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ABSTRACT
Biological template directed nanomaterials have unique properties. Under genetic
control, they can specifically interact with other macromolecules or inorganics.
Moreover, the biologically based materials are easily assembled into nano-, micro- and
macro-scales in a hierarchical manner because of their inherent self-assembly
characteristics via molecular recognition. By integrating molecular biology, chemistry
and materials science, we can control peptide-material interactions with a genetic
approach. This approach provides unprecedented opportunities to design and synthesize
novel nanomaterials. Bacterial flagella are composed of thousands of flagellin (FIiC)
proteins through self-assembly. By means of genetic engineering called peptide display, a
foreign peptide can be inserted on FIiC and finally displayed on the surface of bacterial
flagella. At the same time, it is surface-exposed. The bio-engineered flagella can be used
as a display tool for extracellular secretions, live vaccines, protein-ligand interactions,
peptide display libraries, and so forth. Recently, flagella-templated synthesis and
assembly of inorganic nanomaterials have exhibited a variety of promising applications

as nanotubes or nanowires.

Chapter 1 is a literature review that introduces the basis and use of genetically engineered
flagella, and the recent progress for flagella based synthesis and assembly of
nanomaterials is summarized. Identification of domains that are responsible for the
nucleation of hydroxyapatite (HAP) is explored in chapter 2 using flagella surface display
technique. A bacterial flagellum has a long threadlike structure that is similar to the shape
of type I collagen in bone. Because the nucleation of HAP initiates at the hole zone of

type | collagen, N-, C-terminal, part of N-, C-Zone around the hole zone, and a central
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repetitive (Gly-Pro-Pro)s (GPP8) were displayed on the surfaces of flagella. Some of the
negatively charged non-collagen proteins are also considered to be involved in the
nucleation process. Eight glutamic acid residues (E8) from bone sialoprotein (BSP),
which are considered to be one of the most important promoters for HAP nucleation,
were displayed on the surface of flagella. After nucleation in an HAP supersaturated
solution, flagella with E8 and GPP8 sequences were found to be nucleated by nano-
leveled HAP crystals. After the E8 flagella were assembled into bundles induced by
calcium ions, we found the crystallographic ¢ axes of the HAP nanocrystals were
preferentially aligned with the long axes of the flagella. This arrangment is similar to the
molecular level of bone. The nucleation of HAP with the spontaneous self-assembly of
bioengineered flagella is discussed in chapter 3. Using a biomimetic strategy, at a high
concentration, the GPP8 flagella can spontaneously self-assemble into parallel ordered
structures that resemble the arrangement of type I collagen fibrils with HAP in bone.
Meanwhile, the crystallographic c-axes of HAP are parallel to the long axes of the
flagella. The biomineralized flagella can support bone marrow stem cell (BMSC)
adhesion and growth. In osteogenic media, the flagella promote differentiation of BMSCs
toward osteoblasts. In chapter 4, we introduce the BMSCs differentiation on the integrin-
binding motif Arg-Gly-Asp (RGD) and 8 glutamic acids displayed flagella scaffold. Our
results indicate that the cells are viable on flagella surfaces and show an enhanced growth
rate on RGD peptide enriched flagella surfaces. Immunofluorescence and quantitative
real-time PCR (g-PCR) analysis revealed that the up-regulation and early expression of
osteogenic specific markers (osteopontin, OPN and osteocalcin, OCN) in cells on

bioengineered flagella than on those of wild type and control. We propose the surface
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chemistry and microenvironment generated by flagella can be recognized by BMSCs and

trigger osteogenic signaling pathways.

Phosphorylation is a very important post-translational modification and important for
mediating the HAP nucleation in bone tissue. In chapter 5, phosphorylation of serines
displayed on flagella surfaces by casein kinase Il (CK2) is demonstrated. After
phosphorylation, the mineralization of bioengineered flagella was highly increased.
Moreover, the poly-glutamic acids displayed on flagella exhibited a higher ability for the
nucleation of HAP than did poly-aspartic acids. Because collagen is limited to induce
apatite formation from metastable calcium phosphate solutions directly, in chapter 6, a
collagen-binding motif (CBM) from OPN is displayed on flagella. The flagella can co-
assembled with type | collagen to form hybrid bundles with enhanced HAP nucleation

ability.

Flagella were also used as efficient biological templates for synthesis of silica nanotubes
(SNTSs) in aqueous solution under mild conditions. In chapter 7, the morphology of SNTs
was tuned by adjusting the pH of the solution. The morphology and surface features of
SNTs could also be controlled by the modification of the surface chemistry of flagella
with the surface display technique. Finally, a variety of quite different morphologies and
surface features of SNTs were obtained. In chapter 8, bilayer TiO,/SiO, nanotubes
mediated by flagella as templates are demonstrated using a new sol-gel method. The
reaction was carried out in aqueous solution under ambient conditions. The thickness of
either layer is controllable by varying the concentrations of the precursor solution or
reaction time. After calcination at 500 <C, the organic flagella templates were removed.

At the same time, the inner TiO, layer became crystalline phases and dispersed inside the
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SiO, matrix close to the central pore. The outer SiO, shell was still amorphous but

supported TiO, nanoparticles as a “skeleton”.
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Chapter 1 Flagella-Templated Nanomaterials Synthesis and Assembly

1.1 Introduction

Because nanometer leveled materials have unique properties, they lead to a vast range of
applications, including chemical, biological, medical, and electronics [1-8]. However,
with chemical and physical methods, sometimes the size and shape of nanomaterials are
hard to be controlled in order to gain homologous distribution. Furthermore, stringent
conditions are often required with limited quantities and quality [9-11]. Due to the
nonspecific interactions and uncontrolled agglomerations between nanoparticles, they
seldom self-assemble into higher ordered structures [1, 11, 12]. Practical strategies are
needed for the control and fabrication of large-scale nanostructures and the ordered
assembly of materials in two and/or three dimensions (2D and 3D).

On the other hand, organisms can be considered precisely organized and assembled nano-
machines. With billions of years of evolution, nature has provided us many different
kinds of biomaterials. Most of these naturally occurring materials are at the nanometer
level with specific dimensions. Using these biological materials as templates or scaffolds,
it is much easier to fabricate uniform and homologous hybrid materials. Usually, these
materials can self-assemble from the molecular to the nano-, micro- and macro-scales in a
hierarchical manner under controlled size, morphology and organization with intricate
and delicate structures [9, 11, 13-15]. Combining molecular biology and genetic
approachs, the characteristics of these biomaterials can be modulated, such as self-
assembly, hybrid formation and surface chemistry.

In biological tissues, especially hard tissues, there are many hybrid systems. That is, in
addition to the organic phase, primarily proteins, there are also inorganics within a
complex organic matrix, such as HAP, silica, magnetite and calcite [16-18]. All of these
biological tissues are synthesized in agueous environments using biomacromolecules,
primarily proteins, but also carbohydrates, lipids and polysaccharides incorporated into
inorganic materials [16, 19, 20]. The inorganics are synthesized via enzymatic or non-
enzymatic reactions. By means of self- and co-assembled subunits through the molecular

recognition of inorganics by protein, these organic-inorganic materials assemble into



short- and long-range ordered structures. Proteins or peptides control and direct the
specific nucleation or interact with inorganics, usually as an integral structure in their
biological functions and physical performances leading to specific and controllable
functions [9, 10, 15, 16, 18, 20].

For the fabrication of hybrid nanomaterials, proteins or peptides specifically binding to a
target are selected and/or designed. Next, these specific proteins or peptides with
biological activity and binding propriety are used as erectors or assemblers to form
ordered organic-inorganic hybrid materials [7, 9, 10, 14, 16]. A number of self-assembly
proteins, peptides and nanometer leveled organisms are selected for nanotechnology,
such as DNA, phage, virus and flagella [21-26]. In this chapter, flagella as templates for

nanomaterials synthesis and assembly will be summarized.

1. 2 Biology and structure of flagella

Flagella are the organelles of locomotion for most bacteria, which make them transform
from “plant” to “animal”. A bacterial flagellum is a helix-shaped long filament with
uniform thickness. When rotated by the motor at the base, it works as a propeller. With
flagella, bacteria can swim to favorable circumstances. This behavior is called
chemotaxis or thermotaxis [27-30]. The number, length and diameter of flagella on a cell
differ among species. The diameter of a flagellum is about 10-20 nm and the length of the
filament can be up to 10 pm. Flagella are free at one end and the other end attach to the
cell. The flagellum is divided into three parts: the filament, the hook and the basal body
(Figure 1.1) [31]. The basal body is a transmembrane with a stable core and fragile
components that easily detach from the core. It consists of a rod and a series of rings (the
motor and the switch complex) that anchor the flagellum to the cell wall and the
cytoplasmic membrane [32]. As a molecular motor, it enables the flagellum to rotate and
propel the bacterium through the surrounding fluid. In fact, the flagellar motor rotates
very rapidly at about 20,000 rpm, but energy consumption is only around 10™® W and
energy conversion efficiency is close to 100 %. The average speed of flagellar swimming
is around 50 um/sec. The hook is short, highly curved and flexible that links the filament
and the basal body. The filament is the rigid, helical structure that extends from the cell
surface [28, 33, 34].



Frpridaghyien

Figure 1.1: Schematic diagram of the bacterial flagellum. Different colors represent
different protein components (Reprinted with permission from Fabienne et al. Nature
Reviews Microbiology 6, 455-465 (2008) )

The flagellum is composed of about 25 different proteins by self-assembly. In
Salmonella, about 50 genes are arranged in clusters, making 17 operons, and the operons
are divided into three classes according to the order of expression [34-37]. The
expression of these three classes is highly controlled in a hierarchical manner. The master
operon in the highest class controls over the rest of the second class. In turn, the second
class regulates the expression of operons at lower classes [31, 37, 38]. The flagella
assemble in a step-by-step manner. The basal structure and the hook are assembled first,
following the gene expression for the filament parts. First of all, the rotor ring (FIliF), a
membrane protein, is expressed and self-assembled into an MS ring complex in the
cytoplasmic membrane. Then, other protein molecules, including MotA and MotB, attach
to the ring one by one from the base to the tip to construct the motor structure. FliG, FliM
and FIiN form a bell-shaped structure called C ring, which is around the rim of the
complex extending to the cytoplasm. As helical propellers, the flagellar filaments are
built on this C ring motor structure. These proteins translocate from inside the cell to the

periplasm and outside the cell through the central channel, located at the center of the C



ring. FIgB, FIgC, FlgG and FIgF which compose the rod export to the periplasmic space
first. FIliL, a flagellum-specific ATPase, provides energy for this selective and active
transportation process. After the assembly of the rod, P and L rings are formed to make a
hole through the outer membrane. The P and L rings help transfer other proteins and
grow the hook at the tip of the rod [39]. The hook is assembled from approximately 100
copies of FIgE. At the same time, FIgD attaches at the tip of the growing hook. Then
FlgC polymerizes at the free end of the hook between the junction proteins and FlgD.
Between the hook and the filament, there are also two junction proteins called HAP1 and
HAP2 (hook-associated proteins). During synthesis of the flagellar filament, FIiC
molecules come out of the ribosome and pass through the membrane, and “finally” are
transported through the hollow core of the filament, where they attach to the growing tip
of the filament, causing it to lengthen, where they self-assemble in a helical manner with
the help of a cap complex (FIiD) [40]. Precise recognition of the template structure by
component proteins allows this highly ordered self-assembly process to proceed without
error. The flagellar filament is made of 20,000 to 30,000 copies of FIiC polymerized into
a helical tube structure with 15 pm long, 12-25 nm in diameter [33, 35, 38, 41-46]. The
cap is a pentameric, stool-like complex made of HAP2. Flexible stepping movements
accompanied by rotation of the whole cap promote the efficient self-assembly of FIliC
molecules. Without FliD, FIiC monomers secrete into the growth medium directly and

unable to assembe into filament [47-49].

Even though the filament is composed of chemically identical molecules, it has a
supercoiled structure caused by two different swim patterns —“run” and “tumble” [43,
50]. Bacterial cells swim actively by rotating a bundle of flagella. The motor switches its
direction every few seconds to change the swimming direction of the cells as bacteria
seek better environments. Reversal of the motor rotation causes a structural change in the
flagellar filament from a left-handed to a right-handed helical form. This makes the
flagellar bundle fall apart, propelling force imbalanced, leading to changes in the
swimming direction. At the same time, the reversal rotation produces a twisting force and

changes the flagella from a run to a tumble [34, 46, 51].



The tubular structure of a flagellar filament is assembled with roughly 11 subunits-FIiC
per 2 turns of the 1-start helix [52]. It is a nearly longitudinal helical array of subunits.
Dr. Namba’s group [53-58] tried to understand the structure of FliC, the assembly and
switching mechanism responsible for these structural changes. In order to analyze the
structure in atomic detail with X-ray crystallography, FIiC has to be crystallized.
However, its strong tendency to polymerize makes crystallization difficult and FIiC
monomers exhibit a mixture of different conformations. It takes many years to crystallize
FIiC and analyze its structure. In 1989 [58], the structure and subunits of bacterial
flagellar filaments were first resolved by X-ray fibre diffraction, but the resolution was
low (20 A). In 1995 [59], a resolution of ~11 A of a bacterial flagellar filament of
Salmonella typhimurium was reconstructed with the aid of analysis by electron
micrographs. An a-helix to the inner tube, two a-helices to the outer tube and a fourth a-
helix to the spacer were identified on each FIiC monomer. Using liquid helium in the
cryostage to reduce radiation damage and a stable field emission source to increase the
image quality, a higher quality density map (9 A) of the R-type filament from S.
Typhimurium was solved [53, 60]. Four distinct domains, DO, D1, D2 and D3 were
identified from the density map with the interlocked a-helical segments of the core
portion. According to the left- and right-handed twist of the protofilaments respectively,
they have two slightly different conformations, named L and R types. The repeat distance
observed in the structure of the L-type protofilament is 5.27 nm, while it is 5.19 nm in the
R-type, the difference being only 0.08 nm. The mixture of protofilaments with different
lengths produces the helical tube structure of the filament. When the 11 protofilament
strands transform from the L-type into the R-type, normally left-handed flagellar filament
turns into right-handed helical forms.

Because the full length of FIiC is highly likely to polymerize into a filament through the
interaction of the N- and C- terminal chains, in 2000, a 41 kDa fragment of Salmonella
FIiC without both the amino- and carboxyl- terminal ends was crystallized [54]. In 2001,
the structure of this segment was analyzed at 2.0 A resolutions, which directly revealed
the protofilament structure [55]. This fragment looks like a boomerang or an aircraft
which is composed of two wings and a short body. The three-dimensional space of the
wing is about 70*25*20 A,



Because the terminal chains in the inner core also have important roles in filament
formation and assembly regulation, the complete atomic model of the R-type bacterial
flagellar filament was reported in 2003 using electron cryomicroscopy [56]. The
distribution of domains and secondary structures along the amino acid sequence is
summarized in Figure 1. 2. The atomic model with 4 A resolution shows intricate
molecular packing and an a-helical coiled coil, which are formed by the terminal chains
in the inner core of the filament. The four linearly connected domains labeled DO, D1, D2
and D3 are arranged from inside to outside of the filament. Domains D2 and D3 form the
projection on the filament surface. The overall shape of FIiC looks like an uppercase
Greek gamma (I'). The domain DO, which is located in the inner side of the flagellum, is
completely investigated. In domain DO, the two terminal chains form an a-helical coiled
coil. The N-terminal starts from GIn 2 and extends up to Ser 32, and the C-terminal starts
from Ala 459 and extends to Ser 491. The diameter of the filament in about 24 nm and

the central channel is about 2 nm [56].

Domain D1 comprises an N-terminal segment from Ala 44 to GIn 176, and a C-terminal
segment from Asn 406 to Glu 454. It comprises three a-helices and a unique S-turn/g-
hairpin/a-helix motif. The structure of the N-terminal chain forms two a-helices and -
hairpin. The first N-terminal a-helix in domain D1 (ND1a) (44—99) extends through the
long axis of this domain, followed by a loop connecting to the second, shorter a-helix
(ND1b) (104-129). The p-hairpin (140—160) is flanked by two distorted A-turns
(131-134 and 135—138) on the N-terminal side, and slightly more than one turn of the a-
helix (163—168) on the C-terminal side. This a-helix is followed by an extended chain
(170—176). The C-terminal chain forms an a-helix (406—447). This rod-like domain is
hydrophobic along its central axis [55, 56].

Domain D2 is also composed of two parts: Lys 177 to Gly 189, and Ala 284 to Ala 401
which are made up of mostly -strands except for one short 310 helix (285—289) and one
short a-helix (288—298). These p-strands are best described as a series of randomly
oriented p-hairpins and some of them are involved in three-stranded p-sheets. This
domain has three hydrophobic regions, two of which form enclosed hydrophobic cores.

Domain D2 can be divided into two compact subdomains, D2a and D2b (Figure 1. 2B).



Through their hydrophobic interaction, subdomains form domain D2. The third

hydrophobic region of domain D2 is formed as part of this interface [55].

Domain D3 is located in the center of the protein from Tyr 190 to Val 283. It also
consists of mostly S-strands with one short stretch of a helical fold (199-209). Domain
D3 is made of four g-strands and one helical strand, which encloses 15 hydrophobic side
chains in its core. A cross f-motif located at the two ends of domain D1 connects to D2.
The connecting domains between D2 and D3 (Gly 189 to Thr 193 and Val 281 to San
285) form a short S-strand. In addition, a section of this fold can be described as a series
of randomly oriented g-hairpins [55]. This domain can display up to 302 amino acids
without losing its ability to form filaments, although the filaments are significantly more
unstable than those of wild-type FIiC [61].
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Figure 1.2: Protein structure of flagellin. A) Stereo diagram of the C backbone. The chain
is colored as follows: residues 1—44, blue; 44—179, cyan; 179—-406, green; 406—454,
yellow; 454—494, red; B) Distribution of hydrophobic side chains, mainly showing
hydrophobic cores that define



1. 3 Flagella assembly

The molecular packing pattern of the end-on view from the distal end of the flagellum is
shown in Figure 1. 3 [56]. It shows the concentric double-tubular structure in which
domains DO and D1 are tightly packed into the core; however domains D2 and D3 are
relatively separated to each other. They project out from the filament core. The diameter
of the filament is about 240 A with an inner channel at about 20 A. From inside and
outside views of the filament (Figure 1. 3B, C), both domains DO and D1 have axial and
lateral intersubunit interactions. Because the outer-tube domain is responsible for the
formation of L- and R- type conformation, it indicates that the axial interactions between
intersubunits are located D1 domains along the protofilament. The interactions are
formed between the first N-terminal a-helix (Asn 56 to Asp 69) and the g-turns/f-hairpin
motif (Phe 132 to Asp 151) in the D1 upper subunit domain and by short segments of two
N-terminal a-helices with a short loop connecting these a-helices (GIn 89 to Asp 107),
Leu 408 and GlIn 409 of the C-terminal a-helix and Asn 315 of domain D2 of the lower

subunit.
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Figure 1.3: Protein structure of flagella filament. A) End-on view from the distal end of
the filament. Eleven subunits are displayed. B) Side view from outside the filament.
Three protofilaments on the far side have been removed for clarity. C) Side view from
inside the filament. Three protofilaments on the near side have been removed. Top and
bottom of the side view images correspond to the distal and proximal ends of the
filament, respectively. The chain is color coded as in Fig. 2a. (Reprinted with permission
from Yonekura et al. Nature 424, 643-650 (2003) )



The protofilaments assembled into the supercoiled forms of the flagellar filament are
constructed by two distinct L- and R-type conformations of FIiC arranged in a very
organized manner. In straight filaments, 11 protofilaments per 2 turns of the 1-start helix
form a helical assembly and packed tightly with a half-subunit stagger to form the
concentric double-tubular structure. Domain D1 interacts with each other along the 11-
and 5-start directions only. Along the 5-start helix, the g-hairpin of domain D1 interacts
with ND1a and ND1b of subunit 0. Subunit 11 intervenes in the space between subunits 0
and 6, or subunit 17 would come into the open space between subunits 6 and 12. Within
the outer tube, the intersubunit interactions are mostly polar-polar or charge-polar, but
within the inner tube and between the inner and outer tubes, there are mostly hydrophobic
interactions [40, 44, 62].

1. 4 Peptide display on flagella

Using natural peptides or organisms as scaffolds or templates for the synthesis of
inorganics is not enough because one peptide is hard to interact with multiple inorganics.
Usually, the interactions between bio-templates and inorganics are like antigen/antibody
or receptor/ligand. We need to select or design peptides with specific binding activity to
functional targets [1, 10, 12, 15]. By combining genetic tools and biological techniques,
there are three ways to select or design specific peptides [63]. The first one is using the
candidate sequences existed in natural proteins or peptides. The second one is using the
artificial designed sequences. The third one is using the biopanning method to select
specific polypeptides binding their target [12, 64-67]. The selected short polypeptides
called genetically engineered proteins for inorganics (GEPIs) bind to a specific surface,
size, or morphology of an inorganic compound, promote the assembly of intricate, hybrid
organic-inorganic structures. In this approach, a large, random library of peptides with
the same number of amino acids, but varying compositions, is screened to identify
specific sequences that strongly bind to an inorganic material of practical interest. The
common libraries are phage display (PD) and cell surface display including flagella
display [1, 12].

Up to now, many polypeptides that can interact with or promote synthesis of inorganics
or other nanometer-leveled materials are identified. Moreover, with surface display, the



higher ordered assembly and arrangement of these materials may be induced in a
controlled manner. These technologies include virus/phage display, cell display,
ribosomal display, mRNA display and covalent DNA display (CDT) [68-79]. The PD by
far is the most utilized technique for nanotechnology [75].

In this chapter, the flagella display technique with applications will be summarized.
Based on genetic in-frame fusion, a carrier protein that consists of a target sequence fused
within some region of FliC, however, without affecting the assembly of the flagella. At
the same time, the fused peptide is surface-exposed. Traditionally, flagella display
technology is used for basic microbiological research, molecular biology, vaccinology,
constructions of random peptide libraries, and biotechnology [80, 81]. In recent years,
with the development of nanotechnology and biotechnology, more novel applications are
explored such as diagnostic purposes, as biocatalysts, as template for synthesis of

inorganic nanotubes, as well as tissue engineering.

As mentioned above, the DO and D1 domains are important for FIiC polymerization by
intersubunit interactions at the highly conserved portion, whereas in the central region of
FIliC, the amino acid sequences are highly variable (Figure 1. 4) and up to 187 amino acid
residues in E. coli FIiC can be deleted without loss of function and flagellar

polymerization [82, 83].

418-446
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Figure 1.4: Diagram of FIliC conserved and variable regions

Based on this characteristic, the foreign peptide is inserted in this variable domain of FIiC
and finally, transformed into Salmonella host strain with a AFIiC mutation. Thousands of
copies of the fusion FIiC along the flagellar filament are expressed by complementation
of the AFIiC mutation with the hybrid FIiC gene.
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1. 5 Biomedical application of flagella

Kuwajima et al first reported hybrid flagella by inserting a lysozyme-derived fragment
into the central region of the flagellin in 1988 [84]. Since then, display of other short
peptides as antigenic epitopes on flagella was reported [81, 85-87]. Flagella are potent
immunogens and prove to be safe as vaccines in phase I clinical trials in human being
[88]. Actually, the whole bacteria with hybrid flagella were used as live vaccine. They

are cheap and can provide unlimited supply using the bacterial vaccine strain [86].

Adhesive proteins on the surface of bacteria are essential to interact with host tissues for
further infection. Thousands of copies of adhesive peptides on flagella can provide an
alternative way of intervention in the infectious process [86]. Flagella display is also used
to analyze protein-protein interactions such as adhesion-receptor interactions. Because
multiple copies are displayed on surfaces of flagella simultaneously, this system creates
high affinity interaction even if the single bacterial adhesion shows low affinity to its

receptor [81].

Similar to PD, a library of flagella display was developed by Lu and coworkers in 1995
[89]. In this system, a random library of 1.77x10® individual dodecapeptides was
expressed in the thioredoxin active site loop in FliC, named FliTrx. This active site
consists of a short disulfide-bonded loop protruding from the flagella surface and enables
to express conformational constrained peptides. By interaction between the library and
immobilized ligands, only specific peptides bound to the targets can be selected. The
weak or non-binders are washed out in mild conditions. This step is repeated several
times at harder conditions to enrich the tighter binders. Finally, the peptides which tightly
interact with the desired ligands are selected from the original library. It is a powerful
tool for biotechnological and biological applications including the protein-ligand
interactions, antibody-binding epitope screening and isolation and evolution of proteins
or enzymes. A series of papers reported the adhesive dodecapeptides by this library

mainly on eukaryotic proteins [90-106].

The flagella display can also be used to export foreign heterologous proteins. Normally,
expression of foreign proteins is based on fusions encoding secreted carrier proteins or

use of fusions with secretion signals or motifs of well-characterized protein secretion
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pathways. The flagellar axial proteins are exported through central channel and
assembled at the distal end of the filament. This process is directed by the flagella type IlI
export apparatus. This system translocates effector proteins from the cytoplasm to the
exterior of the bacterial cell and into eukaryotic target cells without involvement of
periplasmic intermediates [107]. HAP2 is very important for flagellar filaments grew.
After deletion of the HAP2 structural gene of Salmonella, FIiC monomers excrete into
the culture medium directly [47, 48]. However, when the purified HAP2 was added into
the mutant, polymerization of flagellar filament becomes normal [108]. As a result, the
HAP2 deleted flagellum-based system can be applied for extracellular exportation of
heterologous proteins [109, 110]. Comparing to the versatile type | secretion system in
Gram-negative bacteria, this system exports much higher concentrations of extra-cellular
heterologous proteins [111].

1. 6 Nanomaterials on flagella template

The recent application of flagella is using them as templates or scaffolds for the synthesis
of inorganic nanotubes or organic nanotubes. There are some advantages compared to
other surface display techniques: 1) Thousands of copies of foreign peptides can be
displayed on the surfaces of flagella with homogeneous surface modification and provide
multivalent interactions; 2) Flagella can be easily detached from bacterial cells to obtain a
large amount of highly purified materials; 3) Different polypeptides can be displayed on
the same flagellar filament or simultaneous displayed on FIliC and FliD separately which
make them with multi-functions; 4) Normally, 10-40 amino acid residues are long
enough for peptide display. However, sometimes, longer peptides are needed because
some interactions may need secondary or ternary dimensional structures. In flagella
display system, up to 302 residues can be displayed on the surfaces of flagella [61]; 5)
The arrangement of FIliC is very organized after self-assembled into filament. It is about
54 nm between adjacent D3 domains on the surfaces of flagella [112]. Any
modifications on this domain will generate the same periodicity of spacing; 6) Comparing

to PD, flagella display only needs one step replication with infection.

