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Abstract

Nanoparticles have received much attentions due to their unique properties that makes
them suitable candidates for a broad range of applications. As the size of particles decreases,
their surface area-to-volume ratio would increase which is the main cause of much attention. In
addition to the size, their morphologies and compositions may also play important roles for
defining unique properties. Nanoparticle synthesis include both bottom-up and top-down
strategies. To control the process of inorganic nanoparticles synthesis one could follow the
bottom-up approach to have atom-level control over their compositions, morphologies, phases,
and sizes which is the subject of this work. Due to their specific sequence of amino acids,
proteins and peptides has been demonstrated to be used for nanoparticle synthesis. The main
obstacle to widespread development and commercialization of protein and peptide-directed
nanoparticle synthesis platforms is their high cost when the peptide is obtained by traditional
chemical synthesis. A promising approach for the cost-effective production of nanoparticles
using protein/peptide derives from our effort to develop Escherichia coli into an expression
platform. In contrast to most biochemical engineering applications, the purity of the fusion
proteins and peptides may be less stringent for nanoparticle synthesis, demonstrating the fact that
crude bacterial lysates containing fusion peptides may be used in lieu of expensive, pure peptide
in nanoparticles synthesis while the nucleation and growth mechanism is consistent with
traditional systems. Indeed, it is conceivable that simply concentrating the protein/peptide may
be the only purification step necessary for nanoparticle synthesis. Additionally, catalytic
activities of the fusion protein-directed nanoparticles were evaluated using the most popular and
efficient routes for the formation of carbon— carbon bonds, Suzuki-Miyaura coupling and Stille

coupling reactions. The unpurified fusion protein-directed nanoparticles showed slightly higher



catalytic activity comparing to the chemically synthesized peptide counterparts. Moreover,
fusion protein-directed nanoparticles presented high catalytic activities in green solvents as well
as high stability and recyclability. They also could be utilized efficiently for the synthesis of
Lapatinib precursor, an oral active anti breast cancer drug. The excel catalytic activity of the
fusion protein-directed nanoparticles make them an excellent candidate for catalytic applications

in the future.
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Chapter 1. Overview

This dissertation describes the development of a novel method for recombinant
production of peptides used for precious catalytic nanoparticles synthesis implies E.coli doing
catalysis. Chapter 2 describes a brief introduction to nanoparticle characteristics and synthetic
strategies toward their preparation. The latest studies on employing biomaterials for
nanoparticles have been introduced. Also, the current recombinant protein production platform is
reviewed in order to remove the roadblock for inexpensive precious nanoparticles preparation.
Lately, different types of coupling reactions used to study the catalytic activity of nanoparticles
are described. In Chapter 3, recombinant construction of fusion proteins as well as properties-
controlled parameters in nanoparticles synthesis is described. Chapter 4 describes the nucleation
and growth of palladium nanoparticles using recombinant peptide fusion proteins in an
unpurified mixture. In Chapter 5, the catalytic activity of synthesized, fusion protein templated
nanoparticles is investigated using Suzuki-Miyaura coupling and Stille coupling reactions. Also,
kinetic studies of Suzuki-Miyaura coupling and Stille coupling reactions is discussed. Finally, to
conclude, the impact of the work is discussed with recommended improvements and future work

can be taken up to further improve the process.



Chapter 2.  Background

2.1. Nanoparticles and synthesis strategies

Nanostructured materials have sizes on the nanoscale in at least one dimension which is
typically in the range of 10°-10"7 m. The size of nanomaterials is larger than molecules but much
smaller than bulk materials. For example, a nanoparticle with 1-2 nm diameter has roughly 10-
250 atoms [1]. The materials at nanosize often show different physical and mechanical properties
due to dramatic changes in their crystallinity, phase, morphology and structure which make them
unique candidates for a broad range of applications in electronics, catalysis, composite design,
drug delivery, and biopharmaceuticals. Due to their small sizes, nanoparticles have large surface
area-to-volume ratio (aspect ratio) which is the main reason for their unique properties. Large
surface area of nanoparticles is of high importance in the context of catalysis, adsorption, and
active sites and it is important to control the size and morphology of nanoparticles to attain
desired properties.

Nanoparticles can be prepared by two basic strategies, classified as “top-down” and
“bottom-up”. In a top-down strategy, the nanoparticles are made from bulk materials using
mostly physical and lithographic methods. The control over morphology and size of obtained
nanoparticles are not simple. On the other hand, ionic, atomic, and molecular units are the
building blocks of nanostructured materials in a bottom-up approach. This approach allows
researchers to design, control and produce nanoparticles with desired properties, sizes,
morphologies, and compositions mostly using chemical synthesis. The body of this work focuses
on bottom-up strategy due to the use of peptides during synthesis that bind/act at the atomic

level.



2.2. Protein and peptide for nanoparticle preparation

Living organisms produce intriguing materials by using structures like peptides or
proteins and inorganic materials in order to assemble uniform nanostructured materials.
Researchers and scientists are inspired by these naturally controlled systems to adopt efficient
and controllable methods for nanoparticle fabrication [2—4]. Due to their unique sequence-
specific properties, proteins and peptides can direct the assembly, composition, and structure of
variety of inorganic nanoparticles. These amino acids within protein/peptide can recognize and
bind to the desired inorganic ions and make a substrate for nucleation and growth of that specific
materials. The unique recognition properties of generated nanoparticles can be better encoded by
a peptide as it is simpler as compared to a protein. Having less complex structure is the main
reason that researchers mostly use peptides for nanoparticle production rather than proteins. In
fact, proteins and peptides have played significant roles in the preparation of various inorganic
nanoparticles. It is important to note that by combining molecular biology and material science, a
broad range of metal binding biomaterials have been synthesized and been exploited [5,6]. Some
of these proteins/peptides are listed in Table 1 adapted from Chen et al. [7].

Being easily prepared through chemical synthesis or genetic engineering, peptides and
proteins are remarkable candidates as tools for the fabrication of inorganic nanostructured
materials. The subject of this research is preparation of nanoparticles using bottom-up strategy
which nanoparticles can be built from atoms and ions known as the building blocks of
nanostructured materials. The presence of proteins/peptides in a solvent free, aqueous
environment can impart precise, atom-level control over nanoparticle composition, morphology,

and phase [8-10].



Table 1. Protein and peptides examples for nanoparticle synthesis [7].

Protein name or peptide sequence Inorganic materials Salt
AYSSGAPPMPPF Ag AgNOs
AYSSGAPPMPPF Au HAUClI,
NPSSLFRYLPSD Ag AgNO;3

AHHAHHAAD Au CIAuPMes
HGGGHGHGGGHG Cu CuCl;
HGGGHGHGGGHG Ni NiCl

HYPTLPLGSSTY CoPt (NH,)2PtCl, + Co-(CHsCOO),
HNKHLPSTQPLA FePt FeCl, and H2PtClg
GDVHHHGRHGAEHADI Cds CdCl; + Na,S
VCATCEQIADSQHRSHRQMV ZnS zinc 2,9,16,23-tetrakis
( phenylthio)-
29H,31Hphtanlocyanine + Na,S
NNPMHQN ZnS ZnCl; + NazS
SLKMPHWPHLLP GeO; tetramethoxygermanium
TGHQSPGAYAAH

SSKKSGSYSGSKGSKRRIL

SSKKSGSYSGSKGSKRRIL

SSKKSGSYSGSKGSKRRIL

EAHVMHKVAPRPGGGSC

TiO; nanoparticles

Titanium phosphate spheres

Silica nanostructures

ZnO

titanium bis(ammonium lactato)
dihydroxide tetramethoxysilane
triisopropylsilane
titanium bis (ammonium
lactato) dihydroxide
tetramethoxysilane
triisopropylsilane
titanium bis(ammonium lactato)
dihydroxide tetramethoxysilane
triisopropylsilane

Zn(OH)z



Table 2. Protein and peptides examples for nanoparticle synthesis. Cont.

Protein name or peptide sequence

Inorganic materials

Salt

HQPANDPSWYTG
NTISGLRYAPHM
PDFDFDFDFDFDP
FDFDFDFD
AAPNSPWYAYEY

SWSPAFFMQNMP

GLRSKSKKFRRPDIQYPDATDEDITSHM

AYSSGAPPMPPF
BP-AYSS-PEPAy
Cs-AA-PEPAU
C12-AA-PEPAU
C12H230-AYSSGAPPMPP
Stable protein 1
TSNAVHPTLRHL (Pd4)
SSKKSGSYSGSKGSKRRIL (R5)
WAGAKRHPTLRHL
SSKKSGSYSGSKGSKRRIL (R5)
6his-SP1

denatured BSA (dBSA)

Consensus tetratricopeptide repeat protein

(CTPR3) and SN-CTPR

BaTiO3 nanoparticles

Calcium phosphate

CaCOs

CaMoO,

Hydroxyapatite (HA)

Au

Au

Au

Au

Au

Ag, Au, Cu

Pd
PdAu
PdAu
PdPt

Pd

Mn-doped Zns

Au

Ba(CH3COO), +
K5[TiO- (C204)2]
CaCl; + K;HPO,
CaCl, + (NH4),CO3
calcium acetate + ammonium
paramolybdate
KH,PO, + CaCl,
HAUClI,
HAuCl,
HAuUCI,
HAuUCI,

HAuUCI,
AgCIO,4, HAUCI,, CuSO4
K2PdCl4
K2PdCls, HAUCI4
K2PdCls, HAuCI4
K2PdCls, KoPtCl4
NazPdCl,
Mn(Ac)z, ZnAc;

HAUC|4

2.3.  Recombinant production of peptides and proteins

In 1982, a revolutionary change took place in the manufacturing of essential products

when Eli Lily corporation received FDA approval for the first recombinantly produced

pharmaceutical product called human insulin [11]. Since it was a big change in the large-scale

5



manufacturing of biological products, researchers became excited to develop biological products
with higher performance compared to the naturally occurring ones. They were successful in
exploiting recombinant platforms for developing a wide range of drugs for commercial use.
Some of these products are tabulated in Table 2, adapted from Scmidt et al. [12].

In order to recombinantly produce a desired therapeutic protein, living organisms such as
bacteria, yeast, mammalian cells, molds, and insect cells can be used as expression platforms
[12,13]. Using this method, the host cell produces heterologous proteins and peptides using
biological processes occurring inside the cell. It is important to note that using molecular biology
modifications, the genetic information of the DNA is manipulated and eventually, mRNA is
fabricated. The process of mMRNA synthesis is called transcription which prepares mRNA to be
used as a template for protein synthesis. The process of protein fabrication is called translation.
As of 2014, FDA regulations for approving therapeutic peptides are limited to those which used
Escherichia coli (Calcitonin, Insulin and its variants), Staphylococcus cerevisiae (Insulin and its
variants, Lepirudin, Liraglutide) and Pseudomonas pastoris (Ecallantide) as their expression host
cells [14]. Although each expression host has its own advantages and disadvantages, E. coli is
known as the most widely used host [15,16], where in 2009, 40% of recombinant

pharmaceuticals used mammalian cells followed by E. coli as expression host [16].

Table 3. A list of recombinant peptides approved by FDA or EMA [12].

Year Generic name Company Length (aa)
1983 Insulin Eli Lily 51
1991 Insulin Novolin 51
1996 Insulin lispro Eli Lily 51
1997 Desirudin Canyon Pharmaceuticals 65
1998 Lepirudin Hoechst Marion Roussel 65



Table 4. A list of recombinant peptides approved by FDA or EMA. Cont.

Year Generic name Company Length (aa)
1998 Glucagon Novo Nordisk 29
2000 Insulin glargine Physicians Total Care 53
2001 Nesiritide Scios 32
2001 Insulin aspart Novo Nordisk 51
2002 Teriparatide Eli Lily 34
2004 Insulin glulisine Sanofi Aventis 51
2005 Insulin detemir Novo Nordisk 50
2005 Calcitonin Upsher-Smith Laboratories 32
2005 Mecasermin Tercica 70
2009 Liraglutide Novo Nordisk 31
2009 Ecallantide Dyax 60
2012 Teduglutide NPS Pharmaceuticals 33

2.4. Escherichia coli as expression host

Similar to the other expression systems that have been used in lab and industry, E. coli

has its own advantages and disadvantages. One of the most important advantages of an E. coli

expression system is that it has been widely used in research labs and industry, its molecular

genetics are well known which has resulted in various engineered plasmids [17,18]. The simple

structure of E. coli and its cheap path of production have encouraged researchers to seek fast and

high volume cultivation methods which could be appropriate for lab scale as well as industrial

scale processes [17,18]. On the other hand, the inability to perform post translational

modifications could be named as the main disadvantage of E. coli. Glycosylation is an example

of post translational modifications that E. coli is not able to perform. The production of

endotoxins, the formation of inactive inclusions, and having a different codon frequency than the



human genome can be included in the list of its disadvantages [13,19,20]. Nowadays, a broad
range of E. coli strains has been developed by researchers to overcome the disadvantages.
Campylobacter jejuni has been used for transferring the N-linked glycosylation mechanism to
prepare glycosylated proteins in E. coli. Furthermore, In order to correct the different codon
frequency, BL21 Codon Plus™ and Rosetta™ are used while Origami™ and Rosetta-gami™
promote disulfide bond formation [21]. At the end, since the large scale production of
recombinant proteins and peptides without glycosylation is of high demand, E. coli is still the

best choice and its advantages outweigh the disadvantages.

2.5. Fermentation

It is important for any process to achieve the maximum yield of protein with minimal
expenses in a short time. This can be done by large scale manufacturing when the researchers are
certain about the process. In the other words, the aim of most biochemical engineering research
is to reach to the maximum productivity in minimum time from any given cell culture [15].
There are two different methods of fermentation; shaker process and bioreactor process. In the
shaker process, all the raw materials are added at the beginning, and growth conditions cannot be
controlled. Since the oxygen concentration and pH may decrease with time, the rate of bacterial
growth would be lowered. On the other hand, this process is very simple and inexpensive so that
it can be used to check if the expression is doable or not [22]. In order to obtain high cell density
and optimize, bioreactor processes are used. These processes can be categorized as simple batch,
fed-batch, and continuous processes. Fed-batch fermentation process has been reported to be
successful in obtaining orders of magnitude more dry cell weight over a simple batch process

[23,24]. This process may take more preparation time, but the quantity of target protein could be



high. In addition, the growth rate is controllable and undesired effects such as substrate
inhibition, acetate formation, and heat dissipation are minimized [25,26]. In the context of this

body of work, shaker and fed-batch processes will be used.

2.6. Protein and peptide expression in host cell and Green Fluorescent Protein (GFPuv)
The main challenge faced during expression of peptide is the small number of amino
acids in the sequence of peptide structure because they are prone to degradation within the cell
[27]. Within this context, this dissertation focused upon Pd4 (palladium binding sequence)
peptide [28] which has only 12 amino acids in its structure for nanoparticle preparation. Also,
linking the peptide to the reporter protein GFPuv as a fusion partner was chosen to stabilize and
protect the peptide within the host cell. Since the reporter protein GFPuv is fluorescent, upstream
and downstream processing can be monitored easily [29]. It also facilitates the process of
purification via lon Exchange, Immobilized Metal Affinity Chromatography and Agqueous Two-
Phase Extraction [30]. To ensure against inhibited cell growth, it is important to differentiate the
growth phase from protein production phase by using an inducible thermal or chemical promoter
[31]. Different chemical promoters such as lactose, isopropyl-p-D-thiogalactopyranoside (IPTG),
arabinose or thermal promoters such as PR and PL can be used. Some of the promoters, specially
IPTG, could be toxic to the cells in high concentrations while they can be effective in controlling
expression systems. In this study, the constructs are expressed in different fusion forms

employing pBAD systems. Also, this system is inducible by arabinose as chemical promoter.



