeper understanding of biomineralization by providing
new and concrete insights regarding the influence of these new tunable parameters, namely
the biomineralization peptide topology and valency, as well as the buffer. This study has
brought forward the idea that biomineralization can be enhanced in terms of the structure and
catalytic activity of the resulting nanomaterials by regulating the BMPep 3D structure and

through careful buffer selection.

It is a promising endeavor to extend the findings of this work to bimetallic materials.
This class of materials is involved in a wide variety of applications due to the synergism that
exists between the two metal components. Using a biomineralization peptide whose 3D
structure and valency are well-defined may lead to the formation of bimetallic materials with

remarkable properties.
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