12



Table 1.1: Summary of nanomaterials prepared using engineered flagella nanotubes as scaffolds

Peptide
tp Peptide sequences | Combination target Methods Aim or results References
ype
linear flagella—Au
histidine loop Au (gold) synthesis of gold nanoparticles on flagellapanotube with discrete
u (go
(GHHHHHH), 9 by reduction of Au(l) ions gold nanoparticles
ttached
synthesized 3 and 10 nm gold .
o . . _ lpggregates  of linear
arginine-lysineloop  |Au (gold)nanoparticles covalently attached by amine
. . . . . flagella—Au large
(RKRKRKR) nanoparticles coupling to arginine-lysine peptide loop bund
undles
flagella
linear flagella—Cu
o . . nanotube bundles with
histidine loop Synthesis copper nanoparticles on flagella| . .
ICu (copper) . . discrete Cu nanoparticles
(GHHHHHH), by reduction of Cu(ll) ions ) .
fand single linear Cu
nanotubes
aspartic acid-glutamic
) . . ordered array of Co
lacid loop synthesis of cobalt nanoparticles on flagella| . Kumara et
ICo (cobalt) . . nanoparticles on Asp-Glu
(HDEDEDEG); by reduction of Co(ll) ions al 2007
loop flagella nanotubes
fractal-like  dense
synthesis of cobalt nanoparticles on flagellajassembly of flagella with
Co (cobalt) . .
Peptide by reduction of Co(ll) ions cobalt  to form
loop nanoparticle composite
histidine loop . synthesis of palladium nanoparticles onsingle flagella—Pd
Pd (palladium) . . .
(GHHHHHH), flagella by reduction of Pd(11) ions nanoparticles
ordered array  of
. synthesis of cadmium nanoparticles onpanoparticles on single
ICd (cadmium) . )
flagella by reduction of Cd (Il) ions land aggregated flagella
nanotube fragments
aspartic acid-glutamic . . . fggregated bundles and
. . synthesis of silver on flagella by reduction
lacid loop IAg (silver) . arrays of Ag—flagella
of Ag(l) ions .
(HDEDEDEG); nanowires
Synthesis silica nanotube with sodium
. . ISeparated nanotubes|
. . silicate (NazSiO3) or tetraethyl .
arginine-lysine loop . . . " [formed by Na2SiO3, but
Silica orthosilicate  (Si(OC;Hs)s) by aming
(RKRKRKR) . o . . ISi(OEt)4 generate
coupling to arginine-lysine peptide loop
clumped pattern
flagella Kumara et
ITyrosine-serine-glycine Synthesis titanium oxide nanotubes with| o ~|al 2007
L . oo L ISingle titanium  oxide|
loop ITitanium oxide titanium (IV) ethoxide in ethanol by sol-|
nanotube
(HYSYGYSYGYSY) igel process
aspartic acid-glutamic . ISynthesis nanotubes by reaction of CaCljTubular apatite structures|
) hydroxyapatite ]
acid loop ith Na,HPO, formed on flagella.
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Peptide
tp Peptide sequences | Combination target Methods Aim or results References
ype
(HDEDEDEG)3 Finally arrays of mineral
nanocrystals were
presented
. . . Flagella were fixed on TEM grid. Aniling
aspartic acid-glutamic . faggregated  bundles of]
. . as coated followed by Tris (2, 2’
lacid loop polyaniline o . . flagella  coated by
bipyridine) dichlororuthenuim (D) o
(HDEDEDEG); polyaniline
hexahydrate.
. . ordered  array  of
ZnS/Mn  quantum|synthesized 3 nm nanoparticles attached . .
nanoparticles on single
dots to flagella
flagella
faggregates of linear
histidine loop Synthesis nanoparticles by reaction offflagella  with discrete |Kumara eff
ZnS quantum dots ) .
(GHHHHHH), ZnSO, with Na,S on flagella ZnS nanoparticles |al 2007
lttached
. . linear flagella nanotube
Synthesis nanoparticles on flagella by| .
ICdTe quantum dots ) . with discrete  CdTe
ICdTe QDs capped with L-cystine .
nanoparticles attached
. ISynthesis nanoparticles on flagella by|Thick layer of Pd coated
ild type Pd(II) . .
reduction of Pd(ll) ions on flagella Deplanche
Synthesis nanoparticles on flagella by[Nanoparticles attached|et al. 2008
(CCccceececeece)  (Au(lm . .
reduction of Au(l11) ions on surface of flagella
. . ISynthesis nanotubes on flagella bylLinear separated|Hesse et al
\Wild type TiO, . o .
hydrolysis of TiCl, in aqueous solution  |nanotubes 2009
Synthesis  nanotubes on flagella by|
KKKKKKKKKKCCC | . . . ) Linear  pearl-necklace-
SiO, hydrolysis of tetraethoxysilane in aqueous| .
ICCCCCCC . like flagella nanotube.
solution
ISynthesis nanotubes on flagella by|Linear  pearl-necklace-|
DPEPRREVCELDPD | ) i ) ] Wang et al
SiO, hydrolysis of tetraethoxysilane in agueousflike flagella nanotube
ICDE . . 2009
solution with tadpole structures
Synthesis nanotubes on flagella bylLinear  pearl-necklace-
\Wild Type SiO, hydrolysis of tetraethoxysilane in agueousflike flagella nanotube
solution with cyclic morphology

Kumara et al [26] reported the synthesis of inorganic nanotubes, nanoparticles and

organic nanotubes using bioengineered flagella (FIiTrx system) as template. The FliTrx

system is from Invitrogen, was designed to display of constrained loop peptides on the

surface of bacterial flagella. The fusion peptides are inserted into the solvent-accessible

active site region of thioredoxin with the peptide sequence —Cys32-Gly33-*-Pro34-

Cys35-. Silica bionanotubes formed on cationic “Arg-Lys” loop peptide (RKRKRKR)

with four guanidine and three amine functional groups which displayed on the surface of
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flagella. However, the morphology of silica nanotubes is different with two kinds of
precursors: Na,SiOz or Si(OEy),. Single nanotube was formed by Na,SiOgz, but Si(OEy),
generates more cross-linked patterns (Figure 1. 5A, B). The positively charged surfaces
of flagella may attract and bind the first layer of silicate ions followed further
mineralization on the initial layer of the silica. Because Ti(IV) ions are prefer to bind
hydroxyl groups than carboxylate groups, a poly Tyr loop peptide with phenol side chains
groups (Figure 1. 5D), alternating with three serine and glycine residues
(HYSYGYSYGYSY) is displayed on flagella. This type of flagella can initiate formation
of titania bionanotubes using titanium (IV) ethoxide in ethanol as precursor solution
(Figure 1. 5C). Because the negatively charged proteins are very important for
biomineralization of HAP, three repeats of the anionic ASP-Glu sequences
(HDEDEDEG)3 have been displayed on surface of flagella. After the flagella are placed
on holey carbon grid and air dried, 5 il of 10 mM CacCl;, is placed at one side of the grid
following 5 i of 10 mM Na,HPO, on the other side. Hydroxyapatite nanoparticles
nucleate on anionic flagella with a time dependent manner but the nanocrystals are
randomly oriented (Figure 1. 5E). Most recently, we displayed 8 glutamic acids which are
from BSP on flagella without constrained peptide loops. After nucleated within a HAP
precursor solution, we also observed HAP nanocrystals nucleation on the flagella surface.
Polyaniline can be coated on anionic Asp-Glu loop peptide flagella. In this process,
anilinium ions may polymerize on flagella by ionic interactions and n-w stacking of the

aromatic rings (Figure 1. 5F).
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Figure 1.5: TEM images of flagella mediated inorganic nanotubes. A) Silica
biomineralization on cationic Arg-Lys loop flagella with tetraethoxysilane. B) Silica
formation with sodium silicate. C) TiO, nanotubes synthesized on Tyr-Ser-Gly loop
flagella. D) Mechanism illustration of TiO, synthesis by sol-gel process on flagella. E)
Hydroxyapatite nanocrystals synthesized on anionic Asp-Glu loop flagella after 20
minutes exposure to mineralization solution. F) Polyaniline nanowires synthesized on
anionic Asp-Glu loop flagella. (Reprinted with permission from Kumara et al. Journal of
nanoscience and nanotechnology 7, 2260-72 (2007) )

16



The genetically engineered flagella were also used as scaffolds for the self-assembly of
metal nanoparticles and nanotubes [113]. Three different types of loop peptides are
applied in this report. One is a 4 time insert of a one glycine, six histidine loop (“His
loop”) peptide containing imidazole groups (GHHHHHH),. The second one is a 3 time
insert of an anionic “Asp-Glu loop” peptide composed of one histidine residue, three
aspartic acid residues, three glutamic acid residues, and one glycine residue
(HDEDEDE)s. The third one is a single insert of a cationic “Arg-Lys loop” peptide
encoding four arginine residues with guanido side chain groups and three lysine residues
with amine side chain groups (RKRKRKR). After soaked into solutions of various metal
ions (Co(Il), Cu(ll), Cd(lI), Ag(l), and Pd(I1)) and under controlled reduction by NaBH4
or hydroquinone, genetically engineered flagella were coated by ordered nanoparticles or
nanotubes (Figure 1. 6). In most cases, only nanoparticles are aligned on flagella. On
histidine loop flagella, Au nanoparticles with 5.93 (#1.48) nm in diameter aligned on the
surface of the flagella scaffold to form an ordered array as shown in Figure 1. 6A. Copper,
cobalt, palladium and cadmium nanoparticles were generated on histidine loop peptide
flagella. An ordered array of Co nanoparticles was also produced by reduction of Co(ll)
on Asp-Glu loop flagella (Figure 1. 6C, D, E, F, H). Ag(l) was formed a layer of metal on
aspartic acid-glutamic acid loop peptide flagella resulting formation of nanowires (Figure
1. 6G). In another approach, synthesized Au nanoparticles with 3 or 12 nm in diameters
were functionalized by 10-thioldecanoic acid. Then the nanoparticles were mixed with
the positively charged arginine-lysine loop flagella. A thick layer of Au nanoparticles

attached on the flagella bundles with 500 nm diameter were shown in Figure 1. 6B.
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Figure 1.6: Metal nanoparticles and nanotubes synthesized on bioengineered flagella. A)
Gold nanoparticles were synthesized on a histidine loop peptide flagella. B) Gold
nanoparticles attached by covalent attachment to Arg-Lys peptide loop flagella. C)
Copper nanotubes synthesized by reduction of Cu(ll) on histidine loop flagella. D)
Copper nanoparticles synthesized by reduction of Cu(ll) on histidine loop flagella. E)
Cobalt nanoparticles synthesized by reduction of Co(ll) on histidine loop flagella. F)
Palladium nanoparticles synthesized by reduction of Pd(ll) on histidine loop flagella. G)

Silver nanowires synthesized on flagella with glutamic acid-aspartic acid loop peptides.
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H) Cadmium nanoparticles synthesized on histidine loop flagella. (Reprinted with
permission from Kumara et al. Chemistry of Materials 19, 2056-2064 (2007) )

Deplanche et al [114] demonstrated Pd(0) nanoparticles could completely cover D.
desulfuricans flagellar filaments by the H2-mediated reduction of [Pd(NH3)4]C..
However, No Au (0) could be formed using HAuUCI,. Using engineered flagella with
cysteine-derived thiol residues in the E. coli FIiC protein as the template, stabilized Au

(0) nanoparticles at 20-50 nm in diameters could be obtained on the surface of flagella.

Integration of engineered flagella with quantum dots (QDs) was demonstrated recently
for further potential applications, such as imaging, sensors, light emitting diodes, solar
cells and molecular electronics [115]. Flagella with 4> insert variant with 24 histidine
residues (GHHHHHH), were isolated. ZnS/Mn QDs with an average size of 3 nm are
self-assembled on flagella with poly-histidine residues loop peptides (Figure 1. 7). Direct
synthesis of ZnS nanoparticles on immobilized His-loop flagella was also demonstrated.
The flagella were fixed on holey carbon grid. One side was placed by ZnSO, and the
other side was placed by Na,S. TEM images of ZnS nanoparticles on flagella are shown
in Figure 1. 7B. CdTe QDs capped with L-cysteine can also bind to the flagella with His-
loop with about 2.4 nm separation (Figure 1. 7C). Negatively charged flagella can
assemble with cationic liposomes loaded with a model drug. It may provide a novel way
for photodynamic cancer therapy [116].

Figure 1.7: Metal nanoparticles synthesized histidine loop flagella. A) TEM image of
ZnS/Mn nanoparticles immobilized on a histidine loop flagella scaffold (scale bar 50 nm).

B) TEM image of ZnS nanoparticles synthesized on a flagella scaffold (scale bar 100 nm);
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(inset) electron diffraction pattern indicating Wurtzite structure. C) TEM image of CdTe
nanoparticles immobilized on a histidine loop flagella scaffold (scale 100 nm); (inset)
high-resolution TEM image of CdTe nanoparticles immobilized on a flagella template
(scale bar 5 nm). (Reprinted with permission from Kumara et al. Journal of Physical
Chemistry 111, 5276-5280 (2007) )

By using another flagella display technique without constrained loop peptide, Wang et al
[117] coated site-specific silica sheaths on flagellar surface. The proposed mechanism is
that aminopropyltriethoxysilane (APTES) absorbed on the surface of flagella through
hydrogen bonding or electrostatic interactions between the amino group of APTES and
protein of flagella to form nuclei, followed polycondensation of tetraethoxysilane (TEOS)
on these nuclei. It is easy to produce a large amount of silica nanotubes by this method
close to room temperature and neutral pH in aqueous solution. The morphology of as-
synthesized silica nanotubes using flagella template can be tuned by different surface
charges. One type of genetically engineered flagella (termed Fla-KKCC) is displayed a
peptide with a sequence -Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Cys-Cys-Cys-
Cys-Cys-Cys-Cys-Cys-Cys-Cys-, which has two domains (positively charged due to the
Lys and thiol-rich due to the Cys). Another type of engineered flagella (termed Fla-OCN)
is displayed a peptide with a sequence of -Asp-Pro-Glu-Pro-Arg-Arg-Glu-Val-Cys-Glu-
Leu-Asp-Pro-Asp-Cys-Asp-Glu-, which has negatively charged residues (Asp and Glu)
and strong nucleophilic residues (Arg and Cys). The third one is wild type flagella. After
coating, all of them give pearl-necklace-like silica fibers as shown in Figure 1. 8.
However, the morphology of these silica fibers is quite different. Silica fibers on wild
type flagella are cyclic (Figure 1. 8A) while those on flagella with Fla-KKCC are
straighter (Figure 1. 8B). On Fla-OCN displayed flagella, large silica spheres usually
formed at one end of the fibers (Figure 1. 8C). The silica-flagella hybrid nanotubes were
also examined by TEM (Figure 1. 9). Uniform pore size of 144).5 nm was observed. In
the present of dithiothreitol (DTT), silica nanotubes formed by single flagellum (Figure 1.
9A, B). Without DTT, silica nanotubes prepared by Fla-KKCC flagella formed larger
pore sizes than single flagellum due to the formation of flagellar bundles through the
formation of disulfide bond between neighboring flagella (Figure 1. 9C). Large silica
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spheres were observed at the intersection points (with arrows) on wild-type flagella

templated silica nanotubes (Figure 1. 9D).

Figure 1.8: SEM images of the obtained hybrid flagella/silica nanotubes by using
different flagella as templates: A) wild type flagella; B) Fla-KKCC flagella; C) Fla-OCN
flagella. D) The detailed pearl-necklace-like silica nanotubes and the intersection

structure.

(AN

Figure 1.9: A) Low and B), high magnification TEM images of silica nanotubes using
Fla-KKCC as templates in the presence of DTT. C) TEM images of the silica nanotubes
without DTT. Two flagella in the silica nanotubes were observed at the cross section. D)

wild-type flagella template silica nanotubes.
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The flagella template inside the silica/flagella nanotubes can be removed after calcination
at high temperatures (Figure 1. 10). Under higher temperature (800 °C), a periodic
nanohole array along the silica shell was formed with a center-to-center spacing of
approximately 79 nm. This kind of nanotube can selectively uptake QDs to the inner
channels. Moreover, the outer wall of the nanotubes can be coated by Au nanoparticles.
This distinct functional nanotube may have potential applications in the fabrication of

photonic crystals and plasmonic waveguides.

7% 100
Spacing (nm)

Figure 1.10: TEM images of the silica nanotubes calcined at different temperatures. A)
The 1D periodic array of nanoholes along silica fiber which was calcined at 800 °C for 4
h. B) Silica nanotubes calcined at 800 °C for 1 h. C) Crystalline silica fibers formed after

calcination of silica nanotubes at 950 °C for 4 h.

Recently, Hesse et al [118] showed the formation of TiO, nanotubes on wild type flagella
using titanium chloride aqueous solution as a precursor solution at pH 2.5 (Figure 1. 11A,
B, C). At 40 °C, a layer of TiO, was coated on flagellar surfaces. However,
nanocrystalline TiO, was formed on flagella at 50 °C. After annealing at 200 °C,
amorphous TiO, converted into nanoparticles. The filament diameter is less than 200 nm
(Figure 1. 11D). However, the diameter of filament increased to ~300 nm at 400 °C
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(Figure 1. 11E). The advantage of this method is that wild type flagella can be deposited
by TiO, without any genetic modification. Moreover, this process is done at low
temperature in aqueous solution and it is similar to that of biominerals in Nacre, sea

urchin spine and sponge spicule.
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Figure 1.11: SEM images of amorphous TiO, nanotubes on flagella. (Reprinted with

e 100 1M

permission from Hesse et al. Materials Science & Engineering 29, 2282-2286 (2007) )

1.7 Assembly of flagella based nanomaterials

Assembly of nanomaterials in a highly ordered and organized fashion is very challenging.
Nanomaterials can be assembled by covalent or non-covalent interactions between
individual molecules such as electrostatic interaction, H-bond, hydrophobic or
hydrophilic interaction, ligand/receptor interaction and chemical bond. In recent years,
the nanostructured materials with self-assembly inspired from nature gain more and more
attention [119-121]. It is well-known, high concentration of M13 bacteriophage could
self-assemble into highly order liquid-crystal phase [122]. Barry et al [123] also found
highly concentrated helical flagella isolated from Salmonella typhimurium could form
liquid crystalline phase (Figure 1. 12). When the concentrations are under 17 mg/ml,
wild-type flagella SIW1103 form isotropic phase. With increasing the concentrations of
flagella, bright birefringent droplets appeared from a dark isotropic background with a
well-defined striped pattern with a 2.4 pm periodicity. Uniform birefringent formed when
the concentration of flagella was above 29 mg/ml. Fluorescence labeled flagella indicated

that the filaments were always in phase with respect to each other.
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Figure 1.12: A) Coexistence between isotropic and conical phase in flagella SIW1103 at
20 mg/ml imaged with a polarization microscope. The scale bar is 20 pm; B) A single
phase imaged with a polarization microscope; the scale bar is 20 pm; C) Fluorescently
labeled flagella dissolved in a conical phase of unlabeled flagella. The fluorescent image
was overlaid above a polarization microscope image. The scale bar is 10 pm; D)
Tentative phase diagram of flagella SIW1103; E) Excluded volume between two helical
rods out of phase and in phase with respect to each other. (Reprinted with permission
from Barry et al. Physical Review letters 96, 018305-1-4 (2006) )
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Figure 1.13: A) TEM images of disulfide cross-linked Cys loop flagella bundles stained
with 2 % phosphotungstic acid (pH 7.5) (scale bar 100 nm); B) Assembly and
disassembly of flagella bundle (A) Disassembly upon addition of a reducing agent. (B)
Flagella nanotube bundle formation upon oxidative disulfide bond formation. (Reprinted
with permission from Kumara et al. Nano Letters 6, 2121-2129 (2006) )

Flagella can also be assembled into higher ordered structures with surface chemistry
modification by flagella display. After displayed with “Cys-loop” containing 6 or 12
thiol side chains (-His-Cys-Cys-Cys-Cys-Cys-Cys-), the flagella can self-assemble into
bundles in parallel via formation of disulfide bonds between neighboring flagella along
the axis of the bundles (Figure 1. 13) [25]. The flagella bundles can be up to 10 pm in
length and 200 nm in diameter. Under reducing environment, the bundles can be
disassembled into individual flagella. Other bioengineered flagella with negatively or
positively charged peptide loops or with six histidine loop peptide, however, cannot form
large bundles. Bioengineered flagella can also be assembled by layer-by-layer (LBL)
method on a gold-coated mica and quartz surfaces in a bottom-up manner. The flagella
with arginine-lysine loops are assembled by LBL through molecular complementary
interactions between biotin and streptavidin (Figure 1. 14A). The gold-plated mica plates

were incubated with a mixture of undecanethiol with an ethanolic solution of n-octane
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thiol to form amine-terminated surface. Then, the amine-terminated surface was linked
by N-hydroxysulfosuccinimide-polyethyleneoxide-biotin (NHS-PEO,-biotin). On the
other side, positively charged flagella with arginine-lysline peptide loop flagella were
also biotinylated by NHS-PEQ,-biotin. Ester groups of N-hydroxysulfosuccinimide react
with amine group on lysine to form amide bonds. For LBL assembly, the biotinylated
gold-plated mica plates were coated by a layer of streptavidin followed by a layer of
biotinylated flagella. Multiple layers were produced by repeating the same procedure. A
schematic representation of LBL assembly of biotinylated flagella are shown in Figure 1.
14B. Negative charged flagella with glutamic acid-aspartic acid peptides loops can be
assembled by electrostatic attraction to protonated amine groups on polyethyleneimine
(Figure 1. 14C) [124]. A schematic illustration of the electrostatic LBL assembly process
is shown in Figure 1. 14D.

Figure 1.14: A) Topographic AFM image of the second layer of the arginine—lysine
peptide loop flagella. B) Schematic illustration of layer-by-layer assembly of the
arginine—lysine peptide loop flagella through molecular complementarity. (a) Top layer
of biotinylated flagella; (b) Middle layer of streptavidin; and (c) bottom layer on
biotinylated amine-terminated mixed SAM on gold; C) Topographic AFM image of the
second layer of glutamic acid-aspartic acid peptide loop flagella; D) Schematic
illustration of layer-by-layer assembly of flagella by electrostatic attraction: (a) quartz
with positively charged amine groups; (b) flagella with glutamic acid—aspartic acid
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peptide loops assembled on (a) by electrostatic attraction; and (c) polyethyleneimine
adsorbed on (b) through electrostatic attraction. (Reprinted with permission from Kumara
et al. Biomacromolecules 8, 3718-3722 (2007) )

1. 8 Outlook

With surface display, bioengineered flagella can be used for identification of peptide-
ligand interactions, vaccine carriers, secretion tools for foreign proteins, and so forth [86,
93]. Based on random peptide library screening, more and more polypeptides with
functional groups will be identified and displayed on flagella, which will lead to more

applications.

Two different peptides in separate FliC subunits can be displayed on the same flagellum
filament simultaneously, which becomes a double-hybrid display system [61, 125]. Or
FIiD, like FIiC, also includes conserved and less conserved regions. With amino acid
analysis of FIiD N- and C- terminal regions, which are located in the leg-like domains of
the cap, are more conserved. These domains make contact with the distal ends of the
flagella. However, in the plate-like structure of the cap, the sequences are more variable,
and can be partially deleted or inserted by foreign polypeptides. By combining the FIliC
double-display technique, a triple-display technique was developed by Majander [126] in
which three foreign peptides are simultaneously expressed within the same flagellum.
This technique makes flagella as multi-functional tools. As vaccines, specific adhesion
polypeptides to their targets can be displayed on FIliD for specific attachment. At the
same time, FIiC can carry two different antigenic epitopes. It may also be applied to gene
or drug delivery as a carrier for diagnostic or therapeutic purposes. For examples,
polypeptides recognized by target cells are displayed on FliD. The polypeptides that can

combine with drugs or genes are displayed on FIliC.

Flagella are easily depolymerized into monomeric FliCs under acidic conditions or at
high temperatures. Interestingly, FliC can re-polymerize into flagella again in salts under
neutral pH and sometimes with the aid of short flagella fragments as seeds. In addition,
FIiC from different strains can initiate copolymerization [127]. Two or more kinds of
engineered FIliCs can be mixed together and copolymerizate into hybrid flagella,

providing more freedom and flexibility for further applications.
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With the combination of molecular biology and bionanotechnology, using genetic
methods and/or design, more and more peptides are being selected for specific binding to
targets. In recent years, a variety of targets, including noble metals, metals, oxide and
nitride semiconductors, minerals and some other substrates, were selected. Most of the
processes are accomplished at ambient conditions by molecular biomimetics. This
approach makes it possible to fabricate more novel flagella/inorganic hybrid materials at
the molecular and nanometer levels by display sequences selectively binding to the
targets. With the combination of double or triple display, different polypeptides that
recognize more than one target can be displayed. This may permit organized assembly of
nanocomposite materials at higher levels, resulting in a variety of new applications, such
as biomimetics, tissue engineering, and “bottom up” assembly. These hybrid flagella are
promising for diagnostic purposes, the construction of biocatalysts, advanced biosensors,
bioreactors, bioadsorbents, random peptide libraries, nanotubes, nanowires and in other

biotechnological approaches [128].
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Chapter 2 Biomimetic Nucleation and Growth of Bone Mineral on Bone
Protein-Derived Peptides Displayed on Bacterial Flagella with Further
Assembly

2. 1 Introduction

It is promising to fabricate biocompatible and biodegradable scaffolds for bone repair and
regeneration. New bone can build on them and ,finally, defective bone tissue can be
replaced [129]. However, constructing a nanocomposite mimicking both the composition
and organization of bone is challenging. Bone is a dynamic, highly vascularized tissue
mainly composed of inorganic mineral-HAP ( Caio(PO4)s(OH),) and organic scaffold-
type | collagen [130]. From a material science point of view, bone tissue is an inorganic—
organic hybrid nanocomposite material containing multiple levels of hierarchical
structure in an organized fashion. At the lowest level of organization, the HAP
nanocrystallites (20-80 nm long, 2-5 nm thick) are assembled along the fibrous collagen
molecules [131, 132]. With the development of tissue engineering, especially combined
with bionanotechnology, designing artificial biomaterials at the nano-level that can
interact with and replace ECM becomes feasible [133, 134]. In contrast with conventional
methods, these novel materials can mimic the complex and delicate structure of bone at
the nanoscale level via a “bottom up” approach [134]. Recently, we demonstrated the
orientated nucleation of HAP nanocrystals on native or bioengineered phage and spider
silk [135-137].

In this study, bacterial flagella filaments are utilized to mimic collagen fibrils at the
lowest level of bone tissue structure. Using peptide display technique, peptides from bone
proteins were displayed on flagella surface: First, to identify the peptides or domains are
responsible for mineral nucleation from bone protein-derived peptides using flagella
display; Second, to build structurally and functionally bone-like materials at the
nanometer level. The bacterial flagellum is a long filament composed of several thousand
copies of bacterial FIiC major proteins as well as some other minor proteins, such as a
pentamer of the tip-associated FliD protein. The linear tubular structure of a flagellum
has a repeat of 11 monomers per two turns through self-assembly via non-covalent

interactions between a-helical and coiled-coil motifs [56]. Each flagellum is about 10-15
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um in length with an outer diameter of 12-25 nm and an inner diameter of 2-3 nm. The
N- and C- terminal regions of FIiC located in the inner tube are highly conserved,
whereas the central region of FIiC is surface-exposed and contains highly variable
sequences [81]. Based on genetic approach, a foreign peptide can be inserted into the
variable region of FIliC and, thus, displayed on the surface-exposed portions of flagella.
This technique is called peptide display. Up to 302 amino acid residues have been
successfully displayed on the surface of flagella, without preventing flagellar
polymerization and functions [81]. The recombinant bacterial flagella were used as live
vaccines to evoke humoral and cellular immune responses [138]. Recently the
bioengineered flagella mediated synthesis of inorganic and organic nanotubes has been
reported [139-144].

In bone tissue, type | collagens are parallel to each other, forming thicker fibrils in a
hexagonal array. The type I collagen molecules align with each other and pack precisely
into the so-called quarter-staggered mode, exhibiting a characteristic D-banding that
exhibits the alternating hole or gap (47 nm in length) and overlap (20 nm in length) zones
[129, 145]. Biomineralization occurring on the collagen fibrils includes the nucleation of
HAP nanocrystals in the appropriate microenvironment and assembly within collagen
fibrils. To date, however, the direct evidence and precise chemical mechanisms of HAP
nanocrystal nucleation are still not clear. Most of the previous reports suggest that HAP
nanocrystals are initially nucleated at the hole zone of the collagen fibrils [145-148],
especially at the defined region-e and d bands, which contain the charged amino acid side
chains [149]. However, Maitland and Arsenault [150] found the apatite crystals occurring
at both the hole and overlap zones during the early stage of mineralization in an
asymmetric pattern. In vitro, type | collagen can also mediate nucleation of HAP
nanocrystals [149], but it is still a mystery as to which domains or sequences on type |
collagen can direct initial apatite nucleation precisely [151]. It is proposed that potential
sites of HAP nucleation occur on the charged amino acid residues of type | collagen

including glutamic and aspartic acid, lysine, arginine, hydroxylysine and histidine [152].

The type | collagen molecule is mainly composed of repeated Gly-X-Y (where X is often

proline and Y is often hydroxyproline) sequences with small non-helical domains at the
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N- and C-terminals. Accordingly, the total N-, C-terminals and partial N-, C-zones
enriched with polar amino acid residues, are displayed on flagella. Because the
biomineralization initiates at both the hole and overlap zones, an 8 repetitive Gly-Pro-Pro
(GPP8) sequence is also designed to be displayed on flagella (Figure 2. 1).

Overlap Zone Hole Zone
. A

=3
cpp C-zone - C-terminal

SN
——

N-terminal N-zone

Figure 2.1: Position of different domains within type | collagen fibrils in bone tissue.
Partial N, C-zones located at the hole zone are selected. N, C- terminals located at the
overlap zone are selected. A 8 repetitive GPP resemble to the central portion of type |
collagen is designed.

It is well established that in vivo, type I collagen itself is not the only contributor for HAP
nucleation. Many non-collagenous proteins are also very important during the
biomineralization process to regulate HAP nucleation and the growth of the mineral
phase [129, 151, 153]. OPN and OCN are the prominent non-collagenous proteins that
are thought to regulate HAP nucleation due to the presence of the acidic amino acids
[154, 155]. As a very important nucleator, BSP can bind to type I collagen fibrils forming
a complex as a nucleator to induce the nucleation of HAP nanocrystals [156]. Moreover,
the X-ray crystal structure of OCN indicates that it coordinates with 5 calcium ions in a
spatial orientation corresponding to calcium ion positions in the HAP crystal lattice
[155]. He et al [157] reported that the dentin matrix protein 1 (DMP1), which is also an
acidic non-collagen protein, could also nucleate HAP in vitro. In vivo, non-collagenous
proteins are morphologically, structurally, and functionally connected to collagen fibrils,

which facilitate primary crystal formation and subsequent crystal growth on collagen. A
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possible mechanism is that these anionic groups induce a local supersaturation of Ca**
followed by phosphates, especially in the intermolecular f-sheet acidic domains [157-
161]. Therefore, we also displayed a peptide encoding 8 glutamic acid residues (E8) from
BSP on flagella. Studying the nucleation ability of these bioengineered flagella is carried

out in supersaturated HAP precursor solution at room temperature.