2.7. Purification
One of the most important steps in any chemical or biochemical processes is purification.
In this research, there are two distinctive roles for purification: proteins/peptides from the cell

content, and nanoparticles from the synthesis mix.

2.7.1. Chromatography

A variety of purification strategies can be employed for proteins/peptides depending on
the cloning strategy. One of the purification methods is fast protein liquid chromatography
(FPLC) which is widely used for protein purification. In this method, the target protein, which is
also called the protein of interest (POI) is purified using a difference in affinity. Proteins are in
the mobile phase which bind ligands attached to the stationary phase (beads). The POI would be
displaced and eluted using a mobile phase that attenuates adsorption. Otherwise, the POI cannot
be purified from others attached content on resin. Since the purification in large scale is very
complex, the body of this work focuses on minimizing the purification steps of the Pd4 fusion
protein. Since major drawbacks of large scale production using a chromatography column are the
resin cost and time, minimizing the number of purification steps would be extremely attractive

[23].

2.7.2. Nanoparticle purification

In order to prepare the synthesized nanoparticles for characterization and enhance their
yield for catalytic applications, it may be necessary to isolate the nanoparticles from the
proteins/peptides. One of the purification methods is mild acid treatment with hydrochloric acid.

Since the nucleation of nanoparticles is initiated from the amino acids that are negatively charged
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such as histidine and cystine, nanoparticles are likely linked to them after formation. A simple
acid treatment drops the pH to 5.0 and will cause the protonation of these amino acids. As a
result, synthesized nanoparticles will be separated from the scaffold protein/peptide. Since the
purpose of this work is to produce metallic nanoparticles, some of them such as palladium
nanoparticles have been reported to be ferromagnetic when the particle diameter is smaller than
10 nm, possessing magnetic moments due to their surface atoms [32]. As a result, in order to
recover the nanoparticles, acid treatment combined with the use of centrifugation and magnetic

separation could cause the separation of nanoparticles from lysate [32].

2.8. Heterogenous catalysis

Catalyst is a substance used to boost and accelerate the rate of chemical reaction by
providing and alternative route and remaining intact and unchanged during the process [1]. The
catalytic reactions have lower activation energies and their cycle is usually made of three major
steps. First, reactants are adsorbed to the unoccupied active site of the catalyst to form activated
complexes. Subsequently, the products will be obtained through chemical conversion of
activated complexes. Finally, the catalyst will undergo the desorption from active sites. This
cycle continues until one of the reactants is fully consumed.

Catalysts can be categorized based on their physical properties into two major types;
homogeneous catalysts and heterogeneous catalysts. Although homogenous catalysts are great
candidates with high yield of selectivity and conversion, their complicated separation and non-
recyclability have made them less favorable in industrial uses. On the other hand, heterogenous
catalysts due to their low metal contaminations, ease of recyclability, and reasonable conversion

yields have attracted many attentions and been used widely in industries specially
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pharmaceuticals. Heterogeneous catalysts usually contain transition-metals, immobilized on a

substrate of alumina, carbon, silica, or organic frameworks [33-38]. Recently, researchers have

developed heterogenous catalysts that are supported on biological materials such as peptides and

proteins[3,28,39].

2.9. Coupling reactions

One series of catalytic reactions proceed through carbon-carbon bond formation called

coupling reaction. In order to obtain coupling products, the presence of metal catalysts and bases

plays an important role [40,41]. Preparation of not only basic organic molecules but complex

compounds has made the coupling reaction a desired path to manufacture new products for

chemical, pharmaceutical and agricultural industries. There are different types of coupling

reactions which a selected set of reactions is reported on Table 5.

Table 5. A list of selected coupling reaction.

Reaction Year Catalyst Base requirement
Wurtz Reaction [42] 1855 Sodium No
Glaser Reaction [43] 1869 Copper Yes
Ullmann Reaction [44] 1901 Copper Yes
Gomberg-Ba(EZg}ann Reaction 1924 o Yes
Cadiot-Chodkiewicz Coupling 1956 Copper No

[46]

Kumada Coupling [47,48] 1972 Nickel, Palladium No
Heck Reaction [49,50] 1972 Palladium Yes
Sonogashira Reaction [51] 1973  Palladium, Copper Yes
Stille Reaction [52] 1977 Palladium Yes
Suzuki-Miayura Coupling [53] 1979 Palladium Yes
Hiyama Coupling [54] 1988 Palladium Yes
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The first coupling reactions was reported by Charles A. Wurtz and the coupling reaction
was named after him in the middle of the nineteenth century [42]. After him, a wide variety of
coupling reactions under diverse conditions have been developed which a few of the most
commonly used reaction in industry are listed in Table 5. In early 1970s, palladium was
introduced and used as catalyst in coupling reactions resulted in new compounds with excellent
catalytic activities. As listed in Table 5, these reaction includes Kumada reactions [47,48], Heck
reactions [49,50], Sonogashira reactions [51], Stille reactions [52] and Suzuki-Miyaura couplings
(2979) [53]. The most popular coupling reactions are Suzuki-Miyaura coupling and Stille

coupling that have a wide variety of applications specially in pharmaceutical industries.

2.9.1. Suzuki-Miyaura coupling reaction

In a Suzuki-Miyaura coupling reaction, an organohalide and a boronic acid are the
coupling partners and the catalysis occurs using palladium complex [53]. This reaction was
named after Akira Suzuki who primarily published it and finally shared the 2010 Noble Prize in
Chemistry with Richard Heck, and Ei-ichi Negishi fjor their successes in discovery of palladium-
catalyzed coupling reactions [55]. The general reaction for Suzuki-Miyaura coupling reaction is
given as

Ar— X + Ar'—B(OR), —» Ar— Ar’ Q)

Where Ar and Ar' are aryl groups, X is halide, B(OR), is boronic group, and Ar— Ar"’ is
the coupled product. Using a palladium complex as catalyst and base, an aryl halide (Ar— X) is
coupled by a carbon-carbon single bond to an organoboronic species (Ar'— B(OR),) and the
coupling product (Ar— Ar') is synthesized. The Suzuki-Miyaura coupling reaction mechanism

is shown in Figure 1. First, the palladium as a catalyst is oxidatively added to the halide in order
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to form the organopalladium compound (Ar—Pd'" —X). Subsequently, the base is reacted with
organopalladium compound leading to intermediate (Ar—Pd" —CO3"). The organopalladium
compound (Ar—Pd"' —Ar’) is obtained via transmetalation of the intermediate with boronated
complex. Eventually, the desired product (Ar—Ar’) is formed and the original palladium catalyst

restores to the catalytic cycle.

ArX

Ar—Ar'
0
bd Oxidative
Reductive Addition
Elimination
1 !
Ar—Pd" —Ar Ar—pdl —x
2K*
"B(OH),(CO3),
K,CO;3
Transmetalation
TH Ar—Pd! —CO,
Ar' E|3—003 K* KX
+
on K
ArB(OH),

Figure 1. Schematic of Suzuki-Miyaura coupling reaction using Pd® and K2COs as catalyst and
base, respectively.
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2.9.2. Stille coupling reaction

The Stille coupling reaction which is also known as Migita-Kosugi-Stille coupling
reaction, is the well-known and one of the most extensively studied pathways for palladium-
catalyzed coupling reactions in which an organotin (organostannanes) compound and
organohalide are the coupling partner [39,52]. The general reaction for Stille coupling reaction is
given as

Ar— X + Ar'— SnY; - Ar— Ar’ (2)

Where Ar and Ar’ are aryl groups, X is halide, SnY; is stannane group, Y can be alkyl
groups or halides such as Cl, and Ar— Ar’ is the coupled product. An aryl halide (Ar— X) is
coupled by a carbon-carbon single bond to an organostannane species (Ar’'— SnY;) using a
palladium catalyst and base to obtain the coupling product (Ar— Ar"). The schematic of the
Stille coupling reaction mechanism of aryl halide group and phenyltin trichloride (PhSnCls) is
shown in Figure 2. The first step is oxidative addition of the palladium catalyst to the halide in
order to form the organopalladium compound (Ar—Pd"—X) using palladium ions.
Subsequently, the part of the catalyst that remained intact does not participate in the reaction but
the organopalladium compound (Ar—Pd' —Ar’) is obtained via transmetalation of the
intermediate with tin complex. Finally, the coupling product (Ar—Ar’) is formed in reductive
elimination step and the original palladium catalyst restores to the catalytic cycle to join the

unreacted part.
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ArX

0
Pd Oxidative
Addition
PdH
ArPh
Reductive
Elimination
Pd°
Ar—Pd" —Ph Ar—Pd" —X
XSnCly
Transmetalation
Ar—PdT—X
PhSnCl;

Figure 2. Schematic of Stille coupling reaction using Pd° as catalyst.

Most of pharmaceutical products can be made using these two coupling reactions. These
coupling reactions can tolerate a broad range of organic functionality and simplify the
preparation of complex compounds as well as novel chemicals as they can be performed in the
presence of water. For instance, anti-tumor-growth drug called antiangiogenic tyrosine kinase for
[56], phosphodiesterase 1V inhibitors for the intervention of arthritis, asthma, and colitis [57] can
be prepared through these coupling reactions.

In addition, Suzuki and Stille couplings are versatile reactions, as they can be proceeded
using a minute amount of palladium in various types of catalyst [39,58], while in many coupling

reactions, higher catalyst loading might needed to obtain a desired yield [59].
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2.10. Need

The main roadblock to widespread development and commercialization of peptide-
directed nanoparticle synthesis for applications that include catalysis is the high cost of peptide.
For example, it would be cost prohibitive to manufacture platinum or palladium nanoparticles,
valued at $200 - $2,000 per gram, when peptide costs exceed $10,000 per gram. Such a
differential is even more exacerbating for a nonprecious nanoparticle, or when the peptide length
grows to incorporate multiple functional domains. The costs for pharmaceutical-grade
polypeptides are listed in Table 6 [60]. Using E. coli as expression host to recombinantly
produce many copies of desired peptide and enhancing the amount of potential nanoparticle
nucleation sites by increasing the concentration of peptides may result in a money saving
strategy for producing catalytic nanoparticles.

Table 6. Associated costs for pharmaceutical-grade peptides and polypeptide [60].

Product Human insulin Monoclonal antibody
Scale (kg /vy) 18,000 6.5
Location of product intracellular secreted
Chemical reactions (yes / )
o yes, polypeptide cleavage no
no) in bioprocess
Total capital investment $78 million $16.3 million
NPV at 7% interest $216 million $32.5 million
Upstream number of unit
operations (a) ° °
Recovery number of unit 11
operations (b) 20
Unit product cost ($ / gram) 42 908

(a) does not include master cell bank storage
(b) includes CnBr cleavage steps
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2.11. Significance

The significance of this research is to overcome the money-consuming traditional means
for preparing bio-templated nanoparticles. By proposing a cost-effective approach for the
production of nanoparticles using protein/peptide derived from E. coli, the cost of solid phase
synthesis and purification will be circumvented.

The broad goals of this work are to provide proof of concept that Pd4 peptide can be
produced recombinantly, and finally, to assess their use in cross-coupling reactions following a
bottom-up strategy. The other broad goal of this experimental research is to synthesize precious
inorganic nanoparticles including palladium and identify the main parameters affecting their size,
morphology, and compositions. It is important to note that the synthesized nanoparticles due to
their high efficiency coming from being built using bottom-up strategy, have high potential to be

used as catalysis for cross-coupling reactions.
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Chapter 3.  Properties-controlled synthesis of recombinant peptide fusion protein-
templated palladium nanoparticles
In this chapter, the recombinant construction of fusion proteins and peptides has been
explored. The prepared fusion proteins and peptides have been used for palladium nanoparticle
synthesis. Subsequently, the parameters that may control the size, morphology, composition, and
properties of nanoparticles have identified. The NPs with different properties have been

synthesized and characterized.
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3.1. Recombinant construction of fusion protein

The first step which is primarily the base of this research is to demonstrate that peptides
and small proteins may be produced recombinantly. In order to investigate the recombinant
production of peptides choosing the peptide sequence is required. Since the focus of this work is
on using peptides and proteins that can direct the nanoparticles, the presence of amino acids that
can help the peptides to anchor to the nanoparticles is inevitable. The peptide used to illustrate
nanoparticle synthesis, commonly referred to as Pd4 (TSNAVHPTLRHL) has been described
previously to non-covalently bind to Pd [1-5]. This classic Pd4 peptide was derived from M13
phage display adsorption on bulk polycrystalline palladium and has histidine residues at its sixth
and eleventh position in the peptide structure [6,7]. The peptide can anchor to the surface of
palladium nanoparticle surfaces through histidine residues. In order to study the effect of
histidine residue on the properties of synthesized Pd NPs, four different peptides reported by
Bedford et al. were constructed as fusion proteins [6]. As provided in Table 7, they have reported
that using different peptide sequences resulted in nanoparticles with different sizes and catalytic
properties. The design of first substitute for Pd4 is based on substituting histidine with alanine in
the sixth position. This peptide sequence is called A6. Consequently, the final fusion protein
would be (A6)1-GFPuv. The next peptide, Al1, has alanine in the eleventh position and after
fusion to GFP, (Al11):-GFPuv protein would be generated. In the structure of the fourth peptide,
histidine residues are replaced with alanine, resulting in a new mutant called A6,11. Based on the
data provided by Bedford et al, substitution of histidine with alanine does not affect significantly
on the nanoparticles size, while their catalytic activities altered as measured by their turnover
frequency in Stille coupling reaction. This change is mainly due to the effect of altering the

sequence which affects the morphology, roughness, and chemisorption sites of NPs surfaces.
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Table 7.Peptide sequences and properties of synthesized palladium nanoparticles (adopted from

[6]).

Peptide Sequence Size (nm) Stille Coupling TOF (h)
Pd4 TSNAVHPTLRHL 21+04 2200 + 100
Ab TSNAVAPTLRHL 22+0.7 5200 + 400
All TSNAVHPTLRAL 26+04 1300 + 10

A6,11 TSNAVAPTLRAL 28+0.7 360 + 20

3.1.1. Design of primers

The design of primers and plasmid construction for four different peptides sequence have
been successfully performed. As provided in Table 8, sequences of fusion proteins were
designed using SnapGene® software and were purchased from addgene®. As each peptide used
in this work has only twelve amino acids in its structure, the forward primers contain amino acid
sequences pertaining to designed peptides which make it easier to fuse them using forward
primer to the reporter protein.

Table 8. Primers and their sequences for fusion protein construction

Primer Sequence

(Pd4).GFP forward 5’-ACGGAATTCATGACTTCCAATGCTGTTCATCCAACTTTAA

GACACCTAGCTCGAGCCCGG-3’

(Pd4),GFP reverse 5’-GACTCTAGACCTTTGTACAGTTCATCCATACCATGCGTGA
TGCCCG-3’
(A6)1GFP forward 5’-CGGAATTCATGACTTCCAATGCTGTTGCCAACTTTAAGAC

ACCTAGCTCGAGCCCGG-3’
(AB)1GFP reverse 5’-CTCTAGACCTTTGTACAGTTCATCCATACCATGCGTGATG

CCCGC-3’
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Table 9. Primers and their sequences for fusion protein construction. Cont.