2. 2 Materials and methods

2. 2.1 Display of bone protein derived peptides from type | collagen and BSP on
bacterial flagellar surface

2. 2. 1. 1 Digestion of original plasmid:

The vector pLS411 contains the gene of FIiC in which most of the central hypervariable
region has been deleted and replaced with a 45 bp oligonucleotide encoding a foreign
peptide (Cholera toxin peptide 3, CPT3). This epitope is inserted by restriction sites Xho I
and Bgl Il [138]. In order to insert the new sequences that are selected from bone related
proteins, the pLS411 was digested by restriction enzymes Xho | and Bgl 11 (New England
Biolabs, NEB) at 37 °C for 2 h, and then run on 1 % agarose gel. After purification by
Gel Extraction Kit (QIAGEN), the plasmid with Xho | and Bgl Il restriction sites was

collected.
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2. 2. 1. 2 Preparation of DNA fragments and cloning:

Cloning DNA fragment preparation: The single-stranded oligonucleotides that encode
target peptides including restriction sites of Xho I and Bgl 1l at the ends were synthesized
(Invitrogen). The forward and reverse single-stranded oligonucleotides were mixed
together at a final concentration of 100 mM. After annealing, they formed
complementary double-stranded DNA with a restriction site of Xho I at the 5’-end as well
as Bgl II site at the 3’-end. HAP most likely interacts with charged or polar amino acids
[152]. Therefore, the sequences encoding 17 amino acids of N-terminal and 26 amino
acids of C-terminal of type I collagen near the very end, which are rich in charged and
polar amino acids, are displayed on flagella respectively. Similarly, partial N-zone and C-
zone of type | collagen are selected and displayed. Moreover, a 72 bp nucleotide
encoding 8 repeated GPP peptides is displayed on flagella. The total selected sequences
from type | collagen and E8 from BSP are listed in Table 2. 1 and the positions of these

sequences are depicted by Figure 2. 2.

Table 2.1: Inserted sequences in recombinant plasmid

Name Oligonucleotides Encoded amino acids

GPP8 5’ - GA TCT GGA CCA CCT GGT CCA CCT GGT CCT CCA | GPPGPPGPPGPPGPPGPPGPPGPP
GGT CCA CCT GGA CCA CCT GGT CCA CCT GGT CCT CCA
GGTCCACCTC-3

5’ - TC GAG AGG TGG ACC TGG AGG ACC AGG TGG ACC
AGG TGG TCC AGG TGG ACC TGG AGG ACC AGG TGG ACC
AGG TGG TCC A-3’

N-terminal 5° -GA TCT CAG CTG TCT TAT GGC TAT GAT GAG AAA | QLSYGYDEKSTGGISVP
TCA ACC GGA GGA ATT TCC GTG CCT C-3’

5’ —TC GAG AGG CAC GGA AAT TCC TCC GGT TGA TTT
CTC ATC ATA GCC ATA AGA CAG CTG A-3’

C-terminal 5’—GA TCT CAG CGC TGG TTT CGA CTT CAG CTT CCT GCC | SAGFDFSFLPQPPQEKAHDGGRYYRA
CCA GCC ACC TCA AGA GAA GGC TCACGA TGG TGG CCG
CTA C-3°

5’ —TC GAG TAG CGG CCA CCA TCG TGA GCC TTC TCT
TGA GGT GGC TGG GGC AGG AAG CTG AAG TCG AAA CCA
GCGCTG A-3’
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Name Oligonucleotides Encoded amino acids

E8 5° —-GA TCT CGA GGT GAT GAA GAG GAA GAG GAA GAG | EEEEEEEE
GAA GAA C-3°

5" -TC GAG TTC TTC CTC TTC CTC TTC CTC TTC ATC ACC
TCG A-3’

N-zone 5 -GA TCT GGT TTG GAT GGT GCC AAG GGA GAT GCT | GLDGAKGDA GPAGPKGEPGSPGEN
GGT CCT GCT GGT CCT AAG GGT GAG CCT GGC AGC CCT
GGT GAA AATC-3’

5 -TC GAG ATT TTC ACC AGG GCT GCC AGG CTC ACC
CTT AGG ACC AGC AGG ACC AGC ATC TCC CTT GGC ACC
ATC CAAACC A-3’

C-zone 5’ -GA TCT GGA CCC CAA GGC CCA CGT GGT GAC AAG | GPQGPGDGETGEQGDRGIKGHR
GGT GAG ACA GGC GAA CAG GGC GAC AGA GGC ATA
AAG GGT CAC CGT C-3’

5’ -TC GAG ACG GTG ACC CTT TAT GCC TCT GTC GCC CTG
TTC GCC TGT CTC ACC CTT GTC ACC ACG TGG GCC TTG
GGG TCC A-3’

N-terminal
AL
162 N_@lo?ljégydek stggisv}ugp
181 mgpsgprglp gppgapgpag fqgppgepge pgasgpmegpr kng ddgeagkpgr
241 pgergppgpq garglpgtag lpgmkghrgf s%
301 mgprglpger grpgapgpag argndgatga agppgptgpa gppgfpgavg akgeagpagp
361 rgsegpagvr gepgppgpag aagpagnpga dgapgakgan gapgiass-ssrereseeeseeeeees

sgergppgpm gppglagppg esgregapga

961 vglpgarger gfpglpgpégzgggkqgosga
1021 g : pgapgpvgpa gksgdrgetg pagpagpvgp
1081 cfsglqgpp gppgspgeqg psgasgpagp
1141 rgppgsagap gkdglnglpg pigppgprgr tgdagpvegpp gppgppgppg ppsagfdfsf
1201 l\piqppqekah dggryyra

'
C-terminal

Figure 2.2: Protein sequences and positions of inserted peptides displayed on flagella.

(The whole N-zone and C-zone regions were marked by underline)
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Ligation and transformation: The double-stranded oligonucleotides were ligated into Xho
| and Bgl Il linearized pLS411 by T4 ligase (Invitrogen) at room temperature for 1 h.
Then, the plasmids were transformed into competent E. coli. DH5a. Finally, the
recombinant plasmids were transformed into FliC deficient Salmonella strain SL5928 by
electroporation. SL5928 is an aroA live-vaccine strain of Salmonella Dublin. Because its
only FliC gene- fliC(g, p) has been replaced via transduction by fliC(i)::Tn10, an allele

inactivated by transposon insertion, the functional flagella cannot be expressed [138].

Selection and motility assay: The ampicillin-resistant clones with recombinant plasmid
were selected and confirmed by sequencing. In order to ascertain whether the
recombinant stain could assemble flagella with motile function, the clones were cultured
in semisolid medium (1 % tryptone; 1.5 % NaCl; 0.35 % agar) for a cell motility test.
Salmonella SL5928 with the recombinant plasmid was inoculated by stabbing the center
of the medium to a depth beyond the midway point and then cultured at 37 °C for 24-48
h. Only the bacteria with functional flagella assembled on their surfaces are motile in the
media, providing an easy method to verify synthesis and assembly of the engineered
flagella. Motility of Salmonella was tracked visually by observing the diffusion growth
from the center of the plate. Finally, the entire plate will be covered by diffused growth.
If no functional flagella were synthesized and protruded from the cell surface, the clone

of the bacteria would be kept in the center.

2. 2. 2 Purification of bacterial flagella:

SL5928 with recombinant plasmid was inoculated into semisolid medium and incubated
at 37 °C until it reached the edge of the plate. The cells from the advancing edge of
growth were inoculated into 1 L of LB containing L-ampicillin (100 pg/ml) and
incubated at 37 °C with shaking (250 rpm). When the OD of the cell culture reached
about 0.6-0.8, the bacteria were harvested by centrifugation at 6000 g for 15 min, washed
three times with phosphate-buffered saline (PBS, pH 7.2) and finally suspended in 25 ml
of PBS. The flagella were detached from the cells by vigorous vortex at the highest speed
for 3 times (30 sec/each time). The supernatant containing the sheared flagella was

separated by centrifugation at 12,000 =< g for 40 min. The purity of the isolated flagella
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was subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE).

2. 2. 3 Flagella examination by optical and electron microscopy:

Flagella were examined with silver staining. A drop of purified flagella (15 |A) were
mounted on carbon grid and air dried. The sample was then stained with 1 % (wt/vol)
uranyl acetate (UA) for 30 s [162] and observed with transmission electron microscopy
(TEM, Zeiss 10).

2. 2. 4 Western blot analysis:

In order to confirm the insert peptides on flagella, the flagella with GPP8 and E8 were
subjected to Western blot examination. The purified flagella were denatured for 5 min at
95 °C and applied to 10 % of the SDS-PAGE at 200 V for 40 min. Then, the proteins
were transferred to PVDF membrane at 30 V, 90 mA for overnight in a methanol buffer.
The membrane was sealed in a plastic bag with 5 ml blocking buffer (10 % defat milk in
PBS) for 1 h at room temperature with agitation on an orbital shaker. After washed with
PBS containing 0.05 % Tween 20 (TTBS), the membrane was incubated for 1 h at room
temperature with diluted (1: 1000) primary polyclonal antibody (rabbit anti- type |
collagen or rabbit anti-BSP) (Sigma-Aldrich) in blocking buffer. The membrane was then
washed with TTBS and incubated with alkaline phosphatase-conjugated goat anti-rabbit
antibody (Sigma-Aldrich) (1: 2000 diluted in TTBS) for 1 h at room temperature under
constant agitation. Finally, the blotting bands were visualized by incubation with
chromogenic substrates-NBT/BCIP for 30 min at room temperature in the dark.

2. 2. 5 Nucleation of flagella in supersaturated HAP solution:

Supersaturated HAP solution (4 mM) was prepared as described [163] from HAP powder
(Sigma-Aldrich). The bioengineered flagella (30 ul, 50 pg/ml) were mixed with 500 pl
of supersaturated HAP solution and incubated for various periods of time at room
temperature. Wild type flagella are used as a control. A drop of mixture was mounted on
the carbon TEM grids. After carefully rinsed with ddH,0O, these samples were examined
with TEM (Zeiss 10 and JEOL 2000-FX).
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2. 2. 6 Flagella assembly with nucleation of HAP:

The assembly of flagella was based on our previous report with some modification [136].
Briefly, the CaCl, solution (100 mM) was adjusted to pH=9.5 by NaOH because the
flagella are stable at pH=2-10 [164]. The solution was then diluted into different
concentrations with water and mixed with purified flagella. The bundled flagella were
collected by centrifugation (10,000 g for 10 min) and washed with water. Finally, the

flagella bundles were incubated in supersaturated HAP solution at room temperature.

2. 3 Results

The plasmids were sequenced at each step to confirm the identity of the inserts (data not
shown). The stains with recombinant plasmids were cultured on semi-solid media with a
negative control strain SL5928. After incubated at 37 °C for 1 day, all of recombinant
strains diffused from the inoculated site, but the negative control SL5928 only formed a
colony in the center of the plate due to its lack of motility. The motility assay confirmed
that the flagella polymerized from the engineered bacterial flagellin were functional.
However, the diffusion speeds of the recombinant stains varied from each other as well as
from the control. For example, the strain with E8 spread faster than that with GPP8
(Figure 2. 3).

SL5928/Fla- SL5928/GPP8 SL5928/E8

Figure 2.3: Bacterial motility assay in 24 h. No spreading of SL5928 strain as the
negative control. Flagella with E8 spread faster than that with GPP8

Before and after the bacterial flagella were purified from bacteria, they were examined
and verified using silver nitrate staining. Over ten flagella were observed on the surface
of a single bacterium at SL5928 with E8 (Figure 2. 4A). Other strains show similar

results but with fewer and shorter flagella (data not shown). After purification, a large
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amount of flagella with characteristic sinusoidal morphology were observed at a very
high degree of purity (Figure 2. 4B). Under TEM, flagella exhibited a more linear
structure after staining by UA with 1540.5 nm in diameter and 2-4 micrometers in length
(Figure 2. 4C).

Figure 2.4: A) Silver staining of bacterial flagella before purification (insert: higher
magnification). B) Silver staining of bacterial flagella after purification (insert: higher
magnification). C) TEM images of purified flagella

After purification, the recombinant flagella was subjected to SDS-PAGE analysis and
only showed one band with a molecular weight of about 55 kDs on the gel (Figure 2.
5A). It indicates that FIiC was insolated with a very high degree of purity. Bovine serum
albumin (BSA) at 66 kDs and SL5930 were used as a control. Strain SL5930 is a pBR322
derivative also containing flagellin gene with a 48 bp deletion in hyper variable region
[165]. Other recombinant flagella with N-, C-terminal, N-, C-zone inserts also exhibit
very similar molecular weight band on the SDS-PAGE gel (data not shown). FIiC with
GPP8 or E8 against anti-type | collagen and BSP polyclonal antibody showed a very
clear blotting band. GPP8 FIiC blotting band presented a higher intensity than did that of
BSP FIiC. The low affinity of anti-BSP antibody may be ascribed to the fact that E8 is
only composed of a short part of BSP. The initial concentration of GPP8 and ES8 flagella
were adjusted to the same concentration (1.6 mg/mL) and loaded 8 ul on the gel. No
blotting band is visible with wild-type FIliC (Figure 2. 5B).
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Figure 2.5: A) SDS-PAGE electrophoresis of FIiC. (8 pi/sample). Molecular weight of
BSA is 66 kDa. SL5930 encodes flagellin protein with a 48 bp deletion in the center of
hypervariable region (Control). The molecular weight of SL5928/E8 and SL5928/GPP8
are close to that of SL5930. B) Western blotting of recombinant FliC. A clear band can
be observed for SL5928/GPP8 and SL5928/E8. Wild type FliC was used as a control.

After being soaked in supersaturated HAP precursor solution at 3, 6 and 9 days, the
flagella were examined by TEM. In the control, there was no visible mineralization on
wild type flagella until the ninth day (data not shown). Similar results were observed for
the engineered flagella that contain N-, C-terminal in 9 days. A very thin layer of
amorphous mineral deposited on the surface of the flagella with N-, C-zone inserts and
created a low contrast image (Figure 2. 6). Because the flagella are invisible under TEM
without staining, UA stained flagella were used as controls for each sample. Purified
flagella were detected on all samples and had no obvious difference between each other

(data not shown).
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Figure 2.6: TEM images of flagella with N-zone of type | collagen A) and C-zone of type

| collagen B) soaked in 4 mM supersaturated HAP precursor solution for 9 days.

For recombinant flagella with E8 and GPP8 sequences, inorganic minerals, which make
the flagella visible directly under TEM, were observed on the surface of the flagella after
3 days. From selected area electron diffraction (SAED) analysis, only amorphous
minerals were formed at this time (Figure 2. 7A, B). After 6 days, the E8 and GPP8
flagella were shown to be aligned with crystalline minerals which were revealed by
SAED analysis. However, the flagellar surfaces were not totally covered by minerals. A
lot of gaps can be observed along the flagella (Figure 2. 7C, D). After 9 days, an entire
layer of polycrystalline minerals was observed on the flagella displaying E8 and GPP8
sequences with diameters of 4645 nm and 38244 nm respectively (Figure 2. 7E, F). In the
SAED patterns, the presence of the (211) and (002) planes indicates that the
polycrystalline minerals are composed of HAP. However, stronger patterns were
observed consistently on E8 flagella than those on GPP8 flagella at each time interval.
Interestingly, at high concentration, E8 flagella show strong tendency to form bundle-like
structures after soaked in supersaturated HAP solution (Figure 2. 8). However, the
bundle-like structures were staggered to each other forming network structures.
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Figure 2.7: TEM images and SAED patterns of E8 and GPP8 flagella soaked in 4 mM
supersaturated HAP precursor solution at different time intervals. A, B) After 3 days,
flagella with E8 (A) and GPP8 (B) in supersaturated HAP solution. Almost no crystals
nucleated. C, D) After 6 days, flagella with E8 (C) and GPP8 (D). Some crystals
nucleated with amorphous mineral. E, F) After 9 days flagella with E8 (E) with high
magnification (insert) and GPP8 (F). HAP crystals nucleated on the surface of flagella.

Stronger SAED pattern was observed on E8 flagella than on GPP8 flagella.
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Figure 2.8: TEM images of high concentration of flagella with E8 nucleated in 4mM
supersaturated HAP precursor solution. A: Bundle-like structures of flagella can be

observed at some areas. B: high magnification of bundle-like flagella.

In order to obtain parallel bundles for the purpose of identifying the relative orientation of
the mineral crystals with respect to flagella, flagella bundles induced by Ca*" were
investigated. Because the E8 flagella exhibited stronger nucleation of polycrystalline
minerals, they were selected to be assembled into bundles for further analysis. At a high
concentration of CaCl, (0.5 M), flagella totally depolymerized into monomers [166].
Thus, much lower concentrations of CaCl, were used in our study; however, we still
found partial depolymerization of the E8 flagella at concentrations of CaCl, over 7 mM
(Figure 2. 9D). Interestingly, below 7 mM of CaCl,, bundles of flagella could be
observed and exhibited a Ca?* concentration dependent manner (Figure 2. 9). After
multiple experiments with different concentrations of CaCl,, 4 mM CaCl, was
determined to be optimal and was used for the this study. After staining with 1 % UA,
parallel bundle structures of flagella were observed. Some flagella packed into flat
ribbons structures up to 200 nm in diameter (Figure 2. 10). At higher concentrations of
Ca®, the bundled flagella straightened and almost lost the characteristic curly
morphology. The correlations of Ca®* with flagella with E8 were examined by Fourier
transform infrared spectroscopy (FTIR). After mixed 4 mM CaCl, with E8 flagella, the
observed peak at 1657 cm™ predominantly corresponding to the C=0 stretch for pure E8
flagella shifted to 1629 cm™ for flagella/Ca** (Figure 2.10). The red shift indicates that
the C=0 bonds in E8 flagella were weakened because of the formation of chelate bonds

between Ca?* and C=0 bonds [167, 168]. This implies that the carbonyl groups on the
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surfaces of E8 flagella were ionized by the coordination of Ca®*. At the same time, the
peak at 1528 cm™, which corresponds to a combination of the N—H in-plane bend and the

C—H stretch, almost disappeared due to the decrease in intensity (Figure 2. 11).

o _—
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Figure 2.9: TEM images of Ca?* induced E8 bioengineered flagella bundles. A) 2 mM of
CaCl,. Some flagella formed narrow bundles by side-by-side aggregation. B) 4 mM.
Thick bundles of flagella can be observed. C) 6 mM. Some flagella bundles can be
observed and a small amount of flagella start to broke into small ones. D) 8 mM. About
half of the flagella were degraded into short ones. Some bundles can still be observed.
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Figure 2.10: TEM images of self-assembled flagella bundles with E8 induced at 4 mM of
CaCl,. Parallel flagella bundles formed with side-by-side aggregation (marked by

arrows).

ASOrDAnce:

Figure 2.11: FTIR analysis of flagella. A) Purified flagella with E8. B) Flagella with E8
mixed with 4 mM CaCl,

The flagella bundles were collected by centrifugation. After being carefully washed with
pure water, the bundles were immersed in 4 mM supersaturated HAP solution. After one
day, amorphous minerals with tiny inorganic nanoparticles nucleated and aligned on
flagella (Figure 2. 12A). Meanwhile, the flagella bundles became “loose” after soaking in
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HAP precursor solution and the flagella recovered the characteristic curly morphology.
Plate-shaped polycrystalline mineral could be observed throughout the surface of flagella
thick bundles after 3 days (Figure 2. 12B). The minerals were characterized by energy-
dispersive X-ray spectroscopy (EDX) (Figure 2. 12D). It revealed a Ca/P ratio of
1.6540.05, which is close to the theoretical value of HAP with a formula of
Cayp(PO4)s(OH), (Ca/P =1.67). Some minor Na and ClI precipitated from supersaturated
HAP precursor solution and were present in the minerals. The copper and silicon detected
by EDX came from the sample substrate. Narrower mineralized flagella bundles could
also be observed on the same TEM sample, (Figure 2. 12C). SAED analysis revealed that
preferential alignment of the HAP crystallographic c-axis parallel with the long axis of
flagella bundles (Figure 2. 12C insert). The diffraction arcs corresponding to the (002)
and (004) plane demonstrated the c-axis preferred orientation of HAP nanocrystals.

Figure 2.12: TEM images of flagella bundles with E8 soaked in supersaturated HAP
solution with EDX and SAED analysis. A) 1 day of flagella bundles with E8 in
supersaturated HAP solution. Nanometer-leveled minerals nucleated on the surface of
flagella. B) 3 days of flagella bundles in supersaturated HAP solution. The bundles
became “loose” and nucleated by a nanoscale HAP crystalline. C) Narrow flagella
bundles with SAED pattern (insert) taken from the highlighted sections. The arc of (002)
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and (004) indicated the oriented nucleation of HAP. D) EDX analysis of the flagella

bundles.

When the E8 flagella were incubated in supersaturated HAP precursor solution,
occasionally, ribbon-like flagella bundles could be observed directly (Figure 2. 13). They
might be formed by super-flagella [169]. SAED pattern also revealed a short arc of the
(002) and (004) planes of HAP, indicating the preferred orientation along the long axis of
the flagella bundles.

A

Figure 2.13: (A, B) TEM images of ribbon-like flagella bundles displayed with E8
soaked in HAP precursor solution for 3 days. They might be formed by super-flagella.
(C) SAED analysis also showed short arc of (002) and (004) planes, indicating the

preferred orientation along the long axis of the flagella bundles.

2. 4 Discussion

Biomineralization of bone is a very complex process, which involves cell-mediated
deposition of HAP crystalline materials within the ECM in an organized fashion [151].
Although the peptides displayed on flagella surfaces may exhibit different conformations
from those in the native bone proteins, we believe the displayed peptides used here can
provide more information to aid in the understanding of the nucleation of HAP in vitro.
Each flagellar filament is a nanofiber assembled from thousands of subunits. Because the
FliCs are organized along the filament during the self-assembly, the peptide displayed on
each subunit will be naturally organized and uniformly distributed throughout the surface
of flagella. By biomimetic nucleation, the peptide which serves as the nucleator to direct

mineral nucleation can be identified. Moreover, the mineralized flagella resemble that the

46



lowest level of hierarchical organization of bone in which type I collagen fibrils are
mineralized with HAP nanocrystals [131, 149].

The role of collagen in bone mineralization has been controversial [149, 151, 152, 170].
The domains of collagen that initiate HAP nucleation are unclear. In vitro, collagen itself
could be nucleated in SBF solution [153]. Because the initial mineralization site is
located at the hole zone of type I collagen, the hole zone domain of type I collagen may
participate in the process of mineralization [149, 171]. The overlap zone is also reported
to be involved in the nucleation process of HAP in an asymmetric pattern. Except for
these domains, the major portion of type | collagen is composed of repeating G-X-Y
sequence which is proposed to provide the organizational framework and spatial
constraint for crystal deposition. The exact role and mechanism of this repeating

sequence is not very clear [151].

In this work, different domains from type | collagen including 8 GPP repeats, N-, C-
terminals and N-, C-zone of type | collagen are displayed on the surface of different
engineered flagella and investigated to elucidate which domains or portions can promote
the nucleation of HAP. Surprisingly, our results show that among all the type | collagen-
derived sequences displayed on flagella, GPP8 exhibited HAP nucleation ability. Even
still, the ability of GPP8 to initiate HAP nucleation is much weaker than that of the E8
flagella. In vivo, the second proline of the GPP sequence is usually hydroxylated into 4-
hydroxyprolyl residues. The hydroxyl group is also considered to be involved in HAP
nucleation through the formation of hydrogen bond with HAP crystals [172]. Proline
residues affect the calcium-binding activity of rotavirus VP7 outer capsid protein [173].
The conformation change of poly-prolines induced by calcium chloride indicate the
interaction between proline and Ca®* [174]. Most recently, Chung [175] et al identified a
12-residue peptide binding to (100) single-crystal HAP using PD. The peptide resembled
the tri-peptide repeat sequences (Gly-Pro-Hyp) in type | collagen. Moreover, the
synthesized peptide could mediate HAP nucleation in vitro which may be ascribed to the
cooperative non-covalent interaction of the peptide with HAP. We may only surmise a

similar mechanism on flagella with GPP8, but the exact mechanism is still not clear.
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In our experiment, no crystals were nucleated on the surface of flagella with N-, C-
terminal sequences, so the two regions may be eliminated from the biomineralization
process. Although there are some polar amino acids in the N-, C- terminals, the specific
conformation of protein or peptides may be very important for HAP nucleation according
to previous research [152, 157]. The N-, C-zone sequences displayed on flagella also
have some polar amino acids. Moreover, they are similar to the tri-peptide repeat
sequences (G-X-Y) of type | collagen (Table 2. 1). Both polar amino acids [149] and
collagen like sequences [175] may assist the nucleation of inorganic minerals.

Except for collagen, many kinds of non-collagenous macromolecular proteins participate
in the control of HAP nucleation and growth of the mineral phase [176]. These proteins
are morphologically, structurally, and functionally connected to the collagen fibers and
may regulate the nucleation of HAP within collagen fibers either to promote or inhibit the
formation of the initial crystalline structure [177]. OCN [138], OPN, osteonectin (ONN),
BSP, phosphophoryn (DPP) and chondrocalcin (CC) [178] were examined at a wide
range of concentrations. BSP and DPP exhibited nucleation activity at minimum
concentrations of 0.3 pg/ml and 10 ul/ml respectively, but OCN, OPN, ONN and CC
have no nucleation activity at concentrations up to 100 pug/ml. Moreover, BSP can bind to
collagen to form a complex and this complex might serve as a nucleator to induce
formation of HAP crystals [179].

BSP is highly glycosylated, tyrosine-sulfated and serine-phosphorylated sialoprotein
which exclusively exists in mineralized tissues such as bone and teeth. Notably, there are
two polyglutamic acid regions, which are located in the N-terminal of the molecule. They
are predicted to form an a-helical structure which may provide an appropriate spacing of
the y-carboxylate groups for binding Ca® ions in the dimensions of the HAP crystals
[160, 161, 172]. Through comparison between native and recombinant BSP without post-
translational modification in a steady-state agarose gel system for HAP nucleating
activity, recombinant BSP is less potent than native bone BSP, suggesting that some of
the strong mineral-binding properties are determined directly by a specific sequence in
the protein [159]. Moreover, the replacement of the single domain with either

polyaspartic acid (poly[D]) or polyalanine (poly[A]) does not alter nucleating activity.
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When both domains were replaced with poly[D] within recombinant BSP, no nucleating
activity was found. Synthetic poly[D] did not shown nucleating activity in vitro, in fact to
inhibit HAP formation [176]. The possible reason is that synthetic poly[D] is more likely
to form a random coil conformation. Synthetic poly[E] can form an a-helical
conformation by itself in vitro, so it does not loss its nucleating activity [180] and a
sequence of at least eight contiguous glutamic acid residues may be required for the
nucleation of HAP [160].

After the flagella were engineered to display 8 glutamic acids residues on their surface,
they showed a very strong ability to induce HAP nucleation. It is proposed that local ions
are highly concentrated at the interface of flagella and HAP precursor solution. An initial
accumulation or nucleation of the Ca®* on the negatively charged —COO" surfaces result
in the availability of nucleation sites through electrostatic potential interactions. This is
followed by PO,* incorporation at the nucleation sites [156, 159-161, 176]. As a result,
the degree of supersaturation is increased at the interface between flagella and solution,
leading to the site-specific nucleation of HAP on the flagella. The interaction of the
negatively charged flagella surface with Ca®* were confirmed by the self-assembly of
flagella with E8 into bundles in a Ca®* concentration dependent manner. Divalent metal
ions or positively charged polymers can induce protein fibers to aggregate laterally and
assemble into net-like paracrystals or side-by-side bundles [181]. Recently, we
demonstrated the assembly of bacteriophage bundles was induced by a high
concentration of Ca** [136]. However, high concentration of Ca®* resulted in
depolymerization of flagella fibers [166]. Fortunately, in our study, the lateral
aggregation of E8 flagella was induced by a much lower concentration of Ca** (2 mM).
In order to induce the self-assembly of flagella bundles, the optimized concentration of
Ca’* is about 4 mM. The bundle-like aggregation of the E8 flagella within 4 mM
supersaturated HAP precursor solution may be based on similar mechanism. The
negatively charged flagella may prefer adsorbing Ca®*, which induced the self-assembly
of flagella. However, due to the effects of negatively charged PO,> in the precursor

solution, the bundles become smaller and are not parallel to each other.
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After the bundled flagella by Ca®* biomineralized in HAP precursor solution,
interestingly, the c-axes of the HAP crystals oriented along the long axes of flagella
bundles. It is consistent with previous research using other fiber bundles [136, 158]. This
structure is similar to that of HAP crystals in bone in which HAP nanocrystals are also
preferentially parallel with their c-axis to the long axes of the collagen fibrils [147]. The
crystallographic orientation of HAP can be controlled by the aligned carboxyl groups
generated by the arachidic acid monolayers [172]. The glutamic acids displayed on the
surface of flagella is also very organized and aligned on the surface of flagella which may
result in oriented nucleation and growth of HAP. The other possible mechanism is that
HAP may nucleate within and grow along the channels between two neighboring flagella
fibers in the bundles [142].