Primer Sequence

(A11);GFP forward 5’-CGGAATTCATGACAAGTAATGCTGTACATCCAACTTTAA
GAGCTTTAGCTCGAGCCCGG-3’

(A11),GFP reverse 5’-GACTCTAGACCTTTGTACAGTTCATCCATACCATGCGTG-3’

(A6,11),GFP forward 5’-CGGGAATTCATGACTTCCAATGCTGTTGCGCCAACTTTA
AGAGCGCTAGCTCGAGCCC-3’

(A6,11):GFP reverse 5’-CTCTAGACCTTTGTACAGTTCATCCATACCATGCGTGATG

CCCGC-3°

3.1.2. Recombinant expression vector construction of fusion proteins

The schematic of plasmid construction containing GFPuv fusion proteins and required
steps for replacing an arabinose-inducible GFPuv gene with one extended by DNA of the
proposed mutants are illustrated in Figure 3. First, to prepare the new plasmid, addgene-plasmid-
51559 were digested with EcoRI and Xbal restriction enzymes before the ligation. Finally, the
designed DNA containing desired peptides were ligated to the DNA to construct four pIMA
plasmids containing GFPuv fusion proteins.

The plasmid containing GFPuv codon (Addgene-plasmid-51559) was purchased from
Addgene® and received in E. coli. In order to use the plasmid for recombinant construction of
fusion proteins, it was recovered from E. coli cell. A loop of E. coli containing plasmid was
taken from the delivered tube and the cells were spread on agar plate. A single colony of cells
was taken after 24 hours of growth and placed in 5 mL LB broth containing 5 pL of 10g/mL
Ampicillin. After 24 hours, plasmid recovery process was proceeded following E.Z.N.A.®
Plasmid DNA Mini Kit | Spin Protocol. As shown in Figure 4, the strong band belongs to the

Addgene-plasmid-51559 which indicated successfully recover of the plasmid from E. coli cells.
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Figure 3. Schematic illustration of plasmid construction containing peptide fused to GFPuv.
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Figure 4. Agarose electrophoresis gel run for recovered Addgene-plasmid-51559.

DNA for the designed peptides was fused to the 5° end of GFPuv DNA using primers during
PCR. As the designated primers were recovered from lyophilizer, primer tubes were vortexed
three times for 30 seconds. Subsequently, primer tubes were centrifuged for 10 seconds and
according to the amount of each primer provided in Table 10, the primers were used to prepare
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their exclusive master stock solutions. For example, for (Pd4):GFP forward primer, 256 pL of
Tris-EDTA (TE) buffer was added to the solid primers. Subsequently, 15 uL of the prepared
mixture was added to 135 pL of deionized water and the working sample was obtained.
Eventually, 1.25-1.5 pL of working sample (both for forward and reverse primers) containing 5-
7 pico mole of primers was added to 10 pL of deionized water and 5-7 pL of recovered plasmid
in order to prepare the master mix. The remaining working samples were stored under -20 °C.
Finally, the tubes containing master mixes were placed in PCR machine for 135-165 minutes
following the specifications provided in

Table 11.

Table 10. Master mix and primer solution preparation for primers needed for fusion protein
construction.

Amount of primer Master stock Molar Needed volume for
Primer
(nmol) concentration(nmol/pL) PCR mix (uL)

(Pd4)1GFP forward 25.6 256 1.792
(Pd4)1GFP reverse 28.2 282 1.974
(A6)1GFP forward 23.3 233 1.631
(A6)1GFP reverse 33.7 337 2.359
(Al11):GFP forward 27.7 277 1.939
(Al11)1GFP reverse 29.1 291 2.037
(A6,11)1GFP forward 27.6 276 1.932
(A6,11)1GFP reverse 30.0 300 2.100

Table 11. Steps and conditions of thermal cycling for PCR.

Steps Temperature (°C) Time Cycles
Initial denaturation 94 5 min 1
Final denaturation 94 5 min 35
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Annealing 63 45 sec
Extension 72 1 min

Final Extension 72 5 min 1

Consequently, the DNA for the final fusion proteins were attained after PCR (Figure 5).
According to SnapGene® software analysis, (Pd4):-GFPuv, (A6)1-GFPuv, (A11):-GFPuv,
(A6,11)1-GFPuv has 788, 782, 784, and 783 base pairs in their structures, respectively. Also, the
presence of digested plasmid using EcoRI and Xbal restriction enzymes on N-terminus and C-
terminus, respectively, was confirmed by agarose electrophoresis gel run (Figure 5).

The GFPuv fusion proteins were then digested from the parent plasmid using EcoRI and
Xbal restriction enzymes on N-terminus and C-terminus, respectively in order to obtain cohesive
ends. A mixture of one pL of each restriction enzyme, ten pL of gene, and 2.5 pL of 10X
concentrated Smart-cut buffer was incubated at 37 °C for an hour. The same procedure was
carried out for opening the parent plasmid before ligation.

In order to ligate the constructed gene with opened plasmid, a mixture containing two pL
of the opened plasmid, two pL of constructed gene, two pL of 10X buffer, one pL of ligase
enzyme, and 13 pL of deionized water was prepared and incubated at 16 °C for overnight (16
hours). Eventually, GFPuv fusion proteins was recovered through agarose electrophoresis gel

run.
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Figure 5. Successful fusion protein genes construction and plasmid digestion confirmed by
agarose electrophoresis gel.

A tube of BL21(DE3) Competent E. coli cells (store at -80°C) were thawed in ice for 10
minutes and the amount of 5 pl containing 100 ng of desired plasmid DNA was added to it. The
tube will be flicked for 5 times in order to mix the cells. After placing the mixture on ice for 30
minutes, the mixture was heat shocked for 10 seconds at 42°C. 950 pl of room temperature SOC
was pipetted into the mixture and the mixture was placed at 37°C for 60 minutes. Subsequently,
the tube containing the mixture was shaken vigorously (250 rpm) or was rotated. The selection
plates were warmed to 37°C and after mixing the cells thoroughly by flicking the tube and
inverting, it was 10-fold diluted serially in SOC. Consequently, 50-100 pl of each dilution was

spread onto a selection plate and was incubated overnight at 37°C.
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A single colony of the transformed cells was inoculated into 5 ml of LB media containing
5 ul of ampicillin and incubated overnight in a shaker at 37°C. Then, this 5 ml was added to 500
ml LB containing 0.5 ml ampicillin in a shake flask. Induction with 10mM L-arabinose was
conducted when the ODsoo reached to 0.3. Samples were collected every hour after induction for
16 hours and the fermentation was stopped, and the harvested cells were collected by

centrifugation at 5000xg at 3°C and were frozen at -80°C.

3.2. Purification of fusion proteins
Since it is necessary to increase the amount of fusion protein in the sample with
enrichment of peptide content in medium, purification from the lysate is inevitable. Fusion

proteins could be purified through ion exchange chromatography of DEAE.

3.2.1. Purification through diethylaminoethyl chromatography (DEAE)

In DEAE purification approach, the lysate was purified using a 3.5 kDa MWCO dialysis
membranes. The lysate was processed using an AKTA FPLC System. A HiTrap® DEAE FF
column was equilibrated with IEX DEAE Buffer A (25 mM Tris-HCI, pH=8) and be prepared to
load the lysate. The column was washed with 20 column volumes (CV) of the Buffer A. After
washing the column and loading the lysate, enrichment was proceeded via a stepwise elution
with IEX DEAE Buffer B (25 mM Tris-HCI, 1 M NaCl, pH=8). Fractions was collected and
analyzed using SDS-PAGE gel and a fluorimeter.

3.3. Properties-controlled parameters in nanoparticle synthesis
Nanoparticles (NPs) receive attentions due to their unique chemical, physical, and

mechanical properties arising from their crystallinity, phase, morphology, structure, and high
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surface to area aspect ratio. These properties which are distinct from those of bulk materials
(possessing lower surface to area aspect ratio) enable them for a diverse set of applications
especially catalysis [8-12]. Palladium has been widely used due to its catalytic performance
which makes it an inevitable element for various applications including hydrogen evolution,
carbon dioxide reduction, and organic coupling reaction[12-14]. However, its applications have
been hindered due to its high cost and limited supply and the development of cost-effective
catalytic system is highly needed. Meanwhile, identifying the parameters that control the size,
morphology, composition, and properties of nanoparticles is of high importance toward the
development of cost-effective catalytic systems.

There are many factors affecting nanoparticle properties synthesized in aqueous media
using chemical reduction. Following factors including type of reducing agent, concentration of
the reducing agents, pH of the medium, temperature, type of palladium salt, and fusion protein

type used for nanoparticle synthesis were investigated in this work.

3.3.1. Reducing agent type

The first parameter needed to be investigated was the type of reducing agent. Most
researchers use sodium borohydride (NaBHs) as a reducing agent while there are more than 150
different reducing agents that can be used to reduce the metallic ions to synthesize metallic
nanoparticles [15]. Seven distinctive types of reducing agents were examined in this study. The
results of different types of reducing agents for the sample prepared at pH of 7.0 with K2PdCl4
salt at room temperature with salt to reducing agent ratio of 1/40 equivalent is provided in Table
12. Spherical nanoparticles were prepared using listed reducing agents in Table 12 with their size

histograms are shown in Figure 6. Well-dispersed palladium nanoparticles were synthesized in
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the range of 1.8-5.7 nm using different reducing agents while no aggregation observed. The
disadvantages associated with reducing agents except NaBH4 and NaCNBH3 are their low yield
of nanoparticle formation and slow rate of the reaction while using NaBHs and NaCNBH3,
palladium nanoparticles were formed relatively with higher rate. As toxicity of NaCNBH3 has
made it less favorable for the scientist, NaBH4 can be named as the best reducing agent among

those studied.

Table 12. The effect of reducing agent change on nanoparticle size.

Entry Reducing agent Nanoparticle diameter (nm)
1 NaBH4 24+0.3
2 Ascorbic Acid(CsHsOs) 1.8+0.2
3 NaHSOs 20+0.2
4 PPhs 5.7+0.5
5 NaCNBH3 3504
6 Formic Acid (CH202) 3.1+£09
7 B2pin 29+0.8
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Figure 6. TEM image of recombinant fusion protein-directed palladium nanoparticles using
(a)NaBH4, (c) Ascorbic Acid, (e) NaHSOg, (g) PPhs, (i) NaCNBHs, (k) Formic Acid, and (m)
B2pinz as reducing agents. Size histogram of synthesized palladium nanoparticles using
(b)NaBH4, (d) Ascorbic Acid, (f) NaHSOs, (h) PPhs, (j) NaCNBHs, (1) Formic Acid, and (n)
B2pinz as reducing agents.
3.3.2. Reducing agent concentration

The other studied parameter was the ratio of metal salt to reducing agent (salt: reducing
agent). These ratios that were studied included 1/4, 1/40, and 1/400. The results of different
ratios of reducing agents for the sample prepared at pH of 7.0 with K2PdCl4 salt at 25°C is
provided in Table 13.

Table 13.The effect of type and concentration of reducing agent on nanoparticle size.

Reducing agent Salt: reducing agent
NaBH4 1/4 1/40 1/400
Nanoparticle diameter (nm) 15+£0.2 24 +0.3 1.6+£0.2

Confirmed by TEM images (Figure 7a), well-dispersed and spherical palladium
nanoparticles were synthesized even using ratio of 1/4 and the average diameter of 1.5+ 0.2 nm
was achieved (Figure 7b). Due to low concentration of reducing agent present in the nanoparticle

synthesis process, many metallic ions might not get the chance to reduce and contribute to
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nanoparticle production. Also, they did not get the chance to make bigger nanoparticles through
nanoparticle-nanoparticle interactions as the process of growth was stopped by consumption of
reducing agent in the medium. On the other hand, adding a great amount of reducing agent
(1/400 ratio) has lowered the efficiency of the nanoparticle formation process as many
nanoparticles were synthesized but their average diameter was 1.6 £ 0.2 nm. This can be
attributed to the excess amount of the reducing agents which had increased the nanoparticles
formation rate (Figure 7 c and d). Employing the 1/40 ratio, nanoparticles can be formed with

average diameter of 2.4 + 0.3 nm as the amount of reducing agent in the medium was adequate.
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Figure 7. TEM image of recombinant fusion protein-directed palladium nanoparticles using
(a)1/4 ratio and (c) 1/400 ratio. Size histogram of synthesized palladium nanoparticles using
(b)1/4 ratio and (d) 1/400 ratio.
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In addition, nanoparticle formation rate was suitable so that they can be grown through

Ostwald ripening and nanoparticle-nanoparticle interaction [16,17].

3.3.3. pH of the medium

In chemical reductions approaches, size, morphology, and stability of synthesized
nanoparticles highly depend on the pH of the medium. Three sets of experiments were examined
in media with different pH of 5.0, 7.0, and 9.0. The results of changing the pH for the sample
prepared with K2PdCls salt and NaBHj4 as reducing agent at 25°C with salt to reducing agent

ratio of 1/40 equivalent is provided in Table 14.

Table 14. The effect of pH change on nanoparticle size.
pH 5.0 7.0 9.0

Nanoparticle diameter(nm) 3+£0.4nm 2.4 +0.3nm 2.0+0.3nm

The TEM images of prepared palladium nanoparticles using different pH of media are
shown in Figure 8. The nanoparticles prepared in the medium with lower pH were found to be
larger in size. It can be argued that decreasing the pH caused the anchoring amino acids to be
protonated and weaken the bonds between the protein and nanoparticle nuclei. Consequently, the
nanoparticles had more chance to grow after the nucleation was initiated and nanoparticle with
larger size can be obtained (Figure 8a). On the other hand, increasing the pH of the medium,
nanoparticle nuclei were surrounded with fusion proteins and their growth were inhibited (Figure
8c). Also, the reducing agents are pH sensitive and changing the pH affects their yield in the

process of nanoparticle formation.
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Figure 8. TEM image of recombinant fusion protein-directed palladium nanoparticles using
(a)pH of 5.0 and (c) pH of 9.0. Size histogram of synthesized palladium nanoparticles using
(b)pH of 5.0 and (d) pH of 9.0.
3.3.4. Temperature

The other parameter that can affect nanoparticle properties is the temperature. Changing
the temperature could affect the reactions kinetics and may result in differences in uniformity
and properties of nanoparticles. The nanoparticle formation reaction was proceeded under four
different temperatures (4°C, 15°C, 20°C and 50°C). The results of different temperature for the
sample prepared at pH of 7.0 with K2PdCl. salt with salt to reducing agent ratio of 1/40

equivalent is provided in Table 15.
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Table 15. The effect of temperature on nanoparticle size.
Temperature 4°C 15°C 25°C 50 °C

Nanoparticle diameter(nm) 9.4+ 1.7 52+1.3 2.4+ 0.3 2006
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Figure 9. TEM image of palladium nanoparticles prepared at (a) 4 °C, (c) 15 °C, and (e) 50 °C.
Size histogram of synthesized palladium nanoparticles prepared at (b) 4 °C, (d) 15 °C, and (f) 50

°C.
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The average diameter size of nanoparticles prepared at 4 °C was 9.4 £ 1.7 nm showing
that performing the reaction at low temperature caused the lower rate of the reaction including
slower consumption of reducing agent and slower rate of nucleation resulted in extending the
nanoparticle growth time range. As palladium nanoparticle had more time to grow following
Ostwald ripening as well as nanoparticle-nanoparticle interactions, spherical nanoparticles with
no aggregation were obtained (Figure 9a). Increasing the temperature of the nanoparticle
formation reaction to 15 °C resulted in discrete spherical nanoparticles with average diameter
size of 5.2 £ 1.3 nm indicating that consumption rate of reducing agent was increased (Figure
9c). Eventually, well-dispersed spherical nanoparticles with average diameter size of 2.0 £ 0.6

nm were attained as the reaction was performed at 50 °C (Figure 9e).

3.3.5. GFPuv fusion protein type

Different types of protein can be an effective parameter to be investigated as properties-
controlled parameter in nanoparticle synthesis. Five different recombinant fusion proteins
prepared using E. coli as expression host were studied in this work. (Pd4)s-GFPuv, (Pd4):-
GFPuv, (A6)1-GFPuv, (A11):-GFPuv, and (A6,11)1-GFPuv were employed for nanoparticle
synthesis. Except (Pd4)s-GFPuv containing three copies of palladium directed peptide called
Pd4, the rest of the proteins contained one copy of peptide fused to the reported protein. Pd4, A6,
All, and A6,11 peptides had 12 amino acids in their structures while their difference is the
quantity and position of histidine in their structures. As histidine can anchor to positively
charged metallic ions through its imidazole ring, the histidine amino acids in Pd4 structure which
exist in 6! and 11" positions were substituted with alanine and A6, A11, and A6,11 peptides

were constructed [6]. The other amino acid that can anchor to positively charged metallic ions is
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cysteine [18]. As cysteine can be easily oxidized to form a dimer containing disulfide bridge
between two cysteines, it is less favorable to be investigated [19]. Thus, four fusion proteins
called (Pd4)1-GFPuv, (A6)1-GFPuv, (A11):-GFPuv, and (A6,11)1-GFPuv were constructed and
used for this experiment. The results of different fusion protein type for the sample prepared at
pH of 7.0 with K2PdCl4 salt with salt to reducing agent ratio of 1/40 equivalent at room
temperature is provided in Table 16. The average nanoparticle size using different fusion
proteins remained almost the same while their chemical activities needed be studied for more
explanation of the role of fusion proteins on nanoparticles properties.

Table 16. The effect of fusion protein types on nanoparticle size.

(Pd4)s- (Pd4)1- (AB)1- (A11)1- (A6,11)1-
Fusion protein type
GFPuv GFPuv GFPuv GFPuv GFPuv

Nanoparticle
2.4+0.3 26105 2.7+£0.7 26104 2.8+0.3
diameter(nm)

A theoretical catalytic study was performed on Pd4, A6, All, A6,11 showing that
prepared palladium nanoparticles with the same size have different catalytic activities. Although
peptide-directed nanoparticles using different peptides have almost the same average diameter
size, nanoparticle shapes and catalytic sites on the surface of nanoparticles prepared using
different peptides are different. Thus, synthesized palladium nanoparticles possessed different
catalytic activities [1,6]. The catalytic activity of synthesized palladium nanoparticles was

attributed to the total free energy of the peptide due to its different conformation in the medium

[6].
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Figure 10. TEM image of palladium nanoparticles prepared using (a) (Pd4)1-GFPuv, (c) (A6)1-
GFPuv, (e) (A11)1-GFPuv, and (g) (A6,11)1-GFPuv fusion proteins. Size histogram of
synthesized palladium nanoparticles prepared using (b) (Pd4):1-GFPuv, (d) (A6)1-GFPuyv, (f)
(Al11)1-GFPuv, and (h) (A6,11):1-GFPuv fusion proteins.
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It is important to note that by fusing peptide containing 12 amino acid to the GFPuv
reporter protein containing 238 amino acids, the conformation of the prepared fusion protein
could not changes comparing to the peptide holding 12 amino acids. Thus, the peptides free
energies are decreased after fusion, yet their catalytic activities should be studied for further
analysis. The TEM images and their related size distributions of prepared nanoparticles using

different fusion proteins are shown in Figure 10.

3.3.6. Palladium salt

The last parameter that was investigated is the type of palladium salt. Five different types
of palladium salt were used for palladium nanoparticle synthesis. The results of using different
types of palladium salt for the sample prepared at pH of 7 and NaBHa4 as reducing agent at 25°C

with salt to reducing agent ratio of 1/40 equivalent is provided in the Table 17.

Table 17. The effect of palladium salt on nanoparticle size.
Pd salt K2PdCl4 Naz2PdCl4 Pdl2 Pd (TFA)2

Nanoparticle diameter(nm) 24+0.3 22%0.3 26%0.3 24+0.3

The TEM images and their related size distributions of prepared nanoparticles using
different palladium are shown in Figure 11. The peptide-directed nanoparticles were spherical
and discrete with almost same average diameter size. It can be concluded that type of palladium

salt did not have significant impact on the nanoparticles size.
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Figure 11. TEM image of palladium nanoparticles prepared using (a) Na2PdCl4, (c) Pdl2, and (e)
Pd (TFA):2 as palladium salt. Size histogram of synthesized palladium nanoparticles prepared
using (b) NazPdCls, (d) Pdlz, and (f) Pd (TFA)2.

3.3.7. Conclusion
(Pd4)1-GFPuv, (A6)1-GFPuv, (A11):1-GFPuv, and (A6,11):-GFPuv fusion proteins were
successfully constructed using E. coli as expression host. A simple aqueous solution phase

nanoparticle synthesis approach was exploited in a crude biological protein environment, and the
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palladium nanoparticles obtained are similar to those synthesized. The effect of six parameters
on nanoparticle size, morphology, and properties were investigated. Comparing to the other
parameters, temperature change was found to be the parameter that can be used to prepare

nanoparticle within broad range of diameter size from 2 to 10 nms.
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Chapter 4.  Recombinant peptide fusion proteins enable palladium nanoparticle growth

The following chapter has been published as “Featured Letter” in Materials Letters
Journal (ISSN: 0167-577X). This chapter is presented as the verbatim reproduction of the

published letter.
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Abstract

The soluble fraction of bacterial lysates containing repeat units of a metal binding domain (Pd4)
fused to the carrier protein Green Fluorescent Protein was used to direct palladium nanoparticle
synthesis on the order of 2 nm. Characterization confirmed the synthesis of highly ordered
materials, as evident by microscopy and elemental analysis, demonstrating the fact that crude

bacterial lysates containing fusion peptides may be used in lieu of expensive, pure peptide.

Keywords Recombinant protein, Palladium nanoparticles, Pd4 peptide
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4.1. Introduction.

Nanoparticles (NPs) often show unique physical and chemical properties due to their
crystallinity, phase, morphology and structure. These properties are advantageous for
applications in electronics, catalysis, composite design, drug delivery, and biopharmaceuticals
[1-6]. Researchers have been inspired by biological systems that order structures in nature,
resulting in NP fabrication employing short peptide sequences to direct the assembly,
composition, and structure of inorganic NPs and hybrid bioinorganic NPs [7,8].

Rather than using peptides of a high degree of purity to direct NP formation, we tested
the use of amino acid sequences that are biologically inhomogeneous in terms of purity and
composition. Since recombinant sources can be one to two orders of magnitude less expensive
when compared to chemically synthesized peptides, biologically produced sequences will be cost
effective in the synthesis of NPs. We recently demonstrated this approach with the palladium
(Pd) metal binding sequence Pd4 (TSNAVHPTLRHL) [9]. Extending this work to fully
characterize Pd NPs created with crude Escherichia coli lysate containing (Pd4)3-GFPuv is the
subject of this report, where we show that highly ordered NPs can be created using crude lysate
as a source of multimeric Pd4.

4.2. Experimental Methods
4.2.1. Fusion Protein Preparation

An arabinose inducible plasmid that codes for (Pd4)3-GFPuv was recently constructed by
Tejada Vaprio et al. [9]. Bacterial lysates were obtained from cells induced with arabinose and
grown in LB medium containing 50 pg/mL ampicillin. Cells (15-20 g) were resuspended in 40
mL of deionized water and then lysed for 30 minutes on ice using a Q125 Sonicator at 40%

amplitude with 10 secs. pulse and 5 secs. rest. After sonication the samples were centrifuged to
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remove insoluble material. Total concentration of protein in a sample was determined using the

DC Protein Assay (Bio-Rad, Hercules, CA).

4.2.2. Palladium Nanoparticle Synthesis

A method adapted from Pacardo et al. was followed to synthesize palladium
nanoparticles at room temperature [3]. Synthesis mixtures (one milliliter total volume) contained
0.16 mg K2PdCls, 0.23 mg (Pd4)s-GFPuv, and 1.5 mg NaBHa. These amounts result in a ratio of
Pd*? to Pd4 equal to 2 [3]. The reducing agent was added thirty minutes after the metal salt and
lysate were mixed. Reduction of Pd2+ to PdO was indicated by a color change (yellow to light
brown).

The NP growth mechanism and size distribution analysis were investigated using TEM
and HRTEM. Ten microliter samples of the reaction mixture were taken periodically and
immediately placed on a 300 mesh standard lacey carbon grid. Measurements with an FEI Titan
80-300 determined NP size distribution and morphology. HRTEM images were used to
determine the d-spacing of crystal lattices. Analysis of the images was performed using ImageJ

software.

4.3. Results and Discussion.

Extracts of soluble protein contained approximately 10% (Pd4)s-GFPuv, with SDS-
PAGE (graphical abstract) indicating the heterogeneity of the lysate. Multiple bands from
proteins of differing molecular weight and concentration were observed. Indeed, there are
approximately fifteen distinct species in the lysate including (Pd4)s-GFPuv. When reducing

agent was added to a solution containing lysate and Pd salt, nanoparticles were formed.
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TEM images shown in Figure 1 are representative of synthesized Pd NPs with average
diameters ranging from 1.52 + 0.61 to 2.37 = 0.70 nm. TEM images of the synthesized Pd NPs
indicated discrete and almost spherical particles (aspect ratio close to 1) with an absence of the
formation of large aggregates. A representative EDX spectrum of the Pd NPs is shown in Figure
1g, with Pd peak located at 3.3 keV. All NP samples were evaluated with EDX and similar
spectra were obtained. The peak of oxygen resulted, at least in part, from the organic materials

(peptides and proteins) deposited on the grid. Lastly, the peaks of copper and carbon originated

from the use of the lacey carbon grid that held the NPs.
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Figure 1. TEM of Pd NPs at (a) 10, (b) 20, (c) 40, (d) 80, (e) 120, and (f) 240 secs.
Representative EDX spectrum (240 secs).

Avreas for 150-300 individual NPs were obtained from each image and an effective size

ofd =2 x \/% was used to calculate the diameter, where A is measured area of the particle.

Histograms of particle diameters for a given time may be found in the SI. A graph of the
trajectory of average NP size was prepared to describe growth (Figure 2a). The average diameter

of the NPs increased rapidly in the first few secs. as Pd atoms organized into clusters and smaller
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NPs, with the rate of change in diameter decreasing at later times. Larger diameter NPs were the

result of coalescence, Ostwald ripening and oriented attachment (OA) as observed in Figures 3b—

d[10,11].
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Figure 2. (a) Average NP diameter versus reaction time. Times correspond to times (a—f)
identified in Figure 1. (b) Proposed schematic of NP growth.

Figure 3a is a HRTEM image of an individual Pd NP where lattice fringes are clearly
visible. The measured spacing between fringes is 2.24 A which corresponds well with the
spacing between (111) plane of cubic Pd [12]. Fast Fourier Transformation (FFT) of the HRTEM
data is represented in the inset of Figure 3a and it confirms the crystalline nature of this NP.

HRTEM images (Figures 3b—d) showed NPs, obtained by means of coalescence (Figure 3b-d),
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OA (Figure 3c-d), with particles in the process of changing shape and morphology to minimize
total free energy [13]. In Figure 3b, adjacent NPs were likely in the process of rotation and
alignment to fuse through the observed (111) facet along the long axis. In Figure 3c, alignment
had taken place along a common crystallographic direction and OA was observed. Eventually,
particles could adopt a configuration or shape like Figures 3a with an aspect ratio close to unity.
In Figure 3d, two fused Pd particles are visible. The bottom one is imaged along <112> making
both (111) and (022) planes visible. While a boundary is seen in Figure 3d, the lack of observed
boundary in Figure 3a indicated Ostwald ripening at an advanced stage (small nanoparticle fused

to larger nanoparticle).

Figure 3. HRTEM and FFT analysis NPs (240 secs.) (a) The lattice planes (111) are observed.
NPs in the process of (b) coalescence, (c) oriented attachment, and (d) formation of bicrystals
with (111) and (220) planes identified, respectively.
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When NPs are formed in the presence of Pd4, there are likely many independent nucleation sites
due to the coordination of Pd*? by the peptide, in contrast to a peptide free environment where
metal ions may easily associate prior to, and during, reduction. The former provides an ensemble
containing a lower total free energy. Consequently, a greater number of minimum sized NPs
survive after making the first clusters. These observations are consistent with literature that
describe small NP growth, and unlike previous studies with fusion peptides, generate material
two orders of magnitude smaller than previously reported [14-17]. Once a cluster achieves the
minimum critical size at which a particle can survive dissolution, the NP is formed by simple

growth and coalescence of smaller clusters.

4.4. Conclusion

In this study, highly ordered NPs using biological templates were prepared without the costly
purification of a peptide. It represents a paradigm shift in the preparation of highly ordered
materials because the heterogeneous nature of the synthesis did not preclude the formation of
small nanoparticles. Future work includes the use of these nanoparticles in representative
catalytic applications that include ammonia synthesis and the production of chemical

intermediates of high value.
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Figure S1. Strategy of fusion peptide directed NP formation. (a) Illustration of (Pd4);-GFPuv,
where the N-terminus extension of the reporter protein has three copies of Pd4. (b) The fusion
protein (Pd4)s;-GFPuv is contained in a bacterial lysate, as indicated by SDS-PAGE (lanes
contain MW markers and two dilutions of extract, respectively, with (Pd4);-GFPuv circled).
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Figure S2. The control tubes presenting each step of nanoparticle formation. (a) reaction
mixture of water and lysate containing (Pd4)3;-GFP protein before adding K2PdCls and NaBH4
(b) reaction mixture before adding NaBHa (c) reaction mixture 10 secs. after adding NaBHa4 (d)
reaction mixture 10 mins. after adding NaBHa4 (e) reaction mixture of water and lysate containing
only GFP protein 10 mins. after adding NaBHa.
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Figure S3. TEM of synthesized particles (a) using lysate without (Pd4)3;-GFPuv protein and (b)
lysate containing GFPuv protein.
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Figure S4. Diameter analysis of NPs. Size histograms of synthesized Pd NPs correspond to
times (a—f) identified in the caption of Figure 1 in the main manuscript.
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Chapter 5.  Recombinant peptide fusion protein-templated palladium nanoparticles for

Suzuki-Miyaura coupling and Stille coupling reactions

The following chapter will be submitted to the Journal of American Chemical Society

(ISSN: 0002-7863). This chapter is presented in manuscript form.
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Abstract

Although peptide-enabled synthesis of nanostructures has garnered considerable interest
for use in catalytic applications, it has so far been achieved mostly via Fmoc based solid phase
peptide synthesis. Consequently, the potential of longer peptides in nanoparticle synthesis have
not been explored largely due to the complexities and economic constraints of this chemical
synthesis route. This study examines the potential of a 45-amino acid long peptide expressed as
fusion to Green Fluorescence Protein (GFPuv) in Escherichia coli for use in palladium
nanoparticle synthesis. Fed-batch fermentation with E. coli harboring an arabinose-inducible
plasmid produced a peptide containing three copies of Pd4 peptide fused to N-terminus of
GFPuv ((Pd4)s-GFPuv). Using the intrinsic fluorescence of GFPuv, expression and enrichment
of the fusion product was easily monitored. Crude lysate, desalted lysate and an ion-exchange
enriched fraction containing (Pd4)s-GFPuv were used to test the hypothesis that high purity of
the biologic material used as the nanoparticle synthesis template may not be necessary.
Nanoparticles were characterized using transmission electron microscope (TEM), energy-
dispersive X-ray spectroscopy (EDS). Results demonstrate that palladium nanoparticles can be
synthesized using the soluble cell extract containing (Pd4)s-GFPuv without extensive
purification or cleavage steps — a highly attractive prospect from both scientific and economic

standpoints.