The design of individual small molecules with the specific properties of natural
biomaterials using a “bottom-up” approach is a novel strategy in bionanotechnology
[182]. By combining nature’s biological materials with synthetic macromolecules and
inorganics at a nanoscale, hybrid molecular biomimetics is emerging as a promising
methodology. Biologically derived materials usually have unique functional properties at
the nanometer level [183]. On the other hand, biomaterials can form highly organized
patterns from molecular to the nano-, micro- and macro- scale. The bacterial flagellum
with tubular structure is formed by FIiC monomers self-assembly. With the help of Ca*,

flagella can be assembled into higher ordered bundles.

Bacterial surface display technology is typically applied in basic microbiology, molecular
biology, vaccinology and biotechnology [138]. Recently, bioengineered flagella as
template for synthesis of metal nanoparticles and nanotubes have been reported [139]. In
this study, bioengineered flagella can be assembled into bundles with orientated
nucleation of HAP nanocrystals along their long axes by biomimetic nucleation (Figure
2. 14). The biomineralized flagella bundles may serve as building blocks for further
assembly into a scaffold for bone tissue engineering. There also have some other merits
to using bioengineered flagella as building blocks: 1) The bacterial flagella can be
disassembled into monomers at pH 2 and reassembled into integrated flagella at pH 7

which are similar to the designed amphiphile fibers [158]; 2) the bacterial flagella can
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form an organized 2D or 3D structure at a very high concentration by liquid crystal
formation [123] or by the display of cysteine residues on the surface of flagella to

generate stable bundles [184].
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Figure 2.14: Oriented nucleation of HAP on the surface of flagella.

In conclusion, different portions of type | collagen and functional domains of non-
collagen protein were successfully displayed on the surface of flagella without losing the
motile function. HAP nanocrystals can be nucleated on the surface of engineered flagella
with E8 or GPP8 sequences. Oriented nucleation of HAP polycrystalline were observed
on E8 flagella after assembling into bundles. The preferred orientation resembles HAP
crystals in bone. The mineralized bioengineered flagella mimic some aspects of the

lowest levels of ECM organization in natural bone.
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Chapter 3 Biomimetic Mineralization of Engineered Flagella Combined with

Spontaneous Self-Assembly

3. 1 Introduction

Although a wide range materials designed to substitute natural bone have been developed
over the last several decades, many of them differ, at times drastically, from natural bone
tissue in aspects such as composition and structure. Due to their biocompatible and
biodegradable properties, synthetic polymers such as polyfumarates, polylactic acid
(PLA), polyglycolic acid (PGA), copolymers of PLA and PGA (PLGA), and
polycaprolactone have been used in a variety of methods for bone tissue engineering
[185]. These synthetic polymers are also of interest due to their ability to be assembled
into two or three-dimensional (2D or 3D) scaffolds. The main approaches include layer-
by-layer fabrication, electrospinning, hydrogel and sol-gel process. There are also many
naturally occurring biomaterials derived mainly from proteins such as collagen, gelatin,
albumin and polysaccharides that have been used as bone substitute scaffold [185, 186].
Nevertheless, most of above scaffolds just randomly pack together into network matrix
not like the oriented collagen fibrils in bone. Manipulation of these molecules to simulate

the same degree of bone organization at 2D or 3D, however, has remained a challenge.

Natural bone is a nanocomposite material of organic collagen nanofibers in intimate
contact with inorganic HAP nanocrystals [147]. In order to discover a material that
emulates the unique mechanical properties of bone, various combinations of HAP with
synthetic and natural materials have been extensively investigated. Among the methods
currently employed, the biomimetic “bottom-up” approach especially with nanoscale
features has gained much attention due to its ability to mimic the organization and/or
structures of natural bone [187]. Biomimetic nanocomposites are perceived to be superior
in many aspects such as large surface area-to-volume ratio and excellent mechanical
strength. Moreover, they can be synthesized under mild physiological conditions in
aqueous environments at low temperature and still achieve hierarchical organization with
complex morphology and controlled size. A current trend in novel bone materials design
and fabrication is to take advantage of molecules that process the ability to self-assemble

into the higher ordered structures. A variety of collagen-like peptides, self-assembled
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peptide or peptide amphiphile based systems are used as building-blocks to direct
hierarchical structures in a highly controlled fashion [158, 188-192]. In addition to self-
assembly, some of the molecules also contain other specific functions. For example, the
RGD domain displayed on peptide amphiphile promotes preosteoblastic cells adhesion
[193]. The phosphoserine residue can mediate HAP nucleation [158]. Recently, naturally
occurring fibers such as silk, spider silk, phage and virus which all self-assembled from
monomers in an ordered fashion were investigated as potential materials for bone tissue
engineering [137, 194-196]. We also demonstrated that the bioengineered flagella with
eight continuous GPP or glutamic acid peptides can induce the formation of HAP

nanocrystals on their surfaces.

In this chapter, the spontaneous assembly of bioengineered bacterial flagella containing a
collagen-like peptide in a very organized fashion was demonstrated. Bacterial flagellum,
the appendage that enables bacteria to swim in aqueous environments, is a helical
nanotube that is self-assembled from FliCs and some other proteins. Flagellum has an
outer diameter of about 12-25 nm, an inner diameter of 2 nm, and a length of up to 10-15
pm. FliC proteins have highly conserved N- and C- terminal regions and a central region
that has a highly variable amino acid sequence. The FliC proteins self-assemble to form
flagellum, a helical fiber that contains 11 subunits per 2 turns. FIiC is a globular protein
in which the N- and C- terminal regions, termed DO and D1, bind together by non-
covalent interactions and face the center of the flagellum helix. The solvent-exposed,
center region of FIliC, termed the D2 and D3 domains, can be modified by the insertion or
deletion of peptide sequences without losing the self-assembly properties. In this study,
we introduced a type | collagen-like sequence (Gly-Pro-Pro)s (Named GPP8) to the
dispensable region (D2 and D3) of flagella. After being mixed with supersaturated HAP
precursor solution, the bioengineered flagella with GPP8 can nucleate HAP
nanocrystalline on their surface and spontaneously self-assemble into an ordered
monolayer structure which resembles the organization of natural bone. Meanwhile, this

scaffold can support BMSCs growth, proliferation and differentiation.
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3. 2 Materials and methods

3. 2.1 Flagella display and purification:

Genetic display of a foreign peptide on flagella has been described elsewhere [142].
Briefly, the original vector pLS411, which contains the gene for FIiC with a multicloning
site that includes restriction enzymes of Xho | and Bgl Il located in the hypervariable
region of FliC was digested (New England Biolabs) at 37 °C for 2 h. Then, the 72 bp
nucleotide sequence encoding 8 repeated GPP units was synthesized (Invitrogen) with
restriction sites, Xho | and Bgl II, at the ends. The synthesized oligonucleotides were
inserted in the linearized vector pLS411 by T4 ligase and transformed into competent
cells of FIiC deficient Salmonella SL5928. Strain SL5928 is an aroA live-vaccine strain
of Salmonella Dublin. Because its only FliC gene- FliC(g,p) has been replaced via
transduction by FIiC(i)::Tn10, an allele inactivated by transposon insertion, the functional
flagella cannot be expressed. Finally, the ampicillin-resistant clones with recombinant
plasmid were selected and confirmed by sequencing. Because only the bacteria with
functional flagella can swim in the semisolid medium, the clones were cultured in
semisolid medium (1 % tryptone; 1.5 % NaCl; 0.35 % agar) for cell motility test to

confirm assembly of recombinant flagella.

The bioengineered bacterial flagella were detached from the bacterial cells by vigorous
shaking through vortex at highest speed 3 times (30 sec/each time). The supernatant
containing the sheared flagella was separated by centrifugation at 12,000 g for 20 min.
The flagella were precipitated at 100,000 g for 2 h and dissolved in ddHO.

3. 2. 2 Flagella nucleation:

Supersaturated HAP solution (4 mM) was prepared as described [13] from HAP power
(Sigma). 20 pl of flagella was mixed with different volumes of supersaturated HAP
solution and incubated for various periods of time at room temperature. After 6 days, a
drop of aqueous solution was mounted on the carbon TEM grid. After being carefully
rinsed with double distilled water and dried at room temperature, these grids were

subjected to TEM (Zeiss 10) measurements operated at 80 kV.
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3. 2. 3 Coating of flagella, type | collagen and polylysine on cell culture plate:

Coating of flagella on cell culture plate was prepared according our recent report [194].
Sterile-filtered polylysine solution (0.01 %) (Sigma-Aldrich) aliquots to the 24 or 96 well
cell culture plate (350 pl/well for 24 well and 100 pl/well for 96 well) for 30 min,
allowing for the adsorption of the first cationic polyelectrolyte layer to the substrate. The
polylysine was then removed and the plates were dried under a pressurized air stream.
Flagella in water or supersaturate HAP solution was added into each well and was
incubated at room temperature for 20 min. Flagella were removed and the plates were
dried under a pressurized air stream. The previous steps were repeated three times and the
final layer was coated with flagella. Type | collagen solution form rat tail (Sigma-
Aldrich) was diluted with 20 mM acetic acid was coated on cell culture plate. One layer
of polylysine coated coverslips was used as control.

3. 2. 4 BMSCs isolation and culture:

Primary BMSCs were isolated from the bone marrow from the femur of young adult
female Fisher 334 rats (Harlan) based on previously described method [33]. Briefly, the
isolated bone marrow cells were washed several times with Dulbecco’s Modified Eagle
Medium (DMEM; GIBCO BRL, Grand Island, NY, USA). After cell viability tested and
the density of the cells confirmed using trypan blue staining, cells were maintained in
DMEM (low glucose) supplemented with 10 % fetal bovine serum (FBS) (Invitrogen),
penicillin G 100 U/mL, streptomycin 100 pg/mL, and amphotericin B 0.25 pug/mL. The
cells were incubated in humidified atmosphere containing 5 % CO, at 37 <C. The non-
adherent cells were removed after three days by changing the culture media. The BMSCs

passage was performed no more than three times after isolation and before use.

3. 2. 5 Proliferation assay by Methylthiazoletetrazolium (MTT) test:

BMSCs were plated at a density of 4x10° cells/well in 96-well plates in DMEM for 72 h.
3-(4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) (5mg/ml, 20
ul/well, Sigma-Aldrich) was added to the cell cultures and incubated for 4 h at 37 <C. All
of the solution was then dumped and dimethyl sulfoxide (DMSO) (150 ul/well, Sigma-

Aldrich) was added to each well and agitated for 30 seconds to dissolve the crystals. The
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absorbance was measured at 490 nm using a Biotek spectrophotometric microplate

reader.

3. 2. 6 Scanning Electron Microscopy (SEM) examination:

BMSCs were seeded on flagella or collagen at a density of 1 < 10* cells/ml in a 24-well
culture plate with a pre-cleaned cover-slip in each well. After being cultured for 24 h, the
cells were washed with PBS and fixed with 2.5 % glutaraldehyde in 0.1 PBS for 1 h.
The cells were washed again with PBS and then dehydrated in a graded series of ethanol
(50 %, 70 %, 90 %, and 100 %) for 30 min each. The samples were further dehydrated by
a supercritical point CO, dryer. The morphology of BMSCs was observed using SEM
(XL30, FEI Corporation). Cell surface area was calculated by the computer-assisted
planimetry from at least forty five cells per sample in the SEM micrographs using the
automated measure function of Image J (downloaded from the National Institute of
Health, Bethesda, MD, USA, free download available at http://rsb.info.nih.gov/ij/).

3. 2. 7 Immunofluorescence examination:

The cells were cultured in a 24-well plate with a round pre-cleaned cover-slip in each
well and terminated at 7 and 14 days in osteogenic media. The cells were washed 2 times
by PBS and fixed using 70 % ethanol in PBS for 30 min at room temperature. After being
washed by PBST buffer (1 < PBS containing 0.05 % Tween-20), the samples were then
introduced the permeability for 5min (0.1 % Triton X-100 in 1 > PBS solution).
Afterwards, the samples were blocked in 5 % BSA (Sigma-Aldrich) for 1 h at room
temperature. The primary anti-OPN antibody (1: 500, Abcam Biotechnology) and anti-
OCN antibody (1: 1000, Santa Cruz Biotechnology) diluted in 5 % BSA were incubated
with cells overnight at 4 <C. After being washed 3 times for 5 min by 1 = PBST,
secondary antibodies of Goat anti-rabbit IgG-TRITC (1: 500, Santa Cruz Biotechnology)
at 1:100 dilutions in blocking buffer were then incubated for 1 h at room temperature.
Filamentous actin was stained with FITC-conjugated phalloidin (1: 40, Invitrogen) in
PBS and nuclei were stained with DAPI (1: 1000, Chemicon). The coverslips with
samples were then inverted onto glass slides, mounted and the images were collected by a

fluorescence microscope (N-storm, Nikon Microsystems).
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3. 3 Result and Discussion

Nature provides us tremendous materials with delicate structures and spectacular
properties. Amazingly, most natural materials are only assembled by simple molecules
from nano-, micro- to macro-dimensions with hierarchical structures. A current trend in
materials design and production is to take advantage of natural materials with hybridized
functions and biocompatibility. Meanwhile, most of biomaterials can be harvested in
large amount with ease. Fabrication of bone substitute materials that mimic the structure,
composition and biological features of natural bone tissue is very attractive research field.
There are several key characteristics that are very important for biomimicking bone
materials. First, it is vital that the materials possess intimate interaction with nanoscale
calcium phosphate minerals or can accumulate and nucleate calcium phosphate from
precursor solution. Second, the materials should be able to self-assemble spontaneously
into organized, especially hierarchical, structures, which are similar to the organization of
natural bone. Generally, materials that exhibit organized arrangement at the nanoscale
have better mechanical properties [197]. Third, the materials must have good
biocompatibility and can support cell attachment and growth.

In this study, bioengineered flagella are utilized as the basic building blocks of bone
materials. Recently, we have confirmed that after the flagella were modified to display
eight continuous GPP peptides, the flagella was able to nucleate calcium phosphate
nanocrystals on their surfaces after being soaked in supersaturated HAP solution.
Interestingly, the flagella formed parallel bundles in HAP precursor solution in a
concentration dependent manner. Higher concentrations of flagella induced more bundle
formation (Figure 3. 1). The initial concentration of flagella was 800 pg/ml (10 i) and
mixed with different volumes of HAP precursor solution (1000, 800, 600, 400, 200 and
100 (). After being incubated at room temperature for 6 days, the flagella were observed
by TEM. At the lowest concentration of flagella, only monodisperse flagella were
observed. A layer of inorganic minerals nucleated on the surfaces of flagella surface
(Figure 3. 1A). As the concentration of the flagella was increased, flagella started to
aggregate and the minerals nucleated between neighboring flagella forming more and
more bundled flagella with parallel structures(Figure 3. 1B, C, D, E). At the highest

flagella concentration, almost all flagella aggregated into parallel bundles (Figure 3. 1F)
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with characteristic curly morphology of flagella. The bundled flagella at different
magnifications are shown in Figure 3. 2. Most flagella bundles were covered by a layer of
mineral which enhanced the contrast under TEM (Figure 3. 2A). SAED analysis verified
that the mineral was composed of HAP by the presence of 211, 002 and 004 plane
(Figure 3. 2A insert). The diameter of flagella is about 15 nm. After carefully measuring
distance between neighboring flagella, the channels between flagella filled by calcium
phosphate are 25210 nm in diameter. Figures 3. 2B, C and D exhibit the magnification of
the mineralized flagella bundles. In order to identify the correlations between the HAP
crystal orientation and the long axis of the flagella, the SAED pattern was analyzed at the
relative straight bundle part of flagella. It indicated the ring-shaped diffraction ascribed to
the 211 plane and two pairs of arc-shaped diffraction corresponding to the 002 and 004
planes. This data demonstrated the crystallographic c-axes of HAP are parallel to the long

axes of the flagella.
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Figure 3.1: TEM micrographs of flagella in 4mM supersaturated HAP precursor solution.
Flagella mixed with different ratio of HAP precursor solution: A) 1:100; B) 1:80; C) 1:60
D) 1:40 E) 1:20; F) 1:10 (Scale bar is 400 nm).
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Figure 3.2: TEM micrographs of different magnification of flagella bundles formed in
HAP precursor solution. A) SAED pattern show (002) and (211) plane corresponding to
HAP crystals (Insert). C) Inset is the SAED patterns taken from the highlighted section.
Two pairs of arc-shaped diffraction corresponding to the 002 and 004 planes of HAP

indicate the crystallographic c-axes of HAP are parallel to the long axes of the flagella.

In a control experiment, neither nucleation of HAP on flagella nor ordered assembly was
observed after wild type flagella mixed with 4 mM supersaturated HAP solution (data not
shown). This illustrated that the displayed GPP8 sequences play an important role in the
nucleation of HAP crystalline and side-by-side alignment. Type | collagen consists of
two identical a1(l) chains and one a2(l) chains. Each of the three chains has a left-handed
helix which all intertwines in a right-handed fashion to form a triple-helix. A distinctive
feature of type I collagen in the triple helical region is the repeated amino acid sequence
(Gly—X-Y), in which X and Y can be any amino acid but are often either proline (Pro) or
hydroxyproline (Hyp), respectively. Hyp is involved in the formation and stabilization of
the triple helix and, at the same time, helps the self-assembly of fibril formation [198].
The pure helical region without the non-helical ends can still self-assemble into the triple
helical structure [199]. This indicates that there is a specific interaction between the Gly-

X-Y sequences. A variety of strategies have been developed using short, synthetic
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collagen-like proteins or triple-helical peptides to investigate collagen’s structure and
how it assembles [200-205]. Previous studies demonstrated that (Pro-Pro-Gly),, and
(Pro-Pro-Gly),o can assemble into collagen-like triple-helical structures in aqueous
solution with appropriate salt concentrations [206-208]. These sequences can also form
larger micro-crystalline segments, which are lateral aggregations of fibers in parallel or
anti-parallel fashion at about 4 °C [206]. Crystal structure analysis of the collagen-like
peptide revealed that the triple helix structure is stabilized by interchain hydrogen bonds
between C=0 and N-H groups [209]. Type | collagen also spontaneously self-assembles
into fibrils with a characteristic binding pattern which is considered to be an entropy-
driven process through inter-molecular hydrogen bonds [210]. Electrostatic and
hydrophobic interactions are also involved in the self-assembly [211-214]. Meanwhile,
hydroxyproline might contribute the correct fibril formation [198]. In our results,
apparently, the distances between neighboring flagella is much larger than distance of the
hydrogen bonds inside the triple-helix of collagen or inter collagen molecules in each
fibril. TEM micrographs also revealed that the purified bioengineered flagella do not self-
assemble into fibrils spontaneously even at a very high flagella concentration (1000
o/ml) in water (data not shown). This indicates that the HAP precursor solution plays an

important role in the organized self-assembly of bioengineered flagella.

The HAP precursor solution is mainly composed of Ca** and PO,> . In order to
determine which ions promote the self-assembly of flagella, different concentrations of
CaCl;, were mixed with flagella (Figure 3. 3). At low CaCl, concentration (1 mM), some
lateral aggregation of flagella was observed (Figure 3. 3A). With increased CaCl,
concentration (2 mM and 3 mM), more bundles could be observed and flagella became
more compacted (Figure 3. 3B, C). At 4 mM of CaCl,, ribbon-like structures appeared
due to parallel aggregation between neighboring flagella and the flagella became
“straight”. At the same time, some of flagella broke into much short fragments (Figure 3.
3D). More flagella depolymerized with increase of CaCl, concentration but “compact”
flagella bundles formed (Figure 3. 3E, F). Functioning as a “salting-inner”, high
concentration of Ca®* (0.5 M) resulted in the entire depolymerization of flagella [166].
When the concentration of CaCl, was reached to 10 mM, all flagella have depolymerized

into short fragments. Surprisingly, some thick and more compact bundles were still
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observed (Figure 3. 3G). Some linear structures with a diameter similar to the flagella
fragments can be identified on the bundles. We believe these big bundles reassembled
from the small flagella fragments or the flagella monomers-FIliCs. More TEM
micrographs of partially depolymerized flagella fragments and thicker ribbon-like
bundles of flagella are shown in Figure 3. 4A and B. After increasing the concentration of
CaCl, to 20 mM, only thick and compact bundles were observed and all flagella
fragments disappeared. The fragments may be totally depolymerized or reassembled into
bundles (Figure 3. 3H). More TEM micrographs of bundles were shown in Figure 3. 4C
and D. The bundles exhibited some linear structures with curly morphology but no
structures like the flagella fragments were observed. The bundle formation of flagella
with increase of CaCl, concentration was also confirmed by a turbidity study at 320 nm
(Figure 3.5). Two different concentrations of flagella (65 and 130 pg/ml) have been
studied. At both concentrations of flagella, initially, the turbidity increased depending on
the concentration of CaCl,. However, the turbidity started to decrease at high
concentration of CaCl, which may be induced by depolymerization of flagella. Divalent
metal ions or positively charged polymers can induce protein fibers to assemble into
bundles by lateral aggregation [181, 215, 216]. Biological fibers such as phage and pili
can also be assembled into bundles by Ca®* or positively charged polymers [136, 217].
The lateral packing of phage nanofibers in CaCl, solution was proposed by the
electrostatic interaction of Ca”* to the negatively charged phage [136]. The lateral side-
by-side assembly of flagella induced by CaCl, might partially depend on a similar
mechanism due to the large surface exposed domains (D2 and D3 from 405 aa-454 aa in
the wild type of flagella) [56].
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Figure 3.3: TEM micrographs of bioengineered flagella under different concentration of
CacCl,. Concentration of CaCl,: A) 1 mM; B) 2 mM; C) 3 mM; D) 4 mM; E) 6 mM; F) 8
mM; G) 10 mM; H) 20 mM (Scale bar is 400 nm)
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Figure 3.4: TEM images of flagella at different concentrations of CaCl,; A) Flagella
depolymerized into short fragments at 10 mM CaCl,; B) Ribbon-like bundle of flagella
under 10 mM CacCl,; C) and D) bundles formed by flagella fragments or FIiCs under 20
mM CaCl..
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Figure 3.5: Turbidity measurement of different concentration of CaCl2 with flagella (65
and 130 pg/ml) at 320 nm [218].

Previous research demonstrated that Ca®* promotes fibril formation of type I collagen in

vitro. Ca** may bind to carbonyl groups of acidic amino acids by ionic interaction in
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collagen [219]. Urry first proposed neutral sites for Ca®* binding sites in elastin and
collagen [220]. Zhang et al revealed that Ca®* chelate with carbonyl oxygen on collagen
molecules by FTIR spectrum leading to a red shift of the amide | band [168]. CD spectra
and turbidity measurements in situ have suggested the interaction between Ca?* and
collagen molecules induce the conformation change of collagen during the initial stage of
biomineralization [221]. Molecular modeling and theoretical study of the collagen like
peptide-PPG also revealed that cations bind to carbonyl groups and the final position of
calcium ions was similar to that in HAP crystal [222, 223]. We believe the interaction
between displayed GPP8 on flagella and Ca®* based on the similar mechanism. During
the early stages of biomineralization in supersaturated HAP solution, the calcium ions
first chelate with carbonyl groups located on GPP8 sequence. This is followed by
phosphate neutralization, which results in the formation of calcium phosphate. Based on
the above experimental data and previous research, the side by side aggregation and
ordered alignment of bioengineered flagella in supersaturated HAP solution during
biomineralization has been proposed (Figure 3. 6). The bundle formation induced by Ca**
is shown in Figure 3. 6A. Calcium ions chelate with carbonyl groups on one flagellum
and neighboring flagellum which promote the side-by-side aggregation. At the same
time, water molecule mediated hydrogen bonds may also help the ordered alignment of
collagen [210]. The same bonds might also form between displayed GPP peptide. In
supersaturated HAP solution, after Ca** coordinated with flagella, phosphate will be
electrostatically attracted to the flagella surface resulting in supersaturation at the
interface and formation of calcium phosphate nuclei. Subsequently, more ions will
accumulate on the nuclei and calcium phosphate will grow preferentially along the
flagella surface and in the channels between neighboring flagella in the bundles. With
more calcium phosphate formation, more minerals filled the channels of neighboring
flagella and the distance between neighboring flagella was broadened (Figure 3. 6B). Our
previous study on bioengineered flagella with 8 glutamic acids also formed bundles
induced by CaCl,. After being soaked in supersaturated HAP solution, the bundles of
flagella became “loose” and the HAP nanocrystals nucleate between neighboring flagella
in the bundles. The oriented nucleation and growth of HAP along flagella surface with

GPP may be similar to the nucleation of HAP on collagen surface.
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Figure 3.6: Schematic illustration of bundle formation of flagella was induced by Ca2+

(A) and calcium phosphate formation in supersaturated HAP precursor solution (B).

Bone marrow derived stem cells (BMSCs) can sense the topographies, surface chemistry
and microenvironment during proliferation and differentiation [195, 224-226]. In vivo,
since the cells locate and directly interact with the nanoscale extra-cellular matrix in bone
tissue, the nano-leveled materials with biomimetic features often exhibit an excellent
physiochemical environment that promotes cell adhesion, proliferation and differentiation
[227, 228]. Naturally occurring biomaterials such as phage, virus, silk, spider silk also
present good cytocompatibility to which the cells can adhere and on which cells can grow
[194-196]. Meanwhile, the signaling motifs displayed on the surface of materials can
direct cell behavior in a controlled manner. Here, the BMSCs behavior on bacterial
flagella scaffold was first reported.
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Figure 3.7: Immunofluorescence images of BMSCs on different materials substrate after
24 h culture. A) BMSCs on type | collagen; B) BMSCs on polylysine; C) BMSCs on
flagella; D) BMSCs on plastic cell culture plate (Scale bar is 100 pm). In all images, cell
nuclei are stained by DAPI (blue) and F-actin is stained by FITC-labeled phalloidin

(green).

LBL assembly of nanobiomaterials has been shown to be an effective approach to
generate nanometer-scale films in our previous research [194]. Here, the biomineralized
flagella with GPP8 were coated on polylysine functionalized substrate. After this was
repeated three times, the final layer was coated with the GPP8-modified flagella. The
initial interactions between cells and substrate decide cell behavior. 24 h after the BMSCs
were seeded on flagella surface, the morphology of BMSCs was characterized by bright
field and fluorescence microscopy (Figure 3. 7 and 3. 8). Cells spread on flagella surface
but not as good as on other substrates such as on type | collagen and polylysine. Type |
collagen exhibited high affinity to BMSCs. Most BMSCs presented spindle-like
morphology and some of the cells are parallel to each other (Figure 3. 7A and 3. 8A).
Polylysine also promotes the cell attachment and adhesion and BMSCs exhibited a well-
spread morphology (Figure 3. 7B and 3. 8B). BMSCs were less spread on flagella coated
substrate and exhibited a range of morphologies from spindle to polygonal morphology
(Figure 3. 7C and 3. 8C). Sometimes, the curly BMSCs were observed (Figure 3. 9).
Most BMSCs show polygonal morphology and are well-spread on plastic cell culture

67



plate (Figure 3. 7D and 3. 8D). SEM micrographs of BMSCs on collagen and flagella
also revealed similar morphology to the ones under light microscopy (Figure 3. 10A and
C). BMSCs anchored on the substrates by filopodia-like extensions. The collagen or
flagella coated substrates were observed at higher magnification. Collagen coated
substrate exhibited curly ribbon-like structures which should be formed by collagen
fibrils (Figure 3. 10B). Flagella coated substrate show very rough surfaces due to the
biomineralized flagella surface coated by calcium phosphate minerals (Figure 3. 10D).
Combining TEM and SEM results of different materials coated substrates, it can be
concluded that the morphology of BMSCs on collagen and flagella is induced by the
contact guidance response [229]. Surface spreading area of BMSCs measurements
confirmed that the bioengineered flagella spread significantly less than did the control
(P<0.05). The surface area of BMSCs on collagen and polylysine is less than on the
control but there is no significant difference (Figure 3. 11A). The proliferation of BMSCs
on different substrates was also studied after 3 days culture (Figure 3. 11B). The growth
rate of the BMSCs on the flagella scaffold was much lower than that of ones on other
substrates (P<0.05). Type | collagen and polylysine promote cell proliferation but no
significant difference was observed when compared to the control. The above results
demonstrate that cells can attach and growth on the topographies generated by
biomineralized flagella. However, it is not as good as collagen or polylysine coated
substrates. The flagella may not very favorable for cell adhesion and proliferation but

they still are viable.
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Figure 3.8: Bright field microscopy of BMSCs on different materials scaffold and control
after 24 h. A) BMSCs on type | collagen; B) BMSCs on polylysine; C) BMSCs on
flagella; D) BMSCs on plastic cell culture plate. Scale bar is 100 pm.

Figure 3.9: Immunofluorescence images of BMSCs on flagella scaffold after 24 h culture.
In some areas, curly morphology of BMSCs was observed. The BMSCs may attach the
curly portion of flagella bundles and induced by the contact guidance response. (Scale bar
is 100 pm). In all images, cell nuclei are stained by DAPI (blue) and F-actin is stained by
FITC-labeled phalloidin (green).
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Figure 3.10: SEM micrographs of BMSCs on collagen and flagella coated substrate. A)
BMSCs on collagen coated substrate; B) SEM micrograph of collagen coated substrate;
C) BMSCs on biomineralized flagella coated substrate; D) SEM micrograph of

biomineralized flagella coated substrate.
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Figure 3.11: Surface spreading area and proliferation study of BMSCs on different
materials coated substrate. A) Surface area of BMSCs relative to control. Cells are less-
spread on flagella coated substrate (compared with control group, *P<0.05); B) BMSCs
proliferation on different materials coated substrate. Collagen and polylysine promote the
cells proliferation (compared with control group, *P<0.05). However, flagella inhibit
BMSCs growth compared to control (*P<0.05).

70



BMSCs differentiation toward osteoblast was marked by osteogenic gene expression. The
extent of BMSCs differentiation on biomineralized flagella was exanimated by
osteogenic markers-OPN and OCN by immunofluorescence. Cell cultures were
terminated at 7 and 14 days and OPN and OCN gene expression were characterized in
BMSCs in order to detect early differentiation toward osteoblasts. As shown in Figure 3.
12, under osteogenic media, BMSCs can express both of OPN and OCN. After 7 days, a
higher level of OPN and OCN expression was detected in BMSCs on flagella than on the
other substrates. Polylysine also promoted the early differentiation of BMSCs which is
consistent with recent report [230]. After 14 days, the osteogenic gene expression of
BMSCs on type | collagen increased greatly. Recently, Tsai et al reported that type I
collagen promotes osteogenesis by ERK an Akt pathways [231]. BMSCs on flagella and
polylysine still had a high level of OPN and OCN expression. As the osteogenic culture
of BMSCs on the flagella coated substrate progressed from 7 to 14 days, at some areas,
cells started to aggregate and form calcified nodule-like structures. The high OPN and
OCN gene expression inside the formed nodules indicated the high level of
differentiation of BMSCs on this scaffold (Figure 3. 13). It is well known, the calcium
phosphate such as HAP highly enhances BMSCs differentiation toward osteoblasts. The
immunofluorescence examination of BMSCs on flagella demonstrated that the
nanotopographies produced by flagella in combination with calcium phosphate generated
microenvironment promote the early differentiation of BMSCs.
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Figure 3.12: Differentiation of BMSCs on collagen and flagella coated substrates were
analyzed for gene expression by immunostaining for 7 and 14 days: A) BMSCs growth
for 7 days; B) BMSCs growth for 14 days (Scale bar is 25 pm). Color representation: cell
nuclei are stained by DAPI (blue) and the F-actin of cells are stained by FITC-labeled
phalloidin (green), OPN and OCN are stained by rhodamine-labeled antibody (red).
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Figure 3.13: Aggregated nodule-like cluster of BMSCs on flagella coated substrates were
analyzed by immunostaining: A) OPN gene expression; B) OCN gene expression (Scale
bar is 25 pm). Color representation: cell nuclei are stained by DAPI (blue) and the F-
actin of cells are stained by FITC-labeled phalloidin (green), OPN and OCN are stained
by rhodamine-labeled antibody (red).

Compared to other display technique such as PD, much longer peptide can be displayed
on flagella without losing self-assembly properties [232]. More desirable functions can be
conferred upon this bio-template. Moreover, in combination with double or triple display
technology [81], multi-functional bacterial flagella could be developed for bone tissue
engineering and other applications. Flagella display was applied in basic microbiological
research, molecular biology, vaccinology as well as biotechnology [81]. FIiC can also be
used in vivo for cancer therapy by binding to toll-like receptor 5 (TLR5) [233]. Based on
above data and previous research, bacterial flagella may be an excellent candidate for

bone tissue engineering as well as other applications.

In conclusion, bacterial flagella were employed as natural bio-templates for biomimetic
mineralization. Their nano-dimension renders them facile to produce a nano-scale
mineralized scaffold. Meanwhile, during the biomineralization process, the interaction
between bio-template and inorganic particles can direct self-assembly into complex and
high-order organic/inorganic nanocomposites. Compared with conventional methods of
materials production, biomimetic mineralization is facile, environmentally benign and
economic. In the fabrication of new bone materials, molecular self-assembly underlies
the “bottom-up” of nanocomposite is a relatively new paradigm. The bioengineered

flagella can be defined as the spontaneous organization of individual molecules into an
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ordered structure through non-covalent interactions. Moreover, the BMSCs can adhere to
flagella scaffold and their differentiation toward osteoblasts is promoted by

nanotopography and microenvironment produced by bioengineered flagella.
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Chapter 4 Osteogenic Differentiation of Rat Bone Marrow Stem Cells on
Biomimetic Nano-Structured Substrates Generated by Bioengineered

Flagella

4. 1 Introduction

Natural bone is built from nanoscale molecules that are organized in a hierarchical
manner. The smallest building blocks of bone are type I collagen mineralized by HAP
nanocrystals [234]. With development of nanotechnology and biotechnology, a “bottom-
up” approach has recently been developed which seeks to mimic natural bone
compositionally or structurally using strategies found in nature at nano- or molecular-
level with biological mineralization process [235]. This approach is considered to be
more promising for designing bone-like materials and has sparked increased research
interest. Compared to conventional methods, biomimetics offers new combinations of
low weight, remarkable mechanical properties and added functionalities [236-238]. These
nanocomposites usually require little energy for self-assembly, offer larger surface area-
to-volume ratio, and can promote cell attachment, proliferation and differentiation [238-
240].

In order to get hierarchical well-defined structure like bone, the bio-inspired materials
with self-assembling features have been studied [188]. Some natural and synthetic
peptides and proteins with alternating hydrophilic and hydrophobic residues can produce
p-sheet structures by self-assembly [186, 188, 241]. Hartgerink et al. [158] reported a
designed pH-induced self-assembly of peptide-amphiphiles (PA). It is composed of a
hydrophilic head and hydrophobic alkyl tail that can self-assemble into nanoscale fibers
in aqueous solutions. The architecture of PA fibers is highly biomimetic of the collagen
fibrils found in bone ECM. The surface-exposed head includes 4 cysteine residues
(cylindrical nanofiber structure is stabilized by the creation of disulfide bonds between
adjacent cysteine groups upon oxidation), a phosphoserine group (capable of promoting
HAP nucleation) and an integrin-binding motif, RGD, (which enhances of cell
attachment) all of which make them into multi-functional templates. The self-assembly
process is driven by weak, non-covalent interactions including hydrogen bonds, ionic

bonds (electrostatic interactions), hydrophobic interactions, van der Waals interactions,
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etc. under ambient conditions [188, 241]. Thiol groups are also used as assembling
driving forces because they are easy to easy to form disulfide bonds upon oxidation. The

coupling reaction is reversible, rapid and easy to carry out [241].

In recent years, scientists have begun to take advantage of some naturally occurring nano-
or micro- fiber-like biomaterials such as spider-silk, fibrin, virus, which are self-
assembled by small molecules, peptides or proteins [188, 242-244]. Meanwhile, natural
originated biomaterials with chemical or genetic modifications have been reported to
regulate cell-substrates interactions [245-247]. Most recently, we found the M13 phages
bioengineered to display an osteogenic peptide (OGP) can highly promote the
differentiation of BMSCs toward osteoblast lineages [248].

In this chapter, bacterial flagella bioengineered by peptide display are considered
alternative bio-inspired “smart” building blocks of biomaterials. The bacterial flagellum
is composed of several thousand copies of the eubacterial FIiC protein as well as several
other minor proteins including a pentamer of the tip-associated FIiD protein [249]. In
flagellum, FIiC forms a globular structure. The N- and C- terminal regions termed DO
and D1 bind together by non-covalent interactions and face the center of the flagellum
fiber. By intermolecular interactions between the a-helical, coiled-coil motifs, FIiC
monomers naturally self-assemble into a linear hollow nanotube with a repeat of 11
monomers per 2 turns [39, 112]. The flagellum has an outer diameter of about 12—25 nm,
an inner diameter of ~2 nm, and a length of up to several microns [112]. The N- and C-
terminal region (DO and D1) of FIliC proteins are highly conserved, however, in the
central region (D2 and D3) of FIiC, the amino acid sequences are highly variable. These
two regions can be modified by the insertion or deletion of other sequences without
losing self-assembly properties of flagellum [250]. Non-collagen proteins play an
important role in the biomineralization process and control calcium phosphate mineral
nucleation and growth [251]. The negatively charged amino acids especially E8 from
BSP are considered the main factor to attract calcium ions following apatite crystal
formation [251]. Herein, based on genetic approach, a peptide with 8 continuous glutamic
acids from one of non-collagen proteins-BSP is displayed on the dispensable region of

FIiC and, at the same, it is surface-exposed. After incubated in a supersaturated HAP
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solution, the bioengineered E8 flagella can mediate nucleation of nanoscale HAP crystals
on their surface. Furthermore, the orientation of HAP nanocrystals is parallel to the c-axis
of flagella. This arrangement make them quiet similar to the organization of HAP
nanocrystals within type | collagen fibrils in bone. Previous studies proved that the short
peptide sequences RGD highly enhance cell adhesion and spreading rate [252-257].
Thus, this integrin-binding peptide is also displayed on bioengineered flagella with ES.
Finally a RGDEEEEEEEE (RGDES) peptide was displayed on the surface of flagella.

BMSCs can differentiate into multi-lineage cells such as chondrocytes, osteoblasts,
myoblasts and fibroblasts; however, the exact mechanism of the differentiation of these
cells is still uncertain [258]. As progenitors of different skeletal tissues, BMSCs have
been studied extensively in vitro for bone tissue engineering on scaffolds with different
topologies and characteristics [259]. In the present study, the effects of nanoscale
topographies, surface chemistry and microenvironment built on surface of flagellar

scaffold for BMSCs proliferation and differentiation have been investigated.
4. 2 Materials and Methods

4. 2. 1 Layer-by-layer preparation of flagella based substrate:

Flagellar substrates were prepared by the LBL method, which utilizes electrostatic
interactions between different layers [260]. Briefly, the pre-cleaned glass coverslips were
sited at the bottom of 24-well cell culture plate. Poly-lysine solution (Sigma-Aldrich)
allocates to the well of cell culture with coverslips (350 puL/well) for 30 min, allowing for
the adsorption of the first cationic polyelectrolyte layer onto the slides. Then, the
coverslips were washed in ultra-pure water (5 min, continuous water flow) and dried
under a pressurized air stream. Then 150 uL flagella in water or supersaturated HAP
solution was added into the well and incubated at room temperature for 20 min. The
coverslips were then washed with ultra-pure water (5 min) and dried under a pressurized
air stream. The previous steps were repeated three times and the final layer was covered
by flagella (Figure 4. 1). Coverslips with one layer of poly-lysine were used as the

control.

77



Flagella

Polylyssine

I / >

/°o © )
Pt .2

Figure 4.1: Schematic illustration of the formation of the flagella substrate using layer-

by-layer method. The positively charged polylysine initiates the first layer of the
substrate following the negatively charged flagella layer. After several cycles of
deposition, the top layer was ended by flagella. Then, BMSCs seed on this substrate
under osteogenic conditions. With the help of nanotopographic surfaces, surface
chemistry and microenvironment generated by bioengineered flagella, BMSCs finally

differentiate into osteoblasts.

4. 2.2 BMSCs isolation and culture:

Primary BMSCs were isolated from the bone marrow of a young Fisher 334 adult female
rat femur (Harlan) based on the previously described method [261]. Briefly, the isolated
bone marrow cells were washed several times with Dulbecco’s Modified Eagle Medium
(DMEM; GIBCO BRL, Grand Island, NY, USA). After cell viability was tested and the
density of the cells confirmed using trypan blue staining, cells were maintained in
DMEM (low glucose) supplemented with 10 % fetal bovine serum (FBS) (Invitrogen),
penicillin G 100 U/mL, streptomycin 100 pg/mL, amphotericin B 0.25 pg/mL. The cells
were incubated in humidified atmosphere containing 5 % CO, at 37 <C. The non-
adherent cells were removed after three days by changing the culture media. The BMSCs

passaged no more than three times after isolation and before use.
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4. 2. 3 Proliferation assay by MTT test:

The cells were plated at a density of 4x10° cells/well in 96-well plates coated with
flagella in DMEM for 72 h. The growth of BMSCs was measured by MTT assay, in
which 3-(4, 5-dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) (5
mg/mL, 20 uL/well, Sigma-Aldrich) was added to the cell cultures and incubated for 4 h
at 37 <C. All solution was then removed. The blue reaction product was dissolved
completely by adding dimethyl sulfoxide (DMSO) (150 pL/well, Sigma-Aldrich) to each
well and agitating for 30 seconds. The absorbance was measured at 490 nm using a
Biotek spectrophotometric microplate reader. The coverslips coated with either flagella
or polylysine are divided into 4 groups. The first group is RGDES8 flagella coated
substrate. The second one is RGDES8 with biomineralization (M-RGDES). The third one
is the substrate coated by wild type flagella (WT) and the last group is a polylysine
coated substrate as the control (Con). The following procedures are also separated into 4

groups accordingly.

4. 2.4 SEM examination:

BMSCs were seeded on flagellar film at a density of 1 x10* cells/mL. After cultured for
24 hours, the cells were washed with 1<PBS and fixed with 2.5 % glutaraldehyde in 0.1
x<PBS for 1 h. The cells were washed again with 1xPBS and then dehydrated in a graded
series of ethanol (50 %, 70 %, 90 %, and 100 % respectively) for 30 min each. The
samples were further dehydrated with a supercritical point CO, dryer. The morphology of
BMSCs on flagellar film was observed using SEM (XL30, FEI Corporation).

4. 2.5 Immunofluorescence of OPN and OCN:

The cell culture on the flagella substrates was terminated at 7, 14 and 21 days
respectively in osteogenic media. The cells substrates were fixed using 70 % ethanol in
1x PBS for 30 min at room temperature. After washed by PBST buffer (1 x PBS
containing 0.05 % Tween-20), the samples were then introduced permeability for 15 min
(0.1 % Triton X-100 in 1> PBS solution). Afterwards, the samples were blocked in 5 %
BSA (Sigma-Aldrich) for 1 h at room temperature. The primary anti-OPN antibody (1:
500, Abcam Biotechnology) and anti-OCN antibody (1: 1000, Santa Cruz Biotechnology)
diluted in 5 % BSA were incubated with cells overnight at 4 <C. After washed 3 times for
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5 min by 1x<PBST, secondary antibodies of Goat anti-rabbit IgG-TRITC (1: 500, Santa
Cruz Biotechnology) at 1: 100 dilutions in blocking buffer were then incubated for 1 h at
room temperature. Filamentous actin was stained with FITC-conjugated phalloidin (1:
40, Invitrogen) in 1 xPBS and nuclei were stained with DAPI (1: 1000, Chemicon). The
coverslips with samples were then inverted onto glass slides, mounted and the images

were collected by a fluorescence microscope (N-storm, Nikon Microsystems).

4. 2. 6 Quantitative Real-time PCR:

The cells are harvested at 7, 14 and 21 days respectively. Total RNA isolation with
reverse transcription to cDNA was prepared with Ambion® Cells-to-cDNA™ 1l Kit
(Invitrogen). Power SYBR Green PCR master mix (Applied Biosystems) was applied in
this study for monitoring the changes of DNA during gPCR process. Quantitative
examination of the samples was done by a mini Fast real-time PCR system (Bio-rad
Laboratories) using 10 uL. SYBR Green I mastermix, 3 pmol/mL of each forward and
reverse primers and 5 pL cDNA templates in a final reaction volume of 50 pL. The PCR
reaction conditions described as: 45 cycles of PCR, 95 °C for 30 s, 58 °C for 30 s, and
72°C for 30 s. In our study, acidic ribosomal phosphoprotein PO (Arbp) was used as the
housekeeping gene. Data collection and analysis was performed using the software
supplied with the instrument. The specificity of the PCR amplification was confirmed by
agarose gel electrophoresis (data not shown). The primers sequences for qPCR were as
follows: OPN, Forward primer 5’-GACGGCCGAGGTGATAGCTT-3’, Reverse primer
5’-CATGGCTGGTCTTCCCGTTGC-3’; OCN, 5’-AAAGCCCAGCGACTCT-3’, 5’-
CTAAACGGTGGTGCCATAGAT-3’; Runx2, 5>~-GCTTCTCCAACCCACGAATG-3’,

5>-GAACTGATAGGACGCTGACGA-37; Type I collagen, 5’-
TCCTGCCGATGTCGCTATC-3’, 5-CAAGTTCCGGTGTGACTCGTG-3’;  Arbp
(Housekeeping  gene), 5> -CGACCTGGAAGTCCAACTAC-3’, 5—

ATCTGCTGCATCTGCTTG-3".

4. 2. 7 Mineralized bone matrix formation assay:

The cells were plated at a density of 4x10° cells / well in 96-well plates and coated with
flagella and mineralized flagellar samples and cultured in osteogenic media for 2 weeks.
The cells were fixed in 4 % paraformaldehyde at room temperature for 40 min and the
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mineralized nodules were stained with 0.1 % solution of alizarin red S (Sigma-Aldrich) at
pH 4.1-4.5 for 30 min.

4. 2. 8 Statistical analysis:

All experiments were conducted at least 3 times. All quantifiable data is represented as
mean zstandard deviation in all the figures. Student T tests were calculated to determine
significant difference. Significant difference was set as a p-value of less than 0.05 in all

results.
4. 3 Results

4. 3. 1 Characterization of flagella coated substrates

LBL technique is widely used for the fabrication of a variety of functional thin films
[260]. Generally, it involves alternating positively and negatively charged layers to build
a film held together by electrostatic interactions. After the addition of each new layer, the
excess or remaining solution can be rinsed off. There are many advantages of the LBL
assembly technique. It is easy to scale up, very simple and universal with a nanoscale
controllable thickness. Here, positively charged polylysine molecules form the first layer
to which the negatively charged flagella will adhere to form a second layer. The
schematic representation of LBL preparation is depicted in Figure 1. The final flagellar
layer was characterized by atomic force microscopy (AFM) at tapping mode (Figure 4.
2). At high concentration (4.264 pg/ul) RGDES flagella totally covered the substrate
with characteristic flagellar curly morphology (Figure 4. 2 A). Wild type flagella
exhibited very similar structures as did RGDES8 (data not shown). After nucleation in
supersaturated HAP solution, RGDES flagella aggregated. The flagella surface shows
more compact but rough topographies (Figure 4. 2 B) and have strong inclination to form
bundle-like structures as marked in Figure 4. 2 C. This result is consistent with our
previous study. With peptide display technique, unlike with chemical modification, every
bioengineered FIliC can theoretically be modified to display a foreign peptide with a
specific, desired functionality. Moreover, the inserted peptide is surface-exposed enabling
precise control of flagella functionality through homogeneous surface modification.
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Figure 4.2: AFM micrographs of flagella surfaces prepared by layer-by-layer method.
(A) nanotopography coated by bioengineered flagella. Wild type flagella exhibit very
similar nanotopographic surfaces. (data not shown); (B, C) AFM micrographs of RGDES8
flagella after nucleation in supersaturated HAP solution. Bundle-like flagella were

observed marked by dashed circles in C.

4. 3. 2 Morphology studies of BMSCs

The initial interaction between cells and substrate affects the BMSCs behaviors such as
cell proliferation and differentiation. In the present study, changes in BMSCs
morphology were monitored using bright field microscopy (Figure 4. 3). After 24 h in
culture, BMSCs show characteristic bipolar to polygonal fibroblastic morphology and
spread very well on control group (Figure 4. 3A). However, the degree of BMSCs
spreading on RGDE8 and M-RGDES flagella was less than those on control group
(Figure 4. 3B, C). In WT group, BMSCs are much less spread and some of the cells show
round-like morphology indicating the wild type flagella may not be very favorable to the
cells (Figure 4. 3D). Even though cells did not spread as well in the experimental
samples, our results still indicate that the some cells were viable on each of these

nanotopographies.
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Figure 4.3: Bright field Microscopy of BMSCs on flagella and polylysine coated
substrates prepared by LBL at 24 h. A) BMSCs morphology on polylysine coated
substrate (Control). The cells totally spread on the substrate. B) BMSCs morphology on
RGDES coated substrate. The cells are less spread. C) BMSCs on M-RGDES8 coated
substrate. Less spread of the cells compared to those on RGDES flagella. D) BMSCs on
wild type flagella coated substrate. Much less spread of the cells on wild type flagella and
some of them only show round morphologies. Scale bar: 100 um and for all panels

The morphology of BMSCs on the surface of flagella was also monitored using SEM
(Figure 4. 4). The spreading of BMSCs on different substrates is similar to those
observed by bright field microscopy. The cells are flat and stretched in the control group
(Figure 4. 4 A). On flagella coated substrates, BMSCs show less spreading than those in
the control group (Figure 4. 4 B, C and D). Especially in wild type group, the cells are
much less spread and the cells show bipolar structures (Figure 4. 4 C). This is consistent
with another report of cellular morphology on nano-fibrous scaffolding [225]. The SEM
revealed that cells strongly adhered to flagellar surface via filopodia-like extensions
especially in M-RGDES8 group (Figure 4. 4 B, C, D; Figure 4. 5B). The BMSCs in this
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group exhibit longer and more abundant numbers filopodia-like extensions. The
structural topography of the flagellar surface was also observed by SEM. Due to
resolution constraints, the individual flagella could not be recorded directly. However,
some fibrous structures were observed on wild type or RGDES flagella coated surfaces
(Figure 4. 4 E). At higher magnification (insert), fibrous-like structures, which could be
formed by flagella, were observed more clearly. Because flagella were covered with the
inorganic calcium phosphates and some flagella formed bundles, more compact but rough
surfaces were observed in M-RGDES group (Figure 4. 4 F and insert). These results are
consistent with AFM examination. There were no similar structural features observed on

polylysine coated substrate (Figure 4. 5A).
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Figure 4.4: BMSCs morphology on flagella coated substrates using SEM. A)
Representation of cell morphology after 24 h of incubation on polylysine coated surface
(Control); B) SEM micrograph of BMSCs on bioengineered flagella coated substrates; C)
shows BMSCs on wild type flagella coated surface and less spread of the cells on this
substrate were observed; D) shows BMSCs morphology on bioengineered flagella coated
substrate with biomineralization in HAP solution. Much more number and longer
filopodia-like extensions appeared around the cells; E) SEM micrograph of bioengineered
flagella coated surface and high magnification (inert) show curved fibrous structures
which could be formed by flagella or small bundles. WT flagella show very similar
surface topology (data not shown); F) shows substrate surface morphology coated by
bioengineered flagella with biomineralization and high magnification (inert). After
nucleation, the surface became rougher and the thickness of flagella or bundles was

increased.

Figure 4.5: A) SEM topographies of polylysine coated substrate. The surface is very flat.
B) SEM micrograph shows BMSCs anchor on biomineralized flagella substrate by

filopodia-like extensions.
4. 3. 3 Proliferation of BMSCs on flagellar substrates

The proliferation of BMSCs seeded on polylysine and flagellar surfaces was analyzed by
MTT assay after 3 days of cell culture (Figure 4. 6). The growth rate of the BMSCs on
flagellar substrate was significantly affected by the peptide displayed on the surface of
flagella as well as the biomineralization. The growth rate of BMSCs was much higher on
RGDES8 and M-RGDES flagella than that on wild type (P<0.01 and P<0.05 respectively).

After biomineralization of flagella, the proliferation of BMSCs seeded on biomineralized
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flagella decreased compared to RGDES8 group, but no significant difference. Polylysine
coated substrate promoted the growth of BMSCs better than did wild type and M-RGDES8
flagella coated substrates (P<0.01, P<0.05, respectively).

## ##
* #

* %

Proliferation (490nm)

M-RGDES8 RGDES8 WT Con

Figure 4.6: Proliferation of BMSCs on flagella coated substrates with control. The growth
rate of cells on RGD enriched flagella surface is faster than those on the WT flagella
surface. (CON) coverslips coated with polylysine as control; (RGDES8) bioengineered
flagella displayed with 8 glutamic acids and RGD integrin binging peptide; (M-RGDES)
displayed the same sequences as RGDES8 and nucleated in supersaturated HAP precursor
solution; (WT) wild type flagella. (compared with control group, *P<0.05, **P<0.01;
compared with WT group, #P<0.05, ##P<0.01).

4. 3. 4 Gene expression by immunofluorescence

Specific markers can be detected during BMSCs differentiation toward osteoblasts. In
this study, we monitored the cellular gene expression of two bone specific formation
marker proteins, - OPN and OCN, by immunofluorescence cultured on flagellar
substrates. The cell cultures on flagella and polylysine were terminated at 7, 14 and 21
days respectively and the cells were stained for the osteo-specific genes, OPN and OCN.
As shown in Figure 4. 7, both OPN and OCN could be detected in cells beginning at day
7. The gene expression levels of OPN and OCN in the cytoplasm on flagellar substrates
including RGDE8, M-RGDE8 and WT groups were higher than those on polylysine
coated substrate (Figure 4. 7 A). The expression of OPN was especially high in the cells
on the biomineralized RGDES8 flagella. After 14 days, the gene expression of OCN
became much higher in all cultures, especially in WT group. Also after 14 days, the cells

on wild type and polylysine coated substrate started to express OPN at a high level
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(Figure 4. 7 B). After 21 days, the expression of OPN still remained a high level on the
RGDES8 and M-RGDES flagella substrates; however, it appeared that the expression
levels of OPN started to decrease at WT and control groups. The levels of OCN continue
to increase at control group. For flagella coated substrates groups, the expression levels
of OPN are not as high as those at 14 days, but they still kept at basal levels (Figure 4. 7
C). During 2 weeks culturing process in osteogenic media, the BMSCs seeded on the

flagella started to aggregate and form calcified nodule-like structures (Figure 4.7).

(A)7 days

Con RGDES M-RGDES8

Osteocalcin

Osteopontin

(B) 14 days
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Figure 4.7: Cells grown on flagella and polylysine coated substrates were analyzed for
gene expression by immunostaining for 7, 14 and 21 days (scale bar is 25 pm). A)
BMSCs growth for 7 days. B) BMSCs growth for 14 days. C) BMSCs growth for 21
days. Color representation: cell nuclei are stained by DAPI (blue) and the F-actin of cells
are stained by FITC-labeled phalloidin (green), OPN and OCN are stained by rhodamine-
labeled antibody (red).
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Figure 4.8: Light microscopy of calcified nodule-like structures formed on M-RGDES A)
and RGD-ES8 B) flagella substrates

4. 3. 5 Quantitative real-time PCR

In order to obtain quantitative information for the changes in gene expression during the
osteogenic differentiation process, the differences in fold change expressions of selected
osteogenic specific gene markers (OCN, OPN, Runx2 and type | collagen) were recorded
by quantitative real-time PCR analysis at selected time points (Figure 4. 9 and 4. 10).
Because the differentiation markers almost have no expression at 0 day, the day 7 gene
expression of BMSCs on polylysine coated substrate was used as the control. At 7 days,
significant changes in fold expression of OPN and OCN were observed in cells plated on
RGDES8 and M-RGDES flagella coated substrates compared to those grown on WT or
control groups (RGDES8, M-RGDES vs. Con, both P<0.01; RGDE8, M-RGDES8 vs. WT,
P<0.05 and P<0.01 respectively). The OPN and OCN expressions in cells on M-RGDES8
flagella is stronger than those on RGDES8 flagellar surface (P<0.05). There is no
significant difference of OPN and OCN expression between the cells grown on wild type
and on the control and kept at a basal lever on both of them (Figure 4. 9 A). These results
imply the differentiation of BMSCs to matured osteoblast cells was expedited by RGDES
and, especially, by M-RGDES8 flagella. At 14 days, the OPN and OCN expression
increased significantly to a high level in all groups with no significant differences
between the different groups (Figure 4. 9 B). After the cells were cultured for 21 days,
the relative fold changes in OPN decreased at all groups except the M-RGDES group still
remained a comparatively higher level than others (P<0.01) (Figure 4. 9 C). The
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expression fold changes of OCN at RGDES8 and M-RGDES8 groups are still higher than
WT and control groups. The above data indicates that functionalized flagellar surface
could improve and up-regulate osteogenic differentiation of BMSCs toward to
osteoblasts. During BMSCs differentiation into osteoblasts, runx2 is expressed as a
significant transcription factor. In our results, the expression of runx2 follows a trend
similar to that of the expression of OPN in all groups. It is up-regulated in all flagellar
substrates including M-RGDE8, RGDE8 and WT groups. In M-RGDES8 group, the
expression level of runx2 was up-regulated when compared to the control at as early as at
day 7 (P<0.01). At 14 days, the expression of runx2 was also up-regulated in all groups
and stayed at this high level until day 21 in the M-RGDES8 group. The expression level of
Col I increased significantly on the M-RGDES8 and WT substrates during the first week
(P<0.01 vs. WT or Con). The expression of Col | was still expressed at higher level in M-
RGDES8 and WT groups at 14 and 21 days. The gene expression of osteogenic markers
shows the nanostructure and microenvironment of flagella play an import role for the
BMSCs differentiation.
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Figure 4.9: Real-time PCR analysis for Runx2

days; B) 14 days and C) 21 days. Flagella substrates can stimulate and enhance Runx2,

OPN, OCN and Col I mRNA expression compared to control. (When compared with
Control group, *P<0.05, **P<0.01; When compared with WT group, #P<0.05, ##P<0.01;

When compared with RGDES8 group, @P<0.05, @ @P<0.01)
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Figure 4.10: Real-time PCR analysis for Runx2, OPN, OCN and type | collagen (Col I)
gene expression on flagella and polylysine coated substrates. A) RGDES flagella coated
substrate; B) biomineralized RGDES flagella coated surface; C) wild type flagella coated

surface; D) polylysine coated substrate (Control).