Keywords: Palladium nanoparticles, Peptides, Bio-templated synthesis
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5.1. Introduction

Nanoparticles (NPs) receive much attention due to their unique chemical, physical, and
mechanical properties arising from their crystallinity, phase, morphology, and structure. These
properties which are distinct from those of bulk materials enable them for a diverse set of
applications, including catalysis, composite design, drug delivery, and biopharmaceuticals [1-
10]. Since NPs properties are highly depended on their morphology and size, the approach
toward NPs synthesis has becomes an important research subject for nanoscience experts.
Various methods have been developed employing bottom-up approach in solution phase with the
main backbone of dendritic architectures and surface capping ligands. On the other hand,
bounding nanoparticles to specific size and shape were achieved using hollow structures, metal-
coordination complexes, and organic molecular cages. Unfortunately, these methods were either
expensive or unable to eliminate the challenge toward property-controllable synthesis of
nanoparticles with narrow size distribution. Recently, researchers have been mimicing biological
systems that order structures in nature, resulting in using short peptide sequences for NP
synthesis in order to direct the assembly, composition, and structure as well as control the growth
and properties of inorganic NPs and hybrid bioinorganic NPs [11].

The singular roadblock to widespread development and commercialization of peptide-
directed NP synthesis platforms is the high cost of chemically-synthesized peptides. For
example, it would be cost prohibitive to manufacture precious NPs such as platinum or
palladium, where the metals are valued at $200 - $2,000 per gram when the peptide costs
normally exceed $10,000 per gram. Such a differential is even more exacerbating for a
nonprecious nanoparticle or when the peptide length grows to incorporate multiple functional

domains. Technical challenges to both chemical and recombinant peptide synthesis approaches
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have slowed deployment in scale-up applications. Chemical approaches to building peptides
have length constraints, and recombinant approaches suffer from purification issues after
expression [12].

Any proposed method for the cost-effective production of peptide(s) for nanoparticle
synthesis must recognize the necessity of expression with a high degree of fidelity while
providing a minimalist approach to peptide purification. We hypothesized that peptides capable
of tuning nanoparticle morphology can direct synthesis in an environment that contains remnants
of the fermentation process. The degree of purity with respect to the concentration and the nature
of contaminating material (proteins, DNA, RNA, medium components) has not, to our
knowledge, been extensively explored because in contrast to most biochemical engineering
applications, the purity requirement of the peptide for nanoparticle synthesis may be less
stringent. Indeed, it is conceivable that simply concentrating the peptide may be the only
purification step necessary for nanoparticle synthesis. Additionally, the use of a reporter protein
that may easily be tracked through the fermentation and recovery process is desirable from the
standpoint of bioprocessing.

In this work, we describe the successful synthesis of Pd NPs using a peptide fused to
Green Fluorescent Protein (GFPuv) and demonstrate that partially purified material is capable of
controlling both composition and morphology. The peptide used to illustrate nanoparticle
synthesis, commonly referred to as Pd4 (TSNAVHPTLRHL) has been described previously to
non-covalently bind to Pd [13]. This peptide was derived from M13 phage display adsorption on
bulk polycrystalline palladium and has histidine residues at its 6th and 11th position in the
peptide structure [13,14]. The peptide can anchor to the surface of palladium nanoparticle

surfaces through histidine residues. Our construction provides three N-terminal copies of Pd4
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separated from GFPuv by an additional methionine for optional cyanogen bromide cleavage,
with this construction referred to as (Pd4)3-GFPuv throughout the paper [15]. Pd NPs were
synthesized and characterized by several physical and chemical techniques that include
transmission electron microscopy (TEM), UV-visible spectroscopy, energy-dispersive X-ray
spectroscopy (EDS). It showed that highly ordered NPs can be prepared using crude lysate as a
source of multimeric Pd4. Furthermore, the catalytic activity of (Pd4)3-GFPuv fusion protein-
templated Pd NPs were investigated using two major cross-coupling reaction. The Suzuki-
Miyaura coupling and Stille coupling reactions have become the most efficient ways to construct
molecules with different sizes through carbon-carbon bond coupling. These reactions have been
widely used for complex pharmaceutical compounds as well as natural products [16,17]. In
addition, the ability of prepared fusion protein-templated Pd NPs were successfully studied
toward anticancer drug construction. The synthesized NPs also showed high performance in

green environment and their catalytic activities did not suffer significant loss after cycling test.

5.2. Experimental

The metal-binding peptide called Pd4 was designed and synthesized by Integrated DNA
Technologies (Coralville, 1A). Potassium tetrachloropalladate (11) was used as a Pd precursor and
was purchased from Sigma Aldrich (St. Louis, MO, USA). The chemical in this study were of

analytical grade.

5.2.1. Preparation of strain used to express (Pd4)s-GFPuv
In order to construct (Pd4)s-GFPuv fusion protein, a plasmid carrying DNA fragment

encoding three copies of Pd4 was designed according to the codon preference of Escherichia
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coli. The fragment containing multiple cloning sites for gene fusion followed by Pd4 was
synthesized (Figure 12). Subsequently, the fragment was cloned into the EcoRI and Ncol sites of
pBAD myc- His B introduced at the 5” end of the (Pd4)s using primer Forward 1 along with
GFPuv in the 3’ end with the primer Reverse 1, respectively. Afterward, the (Pd4)s overlap
region was introduced in the 5 end of GFPuv using the primer Forward 2 and Reverse 2, a
stretch that contained both a Hiss tag and an EcoRl restriction site. The two polymerase chain
reaction (PCR) products were finally spliced together in a third PCR using the Forward 1 and
Reverse 2 primers (Table 18). The PCR product of the third step, and plasmid pBAD
(synthesized by Invitrogen) were double digested using EcoRI-HF® and Ncol-HF® restriction
enzymes from New England Biolabs. Both products were recovered using a two-tier 1.2%
agarose FlashGel cassette and Recovery buffer. Finally, ligation of the digested PCR product
and the digested pBAD occurred overnight using T4 DNA Ligase enzyme and T4 DNA Ligase

Reaction buffer (New England Biolabs) at 14°C [18].

Ncol EcoRl Digested with
l MBP gene [ GFPyy l

MBP gene GFP,,

Ncol, EcoRlI

Ligation

Ncol Ncol EcoRl

Iy K

A(J'A‘;o
pBAD myc- His B Digested with

4094 bp —eeeeep

Ncol, EcoR| pBAD-MBP-GFP

Digested pBAD

Figure 12. Overview of plasmid construction. A synthetic gene was constructed using SOE
PCR, which was added to the commercially available expression vector pBAD myc-HisB [18].
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Table 18. List of primers used for plasmid construction.

Primer Sequence

Forward 1 5’-GACGGTAGAACCATGGGTACTTCCAATGCCGTCCA-3

Reversel 5’-GTGAAAAGTTCTTCTCCTTTACTCATTAAGTGACGCAAGGTCGG-3’

Forward 2 5’-CCGACCTTGCGTCACTTAATGAGTAAAGGAGAAGAACTTTTCAC-3’

Reverse 2 5-TGCGAATTCTTAATGGTGATGGTGATGGTGTTTGTAGAGCTCATC-3°

10-Beta E. coli competent cells were transformed with the plasmid using heat shock [19].
Cells were plated on LB agar media containing 50 pug/mL ampicillin and 2 mg/mL arabinose.
The plates were incubated overnight at 37°C and the product was checked for green fluorescence

using UV light.

5.2.2. Expression of the recombinant protein

The expression plasmids of GFPuv and (Pd4)s-GFPuv were introduced in E. coli BL21
DE3, and the transformed cells were grown in Lysogeny Broth (LB) media at 37°C.
Fermentation steps contained 50ug/mL ampicillin to serve as a selection method. The prepared
inoculum for the fed batch fermentation in a shake flask was added to LB media in an Applikon
bioreactor and the growth process was performed at 37°C and pH of 6.8. After six hours of
cultivation, the culture was fed with 500 g/L sterilized glucose solution. Subsequently, the cell
culture was induced with 10 mM arabinose when an optical density of 600 nm (ODeoo) was
reached to 0.4. Ultimately, the fermentation was stopped after four hours, and the harvested cells

were collected by centrifugation at 5000xg at 4 °C for 45 minutes.
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5.2.3. Lysate preparation

Thawed cells (5 — 10 g) were resuspended in 40 mL of deionized water and lysed
ultrasonically for 20 minutes followed by centrifugation to remove insoluble material at 8000xg
for 45 minutes at 4 °C. The supernatants containing soluble His-tagged protein were decanted to

avoid any insoluble materials for fusion protein purification.

5.2.4. Enrichment

The decanted lysate was filtered through a 3.5 kDa MWCO dialysis membrane
(Spectrum Laboratories, Rancho Dominguez, CA) to obtain clarified soluble fusion protein prior
to purification. A gravity-flow HiTrap DEAE FF column containing HisPur Cobalt resin (GE
Healthcare, Pittsburgh, PA, USA) was equilibrated with 25 mM Tris-HCI buffer, pH 8.0 (IEX
DEAE Buffer A). The clarified supernatants containing soluble N-terminal His-tagged proteins
were then loaded onto a gravity-flow HiTrap DEAE FF column containing HisPur Cobalt resin
(GE Healthcare, Pittsburgh, PA, USA). Fusion proteins were processed using an AKTA FPLC
System (Amersham Biosciences, Little Chalfont, UK). Following this, the column was
developed with a stepwise elution of 25 mM Tris-HCI (pH 8.0) containing 1 M NaCl (IEX
DEAE Buffer B). Subsequently, the target proteins were collected, and UV light was employed
to verify the fluorescent green emission of target protein. The purity of the fusion proteins was
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE)
followed by staining with Coomassie brilliant blue (CBB) R-250. The protein concentration was
measured using the Bradford method (Bio-Rad Protein assay kit, Bio-Rad, Hercules, CA, USA),

with bovine serum albumin (BSA) as the standard.
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5.2.5. Nanoparticle synthesis and characterization

Pacardo et al. method was adapted and followed for palladium nanoparticles (Pd NPs)
synthesis in this work [14]. 0.23 mg (Pd4)3-GFPuv was added to an aqueous solution (on
milliliter total volume) containing 0.16 mg of K2PdCl4 so that each peptide was dissolved with 2
equivalents of K2PdCls and the mixture was stirred for thirty minutes at 800 rpm at 25 °C. After
Pd complexation, 1.5 mg NaBH4 was added to the prepared mixture. Reduction of Pd?* to Pd°
and formation of NPs was indicated by color change (yellow to light brown) [19]. The solution
was mixed at 200 rpm for an hour.

The NP morphology and size distribution analysis were investigated using transmission
electron microscopy (TEM). A ten microliter drop of the reaction mixture containing NPs were
taken and immediately placed on a 300 mesh standard lacey carbon grid. An FEI Titan 80—-300
was used to measure and determine NP size distribution and morphology. Analysis of the images

was performed using ImageJ software.

5.3. Results and Discussion

In order to investigate the ability of recombinant Pd4 in NP synthesis, an expression
vector for (Pd4)s-GFPuv encoding gene was constructed [18]. Electrophoresis results using a
single-tier 1.2% agarose Lonza’s FlashGel ™ cassette confirmed that DNA product from PCR
steps were of the correct size (936 bp) as expected for the recombinant gene (Figure 13a). This
gene was recovered, digested, ligated with the pBAD vector, and transformed into 10-Beta E.
coli competent cells. Transformants produced green fluorescence under UV light when plated on
LB agar and LB media containing 10 mM arabinose and 50 pug/mL ampicillin (Figure 13b).

Subsequently, Fed-batch fermentation was performed to achieve high harvested cell density with
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a typical run having a terminal optical density (ODsoo) of 22 and a yield of 75 g cell pellet (wet

cell weight).
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Figure 13. Gel electrophoresis indicating successful gene construction. a. The final (936 bp)
fragment constructed after the third round of PCR was analyzed on a gel to insure correct size.
Lane 1, DNA standard. Lane 2, PCR product of step 3. b. (Pd4)s-GFPuv fusion protein under
UV light.

Clarified lysate obtained from fed-batch fermentation were used to obtain fractions that
were enriched in (Pd4)s-GFPuv by removal of undesired E. coli host-cell proteins. A final
gradient incorporating five steps was used for the single column enrichment process of (Pd4)s-
GFPuv. Figure 14a is a representative chromatogram of the intracellular lysate, with peaks
eluting due to increasing NaCl concentration. Fluorometric measurements confirmed that a

single peak had high fluorescent intensity and were further checked using SDS-PAGE analysis.

As shown in Figure 14b, the purified band with 31.5 kDa molar mass belongs to (Pd4)s-GFPUV.
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Figure 14. a. lon exchange chromatography for enrichment of (Pd4)s-GFPUV. Samples were
fractionated using ion exchange chromatography. Peak B had highest (Pd4)s-GFPUV, indicated
by a RFU (relative fluorescent units) of 525. b. SDS-PAGE electrophoresis of ion exchange
fraction. Calculated molecular weight of (Pd4)s-GFPUV is 31.5 kDa. Lane 1, protein standard.
Lane 2, sample.

The NP synthesis process were performed using E. coli lysate containing (Pd4)s-GFPuv,
the purified fraction of (Pd4)s-GFPuv, the E. coli lysate containing GFPuv, and control
experiment without (Pd4)s-GFPuv fusion protein. As shown in Figure 15a-b, obtained particles
were neither discrete nor consistent in the absence of Pd4 peptide. It could be argued that Pd4
sequence is required to obtain uniform NPs as agglomeration, non-uniformity, and irregularity of
particles occurred due to lack of nucleation site needed to anchor to the NPs in the absence of
Pd4 sequence. On the other hand, discrete and uniformed NPs were successfully synthesized
using the crude lysate contained (Pd4)s-GFPuv protein obtained from fed-batch fermentation.

Although there are approximately fifteen different species in the lysate, spherical Pd NPs with an

average size of 2.4 nm £+ 0.7 nm were formed when the reducing agent was added to the solution
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of lysate and Pd salt (Figure 15c). The results were consistent with our previous study [19].
Discrete and uniformed Pd NPs with aspect ratio close to unity were synthesized using purified
and enriched (Pd4)s-GFPuv fusion protein. The average diameter of Pd NPs was 2.6 £ 0.7 nm

and no formation of large aggregates was observed (Figure 15d).

Figure 15. Transmission Electron Microscopy of particles derived from extracts devoid of Pd4.
Large particles were obtained in the presence of (a) lysate, and (b) lysate containing GFPuv.
Ultrafine NPs obtained in presence of (c) lysate containing (Pd4)s-GFPuv, and (d) purified
(Pd4)s-GFPuv.
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X-ray photoelectron spectroscopy spectrum of (Pd4)s-GFPuv fusion protein templated Pd
NPs indicated that sodium chloride was also present and accompanied the Pd NPs (Figure 16a).
Typically, sodium chloride concentration in LB is estimated to be within the range of 5-10 mg/g.
Since neither sonication nor centrifugation would affect salt concentration in the soluble fraction
of the lysate, the presence of sodium chloride (NacCl) is not surprising. Also, the nanoparticles
were obtained after lyophilizing the mixture resulting in powder containing 1.2% of palladium
confirmed by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) (See S
for the details). The Pd3d spectrum shows the characteristic peaks of 3dss2,52 doublets (Figure
16b). The peaks at the binding energy (BE) around 341.2 eV (Pd 3ds/2) and 335.3 eV(Pd 3ds2)
are attributed to Pd° species and the peaks around BE of 343.7 eV (Pd 3d32) and 337.6 eV(Pd
3ds12) are related to Pd ! species, which probably result from the reoxidation of Pd® [20]. In
addition, X-ray diffraction pattern of crude lysate and Pd NPs synthesized using crude lysate
confirmed the NaCl content in the catalyst (Figure 16c).