4. 3. 6 Mineralized calcium-containing matrix formation

After 14 days culture in osteogenic media, the cells on M-RGDES8 and RGD-ES8 started to
aggregate and form calcified nodule-like structures (Figure 4. 8). Calcium-containing
mineral deposits are also important marker of osteogenic differentiation of BMSCs. The
self-mineralized calcium deposits represent the final stages of osteogenic differentiation.
In this study, alizarin red stain was used to observe the presence of calcium-containing
minerals. The M-RGDES8 group exhibited highest intensity of red color depicting that
calcium deposition significantly promoted and totally matured osteoblasts. The calcium-
containing mineral deposits were also detected on the RGDE8 and WT flagella
substrates. The control group, however, exhibited more fibroblast-like morphology with a
few nodule structures (Figure 4. 11). These data show that the flagellar nanostructure,
surface chemistry and microenvironment can affect the cells mineralization during the

osteogenic differentiation process.
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Figure 4.11: Mineralization derived from different flagella coated substrates and
polylysine coated surface assayed by Alizarin red S at 14 days. A) biomineralized
RGDES8 flagella coated substrate (M-RGDES8); B) RGDES8 flagella coated substrate
(RGDES); C) wild type flagella coated substrate (WT); D) polylysine coated substrate
(Con)

4. 4 Discussion

Flagella are naturally occurring bio-nanotubes that self-assemble from FIliC proteins
through non-covalent intermolecular interactions [112]. Flagella from the same host have
fixed outer and inner diameters [39] (Figure 4. 12). Using genetic peptide display
technique, theoretically, each FliC can be bioengineered to display desired functional
group, giving rise to a flagella nanotube with homogeneous and controllable surface
chemistry [250]. In our study, bioengineered flagella with integrin-binding domain-RGD
and E8 peptides are highly biomimetic of the collagen fibrils found in bone ECM. The
linear organic flagella combined with inorganic nanoscale HAP crystals on their surface
generate structures and organization similar to that of bone ECM to some extent. In order
to get more information for potential application as bone substitute materials, the
adhesion, proliferation and differentiation of BMSCs on the flagella generated substrates

were investigated.
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Figure 4.12: TEM images of bacterial flagella from wild type Salmonella.

Previous research confirmed that helical proteins can self-assemble into bundles utilizing
divalent metal ions or positively charged polymers to laterally cross-link neighboring
molecules mediated with [262, 263]. Our results may be based on similar mechanism
through which calcium ions in HAP solution interact with the very negatively charged 8
glutamic acids peptide displayed on flagella to induce aggregation and assembly of
flagella. After the BMSCs seeded on flagella coated substrates, fibrous structures can still
be observed by SEM indicating that the substrates are still stable.

ECM proteins serve as a base for cells to adhere and spread onto substrates [259]. In this
study, the surface modified flagella with or without biomineralization, wild type and
polylysine coated substrates were investigated for their effect on the osteogenic
differentiation of BMSCs. BMSCs could adhere and spread on flagella coated surfaces
(Figure 4. 4) indicates that the cells were viable. However, BMSCs exhibited different
morphology and spreading levels on different substrates. It is possible for some proteins
from serum in the cell culture media to adhere to the substrate and help cell adhesion at
the very early stages of cell culture [264]. However, when BMSCs were seeded on
tobacco mosaic virus (TMV) (another naturally occurring linear nano-template) in serum
free conditions, cells still acquired very spread morphology which was similar to the
morphology of cells grown under complete serum conditions [245, 265]. In our study,
BMSCs attachment and morphology were observed directly under complete serum

conditions.
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Polylysine can promote cell attachment by altering the negatively charged surface to
positive [266]. Less spreading of BMSCs on flagella coated substrates especially in WT
group may be caused by the nanotopographies on flagellar surface. Previous research
also found similar results [225, 267]. On the other hand, wild type flagella may not be
very favorable for BMSCs attachment. After the surface of flagella was modified with the
RGD peptide, improved spreading of BMSCs were observed using bright field
microscopy and SEM. As a well-known integrin-binding peptide, RGD can highly
promote cell attachment and adhesion [253-257]. It is present in many ECM components
such as fibronectin and vitronectin [268]. Moreover, non-collagen proteins of bone OPN
and BSP also contain this peptide [269]. The degree of nanoroughness of substrate
surfaces also has a significant influence on cell morphology and anchorage. With
increased surface roughness and structural complexity, more filopodia-like extensions
with greater length appeared [270]. In our study, the rougher flagellar surface after

nucleation may induce more filopodia like extensions on the cells.

RGD peptide has also been shown to improve proliferation of the BMSCs [255, 257]. In
our results, the growth rate of the BMSCs on RGD containing flagellar substrates were
highly enhanced compared to those on wild type flagella. Because the positively charged
polylysine surface can also enhance the cells attachment and proliferation [230, 253,
271], there is no significant difference between RGDES and control groups. The growth
rate of BMSCs decreased on biomineralized flagellar surfaces. In the previous study, the
decreased proliferation rates of BMSCs were also found on the biomimetic mineralized
collagen membranes with nanocomposite [272]. A high amount of these cells may start
differentiating towards the osteoblastic lineage and inhibit proliferation [273]. The other
reason is that after biomineralization, some of RGD sites on flagellar surface might have

been embedded underneath mineral layers and blocked from BMSCs.

The surface chemistry and topography especially at nanoscale play a vital role for initial
adhesion, proliferation and differentiation of BMSCs [225, 245, 265]. These effects were
further investigated by quantitative analysis of gene expressions of BMSCs during
osteogenic differentiation on flagella generated nanotopographies and polylysine coated

substrate. Based on g-PCR analysis, during the entire duration of the cell culture, almost
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of all the osteo-specific genes were up-regulated. However, the enhancement levels and
folds for different genes are surface specific. Previous research confirmed that the
topography of nanostructures has significant effects on human mesenchymal stem cell
(hMSC) osteogensis. Nanoscale disorders stimulate MSCs to produce bone mineral in
vitro without osteogenic supplements [224]. The nano-scaled two dimensional (2D)
substrates coated with TMV nanorods and nanofibrous architecture in both 2D poly (L-
lactic acid, PLLA) thin matrices and 3D PLLA scaffolds can trigger speedy expression of
osteo-specific markers and enhance the osteogenic differentiation [225, 265]. In our
study, the physical stresses of flagella topography also accelerate BMSCs differentiation
into osteoblastic lineage. Compared to control, higher levels of OPN and OCN were
detected in cells on flagellar substrate at 7 days and still maintained similar patterns until
21 days indicating an up-regulated and early osteogenic differentiation of the cells. These
results demonstrate the physical nanotopologies generated by flagella can affect the
behavior of BMSCs toward osteoblasts. Moreover, the nano-level scaffold can adsorb
more proteins such as fibronectin from cell culture media and, in turn, promote up-

regulated gene expression and increased mineralization [225].

It has been demonstrated that the surface chemistry not only plays a significant role in
initial adhesion but may also control the signaling processes leading to different
differentiation pathways depending on the functional group arrangement and its density
on the substrate [245, 265]. The RGD peptide can enhance osteogenic differentiation of
BMSCs [255] and has been used on a variety of scaffolds, surfaces of bone materials, and
surfaces of HAP to enhance cell attachment and proliferation in vitro [130, 240, 252,
254] and in vivo [256]. In the present study, at M-RGDE8 and RGDES8 groups, we also
found early and enhanced gene expression of the OPN and OCN. As the main inorganic
composition of bone, HAP exhibits excellent biocompatibility and osteoconductivity and
is confirmed to support cell attachment, proliferation, and osteogensis [274, 275].
BMSCs on calcium phosphate without osteogenic differentiation additives could also
differentiate into osteoblasts [276]. On biomineralized flagellar surface, the OPN as well
as OCN is highly up-regulated at an early time and maintains a high level of expression
after 3 weeks. This data also confirmed that the surface modified RGDES peptide and the

microenvironment generated by biomineralized flagellar surface also participate in
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regulating differentiation of BMSCs. On polylysine coated substrate, both of OPN and
OCN achieved the highest levels at 14 days, not like the BMSCs cultured on plastic
surface, on which the OCN level continued to increase during entire cell culture period
[265]. The polylysine substrates may improve the cells adhesion, proliferation and
osteogensis [230].

Runx2 is critical for osteogenic differentiation and maturation of BMSCs toward
osteoblasts by binding specific DNA sequences to regulate the transcription of numerous
genes for osteogenesis [277]. As a key transcription factor for osteogenesis, runx2 can
stimulate OCN gene expression [278]. The highly up-regulated and enhanced expression
of runx2 on biomineralized flagellar substrate indicates that the BMSCs differentiate
toward osteoblastic lineage. A basal level of runx2 is required for proper osteoblast
proliferation and differentiation [277]. In our study, a basal level of runx2 was also found
in other groups. Col | exhibited quite different expression pattern. It is highly expressed
in the M-RGDES8 and WT groups at 7 days compared to other groups. However, the up-
regulation of Col | at these two groups may be based on different mechanisms. In the M-
RGDES group it may be due to the rough surfaces after biomineralization. Higher levels
of type | collagen expression were found on nanoscaffolds than on flat surface [225].
However, in WT group, the surface of wild type flagella may be not very favorable to the
cells. The cells have to secrete more ECM proteins such as Col | to survive on the

substrate.

Strong mineralization on M-RGDES8 coated substrates was observed. Both of flagellar
nanotopographic surfaces and microenvironment by HAP may result in the early
maturation of BMSCs. RGDES8 group also showed many biomineralized nodules. The
displayed 8 glutamic acids on flagellar surface may attract calcium ion deposition from

the media following the biomineralization.

A series of transcription factors and signaling proteins regulate differentiation of BMSCs
to osteoblastic lineage in a time-dependent manner. Based on microarray analysis, the
BMSCs seeded on substrate with nanotopographies may be activated by different
pathways toward osteogensis [224, 265]. TMV coated substrates show a synchronized

effort of various genes through bone morphogenetic protein-2 (BMP-2) signaling
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pathway [265]. Cytoskeletal tension was changed when BMSCs seeded on disorder
nanosubstrates which in turn effect on indirect mechanotransductive pathways shown by
changes in Rho A (an important small G-protein involved in cell signaling and
cytoskeletal organization) [224]. The surface chemistry and microenviroment generated
by flagella can promote higher and earlier expression of osteogenic genes in BMSCs

resulting an early differentiation and mineralization of BMSCs under osteogenic medium.

There are also some other advantages to using bioengineered flagella scaffolds. With the
flagella technique, each of subunit of flagella-FIiC can display the foreign peptide on its
surface-exposed side. Moreover, very long peptide can be displayed on FIiC without
losing self-assembly properties. The flagella are also very robust at a variety conditions
including stable at pH 2-10 [164] and rigid with a Young’s modulus on the order of 10°
Pa [279]. Porous mineralized scaffolds exhibit more osteoconductivity for various
applications in bone engineering [244]. Flagella are naturally occurring bionanotubes
which make the scaffold more permeable and may support sufficient nutrient supply and

blood vessel ingrowth in vivo.

4.5 Conclusion

We studied BMSCs behavior and gene expression toward osteogensis on wild type and
genetically engineered flagella generated substrates combined with inorganic calcium
phosphate under osteogenic conditions. Flagellar substrates can support BMSCs
adhesion, proliferation and differentiation meaning that the cells recognize
nanotopographic surfaces, microenvironment and surface chemistry produced by flagella.
The cell’s growth rate, expression levels of genes involved in osteo-differentiation are
significantly affected due to the presence of flagella. The early development of mature
osteoblast suggests that chemical groups modified on bioengineered flagella promote the
osteogenic differentiation of BMSCs. Our data indicate that the biomimetic ECM using
genetically engineered flagella incorporated with calcium phosphate may be a promising
substitutable scaffold for bone tissue engineering.
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Chapter 5 Effects of Phosphorylation of Bioengineered Flagella on

Biomimetic Mineralization

5. 1 Introduction

Collagen fibers in bone are considered to provide the organizational three-dimensional
framework for inorganic mineral nucleation with spatial constraint [280]. Meanwhile,
there are many kinds of non-collagenous macromolecules proteins (NCPs) that might
participate in the formation and maturation of HAP nucleation and growth. These
proteins are morphologically, structurally, and functionally interact with the collagen
fibers through which facilitate primary crystal formation and regulate subsequent mineral
crystal growth [281]. Almost all of these proteins are highly acidic which contain aspartic
acid (Asp), glutamic acid (Glu) and serine (Ser) [251]. In vivo, mineralization of bone
starts on the surface of collagen fibrils, nevertheless, a higher mineralization at the
surface compared to the interior of the collagen. Moreover, the center-to-center distances
between the nanometer-sized particles in the primary biomineralized collagen fibrils
correlate with those between the centers of acidic clusters along the chains of the non-
collagenous matrix proteins. It can be supposed that apatite mineralization might be
induced by the NCPs bound in parallel arranged strands along the collagen fiber surface
[281]. A large number of NCPs were found to bind to collagen fibrils such as collagen-
binding motif from OPN and BSP [156, 282]. These anionic groups on NCPs may
accumulate cations such as calcium ions to generate local supersaturation followed by
oriented nucleation and growth of mineral crystals [159, 283]. A specific stereochemical
motif on NCPs may recognize the interacting plane of the inorganic minerals which may
essential for the mineral nucleation such as p-sheet structure of DMP1 [157] and

complementary surface of OCN to calcium ions in an HAP crystal lattice [284].

Among these NCPs, phosphorylation is also important to the mineralization process of
bone. Recombinant, non-phosphorylated and chemically dephosphorylated OPN did not
affect HAP formation. However, the highly phosphorylated milk OPN promoted HAP
formation and stabilized the conversion of amorphous calcium phosphate to HAP [285].
The recombinant DPP, also named DMP2 without phosphorylation possessed much

lower calcium binding capacity and could not transform amorphous calcium phosphate to
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apatite crystals as native ones [286]. As bone-specific glycoprotein, BSP is also highly
phosphorylated containing phosphoserine, sulphotyrosine residues and regions of
contiguous glutamic acid residues. The combination of these phosphoserines with the
polyglutamic acid residues plays an important role in accumulation of Ca®* and binding
to HAP. The full-length rat BSP using a prokaryotic expression system exhibited less
potent than native bone BSP [287]. These results unambiguously show that the
phosphorylation is important for HAP nucleation and growth. Hartgerink et al also
confirmed only amorphous mineral deposited around the fibers after the phosphoserine

was replaced by serine on peptide-amphiphile nanofibers [288].

Bacterial flagella grow on surfaces of bacteria and are naturally occurring protein
nanotubes which are self-assembled by monomer protein-FIliC. The FIiC monomers
naturally self-assembled into a linear flagellum tube with a repeat of about 11 monomers
per two turns with 15-20 nm in diameter and 10-15 pm in length. This linear structure
resembles the collagen fibrils in extracellular matrix (ECM) of bone. Interestingly, the
surface of flagella can be modified or inserted by other peptides, however, without losing
polymerization and functions [81]. Previously, we demonstrated that the bioengineered
flagella with negatively charged 8 glutamic acids or repeated Gly-Pro-Pro sequences
could nucleate apatite minerals on their surface. In this study, the negatively charged
amino acids with serines were displayed on surface of flagella. The serines on flagella
surfaces could be phosphorylated by Casein Kinase 1l (CK2). Then, the biomimetic
nucleation and mineralization of apatite minerals on the phosphorylated flagella were

investigated.
5. 2 Materials and Methods

5. 2. 1 Flagella Display:

Briefly, the synthesized single strand oligonucleotides (Invitrogen) which encode target
peptide with complementary sequences and sticky ends of Xho I and Bgl 11 sites at each
end respectively were induced into double strand oligonucleotides by annealing. Then the
double strand oligos were inserted in vector PLS411 which contains FliC gene with a
multicloning site at the central region. The recombinant vector was transformed into

competent cell of Salmonella SL5928-a FliC gene knock out stain. Individual colonies
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were picked on agar plate with ampicillin (100 pg/ml) and the recombined plasmids were
confirmed by DNA sequencing (MCLAB). There were three different sequences
displayed on surface of flagella: EEEEEEEECSSSSSSSS termed E8+C+S8;
ESESESESCESESESES termed ES8CS8; DSDSDSDSCDSDSDSDS termed D8CSS.

5. 2. 2 Salmonella flagella purification:

The SL5928 with different recombinant vectors were cultured in LB media at 37 <C with
shaking (250 rpm) until OD to 0.6-0.8. The culture was collected and centrifuged at 6000
g for 20 min at 15 <C. The cell pellets were then washed twice by PBS buffer (pH=7.4).
Finally, the cell pellet was resuspended in deionized water and cooled on ice-bath. The
flagella were then detached from the cells by vortex mixer with highest speed for 3 min.
The bacteria were removed by centrifugation at 6000 g for 20-30 min and the supernatant
containing detached flagella were collected. The supernatant were centrifuged again at
10,000 g for 20 min to remove debris from solution. High purity flagella were
precipitated by ultra-centrifugation at 80,000 g for 2 h. Finally, the flagella were

dissolved in deionized water or PBS buffer.

5. 2. 3 Phosphorylation of bioengineered flagella and examination:

The phosphorylation of flagella with serines was carried out in a final volume of 50 i
with 1< CK2 buffer (20 mM Tris-HCI, 50 mM KCI, 10 mM MgCl,), 20 i flagella, 1 i
CK2 (New England Biolabs) and 200 uM ATP. The mixture was incubated at 30 <C for 2
h. The phosphorylated flagella proteins were analyzed by SDS-PAGE. The gel was
stained in Pro-Q® Diamond phosphoprotein gel stain solution (Invitrogen) following the
instruction of the kit. After the gel was totally distained, it was imaged by Storm™ 860
(Amersham Biosciences). In order to distinguish the relative amount of phosphorylated
portion from total protein, the loaded proteins to each well were adjusted to the same

concentration (20 Lg/p).

5. 2. 4 Nucleation of flagella in supersaturated HAP solution:
The buffer and other molecules were removed by dialysis from phosphorylated flagella
and were then incubated in supersaturated HAP solution (4 mM) for 3 days at room

temperature. Wild type of flagella was used as control. A drop of aqueous solution was
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mounted on the carbon TEM grids. After carefully rinsed with double distilled water and

dried at room temperature, the samples were subjected to TEM (Zeiss 10) measurements.

5. 3 Results and Discussion

The phosphorylation of flagella with serines was carried out by CK2. CK2 is a
constitutively active serine/threonine protein kinase. The CK2 holoenzyme is composed
of two 44 kDa catalytic o and/or o’-subunits and two 26 kDa regulatory g-subunits to
form stable heterotetramers [289]. The phosphorylation of flagella on E8+C+S8, ES8CS8
and D8CS8 was shown on Figure 5. 1. We also displayed a
GPSGPSGPSGPSGPSGPSGPSGPS (termed GPS) peptide on flagella as a control. All
flagellar proteins in this study were adjusted to the same concentration (2 mg/ml) before
loading to SDS-PAGE gel and loaded the same volume to each well. The GPS flagella
cannot be phosphorylated by CK2. The total intensity for each band was analyzed by
Glyko Bandscan software. The relative intensity for each band was different indicating
the variation of relative phosphorylation level over the total amount of protein for
different bioengineered flagella. D8CS8 flagella were highly phosphorylated by CK2.
E8CS8 flagella were less phosphorylated. However, the intensity of E8+C+S8 flagella
band was much less than D8CS8 and E8CS8 ones. The phosphorylation of serine by CK2
is determined by multiple acidic residues located at positions between -2 and +5. The
general recognition motif includes SXXE/D. However, SXE/D, S/D and some variations
of these sequences could also be phosphorylated by CK2 [290]. At the same time,
aspartic acid exhibited higher substrate activity than glutamic acid [291]. In this study,
after glutamic acids were replaced by aspartic acids, higher phosphorylation was also
observed. Because there is only one glutamic acid at position -2 to serine on E8+C+S8
flagella sequence, this sequence may not be an ideal substrate for CK2 and resulted in

low phosphorylation level.
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Name GPS E8CS8 E8+C+S8 D8CSS8
Intensity 20410 11160 22616

Figure 5.1: Phosphorylation of bioengineered flagella by CK2. Due to the specific
requirement for CK2 substrates, GPS cannot be phosphorylated as a control. The total

intensity for each band was calculated by Glyko Bandscan software.

The purified flagella were incubated within 4 mM supersaturated HAP solution for 3
days at room temperature. The nucleation of calcium phosphate minerals on flagella
before and after phosphorylation by CK2 was depicted on Figure 5. 2. Higher
magnification of phosphorylated flagella after biomimetic nucleation was shown on
Figure 5. 3. Much less minerals were nucleated on D8CS8 flagella than E8+C+S8 and
E8CS8 flagella (Figure 5. 2A). SAED analysis confirmed that most of flagella are only
nucleated by a layer of amorphous minerals and some flagella were nucleated by crystal
minerals. After phosphorylation, much more calcium phosphate minerals were nucleated
on surface of flagella and exhibited high intensity of SAED pattern. The characteristic
(002) and (211) planes indicate that the polycrystalline minerals are composed of HAP
(Figure 5. 2B). Before phosphorylation, the nucleation of inorganic minerals on
E8+C+S8 and E8CS8 flagella was similar. However, SAED analysis indicated more
HAP nanocrystals nucleated on E8+C+S8 flagella (Figure 5. 2C, E). E8+C+S8 flagella
exhibited curly morphology but ESBCS8 flagella are straighter. After phosphorylation, the
nucleation ability of calcium phosphate minerals were highly increased on both of
E8+C+S8 and E8CSS8 flagella. Most of flagella surfaces were covered by a layer of
calcium phosphate minerals (Figure 5. 2D, F). Some bundle-like structures could be
observed on high concentration of bioengineered flagella which may be caused by the

formation of disulfide bond between neighboring flagella (Figure 5. 2D, F). Kumara et al
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also demonstrated bundles of flagella by display of cysteine residues on their surface with
constrained peptide loops [292]. Because the contrast under TEM is low on amorphous of
inorganic minerals nucleated flagella, not much bundle-like morphology can be clearly
observed on E8+C+S8 and E8CS8 flagella prior phosphorylation and on D8CS8 flagella.

B n:,&h 3 iy V7

Figure 5.2: TEM images of bioengineered flagella after biomimetic mineralization in
supersaturated HAP solution with prior and after phosphorylation. Biomimetic
mineralization of D8CS8 flagella before A) and after B) phosphorylation; Biomimetic
mineralization of E8+C+S8 flagella before C) and after D) phosphorylation; Biomimetic
mineralization of E8CS8 flagella before E) and after F) phosphorylation. Scale bar is for

all images.

104



o 2 g

< PARTReE A
de

L

Figure 5.3: High magnification of mineralized flagella after phosphorylation. A) D8CSS;
B) E8+C+S8; C) E8CSS8.

Poly-L-glutamic acids could accelerate the precipitation of HAP and brushite [293]. The
distance between two anionic groups is about 6.0—8.0 A in poly-L-glutamic acid and the
intercationic distance in HAP is ranging from 3.4 to 10.3 A depending on the crystal
faces. It is proposed that the distance between the negatively charged functional groups
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matches intercationic distances of the precipitating crystals [294]. Moreover, the
conformation of the peptide is of great importance in the formation of HAP. Poly (L-
glutamic acid) and poly (D-glutamic acid) can induce the formation of HAP in a steady-
state agarose gel system. However, poly (L-aspartic acid) does not have the ability [159].
Poly-glutamic acids exhibited helix confirmation but poly-aspartic acids might be random
coil confirmation [159, 295]. In this study, the secondary structures of the inserted
peptides were also analyzed by online tools of PSIPRED Protein Structure Prediction
(Table 5. 1). Partial helix confirmation was given by both of E8+C+S8 and E8CS8
peptides but not by D8CS8. They may still process the similar confirmation after

displayed on surface of flagella.

Peptide EEEEEEEECSSSSSS | ESESESESCESESESE | DSDSDSDSCDSDS
sequences SS S DSDS

secondary CHHHHHHHHHHCC | CCCHHHHHHHHHH | CCCCCCCCCCCC
structure CCCC HHCC CCCcCC

schematic | —— | — ~

diagram
H: Helix; C: Coil

Table 5.1: Secondary structure prediction of peptides displayed on flagella.

In vivo, many NCPs including OPN, OCN, BSP, Dentin Sialoprotein (DSP), DPP, DMP1
and bone acidic glycoprotein 75 (BGA 75) as well as collagen were phosphorylated in
mineralizing systems (bone and dentin) and appeared just prior or during mineralization
[296]. The non-mineralizing systems (tendon and skin) also contain NCPs. However,
they are not or much less phosphorylated [297]. After phosphorylation, the bioengineered
flagella exhibited enhanced ability to nucleate HAP nanocrystals. At the same time, the
morphology of flagella resemble fibrils of type | collagen in bone. The mineralized
bioengineered flagella by HAP are similar to the lowest level of hierarchical organization
of bone. They may potentially be an ideal building block for fabrication 2 or 3

dimensional (2D or 3D) scaffold from the bottom up for bone tissue engineering.
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Chapter 6 Assembly of Bioengineered Flagella/Collagen Hybrid with

Biomimetic Mineralization

6. 1 Introduction

As a bone substitute material, collagen has been studied extensively [272, 298]. In order
to fabricate bone-like composites with improved mechanical properties and enhanced
biocompatibility, a serious of strategies have been developed for synthesis of
collagen/HAP hybrid which mimic the natural composition of bone using the self-
organization mechanism [299]. The mineralized type | collagen with nano-crystalline
HAP exhibited good biocompatibility and bioactivity to BMSCs [272]. Previously, type |
collagen is only considered a confined framework for mineral deposition. However, FTIR
and circular dichroism (CD) measurement revealed that collagen itself can bind to HAP
by chelating Ca** on carbonyl groups [221, 299]. It is well established, collagen limited
to induce apatite formation from metastable calcium phosphate solutions directly. Non-
collagen proteins such as BSP [300], DMP1 [301] and OPN [302] play an important role
in initiating nucleation of calcium phosphates after binding to collagen matrix. Most
recently, Nudelman et al reported inhibitors of HAP nucleation (polyaspartic acid or

fetuin) can actively control mineralization of collagen [303].

On the other hand, the integration of bone materials at the interface with bone tissue is
also important. If the implant materials are not chemically or biologically bonded with
bone tissue, the so-called “inflammation” process will be invoked leading to a non-
adherent fibrous capsule around them. Finally, the fibrous tissue result in failure of
implants [304]. Lee and co-workers identified a dual functional motif from OPN named
collagen-binding motif (CBM, GLRSKSKKFRRPDIQYPDATDEDITSHM) which can
specifically bind collagen without chemical conjugation as well as promote apatite
nucleation in vitro and in vivo [282]. After assembled with CBM, collagen-CBM
composite can be applied as a bioactive scaffold for bone regeneration. Some polymers
have been modified their surface to exhibit bioactivity as tissue engineering scaffold
[305, 306]. With surface display technique, naturally occurring materials including phage
and spider silk also present bioactivities after bioengineered by bioactive ligands such as

RGD (Arg-Gly-Asp) [307-309]. Recently, we reported the osteogenic growth peptide
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displayed on M13 phage can accelerate proliferation and differentiation of BMSCs into
osteoblasts [194]. We also displayed acidic polyaspartic acid and collagen-like peptide on
surface of flagella which can promote nucleation of HAP on their surface and induce
early differentiation of BMSCs toward osteoblasts in osteogenic media.

In this report, CBM peptide was displayed on surface of flagella. After mixed with type I
collagen, bioengineered flagella formed a new type of fibril with type I collagen. The
HAP forming ability of the composite was enhanced in supersaturated HAP precursor
solution. The morphology of BMSCs on the flagella/collagen composite was exanimated
by bright field microscopy and SEM.

6. 2 Materials and Methods

6. 2. 1 Surface display of flagella and bioengineered flagella isolation:

Genetically display a foreign peptide on flagella has been described elsewhere [16].
Briefly, the original vector pLS411 contains the gene of FIiC with a multicloning site
including restriction enzymes of Xho | and Bgl 1l located in the hypervariable region was
digested (New England Biolabs) at 37 °C for 2 h. Then, primers corresponding to encode
CBM peptide were synthesized (Invitrogen) with restriction sites of Xho | and Bgl 11 at
the ends. The synthesized oligonucleotides were inserted in the linearized vector pLS411
by T4 ligase and transformed into competent cell of FIiC deficient Salmonella SL5928.
Strain SL5928 is an aroA live-vaccine strain of Salmonella Dublin. Because its only FliC
gene- FliC(g,p) has been replaced via transduction by FIiC(i)::Tn10, an allele inactivated
by transposon insertion, the functional flagella cannot be expressed. Finally, the
ampicillin-resistant clones with recombinant plasmid were selected and confirmed by
sequencing. Because only the bacteria with functional flagella can swim in the semisolid
medium, the clones were cultured in semisolid medium (1 % tryptone; 1.5 % NaCl; 0.35
% agar) for cell motility test to confirm assembly of recombinant flagella.

The bioengineered bacterial flagella were detached from the bacterial cells by vigorous
shaking through vortex with highest speed for 3 times (30 sec/each time). The
supernatant containing the sheared flagella was separated by centrifugation at 12,000 g
for 20 min. The flagella were precipitated at 100,000 g for 2 h and dissolved in ddH20.
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6. 2. 2 Assembly of bioengineered flagella/collagen hybrid and biomimetic nucleation:
Type | collagen solution (~4 mg/ml) was diluted 1:20 with 20 mM acetic acid. 300 i of
flagella (800 pg/ml) was mixed with same volume of type I collagen and incubated at 37
°C for 1 h. The mixture was then neutralized by PBS and incubated at 37 °C for 5 h.

Supersaturated HAP solution (4 mM) was prepared as described from HAP power
(Sigma). 20 pl of the mixture of flagella and collagen was mixed with 500 pl of
supersaturated HAP solution and incubated for 3 days at room temperature. For TEM
sample preparation, a drop of aqueous solution was mounted on the carbon TEM grid.
After carefully rinsed with double distilled water and dried at room temperature, these
grids were subjected to TEM (Zeiss 10) measurements operated at 80 kV.

6. 2. 3 BMSCs isolation and culture:

Primary BMSCs were isolated from the bone marrow of young adult female femur of
Fisher 334 rats (Harlan) based on previously described method [33]. Briefly, the isolated
bone marrow cells are washed several times with Dulbecco’s Modified Eagle Medium
(DMEM; GIBCO BRL, Grand Island, NY, USA). After cell viability tested and the
density of the cells confirmed using trypan blue staining, cells were maintained in
DMEM (low glucose) supplemented with 10 % fetal bovine serum (FBS) (Invitrogen),
penicillin G 100 U/mL, streptomycin 100 pg/mL, amphotericin B 0.25 pg/mL. The cells
were incubated in humidified atmosphere containing 5 % CO, at 37 <C. The non-
adherent cells were removed after three days by changing the culture media. The BMSCs

passaged no more than three times after isolation before use.

6. 2. 4 SEM examination:

BMSCs were seeded on flagellar film at a density of 1 =< 10* cells/mL. After cultured for
24 h, the cells were washed with 1= PBS and fixed with 2.5 % glutaraldehyde in 0.1x
PBS for 1 h. The cells were washed again with 1<PBS and then dehydrated in a graded
series of ethanol (50 %, 70 %, 90 %, and 100 % respectively) for 30 min each. The
samples were further dehydrated by a supercritical point CO, dryer. The morphology of
BMSCs on flagellar film was observed using SEM (XL30, FEI Corporation).
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6. 3 Results and Discussions

Bacterial flagellum has a linear structure about 10-20 um in length with an outer diameter
of 12-25 nm and an inner of 2-3 nm. It is composed of several thousand copies of the
eubacterial FIiCs major protein and some other proteins including a pentamer of the tip-
associated FIiD protein. Bacterial flagellar FIiC monomers naturally self-assembled into
a linear tube with a repeat of about 11 monomers per two turns via non-covalent
interactions between o-helical and coiled-coil motifs [310]. The N- and C- terminal
region of FIiC face to the center of the tube and they are highly conserved. However, in
the central region of FIliC, the amino acid sequences are highly variable and surface-
exposed. Based on genetic approach, a foreign peptide can be inserted into the variable
region of FliC [81]. Sequence as long as 302 amino acid residues were successfully
displayed on the surface of flagella, without preventing flagellar polymerization and

function [232]. Based on this characteristic, a long peptide-CBM with 28 amino acids

was displayed on surface of flagella.

Figure 6.1: TEM micrographs of flagella/collagen composite A) low and B) high
magnification.
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Figure 6.2: TEM micrographs of flagella with CBM. No bundles were observed.

Type | collagen was kept at 20 mM acetic acid to prevent aggregation. The pH is about
3.2. Because the flagella are stable at pH 2-10, the flagella will not depolymerize after
mixed with type | collagen. After neutralized by PBS, type | collagen started to self-
assembly under entropy-driven process [311]. At the same time, due to the surface of
flagella were displayed with CBM flagella combined with collagen and copolymerized
into bundles (Figure 6. 1). The bundle exhibited curly morphology which is like
morphology of flagellum. The diameter of the bundles can be up to 100 nm. There are
still some free flagella in the solution (Figure 6. 1A). At higher magnification, bundled
flagella/collagen composite exhibited parallel structures with some branches and these
bundles did not exhibit characteristic D-periodic cross-striated structures of type |
collagen fibrils (Figure 6. 1B). Flagella without collagen did not form into bundles in
PBS (Figure 6. 2). Interestingly, after incubated in supersaturated HAP solution, these
bundles became “straight” and calcium phosphates nucleated on the surface of bundles
(Figure 6. 3). SAED revealed that these calcium phosphates are composed of HAP and
the orientation of crystallographic c-axes of HAP parallel to the long axes of the
flagella/collagen bundles (Figure 6. 3A insert). In a control experiment, type | collagen
fibrils without flagella also nucleated by a layer of calcium phosphates. However, SAED

revealed that most of these minerals are amorphous (data not shown).
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Figure 6.3: TEM micrographs of flagella/collagen hybrid mineralized in supersaturated
HAP solution. Inset is the SAED patterns taken from the highlighted section.

It is well established that BMSCs can sense the environment including topographies and
surface chemistry during further differentiation [224, 309]. The flagella/collagen
composite was coated on plastic cell culture plate. BMSCs were then seeded on surface
of the scaffold for 24 h. The morphology of BMSCs was observed by bright field
microscopy and SEM. Figure 6. 4 shows the morphology of BMSCs on flagella/collagen
composite (Figure 6. 4A) and plastic cell culture plate (Figure 6. 4B) respectively.
BMSCs acquired well-spreading morphology on flagella/collagen composite. Some of
the cells exhibited spindle-like or bipolar morphology which may attached on
flagella/collagen bundles. The “stretched” morphology of BMSCs was proposed by
“contact guidance response” [229]. SEM micrographs of BMSCs also revealed similar
morphology to the ones under bright field light microscopy (Figure 6. 5). The bundles
formed by flagella/collagen co-assembly can be clearly observed (Figure 6. 5A). BMSCs

anchored on the substrates by filopodia-like extensions (Figure 6. 5B).

A . , ' s
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Figure 6.4: Bright field microscopy images of BMSCs on flagella/collagen composite (A)

and plastic cell culture plate (B).

Figure 6.5: SEM micrographs of BMSCs on flagella/collage composite (A); higher

magnification (B).

In conclusion, the bioengineered flagella with CBM and collagen can form new type of
bundles by co-assembly. The ability of HAP nucleation was highly enhanced on
flagella/collagen composite. This composite can support BMSCs adhesion and growth. It

may be used as a promising nanocomposite for bone tissue engineering.
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Chapter 7 Morphology-Controlled Synthesis of Silica Nanotubes through
pH-Sensitive Flagella

7. 1 Introduction

Due to their intrinsic biocompatibility, hydrophilic nature and customizability via simple
chemical modifications due to the accessibility of both inner and outer walls, silica
nanotubes (SNTs), have gained much attention among a variety of inorganic nanotubes in
the last few decades [312, 313]. SNTs have potential applications as chemosensors,
adsorbents[314], biosensors [315] and nanoscale reactors [316] as well as in areas such as
biospearation, biocatalysis [313, 317] and gene delivery [318]. Among the various
strategies and techniques that have been employed to synthesize SNTs, the template-
directed synthesis of SNTs exhibits some merits. For example, the dimensions and
morphology of the SNTs can be finely controlled through precise manipulation of the
templates. The thickness of the silica wall can also be manipulated by tuning the
concentration of a precursor solution such as TEOS and the reaction time. Usually, the
reaction can be carried out under mild conditions. After the SNTs have been synthesized,
the templates can be removed by extraction, heat treatment or chemical reactions. Quite
different morphologies and unique surface characteristics of SNTs have been developed
based on various templates with examples including straight, helical, curly, chiral, double
chiral and pearl-necklace-like SNTs [142, 319-322].

The synthesis of template-based SNTs can be divided into three main categories:
inorganic template-directed, organic template-directed and biomolecular template-
directed [313]. In nature, there is a great source of biological systems with well-defined
structures and complex morphologies which are potentially suitable for the fabrication of
inorganic materials. In recent years, biological template-directed synthesis of inorganic
materials has gained much attention. Indeed, tobacco mosaic virus (TMV), DNA,
peptides and collagen have all been used as templates for SNTs synthesis [323-327].
Hybrid organic-inorganic SNTs with multiple layers have been generated using a lipid
template. Multiple layers of SNTs were generated using lipid as a template [328]. In our
research, we have utilized flagella, naturally occurring bionanotubes which enable

bacteria to swim in aqueous environments, in the synthesis of SNTs. Recently, we
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synthesized pearl-necklace-like 1 dimensional (1D) SNTs with uniform diameter using
flagella as templates. We also discovered that by modifying the peptide sequence
displayed on the flagella surface we can obtain novel morphologies of SNTs [142]. Thus,
herein, we expand upon our previous research on utilizing wild type and genetically

engineered flagella at different pHs to control the morphology of SNTs.

Flagella filaments have an outer diameter of 12-25 nm and an inner diameter of 2-3 nm.
The bacterial flagellum is mainly self-assembled from more than 20,000 copies of
identical protein subunits called eubacterial FliCs. By intermolecular non-covalent
interactions, FIiC monomers assemble into a linear hollow nanotube with a repeat of 11
monomers per 2 turns [329]. The N- and C- terminal regions of FIiC located in the center
of flagellum bind together by non-covalent interactions and are highly conserved. In
contrast, the central regions (D2 and D3 domains) of FIliC, which are exposed to the
surface of flagellum, are highly variable. Some amino acid sequences of FIiC can be
replaced with other functional sequences without losing their self-assembly
properties[250]. Unlike other chemically modified nanotubes, such as carbon nanotubes,
genetically engineered flagella nanotubes, theoretically, can be designed to display a
functional peptide at every monomer-FIliC at the surface-exposed region, achieving

precise control and homogeneous surface modification.

Flagella are very rigid with a modulus of rigidity about 1 < 10*! dyn/cm? [279]. At
neutral pH, they exhibit helical structures. When dried on substrate, they flatten to a curly
morphology with a sinusoidal wave. The wavelength is constant for each specific strain.
Some mutant strains also produce flagella with curly morphology but shorter
wavelengths while other mutant strains give rise to straight morphology [330]. The
flagella can be depolymerized into monomers by acid or heat treatment (over 60 °C).
Repolymerization can be induced by exposing monomers to high anion concentrations,
which cause the monomers to be “salted-out”, or to flagella fragments, which serve as
seeds upon which monomers can assemble. Flagella can exhibit various stable
conformations depending on their environment and constituent monomers. This property
is referred as the “polymorphism of flagella” [330, 331]. Both environmental conditions,

such as pH, salt concentration, and temperature, and the strain and ratio of FIliC
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monomers to be mixed for copolymerization can be tuned to observe various
morphologies of bacterial flagella [164, 332-334]. Interestingly, we observed helical
morphological variations of bioengineered flagella that displayed peptides with different
charges [142]. In this study, the effects of pH and various peptides displayed on flagellar

surfaces on the morphology and surface features of SNTs were investigated.
7. 2 Materials and Methods

7. 2.1 Flagella display and purification of flagella:

The same procedure as our previous report was followed for the flagella display [142].
The oligonucleotides which encode target peptide with complementary sequences were
designed and synthesized (Invitrogen). The primer and encoded peptide sequences are
summarized in Table 7. 1. The oligonucleotides also contain sticky ends of Xho I and Bgl
Il sites at the 5’-end and 3’-end, respectively and were annealed into double-stranded
DNA. The resultant double strand oligos were then inserted into vector pLS411 which
contains FliC gene with a multicloning site in the central region. The recombinant vector
was transformed into competent cell of Salmonella SL5928-a FIliC gene knock out stain.
Individual colonies were inoculated on agar plate with ampicillin (AMP) (100 pg/ml) and
the recombined plasmids were confirmed by DNA sequencing (MCLAB). The
recombinant strains were cultured in LB media with AMP (100 pg/ml) at 37 <C with
shaking (250 rpm) until OD to 0.6-0.8. The cell culture was collected and centrifuged at
6000 g for 20 min at 15 <C. The pellets were then washed twice by PBS buffer (pH=7.4).
Finally, the cell pellet was resuspended in deionized water and cooled in an ice-bath. The
flagella were detached from the cells by vortex mixer at highest speed for 3 min and then
subjected to centrifugation at 6000 g for 20-30 min to remove bacteria. The supernatant
containing detached flagella was collected. The supernatant was centrifuged again at
10,000 g for 20 min to remove debris from solution. High purity flagella were
precipitated by ultra-centrifugation at 80,000 g for 2 h. Finally, the flagella were
dissolved in deionized water and kept at -20 <C for further usage.

Table 7.1: Inserted sequences in recombinant plasmid

Name Oligonucleotides Encoded peptide sequences
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E8+C+S8

5’ —-GA TCT GAA GAG GAA GAG GAA GAG GAAGAATGT
AGT AGC AGT AGC AGT AGC AGT AGC C-3’
5’ —-TC GAG GCT ACT GCT ACT GCT ACT GCT ACT ACATTC
TTCCTCTTCCTC TTCCTCTTC A-3’

EEEEEEEECSSSSSSSS

E8CS8

5’ -GA TCT GAA AGT GAG AGC GAA AGT GAG AGC TGT
GAA AGT GAG AGC GAA AGT GAA AGC C-3’
5?-TCGAG GCTTTC ACT TTC GCT CTC ACT TTC ACAGCT
CTCACTTTC GCT CTC ACT TTC A-3°

ESESESESCESESESES

D8CS8

5’ -GA TCT GAT AGT GAC AGC GAT AGT GAC AGC TGT
GAT AGT GAC AGC GAT AGT GAC AGC C-3’
5’ -TC GAG GCT GTC ACT ATC GCT GTC ACT ATC ACA GCT
GTC ACT ATC GCT GTC ACT ATC A-3’

DSDSDSDSCDSDSDSDS

GPP8

5 -GATCT GGA CCA CCT GGT CCA CCT GGT CCT CCA
GGT CCA CCT GGA CCA CCT GGT CCA CCT GGT CCT CCA
GGTCCACCTC-3
5’ -TC GAG AGG TGG ACC TGG AGG ACC AGG TGG ACC
AGG TGG TCC AGG TGG ACC TGG AGG ACC AGG TGG ACC
AGG TGG TCC A-3’

GPPGPPGPPGPPGPPGPPGPPGPP

N-terminal

5’ -GATCT CAG CTG TCT TAT GGC TAT GAT GAG AAA
TCA ACC GGA GGA ATT TCC GTG CCT C-3’

5’ —TC GAG AGG CAC GGA AATTCCTCCGGT TGATTT
CTC ATC ATA GCC ATA AGACAGCTG A-3’

QLSYGYDEKSTGGISVP

C-terminal

5’-GATCT CAGCGC TGG TTT CGACTT CAG CTT CCT GCC
CCA GCC ACC TCA AGA GAA GGC TCACGATGG TGG CCG
CTA C-3°
5’ —TC GAG TAG CGG CCACCATCG TGAGCCTTC TCT
TGA GGT GGC TGG GGC AGG AAG CTG AAG TCG AAA CCA
GCGCTG A-3’

SAGFDFSFLPQPPQEKAHDGGRYYRA

E8

5’ -GA TCT CGA GGT GAT GAA GAG GAA GAG GAA GAG
GAA GAA C-3°
5’-TCGAGTTCTTCCTC TTCCTC TTCCTC TTC ATC ACC
TCG A-3’

EEEEEEEE

N-Zone

5’ -GATCT GGT TTG GAT GGT GCC AAG GGA GAT GCT
GGT CCT GCT GGT CCT AAG GGT GAG CCT GGC AGC CCT
GGT GAA AAT C-3’

5’ —TC GAG ATT TTC ACC AGG GCT GCC AGG CTC ACC
CTT AGG ACC AGC AGG ACC AGC ATC TCC CTT GGC ACC
ATC CAAACC A-3°

GLDGAKGDA GPAGPKGEPGSPGEN

C-Zone

5’ —-GA TCT GGA CCC CAA GGC CCA CGT GGT GAC AAG
GGT GAG ACA GGC GAA CAG GGC GAC AGA GGC ATA
AAG GGT CAC CGT C-3°
5’ —TC GAG ACG GTG ACC CTT TAT GCC TCT GTC GCC CTG
TTC GCC TGT CTC ACC CTT GTC ACC ACG TGG GCC TTG
GGG TCC A-3°

GPQGPGDGETGEQGDRGIKGHR
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5’ -GA TCT AAA GGC GGT AAA GGC GGT AAA GGC GGT

KGG4 AAA C-3° KGGKGGKGGKGG
5’-TCGAG TTT ACCGCC TTT ACC GCC TTT ACCGCCTTT
A-3’
5’ - GATCT AGC AGC AAA AAG AGC GGT AGC TAC AGC
KS GGT AGC AAA GGT AGC AAA C-3° SSKKSGSYSGSKGSK

5’-TCGAG TTT GCT ACC TTT GCT ACC GCT GTA GCT ACC
GCTCTTTTT GCT GCT A-3’

7. 2. 2 Synthesis of silica on wild type and bioengineered flagella templates:

The method follows our previous report [142] with some modifications. APTES (2107
mmol) was mixed and agitated gently with flagella solution (500 mL) by vortex mixer.
Then, the pH of the solution was adjusted to set value by HCI or NaOH and cooled in an
ice-water bath for 3-5 min. TEOS (2.5%10 mmol) was added while stirring for at least 3
min. The mixed solution was left in ice-water bath for ~30 min and then aged at room
temperature for 8 hr. Because the condensation of TEOS is slow at acidic conditions,
longer ageing time (24 h) was applied to solutions of lower pH. The white precipitates
were centrifuged at 5000 g for 10 min and washed with ethanol and water several times.
The samples were mounted on TEM grids and subjected to examination by TEM (Zeiss
10).

7. 3 Results and Discussion

All bioengineered strains were sequenced at each step to confirm the correct inserts. We
observed that the expression of some strains of bioengineered flagella, namely those that
were modified to display positively charged amino acids, was severely reduced. That is,
for these strains, we observed fewer flagella per bacterium or shortened flagella than on
wild type strains. These under-expressed strains were cultured on cell-motility media to
select bacteria with best flagella expression. The bacteria that swam to the front edges
with enhanced cell motility were inoculated for flagella purification. Finally, we
successfully displayed 11 different peptides on surface of flagella. The peptide sequences
displayed on all bioengineered flagella are summarized in Table 7. 1.

The formation of silica shell on flagella depends on the absolute rates of hydrolysis and

condensation reactions of TEOS as well as the relative rate between these two reactions
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[335]. The effect of pH on the hydrolysis and condensation of TEOS was studied [336].
The rate of hydrolysis is catalyzed in both acidic and alkaline conditions with a minimum
rate at pH 7.0. The rate of condensation reaches a minimum at a pH of about 2.0. In this
study, APTES was first mixed with flagella in aqueous solution then TEOS was added.
The APTES should play dual role in directing transcription silica nanotubes on the
flagella surface. First, according to the so-called “surface mechanism”, APTES adsorbs
on the surface of flagella by hydrogen bonds or electrostatic interactions between the
amino group of APTES and the functional groups on flagella surface [337]. The
condensed APTES on flagella surface is hydrolyzed, giving rise to the formation of
hydroxyl anions and form the thin layers of silica precursors, which serve as nuclei. After
TEOS is added, these hydroxyl anions can then mediate the hydrolysis and condensation
reactions of TEOS, resulting in the formation of silica shells. The solution pH increased
to 10.40 after APTES, a week base, was added to the flagella solution. The alkaline
environment promotes the condensation of TEOS. However, in acidic conditions (pH=2-
5), hydrolysis of TEOS is favorable but condensation is the rate-determining step [336].
The APTES might not have significant effects on the polycondensation of silica shell.
Because of the non-covalent interaction between APTES and flagellar protein on the
surfaces, salt affects the binding of APTES on flagella. Different concentrations of NaCl
were mixed with the flagella solution. However, no silica shell can be condensed on
surface of flagella (data no shown). Moreover, high temperature will render
heterogeneous polycondensation of TEOS. In this study, we focus on pH effects on
morphology control and surface features of SNTs. In alkaline conditions (pH=8-11.5),
after TEOS was added to the solution, white precipitates appeared in 15 min indicating
the formation of silica shells on flagella. At pH higher than 11.5 it took less time for
white precipitates to form. It took about 24 h in acidic conditions (pH=3-4) to form white
precipitates. At pH lower than 3 and pH=5-7, no obvious precipitates could be observed
(Figure 7. 1).
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Figure 7.1: White precipitates formed after the reaction at different pHs. At alkaline

condition, more precipitates can be observed.
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Figure 7.2: TEM images of the resulting silica nanotubes on wild type flagella templates
at different pHs. A) pH=3.5; B) pH=4; C) pH=8; D) pH=9; E) pH=10; F) pH=10.5; G)
pH=11; H) pH=11.5. Scale bar is for all panels.
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Figure 7.3: TEM images of precipitates formed at different pHs. A) At pH 2, some linear
structures and large spherical nanoparticles were observed; B) At pH 2.5, nonspecific
aggregation with spherical nanoparticles were precipitated. C) At pH 3, a very thin layer
of silica nanoparticles was mineralized on flagella surface and most SNTs are separated.
D) At pH 5, similar structure and morphology of SNTs were observed to the SNTs at pH
3 but most SNTs formed into bundles. E) At pH 6 or 7, only a thin layer of amorphous
minerals nucleated on the surface of flagella. F) At pH 12, all flagella were degraded into
small fragments and wrapped into spherical silica nanoparticles. Scale bar is for all

panels.
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Figure 7.4: Higher magnification of SNTs on wild type flagella templates at different
pHs. . A) pH=3.5; B) pH=4; C) pH=8; D) pH=9; E) pH=10; F) pH=10.5; G) pH=11; H)
pH=11.5. Scale bar is valid for panels.
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The different morphologies of SNTs based on wild type flagella at different pHs are
shown in Figure 7. 2 and Figure 7. 3. High magnification of SNTs at different pHs is
depicted in Figure 7. 4. Because bacterial flagella are stable at pH=2-10 [332], the effects
of pH ranging from 3-11.5 on the morphologies and surface features of SNTs were
investigated in this study. At pH<3 or pH>11.5, the flagella depolymerized and no
tubular structures could be observed (Figure 7. 3). In acidic conditions (pH=3.5-4), the
bundled SNTs appeared with a thin layer of silica nanoparticles coated on surface of
flagella. More SNTs with curly morphology were observed at pH=3.5. Interestingly,
there were a great amount of open cyclic silica bundles at pH=4 (Figure7. 2A, B). At low
pH, the hydrolysis of TEOS is catalyzed. The isoelectric point of wild type flagella is 5.3
[338]. The electrostatic interactions between APTES and flagella severely attenuated
below pH=5.3. At this moment, the condensation of TEOS may generate on flagella
surface directly. The neighboring flagella were bundled together by condensation
reaction between hydroxyl anions on each flagellum (Figure 7. 3). In a control
experiment, after TEOS was added to flagella solution without APTES at pH below 5.3,
similar results was observed (data not shown). At pH=5-7, only a very thin layer of silica
formed on surface of flagella, indicating low condensation of TEOS (Figure 7. 2). These

results are consistent with previous reports [336, 339].

In alkaline conditions (pH=8-11.5), the polycondensation of TEOS is more favorable and
tubular structures of SNTs are observed. At pH 8, polycondensation occurred on the
flagella surface and in solution simultaneously. A thin layer of silica particles nucleated
on surface of flagella which resulted in a relatively uniform but rough appearance (Figure
7. 2). At the same time, there were also free silica nanoparticles in the solution (Figure 7.
4C). Most of the SNTs exhibited characteristic sinusoidal waves of flagella, but some
only exhibited curly morphology. This may have been due to broken flagella. When the
pH was increased to 9, the SNTs also showed sinusoidal wave morphology but with a
shorter wavelength than those formed at pH=8 (Figure 7. 2D). Some free silica
nanoparticles formed on and off the flagella surface. At pH 10, almost all of SNTs were
of curly or open cyclic morphology (Figure 7. 2E). At pH 10.5, most SNTs exhibited
open cyclic morphology which are similar with our previous report [142]. Actually, after
APTES (2x10"° mmol) mixed with wild type flagella, the pH increased to ~10.40. The
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surface feature also exhibited pearl-necklace-like morphology with some more free
spherical silica nanoparticles (Figure 7. 2F). At pH 11, both curly and straight
morphologies of SNTs were observed. There were also some free spherical silica
nanoparticles that condensed at intersections of SNTs (Figure 7. 2G). Some of the SNTs
were interconnected with each other through large silica spheres. After pH was increased
to 11.5, the flagella became unstable with most of the flagella depolymerizing and some
being degraded into much shorter fragments (Figure 7. 2H). These short fragments were
straight and coated with a layer of granular silica particles. The depolymerization and
degradation may also have been caused by stirring the solution during the silica
condensation process. In addition to the short fragments, a large number of spherical
silica nanoparticles ranging from 40-300 nm with mesostructured interiors were

observed.
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Figure 7.5: pH changes before and after the reaction.

The helical transformation of flagella at different pHs is rapid and the transformation is
reversible. Almost all flagella exhibited identical morphology at specific pH [332].
However, we noticed that the morphology of SNTSs at given pH was not very uniform. In
the reaction, hydrolysis and condensation of TEOS had no effect on the value of pH
[336]. In this study, the pH was adjusted to a specific value before TEOS was added. The
pH changes during polycondensation of silica on flagella surface were monitored and are

summarized in Figure 7. 5. Not only did the pH change after each reaction but the
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magnitude and direction of each change also varied with different initial pH values. At
pH 2 and 7, no obvious changes in pH were observed before and after the reactions. In
acidic conditions, the pH increased after the reaction while the pH decreased in alkaline
conditions after the reaction. The ranges of pH changes seems to correspond to the
amount of silica precipitates That more silica precipitates formed reflects that more
APTES was involved in the reaction. The changes in pH during the reaction should have
been mainly mediated by APTES as it was the only base in the solution. These changes in
pH during the reaction explain the occurrence of heterogeneous morphology of SNTs in a
single sample. During the reaction, the morphology of flagella is “fixed” by the silica
shells. However, some flagella might not have silica shells condensed on their surface at
the initial pH. Thus, these uncoated flagella can change their morphology as the pH of the

solution changes, resulting in SNTs of aberrant morphology.

(SN

Figure 7.6: TEM images of different morphology with various surface features of SNTs
on wild type flagella templates. A, B) At acidic conditions, bundled SNTs were formed;

C-I) Different morphology and surface features of SNTs at alkaline conditions.
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In addition to the morphological changes of SNTs at different pHs, the surface of the
nanotubes also exhibited distinct features which are summarized in Figure 7. 6. At low
pH, multi channeled SNTs with curly or open cyclic morphology were observed with a
thin layer of tiny SNTs which exhibited uniform inner and outer diameters. (Figure 7. 6A,
B). In alkaline conditions, uniform, granular, pearl-necklace-like SNTs with compact or
loose surface features that depend on pH could be obtained (Figure 7. 6C-1). At pH=11.5,
the straight flagella fragments were coated with a thin layer of granular silica. At high
magnification, it was clearly revealed that the mesostructured interiors of the spherical
silica nanoparticles are composed of flagella short fragments. The structure of these
nanoparticles is very similar to the tobacco mosaic virus based silica nanoparticles of a
previous report [340]. The formation of flagella fragment incorporated nanoparticles
might be based on similar mechanism. The surface feature of flagella with thickness can
also be modulated by different concentration of TEOS (original, 5% 10> (Figure 7. 7).
With an increased concentration of TEOS, the thickness of silica shell also increased and
the surface of the SNTs became flat. Silica particles grow on the nuclei formed by
hydrolysis of APTES on flagella surface until neighboring silica particles meet together
[142]. High concentration of TEOS made more packed silica particles on flagella and

merged together during growth.