SEM analysis of (Pd4)s-GFPuv fusion protein templated Pd NPs indicated that sodium
chloride was also present and accompanied the Pd NPs (Figure 17a and b). However, NaCl
content was eliminated from Pd NPs prepared using purified (Pd4)s-GFPuv fusion protein as
confirmed by Energy-dispersive X-ray spectroscopy analysis (Figure 17¢). Based on
representative EDX spectrum of the Pd NPs prepared using enriched (Pd4)s-GFPuv fusion
protein, Pd peak was detected at 3.3 keV. Also, the peak of oxygen resulted, at least in part, from
the organic materials (fusion proteins) deposited on the grid. Lastly, the peaks of copper and

carbon originated from the use of the lacey carbon grid that held the NPs (Figure 17c).
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Figure 16. XPS spectrum of (a) (Pd4)s-GFPuv fusion protein templated Pd NPs and (b) Pd3d
XPS spectrum of Pd NPs. (c) XRD pattern of (Pd4)s-GFPuv fusion protein templated Pd NPs
using as catalyst.
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spectrum prepared nanoparticles in cell lysate and (b) SEM image analysis of the spectrum. (c)

EDX spectrum of the Pd NPs prepared using enriched (Pd4)s-GFPuv fusion protein.

5.3.1. Application as catalyst in coupling reactions

5.3.1.1. Suzuki-Miyaura coupling

The (Pd4)3-GFPuv fusion protein-templated Pd NPs described above were employed to the
Suzuki-Miyaura coupling reaction of aryl halides with phenylboronic acid. The coupling reaction
of iodobenzene and phenyl boronic acid was selected as model.

Table 19 shows the effect of catalyst and the base determined by biphenyl yield. The
reaction did not take place in the absence of base showing that it is needed to activate the boronic
acid via boosting the polarization of organic ligands thus accelerating the transmetallation step
(entry 1). The reaction did not occur in the absence of catalyst or (Pd4)s-GFPuv fusion protein
(entries 2 and 3) while excellent catalytic activities were observed when (Pd4)s-GFPuv fusion
protein-templated Pd NPs was used (entries 4-7). It exhibits the important role of Pd NPs for
driving the Suzuki-Miyaura coupling reaction. The catalytic performance of different loadings of
fusion protein-templated Pd indicated that employing the catalyst containing 5 mmol% Pd NPs
and 0.15 mmol of K2COs resulted in 77% yield of the biphenyl product under the given
conditions (entry 4). However, by increasing the base content to 0.3 mmol, the biphenyl product
in yield of 97% was obtained (entry 5). Moreover, the yield of reaction using catalysts containing
2 mmol% and 1 mmol% Pd were 94% and 71%, respectively after four hours while the other

reaction conditions were as given (entries 6 and 7).

Table 19. Catalyst survey for Suzuki-Miyaura coupling reaction of iodobenzene and
phenylboronic acid @.
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Catalyst, Base
Ar—X +Ar'—B(OR), > Ar—Ar'
EtOH-H,0, 80°C, 1.5 h

Entry Parameters Yield ? (%)
1 No K2COs —
2 No Catalyst —
3 (Pd4)s-GFPuv fusion protein —
4 (Pd4)s-GFPuv fusion protein-templated Pd NPs 77°
5 (Pd4)s-GFPuv fusion protein-templated Pd NPs 97
6 (Pd4)3-GFPuv fusion protein-templated Pd NPs 94 d
7 (Pd4)3-GFPuv fusion protein-templated Pd NPs 71¢

2 Reaction conditions: iodobenzene (0.1 mmol), phenylboronic acid (1.2 mmol), K2COj3 (0.3 mmol) and Pd NPs
(0.005 pumol) were mixed in 0.5 mL of water and 0.5 mL of ethanol and refluxed under N2 after 90 min. ° Yield
were determined by HPLC. ¢ The amount of K,COjs is equivalent to 0.15 mmol, and other reaction conditions
were as above. ¢ The amount of catalyst is equivalent to 0.002 pmol Pd and yield was measured after 4 hours.
The amount of catalyst is equivalent to 0.001 umol Pd and yield was measured after 4 hours.

The other reaction conditions including solvent, base, and temperature were also
evaluated using the model coupling reaction (Table 20). The reaction did not result in high yield
when KOtBu, K2HPO4, and KH2PO4 (entries 1-3) were used as base while the reaction
proceeded with excellent catalytic activity in the presence of K2COs (entry 4). Although DMF
and toluene could hinder the reaction (entries 5 and 6), high catalytic activities were achieved
when THF and EtOH were used as solvent (entries 4 and 7). Using THF as solvent, the reaction
did not occur at 40 °C even after 48 h (entry 8) while the yield of 69% of biphenyl was achieved
when EtOH was used with the same reaction conditions (entry 9). The catalytic performance of
reaction under different temperatures indicated that by increasing the temperature, higher yields

could be obtained. Indeed, the Suzuki-Miyaura coupling reaction can be proceeded with high
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yield of biphenyl when water is present. Presence of EtOH in water-contained solvents was

observed to boost the catalytic performance of the reaction compared to those that THF was

present (entries 9-12 and 14). Green solvent of EtOH and water with the ratio of one to one was

found to be the best solvent for Suzuki-Miyaura coupling reaction (entries 13, 14, and 15).

Table 20. Optimized condition via coupling reaction of iodobenzene and phenylboronic acid.

Solvent, base, and temperature.

Ar—X +Ar—B(OR),

Catalyst, Base

> Ar—Ar

Solvent, Temperature, Time

Base

Time (h)

Temperature (°C)

Entry Solvent (mmol) Yield ® (%)
1 THF KOtBu 3.0 80 56
2 THF K2HPO4 3.0 80 63
3 THF KH2PO4 3.0 80 61
4 THF K2COs 3.0 80 96
5 DMF K2COs 3.0 80 49
6 Toluene K2COs 3.0 80 51
7 EtOH K2COs 1.5 80 98
8 THF K2COs 48.0 40 0
9 EtOH K2COs 48.0 40 69
10 EtOH: H:0 (1:11)  KoCOs 8.0 60 81
11 THF: H0 (1:1) K2COs 8.0 60 43
12 THF: H20 (1:1) K2COs 4.0 80 95
13 EtOH: H20 (3:1) K2COs 1.5 80 98
14 EtOH: H20 (1:1) K2COs 1.5 80 97
15 EtOH: H20 (1:3) K2COs 3.5 80 82

@ Reaction conditions: iodobenzene (0.1 mmol), phenylboronic acid (1.2 mmol), base (0.3 mmol) and Pd NPs
(0.005 pmol) were mixed in solvent and refluxed under N2. ° Yield were determined by HPLC.
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5.3.1.2. General applicability using Suzuki-Miyaura coupling reaction

A wide variety of aryl halides and phenylboronic acids was chosen to study the feasibility
of (Pd4)s-GFPuv fusion protein-templated Pd NPs as catalyst and the substrate scope of Suzuki-
Miyaura coupling reactions (Table 21). Different aryl halide groups such as iodobenzene (entry
1), electron donating groups (entry 2 and 3), electron withdrawing groups (entry 4 and 5),
bromobenzene (entry 6), and heterocycle compounds (entry 7 and 8) as well as different boronic
acids were participated in the substrate scope results in high to excellent yields (Table 21).

Different aryl iodides bearing electron-rich and electron-deficient groups involved and
reacted satisfactory with phenylboronic acids bearing electron-rich ((—CH20H) as well as
electron-deficient —CHO, —COCHj3) substituents (Table 21. entries 1-5). In addition, aryl
bromides known as low reactive substrates showed high to excellent yields even though
heteroaryl boronic acids and heterocycle substituents were participated in Suzuki-Miyaura
coupling reaction, respectively. It was also obtained that different substituents such as —
CH20H, —CHO, —COCHg3s, and CFsO— remained intact during these transformations. Thus,
(Pd4)s-GFPuv fusion protein-templated Pd NPs was determined to be an efficient, inexpensive,

and green catalyst for the Suzuki-Miyaura coupling reaction.
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Table 21. Substrate scope for Suzuki-Miyaura coupling reaction 2

Catalyst, Base
Ar—X +Ar—B(OR), >
EtOH-H,0, Reflux

Entry Ar—X Ar—R Time (h)  Yield ® (%) TOF
1 O B(0H) 15 97 12,933
[e] /O
OH B(OH),
3 C§: 6 83 2,766
4 : >\: \—@Bw 2 88 8,800
5 \ >: >—©7momz 25 94 7,520
S °
6 . . BoH); 15 82 1,093
S\/N\ N—
7 N=— Br /04<\N / B(OH) 16 69 920
8 @ wB(OH)Z 4 95 4,750

@ Reaction conditions: Aryl halide (0.1 mmol), arylboronic acid (1.2 mmol), K.CO3 (0.3 mmol) and Pd NPs (0.005

pmol) were mixed in 0.5 mL of water and 0.5 mL of ethanol and refluxed under N, under 80 °C.




5.3.1.3. Stille coupling

For the Stille coupling reaction, the coupling reaction of iodobenzene and phenyltin
trichloride was selected as model and the mixture of EtOH and water with the ratio of one to one
was chosen as the solvent since the aim of this work is to explore the catalytic ability of (Pd4)s-
GFPuv fusion protein-templated Pd NPs in green environment.

Table 22. Catalyst survey for Stille coupling reaction of iodobenzene and phenylboronic acid 2.

Catalyst, Base
Ar—X +Ar'—SnCl; » Ar—Ar'
EtOH-H,0, Reflux

Entry Parameters Yield © (%)
1 No KsPO4 —
2 No Catalyst —
3 (Pd4)s-GFPuv fusion protein —
4 (Pd4)3-GFPuv fusion protein-templated Pd NPs 54 ¢
5 (Pd4)3-GFPuv fusion protein-templated Pd NPs 96
6 (Pd4)s-GFPuv fusion protein-templated Pd NPs 88 ¢d
7 (Pd4)s-GFPuv fusion protein-templated Pd NPs 64 ¢©

2 Reaction conditions: iodobenzene (0.1 mmol), phenyltin trichloride (1.2 mmol), KsPO4 (0.3 mmol) and Pd NPs
(0.005 pmol) were mixed in 0.5 mL of water and 0.5 mL of ethanol and refluxed under N2 after 6 hours. ® Yield
were determined by HPLC. ¢ The amount of K3PQy, is equivalent to 0.15 mmol, and other reaction conditions were
as above. ¢ The amount of catalyst is equivalent to 0.002 pmol Pd and yield was measured after 20 hours. ¢ The
amount of catalyst is equivalent to 0.001 pmol Pd and yield was measured after 20 hours.

As indicated in Table 22, in the Stille reaction, the presence of both base and catalyst
containing Pd NPs is required for driving the Stille coupling as the reaction did not occur in their
absence (entries 1-3). In contrast, excellent catalytic activities were obtained when (Pd4)s-GFPuv

fusion protein-templated Pd NPs was used (entries 4-7). The catalytic performance of different
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loadings of fusion protein-templated Pd and base content indicated that biphenyl product can be
obtained with when 1 mmol% Pd NPs and 0.15 mmol of K2CO3s were employed (entries 4, 6, and
7), although by increasing the Pd NPs loading to 5 mmol% and base content to 0.3 mmol, the
biphenyl product in yield of 96% was obtained (entry 5).

Table 23. Optimized condition via coupling reaction of iodobenzene and phenyltin trichloride.
Solvent, base, and temperature.

Catalyst, Base
Ar—X +Ar'—SnCl; » Ar—Ar'
EtOH-H,0, Reflux

Entry Pd (mmol %) (jrans;) Time (h) Temperature (°C)  Yield ® (%)
1 5 KOH 6.0 80 72
2 5 K2COs 6.0 80 34
3 5 CsF 6.0 80 36
4 5 KsPO4 6.0 80 96
5 5 KsPOs4 48.0 40 58
6 5 KsPO4 24.0 60 74
7 10 KsPOs4 6.0 80 96
8 2 KsPOs4 16.0 80 88
9 1 KsPO4 16.0 80 64

Reaction conditions: iodobenzene (0.1 mmol), phenyltin trichloride (1.2 mmol), base (0.3 mmol) and Pd NPs were

mixed in 0.5 mL of water and 0.5 mL of ethanol and refluxed under N. ° Yield were determined by HPLC.
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In order to explore the optimized condition for Stille coupling reaction, the model
reaction was used and other reaction conditions including base, temperature, and catalyst loading
were evaluated (

Table 23). A series of bases were explored for the base study and it was found that in the
presence of KsPO4 excellent catalytic activity of 96% yield of biphenyl was achieved (entries 1-
4). The temperature study of the reaction under showed that higher yields could be obtained in
higher temperature. Although 74% yield of biphenyl was proceeded at 60 °C, the reaction was
performed for 24 h. In contrast, employing 80 °C, 96% yield of biphenyl was achieved after 6 h.
(entries 4-6). Furthermore, increasing the amount of catalyst did not alter the yield of biphenyl
while lower catalytic activities were observed when 2 mmol% and 1 mmol% of Pd was present

in the reaction (entries 7-9).

5.3.1.4. General applicability using Stile coupling reaction

A series of aryl halides, phenyltin trichloride, and phenyl tributyltin were chosen to
investigate the substrate scope of Stille coupling reactions using (Pd4)s-GFPuv fusion protein-
templated Pd NPs as catalyst (Table 24). Different aryl halides bearing electron-withdrwaing
groups reacted efficiently with phenyltin trichloride and phenyl tributyltin. Furthermore, the
coupling of heterocycle compound with phenyltin trichloride showed high yield through the
reaction. This high catalytic activity is of high importance since heterocycles are known as low-
reactive substrates (Table 24). It was also obtained that during transformations through Stille
coupling, different substituents such as —CH20OH, —F, and —CHO remained intact indicating
that (Pd4)s-GFPuv fusion protein-templated Pd NPs are efficient, green, and inexpensive

catalysts for the Stille coupling reaction.
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Table 24. Substrate scope for Stille coupling reaction 2

Catalyst, Base
Ar—X +Ar'—SnY; > Ar—Ar'
EtOH-H20, Reflux

Entry Ar—X Ar—R Time ()  Yield? (%) TOF

cl
Qs{—a 5.75 96 3,324
ci

s
2 4@7 &f\/\\/ 18 72 800

o) /Cl
3 B,OJ @—sn\ e 12 86 1,433
Cl

/N\ /CI
— S"\—Cl 40 93 465
cl

w

SN
Jp—

@ Reaction conditions: Aryl halide (0.1 mmol), arylboronic acid (1.2 mmol), KsPO4 (0.3 mmol) and Pd NPs (0.005
pmol) were mixed in 0.5 mL of water and 0.5 mL of ethanol and refluxed under N2 under 80 °C.

5.3.2. Stability and recyclability

Since environmental protection concerns as well as cost-effective approaches for
appropriate catalyst used in chemical reactions are of high importance, employing a catalyst with
aforementioned characteristics is highly desired. The heterogenous catalysts including (Pd4)s-
GFPuv fusion protein-templated Pd NPs due to their remarkable stability and recyclability in
chemical and separation processes are desired candidates for industries. Taking the model

reaction of iodobenzene and phenylboronic acid for Suzuki-Miyaura coupling and iodobenzene
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and phenyltin trichloride for Stille coupling, the reusability of (Pd4)s-GFPuv fusion protein-
templated Pd NPs catalyst was investigated. The catalyst was reused for five times and the
catalytic activity decrease of about 13% and 18% after five cycles was achieved in Suzuki-

Miyaura coupling and Stille coupling reactions study, respectively (Figure 18).