100nm

Figure 7.7: TEM images of SNTs on wild type flagella template with different surface
features and thickness. A) Original concentration of TEOS; B) 5% TEOS; C) 10xTEOS
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The morphology of SNTs and surface features on bioengineered flagella were also
investigated. The SNTs of negatively charged flagella are summarized in Figure 7. 8.
Because alkaline conditions are more favorable for the condensation of TEOS [336, 339]
and the surface of flagella were modified with negatively charged amino acids, higher pH
(11) was also studied. SNTSs that used the E8 flagella as a template showed a slightly
curved morphology with pearl-necklace-like surface structures (Figure 7. 8A). At higher
pH, the SNTs became straighter with granular structures. There were also some large
silica spheres attached to the SNTs (Figure 7. 8B). E8+C+S8 flagella template-based
SNTs became much thicker and some of the SNTs had two or more flagella inside
(insert) due to the formation of disulfide bond between neighboring flagella. The surface
of SNTs was granular but no pearl-necklace-like structures were observed (Figure 7. 8C).
At higher pH, no bundled flagella mediated SNTs were observed. The morphology was
similar to E8 flagella templated SNTs (Figure 7. 8D). EBCS8 flagella template-based
SNTs were thicker than E8+C+S8 templated which were attributed to flagella bundle
composed of three or more flagella (Insert) and the surface became very smooth (Figure
7. 8E). Interestingly, at higher pH, many bundled open cyclic SNTs were observed
(Figure 7. 8F). On the more negatively charged D8CS8 flagella, only a thin layer of
granular silica condensed on the surface. Most SNTs were straight and composed of
flagella bundles (Figure 7. 8G). The bundled SNTs became monodispersed at higher pH
but the morphology did not change significantly (Figure 7. 8H). The above results
indicate that negatively charged surface may be not very favorable for the condensation
of TEOS. Due to the lower isoelectric point of aspartic acids than that of glutamic acids,
less silica was nucleated on D8CS8 flagellar surface than on either the E8+C+S8 or the
E8CS8 peptide. Yuwono et al also found that the peptide-amphiphile nanofiber with
negatively charged surface was not favorable for the condensation of TEOS [341].
However, the introduction of nucleophilic hydroxyl groups promoted the condensation.
The hydroxyl group displayed on surface of flagella may mimic the hydroxyl anion to
attack the silicon atom by an SN»-Si mechanism [342].

128



Figure 7.8: The morphology and surface features of SNTs on negatively charged
bioengineered flagella. A, B) SNTs on ES8 flagella template; C, D) SNTs on E8+C+S8
flagella template; E, F) SNTs on E8CS8 flagella template; G, H) SNTs on D8CS8
flagella template. B, D, F and H are at higher pH.
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Positively charged lysine or arginine enriched proteins promote silica mineralization
[343-345]. Poly-lysine or histidine synthesized on peptide-amphiphile nanofibers and
arginine-lysine loop displayed on flagella catalyzed the silica polymerization on their
surface [141, 341]. In this study, the lysine displayed flagella termed KGG4 also directed
the condensation of TEOS on their surface (Figure 7. 9A). The thickness of the silica
shell is uniform with rough surface and is similar to the previous research on other
templates [141, 341]. However, when the serine and lysine modified flagella, termed KS,
was used as a template, a novel morphology of SNTs was obtained (Figure 7. 9B). Many
silica nanoparticles nucleated around the nanotubes. The ability to induce mineralization
of silica may be different for the side functional groups of lysine and serine displayed on
flagella. The formation and growth of silica particles are much faster at some nucleation

sites. However, the exact mechanism is unexplained for the moment.

Figure 7.9: The morphology and surface features of SNTs on positively charged
bioengineered flagella. A) SNTs morphology on KGG4 flagella; B) SNTs morphology on
KS flagella
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Figure 7.10: TEM images of SNTs on GPP8 flagella template. A) pH=10.4; B) pH=11.

Scale bar is for all panels.

Figure 7.11: SNTs morphology on bioengineered flagella with mixed polar peptides from
type | collagen. A) SNTs on N-terminal flagella; B) SNTs on C-terminal flagella; C)
SNTs on N-zone flagella; D) SNTs on C-zone flagella.

We also displayed some other sequences on flagella. Flagella with eight continuous GPP
sequences can also mediate the mineralization of silica. The morphology is similar to
wild type flagella template-based SNTs (Figure 7. 10A). At higher pH, however, the
ability to mediate mineralization of silica was severely decreased. Only a very thin layer
of silica nucleated on the surface of flagella, indicating the polar amino acids might be
important for the silica mineralization (Figure 7. 10B). Flagella with N, C-terminal, N, C-
zone sequences with mixed polar amino acids from type | collagen mediated SNTs are
summarized in Figure 7. 11. Different morphologies and surface features of SNTs can be
observed. The transcription of silica shells we used can also be applied to other biological

templates. We also tried to synthesize SNTs on more rigid biological template-pili. The
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pili based SNTs are composed of bundled structures inside of SNTs with straight
morphology (Figure 7. 12A). Under higher pH, some broken pili fragments were

wrapped in spherical silica particles and the fragments were organized radially around a

silica core (Figure 7. 12B with insert)

<

400nm

Figure 7.12: TEM images of SNTs on pili template. A) Straight SNTs mineralized pili
bundles; B) Some spherical silica nanoparticles with radially organized pili fragments
were formed. Scale bar is for all panels.

Conclusion:

In summary, the morphology and surface features of flagella template-based SNTs can be
controlled by tuning the pH and concentration of TEOS. At low pH, bundled SNTs were
obtained with curly or open cyclic morphology. A layer of tiny nanoparticles mineralized
on the surface of flagella. At higher pH, the morphology of SNTs exhibited more
variations. Curly, open cyclic, straight, sinusoidal with different wavelength can be
observed. The surface feature of SNTs also possessed smooth, rough, pearl-necklace-like
and granular structures. The morphology and surface features of SNTs can also be tuned
by bioengineered flagella with different functional groups. The negatively charged
surface may be not very favorable for the condensation of TEOS. However, when the
flagella surface was modified with hydroxyl groups, the thickness of silica shell
increased. Moreover, the bundled SNTs were easily obtained by displaying cysteine on

the flagella at alkaline conditions. Positively charged surface facilitates the mineralization
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of silica and the formation of a silica shell of uniform thickness. Other morphologies of
SNTs can be obtained by inserting polar, nonpolar or a mixture of negatively and
positively charged amino acids on flagella. This method can also be applied to other
biological templates such as pili to obtain straight SNTs. The current work may open new
approach towards the facile fabrication of SNTs with controllable morphologies and

surface features.

133



Chapter 8 Biotemplated Synthesis of Hollow Bilayer of TiO,/SiO,

Nanotubes at Ambient Conditions

8. 1 Introduction

Nanostructural titanium oxide (titania, TiO2) nanotubes are one of the most widely
studied materials because of their unique and excellent properties. Titania is chemically
stable, non-toxic and well known as a wide gap semiconductor oxide. It also has high
photocatalytic activity under UV irradiation but not under visible light. Titania nanotubes
have a variety of applications as chemical sensing devices, dye-sensitized solar cells, gas
sensors, electrodes of solar cells, photocatalysts [346-348]. They are also very promising
for biomedical applications, such as tissue engineering, biosensing, and drug delivery,
due to their chemical stability and non-toxic characteristics [349-353]. There are two
general methods for the synthesis of titania nanotubes: one is through self-assembly of
titanium oxide during chemical synthesis processes such as the well-known ‘anodic
oxidation” method [347]; the other one is a template based fabrication of titanium oxide
nanotubes [354]. With this latter method, the size of the nanotubes usually depends on the
template material and the thickness of the nanotubes can be modified. A liquid-phase
deposition method has been widely used to coat the surface of the templates with titania
[354]. After deposition, the templates can be chemically or physically removed to
generate nanotubes. In recent years, biological systems have been used as supporting
templates or catalysts to produce nanoscale titania materials and nanotubes [355-363].
Biological systems are very easy to scale up and the biological templates can be removed
at ambient conditions or by heat treatment. They also exhibit precise control over
morphology, size distribution and their spatial arrangement. Moreover, most biological
templates can self-assemble into highly ordered structures, which is a critical property for
materials to be used in nanofabrication and nanotechnology [241, 278, 364]. To date,
there are a variety of bio-enabled titania nanoparticles and nanotubes which have been
synthesized upon a group of proteins that includes silicatein, silaffins, positively charged
lysozymes and peptides. These proteins are used as enzymatic biocatalysts to produce
titania nanomaterials [278, 355, 357, 358, 360, 362, 365]. However, this approach is

limited by the species of biological templates and does not have enough different
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morphology and sizes available. The other method is to for titania nanomaterials upon
bio-templates, such as the tobacco mosaic virus and certain lipids [359, 363]. The current
approach also has some limitations. Multiple steps have to be employed and the
biological templates have to be immobilized on a substrate preventing the scale up of the
titania nanomaterials. Furthermore, these reactions cannot be performed in aqueous

solution or close to room temperature.

Usually, titania nanoparticles and nanotubes titania are assembled or attached to support
scaffolds or substrates for practical applications. However, the application of titania as a
photo-catalyst and UV absorbing agent are considerably limited. Due to the excellent
photoactivity of titania, in most cases, the organic materials used to support titania are
itched or degraded. Consequently, silica as one of photo-catalytically inactive substances
has been used to encapsulate titania to fabricate double-layered, core/shell structured, or
hybrid materials [366-368]. Silica is UV transparent. Thin shielding layer of silica (20 nm
in thickness) on the titania film can improve the photo-catalytic activity toward
photooxidation of polystyrene [366]. Another attractive approach to improving the photo-
catalytic activity of titania film is to use mesoporous silica and titania nanocrystals which
are dispersed within the silica supports. This structure exhibits a large surface area which

exposes more active sites of titania [369].

Bacterial flagellum is polymerized mainly from flagellin monomers into a hollow helical
structure of 11 units per 2 turns. The outer diameter of the flagella filament varies from
12 nm to 25 nm depending on the species of bacteria. Flagella have an inner diameter of
about 2 nm and a length of up to 10-15 um. Each flagellum is attached to the bacterial
cell by a short joint-like hook structure. Recently, we demonstrated the fabrication of
silica nanotubes using genetically modified bacterial flagella as a template. By changing
the concentration of tetraethoxysilane (TEOS) and the reaction time, we were able to
control the thickness of the silica shell. Here, we introduce a new, economically scalable
sol-gel method to fabricate silica/titania hollow, double-layered nanotubes with uniform
diameter using a bacterial flagella template. In previous research, natural and genetically
engineered bacterial flagella have been used as templates to mediate titania nanotube

formations [141, 144]. Genetically engineered flagella with a single Tyr loop insert
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(HYSYGYSYGYSY) can mediate nucleation of titania on their surface. However, the
genetically engineered flagella have to be dried on the TEM grid before applying
titanium (1V) ethoxide solution in ethanol [141]. We have confirmed that flagella cannot
survive in pure ethanol (data not shown). Hesse et al [144] demonstrated the formation
of titania nanotubes using flagella isolated from Salmonella typhimurium in aqueous
solution. However, hydrolysis of titanium chloride (TiCls) will release corrosive
hydrogen chloride (HCI). It has been shown that flagella become unstable and
depolymerize under low pH [370]. In the present study, we synthesized the titania/silica
double-layered nanotubes directly in aqueous solution close to neutral pH at room
temperature. After calcification, amorphous titania transformed into crystalline titania

nanoparticles (anatase phase) and embedded within the silica shell-tube.
8. 2 Materials and Methods

8. 2. 1 Salmonella flagella purification:

The frozen Salmonella wild type strain inoculated in 2 ml of LB media at 37 <C with
shaking (250 rpm) for overnight. Then the cell culture was inoculated in 1 L of LB media
and continues to grow at 37 T with shaking (250 rpm) until OD reached 0.6-0.8. The
culture was collected and centrifuged at 6000 g for 20 min at 4 <C. The cell pellets were
washed twice by PBS buffer (pH=7.4). Finally, the cell pellet was resuspended in
deionized water and agitated on a vortex mixer at the highest speed for 3 min. The
flagella were then detached from the cells and suspended in the solution. The bacteria
were removed by centrifugation at 4000 rpm for 20-30 min and the supernatant
containing flagella was collected. The supernatant were centrifuged again at 10,000 g for
20 min to remove debris from solution. High purity flagella were precipitated by ultra-
centrifugation at 80,000 g for 2 h. Finally, the flagella were dissolved in either deionized
water or PBS buffer.

8. 2. 2 TiO,/SiO, growth on flagella templates:

All reagents were purchased from Sigma-Aldrich without any further purification. In a
typical experiment, the sol was prepared by titanium (IV) butoxide (TBT) mixed with
acetylacetone (AcAc) in ethanol. They were mixed in a molar ratio of TBT: Ethanol:

AcAc=1: 100: 5 and stirred for 1 h at room temperature. Then, the solution was then
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introduced into deionized water at a volume ratio 1: 8 and stirred for 5 min. AcCAc was
used as a chelating reagent to slow down the hydrolysis and the condensation reactions.
APTES (2%10"° mmol) was added to 500 pL flagella solution and gently mixed by
vortex. The mixed flagella solution cooled down in an ice-water bath for 3-5 min. Then
the flagella solution was added drop-wise by sol with stirring for 3 min. The mixed
solution was cool in an ice-water bath for about 1 h and then left at room temperature for
about 6 h until white precipitates appeared. The titania coated flagella nanotubes were
washed with water and ethanol several times by low speed centrifugation. The synthesis
of the second SiO, layer was based on our previous report [371]. The procedure is similar
to TiO, synthesis. The only difference is TEOS at a concentration of 2.5>10> mmol was

used as the precursor solution.

8. 2. 3 Calcinations of the bilayer of TiO,/SiO, nanotubes at different temperatures:
Calcination TiO, nanotubes were carried out under air in a tube furnace. The air dried
TiO, nanotubes were transferred to a porcelain boat, and heated at 110 <C for 8 h. Then,
the temperature was increase (2 <C/min) to the 150 <C and 200 <T respectively for 2 h.
Finally, the samples were cooled to room temperature at a rate of 5 </min. Calcination
of TiO,/SiO, nanotubes was performed according to the same procedure but at an
increased temperature of 500 <C and 700 <T respectively for 4 h. Calcination was carried
out in a Lindberg tube furnace (TF55030A)

8. 2. 4 Materials Characterization:

The TiO, nanotubes and TiO,/SiO, bilayer nanotubes were examined by using TEM
Zeiss 10 and High Resolution TEM JEOL 2010-FX. Morphology and XRD analysis
were carried out using SEM JEOL JSM-880.

8. 3 Result and Discussion

High concentrations of flagella can be prepared mainly by one of two methods: The first
one is to induce the flagella depolymerization from the bacteria at low pH, remove
bacteria through centrifugation, and finally, to induce FIiC repolymerization into flagella
with a high concentration of salt at neutral pH. Usually, some small fragments of flagella

are added as seeds to achieve longer flagella polymerization [372]; The other method is
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to detach flagella from the bacterial body by high speed vortex [373]. This is facile and

easy way to isolate large amount of flagella.
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Figure 8.1: Schematic representation of the procedure for fabrication bilayer titania/silica

nanotubes and subsequent calcination

The array of TiO, nanotubes can be produced by the well-known “clectrochemical
anodization” method [347]. For the template mediated synthesis of TiO, nanotubes, the
sol-gel method is widely used [141, 359]. The hydrolysis precursors, such as titanium
isopropoxide and titanium butoxide, must be hydrolyzed in organic solvents [374].
However, most of the bioenabled templates cannot survive in organic solvents.
Alternative routes have been developed such as immobilizing the templates on substrates
[141, 363] or carrying out the reaction at very low temperatures [359]; however, both

limit the material’s practical application

Previously, we reported the synthesis of SiO, nanotubes mediated by wild type or
bioengineered flagella in aqueous solution and at ambient conditions [371]. In the present
study, we developed a new sol-gel method for the synthesis TiO, nanotubes in which the
reaction also occurred in aqueous solution, close to room temperature and neutral pH.
APTES is used as the initial nuclei for subsequent TiO; nucleation. The second layer of
SiO; is then coated based on our previous method [371]. The organic flagella templates
can be removed by calcination. Finally, hollow bilayer TiO,/SiO, nanotubes were
synthesized. After calcination, the amorphous TiO, transformed into crystalline
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nanoparticles dispersed inside the SiO, shell. The entire strategy is depicted in Figure 8.
1.

Figure 8.2: SEM micrographs of flagella mediated titania and bilayer titania/silica
nanotubes with EDX analysis. A) Titania nanotubes using wild type flagella as template;
B) Bilayer titan/silica nanotubes; C) EDX analysis of titania nanotubes. The nanotubes
are mainly composed of titania; D) EDX analysis of bilayer titania/silica nanotubes. Both

of titania and silica can be observed.

The first layer of TiO, nanotubes was characterized by SEM (Figure 8. 2 A). A
continuous layer of amorphous TiO, with rough surfaces totally covered the surface of
the flagella. The nanotubes still kept the characteristic curly morphology of flagella. We
propose that the positively charged APTES adsorbed onto the flagella surface by
hydrogen bonding or electrostatic interaction [371]. The zeta potential of wild type
flagella is about -6 mv indicating the presence of negative charges on the flagella surface.
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Partially hydrolyzed APTES form silicic acid as nuclei to mediate the formation of TiO,
nanotubes. EDX analysis indicates that the amorphous layer is mainly composted of
titanium with minor silicon (Figure 8. 2 B). The silicon should come from the hydrolysis
of APTES. The SiO; shell, or second, layer increased the diameter of the nanotubes and
amplified the roughness of the TiO, layer upon which the SiO, was coated (Figure 8. 2
C). A very high aspect ratio of silica can be observed by EDX. Because the titania layer
was covered by the silica layer, The relative ratio of titania to silica significantly
decreased (Figure 8. 2 D).

Figure 8.3: TEM micrographs of titania nanotubes. A) Titania nanotubes show
characteristic flagella curves; B) The rough surfaces of titania nanotubes exhibit “sticky”
properties. Some redundant titania nucleated at the interconnected sites; C) The detailed
morphology titania nanotubes. The central pores can barely be observed (as marked by

arrows)

Titania and titania/silica bilayer nanotubes were also characterized by TEM as shown in
Figure 8. 3. After coating with the first titania layer, the nanotubes exhibit very rough
surfaces unlike the flagella based silica nanotubes which exhibit pearl-necklace-like
surface feature [371]. The diameter of the titania nanotubes ranges from 30 to 80 nm.
Compared to flagella based silica nanotubes, the titania nanotubes appear more “sticky”
and some excessive titania is nucleated at the interconnected sites between nanotubes
(Figure 8. 3 A, B). This may be ascribed to the low density of titania prepared by the sol-
gel method [375]. After coated with amorphous titania, the flagella projected pore at the
center of the nanotubes was present but barely observable (Figure 8. 4 C, marked by

arrows). In comparison, silica nanotubes with uniform pore size corresponding to the
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diameter of flagella can be directly observed under TEM. Interestingly, after the titania
nanotubes were coated by the second layer of silica, a uniform pore size with a diameter
about 15 nm became visible (Figure 8. 5 A). The high density of silica might enhance the
contrast between flagella templates and inorganics. This result is also consistent with our
previous research [371]. The diameter of titania/silica bilayer nanotubes increased to 40-
90 nm. Meanwhile, the thickness of titania or silica layer is controllable by changing
amount and concentration of the precursor solution and/or reaction time (Figure 8. 5 B).
After coated by less titania and more silica, the nanotubes became more flat with some
free silica nanoparticles nucleated or hanging on the surfaces. If coated with less silica
and more titania, the nanotubes exhibited rougher surfaces and the central pores became

invisible.

A, B) Titania nanotubes show some random coils and curved morphology using M13

phage as template. C, D) Straight titania nanotubes can be observed using bacteria pili as

template.
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Figure 8.5: TEM micrographs of bilayer titania/silica nanotubes. A) Characteristic
morphology of titania/silica nanotubes using wild type flagella as template. B) Tuning
thickness of titania or silica by varying the initial precursor concentration and reaction
time. Thicker layer of silica (left) shows flat surfaces with some free silica nanoparticles
attached. Thicker layer of titania (right) shows rough surfaces due to the first rough

titania layer “amplified” by the second silica coating.

Previously, we demonstrated control the morphology of silica nanotubes based on wild
type and bioengineered flagella templates [371]. Here we show a different strategy to
control the morphology of titania nanotubes by using two other bio-enabled templates,
filamentous bacteriophage M13 and bacterial pili. Using the same conditions as were
used when coating titania on flagella, both phage and pili have been successfully coated
by titania (Figure 8. 4). Because the natural morphologies of phage and pili are quite
different than that of flagella, the titania nanotubes based on them exhibited obvious
morphological differences. Silica nanotubes based on phage template show some random
coils and curves; however, pili based silica nanotubes exhibit straight morphology. The
method we used can be extended to other biological templates with different
morphologies which may broaden their applications. From this work, a general procedure
might be developed for coating titania on bio-enabled templates and/or other templates

that cannot survive in organic solvent.

After the flagella were coated by the layer of titania, the samples were washed several

times with water and dissolved in ethanol. Then the samples were air dried and annealed
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at 150 <C and 200 <C, respectively, for 2 h (Figure 8. 6). At 150 <C, the organic flagella
templates start to decompose revealing hollow nanotubes composed of a thin layer of
TiO; with the curly flagella morphology (Figure 8. 6 A). The diameter of the nanotubes
has decreased after heating. The outer diameter of the nanotubes reduced to 40-60 nm
with a wall thickness of 10-25 nm and an inner diameter of 20-35 nm. At the higher
temperature (200 <C), the TiO, nanotubes began to collapse and the characteristic
template morphology disappeared. Much shorter but thicker straight nanotubes with
corrugated surfaces can be observed (Figure 8. 6 B). A previous study also confirmed that
at high temperatures, the amorphous TiO, transformed into crystalline nanoparticles
[144]. Interestingly, when we subjected the nanotubes to heat treatment at 150 <C for 2 h
after coating with a very thin layer of silica, most of the nanotubes remained intact with a
pore size fitting the diameter of flagella (Figure 8. 6C). This data demonstrates the ability
of silica to support the inner layer of titania and prevent titania nanotubes from
collapsing. There were still some nanotubes with a larger pore size because the silica
layer on the surface of some flagella was either nonexistent or too thin to preserve the

nanotubes.

Figure 8.6: TEM micrographs of titania and titania with thin layer of silica nanotubes
annealed at low temperature. A) Titian nanotubes annealed at 150 <C for 2 h; B)
Annealed at 200 <C for 2 h; C) After the titania nanotubes coated with a thin layer of

silica, most nanotubes keep intact.

After coated with a thicker SiO, layer, calcinations of the TiO,/SiO, nanotubes at
different temperatures (500 <C, 800 <C) were carried out to remove the organic template
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under air in a tube furnace (Figure 8. 7). TEM images of the TiO,/SiO, nanotubes
calcined at 500 <C showed hollow structures with a uniform pore size of 10240.5 nm but
very rough outer surfaces. The open-ended tubular structures exhibit outer diameters of
about 30-80 nm with a wall thickness of 10-60 nm (Figure 8. 7 A). When the calcination
temperature was increased to 800 <C, some of the nanotubes broke into shorter fragment.
The diameter of the pore decreased to 840.5 nm. The outer diameters also decreased to
25-50 nm (Figure 8. 7 B). However, the thicker layer of silica improved the integrity of
titania/silica nanotubes at high temperature (Figure 8. 8). This result also demonstrates
that the silica shield has high thermal stability and can support the inner TiO; layer as a
“skeleton”. The titania prepared by sol-gel method has a tenuous structure and allows
silica precursors to penetrate inside the very open network [376]. Without drying the
titania core, silica shell could be coated by sol-gel method to form a mixed composition

after calcination [376].
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Figure 8.7: TEM micrographs of titania/silica nanotubes calcined at different
temperatures. A) Calcined at 500 <C; B) Calcined at 800 <C. (high magnification shows

insert)
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Figure 8.8: TEM micrographs of thicker layer of silica on titania layer nanotubes calcined

at 800 <C. The nanotubes still keep intact.
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Figure 8.9: HRTEM micrograph with EDX analysis of calcined at 500 <C titania/silica

nanotubes

In order to determine whether the titania was still inside of the silica shell, after
calcination at 500 <C, the bilayer of TiO,/SiO, nanotubes was analyzed by EDX using
TEM (Figure 8. 9). The thicker layer of SiO, was coated for XRD analyses in order to fit
the selected sites on and off the axis of nanotubes. It clearly showed that the marginal
sides of the nanotubes are only composed of silica. In the center, both titania and silica

were detected indicating the presence of a titania layer in side of the silica layer. Before
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calcination, we found a very similar pattern of TiO,/SiO, distributions (Figure 8. 10).
Many reports confirmed that amorphous titania start phase transitions upon heating. Yang
et al reported the amorphous TiO, nanotubes start to initiate phase transition to crystals in
the anatase and rutile phases at 300 <C and 500 <C respectively [377]. Polycrystalline
anatase phase of the TiO, nanotubes prepared by sol-gel method were obtained after
calcined at 650 <C for 2 h [354]. Amorphous TiO, nanotubes using TiCl, as precursor
turned into nanoparticle TiO, covering the filament after annealing at 200 <C. In our
study, the phase transition of TiO,/SiO, bilayer nanotubes was investigated by high
resolution transmission electron microscopy (HRTEM, JEOL-2010) (Figure 8. 11).
Figure 8. 11A shows the morphology of the bilayer TiO,/SiO, nanotubes annealed at 500
<C for 4 h. The outer diameters of the nanotubes with rough surfaces are not very
uniform. However, the inner pore sizes created by removing the flagella template are
very smooth. High magnification of the TEM images shows some dark small clusters
well dispersed in an amorphous background and close to the center. We believe the small
clusters are composed of crystalline TiO, nanoparticles (Figure 8.10 B). The diameters of
the nanoparticles range from 2 to 8 nm. The dashed lines show the hollow pore and
direction of the nanotube. The SAED pattern showed in the inset of Figure 8. 7 C
indicates that TiO, is in the anatase phase. At high resolution, polycrystalline
nanoparticles could be clearly observed with identical lattice fringes (d=0.35nm)
corresponding to the d-spacing between adjacent (101) crystallographic planes of anatase
TiO, phase (Figure 8. 11C, D marked in the dash line cycles). Titania nanoparticles are
also located near the center pore (as marked by dash line) of the nanotubes. This data
demonstrates that after calcination at 500 <C, the amorphous TiO; transformed into the
crystalline anatase phase. Meanwhile, the crystalline TiO, nanoparticles are imbedded
inside the amorphous SiO, shell. Our previous study proved the amorphous SiO,
nanotubes prepared by the sol-gel method transformed into the crystalline phase up to a
temperature up to 950 T [371].
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Figure 8.10: HRTEM micrograph with EDX analysis of titania/silica nanotubes before

calcination.
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Figure 8.11: HRTEM analysis of titania/silica nanotubes for the phase transition. A)
Detailed morphology of titania/silica nanotubes. B) Shows dark nanoparticles dispersed
in silica matrix and close to central pore. C, D) Crystal lattice fringes (d = 0.35 nm)
corresponding to the D-spacing between adjacent (101) crystallographic planes of anatase
TiO2 phase (marked in the dash line cycles). SAED pattern of (101) and (004) indicates

that anatase phase of titania (insert).

Due to its excellent photocatalytic and photovoltaic properties, TiO, has already shown
great promise regarding solar energy harvesting, air cleaning and water purification.
Because TiO; nanoparticles aggregate spontaneously in the reaction system resulting in a
rapid loss of their photocatalytic activity, alternative approaches that protect the

photocatalytic activity of titania have been developed such as dispersing TiO,
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nanoparticles in porous solids or immobilizing it on the inert surfaces [366-369, 378,
379]. In our study, the titania nanoparticles after calcination were successfully wrapped
inside a silica matrix. The photocatalytic activity may be decreased due to the outer silica
shell, which may block most of the active sites of TiO, [379]. However, after removing
the flagella template, the central pores, which mainly composed of TiO, nanoparticles
becomes surface exposed. An alternative method to maintain the active sites of titania is
to coat the titania surface with a titania layer. We also demonstrated titania coated on
silica nanotube using flagella as a template and characterized them by SEM (Figure 8.
12). There are multiple features of the flagella mediated synthesis of titania/silica
nanotubes that make it technologically advantages: A) Extensive chemistry modifications
are available for silane coatings using the SiO, exterior. For example, in waste water
treatment, nanotube surfaces are functionalized to be hydrophobic which minimize
competition between water and organics for sites on the TiO, catalyst; B) The silica
coating protects TiO, particles from abrasive interactions with substrates. C) The
thickness of TiO; or SiO, layers is tunable; D) The central pore create a void space that
may facilitate photocatalytic activity; E) After calcination, the SiO, serves as a “skeleton”
support for TiO, nanoparticles; F) The morphology and pore size can also be tuned using
different flagella species or other templates such as phage and pili; G) Neither

bioengineering nor chemistry modification of template surfaces is required.
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Figure 8.12: SEM micrographs of silica and silica/titania nanotubes using flagella as
templates with EDX analysis. A) silica nanotubes based on wild type flagella; B) Bilayer
silica/titan nanotubes; C) EDX analysis of silica nanotubes. The nanotubes are only
composed of silica; D) EDX analysis of bilayer silica/titania nanotubes. Both of titania
and silica can be observed. However, relative small portion of titania can be observed

indicating only a very thin layer of titania was coated on surface of silica.

8. 4 Conclusions

In summary, the present research demonstrates a new methodology to prepare hybrid
SiO,/TiO, nanotubes based on bacterial flagella template with uniform pore sizes. All
reactions were carried out in aqueous solution at ambient conditions. The thickness of
nanotubes could be tuned by varying the initial concentrations of precursor solutions and
the reaction time. After calcination, hollow SiO,/TiO, nanotubes were generated. TiO;
transformed into crystalline phase and condensed into nanoparticles dispersed inside the
SiO, matrix. This is a facile method that is easy to scale up and might have potential

industry applications.
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