100 - I Suzuki-Miyaura Coupling
[ stille Coupling

Biphenyl yield (%)

Number of cycles

Figure 18. Recyclability of (Pd4)s-GFPuv fusion protein-templated Pd NPs catalyst using the
model reaction of iodobenzene and phenylboronic acid.

No aggregation or morphological changes were observed in used catalyst after five cycles
and the Pd NPs remained spherical and uniformed without any aggregation. The average size of

nanoparticles remained almost unchanged (2.2 £ 0.7 nm in Suzuki-Miyaura coupling and 2.1 +
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0.8 nm in Stille coupling) confirming excellent stability and recyclability of the as-prepared

catalyst (Figure 19).
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Figure 19. (a) TEM image, and (b) particle size distribution of (Pd4)s-GFPuv fusion
protein-templated Pd NPs catalyst after five cycles for Suzuki-Miyaura coupling. (c) TEM
image, and (d) particle size distribution of (Pd4)s-GFPuv fusion protein-templated Pd NPs
catalyst after five cycles for Stille coupling.

5.3.3. Kinetic study of coupling reactions

In order to understand the kinetics of the coupling reactions enabled by (Pd4)s-GFPuv
fusion protein-templated Pd NPs, coupling reactions rates should be determined. As stated
previously, the coupling reaction of iodobenzene and phenylboronic acid and the coupling

reaction of iodobenzene and phenyltin trichloride was selected as model reactions for Suzuki-

Miayura coupling and Stille coupling, respectively. To determine the reaction rates as well as the
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efficiency of the (Pd4)s-GFPuv fusion protein-templated Pd NPs, the turnover frequency (TOF)
of both reactions were determined. Employing the reaction conditions, the ratio of starting
materials to the amount of catalyst remained constant as taken aliquot for analysis was removed
from the reaction mixture containing all reaction elements. An aliquot was extracted from the
reaction vial at 5 min and 15 min intervals from Suzuki-Miayura coupling and Stille coupling

reaction vials, respectively, until the completion of reactions.

5.3.3.1. Suzuki-Miyaura coupling reaction rate study

The Suzuki-Miyaura coupling reaction yields employing model reaction condition
(iodobenzene (0.1 mmol), phenylboronic acid (1.2 mmol), base (0.3 mmol) and Pd NPs (0.005
pmol)) are plotted in Figure 20. The average TOF of the reaction can be determined after the
completion of the reaction after 90 mins. From this analysis, a TOF value of 14,117 + 113 mol

biphenyl. (mol Pd. h)* was determined for the model reaction system.

94



100

% Model reaction yield

_? ' 1 ' 1 ! 1 ' 1
20 40 60 80

Time (min)

Figure 20. TOF determination for the Suzuki-Miyaura coupling model reaction.
The concentration of each starting materials (iodobenzene and phenylboronic acid) as

well as the product (biphenyl) was determined based on the reaction yields for 5 min intervals.

To further analyze the rate of the reaction over time, the fractional conversion of the reaction

which is define as

f A= [n_A] reacted/ [m_A] _fed

3)

Where f, is fractional conversion, ny_. .., is mole reacted starting material and n, fed

is mole fed starting material was determined based on the conversion of iodobenzene. Also, the

model reaction yield data points were polynomial fitted resulted in an equation given as

Y(t) = 127 — 123.3/(1 + t/56)"3
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Where Y (t) is the model reaction yield and t is time. The first derivation of Equation (4) was
resulted in the conversion rate of iodobenzene. As shown in Figure 21, the rate of the Suzuki-
Miyaura coupling model reaction for iodobenzene was higher at the start of the reaction while it
decreased over time and in the last two intervals, the reaction was proceeded with almost the
same rate. On the other hand, the biphenyl production rate was high at the beginning while it

decreased as the reaction was near the completion.
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Figure 21. Reaction rate determination for the Suzuki-Miyaura coupling.

5.3.3.2. Stille coupling reaction rate study
The Stille coupling model reaction yields are plotted in Figure 22. The reaction was
proceeded employing the optimized conditions and 0.005 umol of Pd NPs were used. Comparing

to the Suzuki-Miyaura coupling reaction, the reaction was completed in six hours and a TOF
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value of 3,324 + 83 mol biphenyl. (mol Pd. h)* was determined for the model reaction system.
This value is slightly larger than those reported for similar systems using chemically synthesized
peptides for palladium direction confirming that unpurified (Pd4)s-GFPuv fusion protein-
templated Pd NPs can show high reactivity[13,14]. It is important the note that, the amount of

base used in this work was four times less than the similar systems [13,14].
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Figure 22. TOF determination for the Stille coupling model reaction.

Similar to Suzuki-Miyaura coupling reaction rate study, the concentration of reactants
and the product was determined based on the reaction yields. The samples were taken every 15
min and their fractional conversion were analyzed based on the conversion of iodobenzene. The
polynomial fit of the model reaction yield data points was polynomial fitted resulted in an

equation given as
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Y(t) =112 -100/ [(1+t/217))"3 (5)

The rate of iodobenzene the Stille coupling reaction can be determined by the derivation of
Equation Y (t) = 112 — 100/ [(1+t/217)] *3 (5). Stille coupling
model reaction rate analysis exhibited that the reaction rate followed the same behavior as
Suzuki-Miyaura coupling model reaction. The rate of the reaction decreased over time and the

reaction continued with almost the same rate at the last time intervals.
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Figure 23. Stille coupling model reaction rate analysis.

5.3.4. Fusion protein-templated Pd NPs for anticancer drug precursor synthesis
For the extension of the ability of (Pd4)s-GFPuv fusion protein-templated Pd NPs as

catalyst, the synthesis of Lapatinib precursor was performed. Lapatinib (Tykerb) is an oral active
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drug used for the treatment of patients with advanced breast cancer [21,22]. The key step in
Lapatinib synthesis is to employ Suzuki-Miyaura reaction for coupling of 5-formyl-2-
furanylboronic acid and iodoquinazoline (Figure 24) [21]. A method adapted from Mahboobi et
al. was followed to synthesize Lapatinib precursor [22]. Employing (Pd4)s-GFPuv fusion
protein-templated Pd NPs as catalyst, the precursor was obtained in a good yield which
confirmed that the catalyst is a suitable candidate causing no conflict with the substituents of the
drug precursor. As shown in Figure 24, different substituents such as halo (F and Cl), ether,
amin, and formyl as well as heterocycles such as furan and benzodiazine scaffolds remained
intact during coupling process. This achievement can be considered as a remarkable applicability

of this protocol.
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Figure 24. Lapatinib route of synthesis

This work was based on the hypothesis that recombinant route for peptide synthesis can
be a viable alternate to solid phase peptide synthesis in terms of producing peptides capable of
enabling nanoparticle morphology. In the current work, we demonstrate that recombinantly

synthesized (Pd4)s-GFPuv peptide is capable of directing palladium nanoparticle synthesis

99



without extensive peptide purification and as a fusion protein. Nucleation and growth of
palladium nanoparticles occurred when Pd?* was reduced to Pd®. As demonstrated in this work,
nucleation and growth process of nanoparticles using recombinant peptide expressed in E. coli
occured in the presence of other soluble proteins (primarily E. coli host cell proteins) and other
remnants such as salt, and media components from the upstream fermentation process.
Previously reported results with chemically synthesized, pure Pd4 peptide have demonstrated
that during nucleation and growth, metallic cations interact with free electrons of the imidazole
side chain of histidine moieties present in the peptide sequence [23]. Results obtained in this
work indicated that nucleation was not compromised by either the heterogeneous nature of the
mixture or histidine moieties randomly distributed throughout GFPuv or other proteins in the
mixture.

Along with our demonstration of nanoparticle synthesis in the aforementioned
environments, we also present a preliminary economic analysis [24]. Our basis for the cost
estimate (Table 6) and process scheme uses data from two commercial platforms / products:
recombinant human insulin (unit cost $42/ gram final product) and an Enbrel®-like monoclonal
antibody (Mab) (unit cost $908/ gram). Each product is produced in the kilogram per year range,
with a detailed breakdown of the fixed capital investment, total capital investment, and
manufacturing costs obtained from [24]. Analyses presented in this reference describe plants
capable of producing 18,000 kg/y and 6.5 g/y of insulin and Mab, respectively. The analyses
demonstrate economy of scale, with each process starting from a host cell and ending with
protein (polypeptide).

Importantly, we note that the two aforementioned products require absolute purity as they

are pharmaceuticals. In contrast, we envision that nanoparticle synthesis may not require the
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same level of purity. It is thus reasonable to conclude that the unit operations and cost to
produce Pd4 or (Pd4)n-GFPuv on the kilogram per year scale would not exceed that of insulin or
Mab. More likely, the cost per gram will be at least two or one order of magnitude, respectively,
less when compared to the Mab or insulin due to the reduction / elimination of bio separation
process steps (Table 6). In other words, a recombinant approach to provide Pd4 or a similar

construct appears to be attractive from both a scientific and economic standpoint.

5.4. Conclusion

To conclude, a facile aqueous solution phase nanoparticle synthesis method was
exploited in a heterogeneous biological protein environment, and the palladium nanoparticles
obtained are similar to those synthesized in prior work via chemically-synthesized Pd4 peptide.
The prepared NPs could be utilized for Suzuki-Miyaura as well as Stille coupling reactions in
green solvents. Compared to chemically-synthesized Pd4 peptide-directed Pd NPs, recombinant
fusion protein-directed Pd NPs exhibits good catalytic activity (TOF of 12933 h*! and 3324 h'!
for the Suzuki-Miyaura and Stille coupling model reactions, respectively) with very good
stability (5 cycles) for both Suzuki-Miyaura and Stille coupling reactions. Also, recombinant
fusion protein-directed Pd NPs were successfully used to prepare different substrates as well as
Lapatinib precursor, an anti-cancer drug. Results demonstrated the potential for successful
economic viability of both peptide synthesis and subsequent nanoparticle synthesis, where the
biological peptide synthesis approach is expected to result in a three order of magnitude decrease
in cost. The purity of peptide was found to have not large impact on catalytic performance of Pd

NPs. Recombinant fusion protein-directed Pd NPs catalyst not only extends the catalytic
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application of peptide-templated catalyst, but also provides a cost-effective approach to design

heterogenous catalysts for substrates and precursors synthesis.
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Inductively coupled plasma mass spectroscopy (ICP-MS)

To study the amount of palladium, an aliquot of (Pd4)s-GFPuv fusion protein-templated
Pd NPs catalyst containing palladium was added to one mL of 2% nitric acid solution. A catalyst
solution of containing approximately 50 parts per billion (ppb) palladium were prepared and
analyzed using ICP-MS. The palladium standard for ICP-MS was purchased from SIGMA-
ALDRICH® was used to make 5 ppm, 2 ppm, and 50 ppb standards for this analysis. As shown
in Fig S1, the 46 ppb Pd content of the catalyst from the aliquot was confirmed. A fraction

containing 5 mmol% was taken for coupling reactions.
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Fig S1. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) of the catalyst
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A Procedures for Catalytic Processes and Compound Characterization

General procedure for the Suzuki-Miyaura cross coupling: To a stirred solution of iodo
benzene (0.1 mmol, 1.0 equiv.), boronic acid (0.12 mmol, 1.2 equiv.) and catalyst (1 mmol%) in
1 ml of EtOH and deionized water (1:1), K2COs (0.3 mmol, 3 equiv.) was added at 80 °C. The
reaction mixture was stirred for 90 minutes. The biphenyls were obtained using TELOS thin-

layer chromatography plates as white solids.

LC-MS m/z Cacld. for [M]* 154.08; Found 154.02. 'H NMR (400 MHz, CDCls) & 7.36 (t, J =
7.3 Hz, Ar-H, 1H), 7.45 (t, J = 7.6 Hz, Ar-H, 2H), 7.61 (d, J = 7.7 Hz, Ar-H, 2H). *.C{*H} NMR
(101 MHz, CDCl3) § 127.3 (Car), 127.4 (Car), 128.9 (Car), 141.4 (Car).

HO

O O O

IH NMR (400 MHz, CDCls) § 2.64 (s, CHs, 3H), 4.60 (s, CHz, 2H), 7.28 (dd, J = 1.3, 7.5 Hz,
Ar-H, 1H), 7.35 — 7.45 (m, Ar-H, 2H), 7.49 (d, J = 8.3 Hz, Ar-H, 2H), 7.58 (d, J = 7.4 Hz, Ar-H,
1H), 8.01 (d, J = 8.3 Hz, Ar-H, 2H). *C{*H} NMR (101 MHz, CDCl3) § 26.8 (CHzs), 63.1 (CH2),
128.0 (Car), 128.4 (Car), 128.5 (Car), 128.9 (Car), 129.6 (Car), 129.9 (Car), 136.1 (Car), 138.0
(Car), 140.4 (Car), 145.8 (Car), 198.0 (C=0).
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/

HR ESI-MS(+) m/z Cacld. for [M+H]* 195.0804; Found 195.0798. *H NMR (400 MHz, CDCls)
5 7.04 (s, Ar-H, 1H), 7.24 (td, J = 1.1, 7.4 Hz, Ar-H, 1H), 7.29 (td, J = 1.6, 7.9 Hz, Ar-H, 1H),
7.36 (t, J = 7.4 Hz, Ar-H, 1H), 7.46 (t, J = 7.6 Hz, Ar-H, 2H), 7.53 (d, J = 7.8 Hz, Ar-H, 1H),
7.59 (d, J = 7.6 Hz, Ar-H, 1H), 7.88 (d, J = 7.3 Hz, Ar-H, 2H). BC{*H} NMR (101 MHz,
CDCl3) 6 101.4 (Car), 111.3 (Car), 121.0 (Car), 123.1 (Car), 124.4 (Car), 125.1 (Car), 128.7 (Car),
128.9 (Car), 129.4 (Car), 130.6 (Car), 155.2 (Car), 155.9 (Car).

O_CF3

'H NMR (400 MHz, CDClz) 6 7.28 (d, J = 8.2 Hz, Ar-H, 1H), 7.48 (s, Ar-H, 1H), 7.51 (t, J=7.9
Hz, Ar-H, 1H), 7.57 (d, J = 7.8 Hz, Ar-H, 1H), 7.74 (d, J = 8.2 Hz, Ar-H, 2H), 7.98 (d, J = 8.2
Hz, Ar-H, 2H), 10.08 (s, CHO,1H). BC{*H} (101 MHz, CDCIls3) & 120.1 (Car), 120.9 (Cav),
125.9 (Car), 127.9 (Car), 130.5 (Car), 130.6 (Car), 135.9 (Car), 141.8 (Car), 145.2 (Car), 191.9
(C=0). *F{*H} NMR (377 MHz, CDCl3) & -58.0 (CFs3).

O_CF3

HO

HR ESI-MS(+) m/z Cacld. for [M+H-H>0]* 251.0678; Found 251.0679. *H NMR (400 MHz,
CDCl3)  4.75 (s, CHz, 2H), 7.20 (d, J = 7.9 Hz, Ar-H, 1H), 7.43 — 7.49 (m, Ar-H, 4H), 7.52 (d, J
= 7.8 Hz, Ar-H, 1H), 7.57 (d, J = 8.1 Hz, Ar-H, 2H). 3C{*H} NMR (101 MHz, CDCl3) § 65.1
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(CH2), 119.7 (Car), 119.8 (Car), 125.5 (Car), 127.4 (Car), 127.7 (Car), 130.2 (Car), 139.1 (Car),
140.9 (Car), 143.1 (Car). °F{*H} NMR (377 MHz, CDCl3) § -57.9 (CFa).

N\S
9 4 N/

—

HR ESI-MS(+) m/z Cacld. for [M+H]* 255.0587; Found 255.0593. 'H NMR (400 MHz, CDCls)
5 2.64 (s, CHs, 3H), 7.81 (d, J = 8.4 Hz, Ar-H, 2H), 7.91 (dd, J = 1.7, 9.1 Hz, Ar-H, 1H), 8.09 —
8.12 (m, Ar-H, 3H), 8.23 (d, J = 1.7 Hz, Ar-H, 1H). 3C{*H} NMR (101 MHz, CDCls) & 26.9
(CHs), 119.5 (Car), 122.0 (Car), 127.9 (Car), 129.3 (Car), 129.8 (Car), 136.9 (Car), 141.3 (Cay),
144.3 (Car), 154.6 (Car), 155.4 (Car), 197.7 (C=0).

N

J s

= |
Y, —

HR ESI-MS(+) m/z Cacld. for [M+H]* 245.0492; Found 245.0491. *H NMR (400 MHz, CDCls)
5 4.11 (s, CHs, 3H), 7.79 (dd, J = 1.7, 9.1 Hz, Ar-H, 1H), 8.14 (d, J = 9.1 Hz, Ar-H, 1H), 8.16 (d,
J = 1.7 Hz, Ar-H, 1H), 8.86 (s, Ar-H, 2H). 3C{IH} NMR (101 MHz, CDCls) & 55.5 (CH),
118.6 (Car), 122.7 (Car), 126.5 (Car), 127.1 (Car), 128.9 (Car), 129.0 (Car), 135.5 (Car), 155.3
(Car), 157.9 (Car).

N

\S
O~

HR ESI-MS(+) m/z Cacld. for [M+H]* 213.0481; Found 213.0477. *H NMR (400 MHz, CDCls)
5 7.44 (t, J = 7.3 Hz, Ar-H, 1H), 7.52 (t, J = 7.4 Hz, Ar-H, 2H), 7.71 (d, J = 7.3 Hz, Ar-H, 2H),
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7.89 (dd, J = 1.7, 9.1 Hz, Ar-H, 1H), 8.06 (d, J = 9.1 Hz, Ar-H, 1H), 8.1.17 (d, J = 1.7 Hz, Ar-H,
1H). 2C{*H} NMR (101 MHz, CDCl3) & 118.7 (Car), 121.6 (Car), 124.4 (Car), 127.7 (Car),
128.5 (Car), 129.2 (Car), 130.4 (Car), 139.7 (Car), 142.4 (Car).

Cl

HN / \ /O
N| \
P

N

HR ESI-MS(+) m/z Cacld. for [M+H]+ 474.1015; Found 474.1023. 'H NMR (400 MHz,
Acetone) 6 5.30 (s, CHz, 2H), 7.12 (dt, J = 2.5, 8.6 Hz, Ar-H, 1H), 7.25 (d, J = 9.0 Hz, Ar-H,
1H), 7.32 (d, J = 3.7 Hz, Ar-H, 1H), 7.35 (s, Ar-H, 1H), 7.38 (d, J = 7.7 Hz, Ar-H, 1H), 7.42 —
7.53 (m, Ar-H, 1H), 7.62 (d, J=3.7 Hz, Ar-H, 1H), 7.76 — 7.80 (m, Ar-H, 1H), 7.91 (d, J=28.8
Hz, Ar-H, 1H), 8.12 (dd, J=26,4.4Hz, Ar-H, 1H), 8.32 (dd, J=1.8, 8.8 Hz, Ar-H, 1H), 8.65

(s, Ar-H, 1H), 8.92 (d, J = 1.6 Hz, Ar-H, 1H), 9.55 (s, NH, 1H), 9.70 (s, CHO, 1H). °F{'H}
NMR (377 MHz, CDCl3) & -114.9 (F).

o~

HR ESI-MS(+) m/z Cacld. for [M+H]* 183.0804; Found 183.0799. 'H NMR (400 MHz, CDCls)
57.42 (t, J = 7.6 Hz, Ar-H, 1H), 7.49 (t, J = 7.4 Hz, Ar-H, 2H), 7.65 (d, J = 7.4 Hz, Ar-H, 2H),
7.76 (d, J = 8.2 Hz, Ar-H, 2H), 7.96 (d, J = 8.2 Hz, Ar-H, 2H), 10.07 (s, CHO, 1H). 3C{'H}
NMR (101 MHz, CDCl3) § 127.5 (Car), 127.9 (Car), 128.6 (Car), 129.2 (Car), 130.4 (Car), 135.4
(Car), 139.8 (Car), 147.4 (Car), 192.1 (C=0).
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LC-MS m/z Cacld. for [M]* 190.06; Found 190.02. *H NMR (400 MHz, CDCls) & 6.86 — 7.00
(m, Ar-H, 2H), 7.35 — 7.54 (m, Ar-H, 6H). 2*C{*H} NMR (101 MHz, CDCls) 5 104.5 (dd, J =
25, 27 Hz, Car), 111.6 (dd, J = 4, 21 Hz, Car), 1255 (dd, J = 4, 14 Hz, Car), 127.9 (Car), 128.7
(Car), 129.0 (d, J = 3 Hz, Car), 131.6 (dd, J = 5, 9 Hz, Car), 135.1 (d, J = 1 Hz, Car), 159.8 (dd, J
= 12, 251 Hz, C-F), 162.4 (dd, J = 12, 249 Hz, C-F). F{*H} NMR (377 MHz, CDCls) § -113.9
(d, J =9 Hz, F), -111.8 (d, J = 9 Hz, F).

HR ESI-MS(+) m/z Cacld. for [M+H]* 289.1223; Found 289.1226. *H NMR (400 MHz, CDCls)
8 4.65 (s, CHz, 2H), 7.33 (dd, J = 1.3, 7.4 Hz, Ar-H, 1H), 7.40 (td, J = 1.5, 7.5 Hz, Ar-H, 1H),
7.45 (td, J = 1.4, 7.3 Hz, Ar-H, 1H), 7.50 — 7.54 (m, Ar-H, 4H), 7.56 — 7.65 (m, 2H), 7.77 — 7.97
(m, 4H).
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GC mass spectrometry spectra of the compounds
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ESI high resolution mass spectrometry spectra of the compounds
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a) Experimental HR ESI-MS
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a) Experimental HR ESI-MS
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a) Experimental HR ESI-MS
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NMR spectra of the compounds
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Fig S2. 'H NMR (400 MHz, CDClIs) spectrum.
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Fig S20. DEPT 135 NMR (400 MHz, CDCIs) spectrum.
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Fig S24. 'H NMR (400 MHz, CDClIs) spectrum.
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Fig S27. 'H NMR (400 MHz, Acetone) spectrum.
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Fig S29. 'H NMR (400 MHz, CDClIs) spectrum.
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Fig S30. 1*C NMR (400 MHz, CDCl3) spectrum.
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Fig S31. DEPT 135 NMR (400 MHz, CDCls) spectrum.
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Fig S32. 'H NMR (400 MHz, CDClIs) spectrum.
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Fig S33. *C NMR (400 MHz, CDCls) spectrum.
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Fig S34. DEPT 135 NMR (400 MHz, CDCIs) spectrum.
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Fig S36. 'H NMR (400 MHz, CDClIs) spectrum.

157



Chapter 6.  Summary and future works

6.1. Summary

As the fabrication of nanoparticles with controllable properties gains momentum in a
broad range of application, especially, in catalysis fields like pharmaceuticals, the development
of a cost-effective nanoparticle synthesis platform is highly desired. The recombinant production
of fusion proteins capable in precious nanoparticle direction using E. coli host was demonstrated
in this work. GFPuv reporter protein was used to enable the recombinant production of small
peptides—containing 12-45 amino acids in their structures— as well as process monitoring
through microbiological production steps. Recombinant fusion protein synthesis using four
different peptide types has been demonstrated. A facile aqueous solution phase nanoparticle
synthesis method was exploited in a heterogeneous biological protein environment, and the
palladium nanoparticles similar to those synthesized in prior work via chemically-synthesized
Pd4 peptide were obtained.

The nucleation and growth mechanism of recombinant protein-directed palladium
nanoparticles has been elucidated. Data showed nanoparticles were obtained by means of
coalescence, Ostwald ripening, and oriented attachment. The presence of peptide in enhancing
independent nucleation sites due to the coordination of Pd*2 by the peptide has been
demonstrated to be the main cause of survival of ultrafine nanoparticles with minimum critical
sizes in the environment.

The recombinant fusion protein synthesis of palladium nanoparticles has been shown to
be a cost-effective approach toward catalytic applications. The use of fusion protein-directed
palladium nanoparticles in Suzuki-Miyaura coupling reaction was investigated. The capability of

fusion protein-directed palladium nanoparticles in coupling of different types of aryl halide
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groups such as electron-donating, electron-withdrawing, and heterocycles with different boronic
acids in green environment has been demonstrated. Moreover, the use of fusion protein-directed
palladium nanoparticles in Stille coupling reaction demonstrated that different aryl iodides
involved and reacted satisfactory with stannane substituents to synthesize coupling products. The
high catalytic activity of fusion protein-directed palladium nanoparticles in low reactive substrate
coupling has also been demonstrated. It was determined that fusion protein-directed palladium
nanoparticles were efficient, inexpensive, and green catalysts for the Suzuki-Miyaura and Stille
coupling reactions. These nanoparticles environment were demonstrated to show slightly higher
reactivity comparing to chemically prepared peptide-directed ones. Furthermore, nanoparticles
were successfully recycled for five times showing excellent yield.

The use of fusion protein-directed palladium nanoparticles the synthesis of Lapatinib
precursor—an anti-breast cancer drug— was demonstrated. In addition, different substituents of
Lapatinib precursor remained intact during coupling process confirming the high ability of

synthesized fusion protein-directed palladium nanoparticles as catalyst in coupling reactions.

6.2. Future work
6.2.1. Fusion protein purification

Although the palladium nanoparticles studied in this work were obtained from the
heterogenous environment, investigation of the effect of purification of fusion proteins on
catalytic activity of palladium nanoparticles is highly needed. As the crude materials may disable
the catalytic sites on the surface of the palladium nanoparticles, purification of fusion proteins is

expected to lead in palladium nanoparticles with higher catalytic activities.
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6.2.2. Coupling product purification

Prepared fusion protein-directed palladium nanoparticles can potentially be used to
synthesize small molecules for pharmaceutical application. In this regard, developing an
ultrafiltration process for the separation of small molecular weight products is required. As the
pharmaceutical products can be contaminated by palladium, it is certainly needed to minimize

the palladium content of the products in order to employ them in pharmaceutical industries.

6.2.3. Fabrication of precious and non-precious nanoparticles

There are many other nanoparticles including gold, silver, platinum, nickel, iron, cobalt,
and copper that have many industrial applications such as catalysis, ammonia synthesis, and
pharmaceuticals. Investigation of their synthesis employing bottom-up approach using fusion
proteins is expected to result in a dramatic and competitive decrease in cost as compared to

available counterparts.
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Appendix (1)

Office of Rezsearch Compliance

July 12, 2019
MEMORANDLM
TO: Drs. Josh Sakon and Bob Beitle
FROM: Ines Pinto, Biosafety Committee Chair
RE: Protocol Modification
PROTOQCOL #: 18013
PROTOCOL TITLE: Fracture Healing System Using Lesion Seeking Peptides

APPROVED PROJECT PERIOD:  Start Date August 17, 2017 Expiration Date August 16, 2020

The Institutional Biosafety Committee (IBC) has approved your request, dated July 12, 20138, to modify
Protocol # 18013, “Fracture Healing System Using Lesion Seeking Peptides” to add laboratory personnel.

The IBC appreciates your assistance and cooperation in complying with University and Federal guidelines
for research involving hazardous biological materials.

1424 W. Martin Luther King, Jr. » Fayetteville, AR 72701
Voice (479) 575-4572 + Fax (479) 575-6327

The University of Arkansas is an equal opporssinyafimmanie ocnom Mo
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Appendix (1)

Table 1. Nucleotide sequence used for construction of rGFPuv genes for fusion proteins

Fusion

Protein

Sequence

GFPuv

RKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFIC
TTGKLPVPWPTLVTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYV
QERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHK
LECNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQN
TPIGDGPVLLPDNHYLSTQSVLSIDPNEKRDHMVLLEFVTAAGITHG

MDELYK

Pd4-GFPuv

MTSNAVHPTLRHLARARKGEELFTGVVPILVELDGDVNGHKFSVRG
EGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFARYPDHM
KQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLECNFNSHNVY ITADKQKNGIKANFKIRHNVED
GSVQLADHYQQONTPIGDGPVLLPDNHYLSTQSVLSIDPNEKRDHMVL

LEFVTAAGITHGMDELYKGLE

AB6-GFPuv

MTSNAVAPTLRHLARARKGEELFTGVVPILVELDGDVNGHKFSVRG
EGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFARYPDHM
KQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLECNFNSHNVYITADKQKNGIKANFKIRHNVED

GSVQLADHYQQONTPIGDGPVLLPDNHYLSTQSVLSIDPNEKRDHMVL

LEFVTAAGITHGMDELYKGLE

162



Al11-GFPuv

MTSNAVHPTLRALARARKGEELFTGVVPILVELDGDVNGHKFSVRG
EGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFARYPDHM
KQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLECNFNSHNVYITADKQKNGIKANFKIRHNVED
GSVQLADHYQQONTPIGDGPVLLPDNHYLSTQSVLSIDPNEKRDHMVL

LEFVTAAGITHGMDELYKGLE

A6,11-GFPuv

MTSNAVAPTLRALARARKGEELFTGVVPILVELDGDVNGHKFSVRG
EGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFARYPDHM
KQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIEL
KGIDFKEDGNILGHKLECNFNSHNVY ITADKQKNGIKANFKIRHNVED
GSVQLADHYQQONTPIGDGPVLLPDNHYLSTQSVLSIDPNEKRDHMVL

LEFVTAAGITHGMDELYKGLE
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Appendix (111)
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Figure 4. Effect of reducing agent type on NP diameter size.
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Figure 5. Effect of salt to reducing agent ratio on NP diameter size.
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Figure 6. Effect of pH on NP diameter size.
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Figure 7. Effect of temperature on NP diameter size.
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Figure 9. Effect fusion protein on NP diameter size.
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Appendix (1V)
Cost analysis

Cost for 500 mL of LB media containing cells = $2.

Volume of lysate containing desired fusion protein deriving from 500 mL of LB media = 20 mL

Cost for K2PdCla per gram (Sigma-Aldrich) = $64.50.

As synthesis mixtures (one milliliter total volume) contain 0.16 mg K2PdCls, 0.23 mg fusion

protein (230 L of lysate), and 1.5 mg NaBHg4, the cost analysis would be as follows:

e $0.01032 for K2PdCl4, $0.023 for lysate containing fusion protein resulting in $0.03332
for 0.16 mg of Pd nanoparticles with average diameter of 2.4 nm.

e Subsequently, the cost of Pd nanoparticles synthesis per gram would be $207.50.

In contrast, the price of commercially available Pd nanoparticles with average diameter of 25 nm
(Sigma-Aldrich) is $1394 per gram. As the atoms on the surface area of the nanoparticles can be
abstracted during catalytic reactions, the analysis was performed based on the available surface
area of the nanoparticles. The surface area of a sphere can be determined using the following
equation:
A = 4mr?

Where A is the surface area and r is the radius of a spherical particle. By a simple calculation it
can be found that one gram of nanoparticle with average diameter of 2.4 nm has 108.5 times

more surface area comparing to the nanoparticle with the average diameter of 25 nm. In other
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words, 9.2 mg of nanoparticle with average diameter of 2.4 nm have the same functionality as
one gram of nanoparticles with average diameter of 25 nm. The final cost of 9.2 mg of Pd

nanoparticles (d=2.4 nm) is $1.91 with is three orders of magnitude cheaper than the

commercially available one.
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