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CHAPTER I

INTRODUCTION

Central Hypothesis

The central hypothesis of the research undertaken is that bioengineered flagella 

protein nanotubes of mesophilic bacteria provide a facile and inexpensive approach 

for the generation of a variety of monodisperse inorganic and organic nanotubes and 

nanoparticle arrays in high yields. This is distinctly different from and better than 

chemical synthetic methods which require harsh conditions and result in polydisperse 

materials often in poor yields.

Scope of This Research Dissertation

Bacterial flagella provide natural protein nanotube, which can be utilized to generate 

nanostructures with genetically controlled functionality. The scope of this dissertation 

is application of bioengineered flagella nanotube as scaffolds and templates for 

generation of useful inorganic and organic nanotubes (conductive and 

nonconductive), and generation of inorganic nanoparticle arrays.

1
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Bionanotube in Nanotechnology

Nanotechnology is inspired by biological systems and biomineralized structures; thus 

naturally available biological systems are widely mimicked and utilized in 

nanotechnology. As recently reviewed, biological materials represent novel templates 

and scaffolds for the development of new fabrication methods for microelectronic 

devices, microelectromechanical systems, sensor platforms, highly selective catalysts 

and novel biomaterials and integrated nanoparticle-biomolecule hybrid systems ( 1). 

Nanotubes are one of the important fields of study in nanotechnology, in part because 

they have several interesting advantages over spherical nanoparticles. Some of the 

major advantages of nanotubes over nanoparticles include the large aspect ratio of a 

hollow tube, which results in a much larger internal volume that can be used to 

encapsulate small drug molecules and larger proteins, such as enzymes, and the ability 

to separately modify the inner and outer surfaces with designed functional groups (2 , 

3). Self-assembling nanotubes are an emerging field of nanotechnology and have been 

proposed for use as antibiotics, reaction media, drug delivery devices, catalyst and 

conductors in microcircuits (4, 5). Self-assembling protein, peptide, and lipid 

nanotubes have previously been described by several research groups and employed 

as templates for metal, silica, and semiconductor nanotubes (4-10). Two recently 

described self-assembling protein nanotube systems include tobacco mosaic virus and 

bacterial pili, have been used extensively as self assembly nanotubes (7 , 11-13). 

Peptide bionanotube systems were developed as antibacterial materials, wound 

healing materials, supporting substrate for tissue engineering, sensors and scaffold for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



biomineralization of inorganic materials (14-19). Unfortunately, the cost of synthesis 

of peptides is high which prohibits the large scale application in industry. 

Bacteriophage and tobacco mosaic virus are systems that have been studied in some 

detail, where peptide displayed virus have been used as template and scaffold for 

inorganic and organic materials (7, 20-22). Recently, application of engineered virus 

as coating materials for fibers in sensor application, supporting materials in lithium 

ion battery, liquid crystal, and digital memory devices were explored (23-26). Protein 

and peptide tobacco mosaic virus were employed as bionanotube and chemical 

modification of surface functionality increased diversity of resultant nanostructures 

(27).

Advantages of Bacterial Flagella over Other Systems

Here, we describe an investigation of bioengineered bacterial flagella that 

contain loops of amino acids in the D3 domain and the reactive formation of nanotube 

bundles to demonstrate the importance of these systems for biomaterial research. Like 

other biological protein nanotube systems, flagella self-assemble in a “bottom-up” 

fashion and form nanotubes with uniform diameters. However, flagella may have a 

number of potential advantages over other previously investigated self-assembling 

protein systems, as detailed below.

1. Large peptides (28-30) and entire proteins such as E. coli thioredoxin (109 

residues, 12 kDa) have been successfully inserted into the solvent-accessible
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hypervariable domain of flagellin (FliTrx) (31, 32) and displayed in high copy 

number, although the rational design of such insertions remains to be demonstrated.

2. Up to 100% incorporation into the flagella fiber can be attained for engineered 

flagellins containing mutations, fusion peptides or proteins, vs. 2 0 % incorporation for 

the M l3 virus.

3. Flagella can readily form single bionanotubes with much longer dimensions of 

10-15 pm in vivo vs. dimensions of less than 1 pm (500-900 nm) for the M13 virus 

and 300 nm for tobacco mosaic virus (TM V). This is because flagella have 

significantly more monomers than viruses, with 20,000-30,000 flagellin monomers 

(33) vs. 2700 monomers of the gP8  protein for M13 bacteriophage virus particles and 

2100 monomers for the capsid protein of tobacco mosaic virus (TM V).

4. Some flagella have a dynamic structure; flagellins from peritrichously 

flagellated bacteria such as E. coli and Salmonella have a two-state conformational 

switch and can form helical or straight filaments. This protein switch may be 

engineered to function as a sensor or control element for a novel helical “smart” 

nanomaterial.

5. Flagellins are naturally produced at high levels in E. coli and Salmonella (up 

to 8 % of total protein), do not require the use of viruses and can be expressed at even 

higher levels using an inducible promoter system. Flagellin monomers can also be 

purified from inclusion bodies by liquid chromatography and refolded in vitro. Thus, 

flagella can be economically produced by fermentation processes in large quantities, 

using bacteria typically used for bioproduction, such as E. coli.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 . Flagellins have highly conserved self-assembly properties and can reversibly 

self-assemble in vitro. Furthermore, flagellins from different mesophilic bacterial 

species can be combined in vitro into heterogeneous flagella through interactions of 

the highly conserved terminal domains (34-37). Thus, two or more types of flagellins 

with different engineered surface functionalities could be expressed in vivo or 

recombined in vitro to form multifunctional heterogeneous flagella.

0 .2  pm

Figure 1.1 TEM image of flagella and part of bacteria stained with 2% neutral
phospotungstic acid (a) flagella, (b)-pilli and (c) bacteria. TEM image 
was recorded with JEOL 1230 model transmission electron microscope 
(TEM) operating at 80 kV.
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Structure of Bacterial Flagella

Bacterial flagella are a naturally-occurring, self-assembling protein nanotube 

that enable bacteria to swim in aqueous environments (38-41). Flagella are composed 

of a membrane-bound proton gradient driven motor (42-44), a universal joint hook 

structure (45, 46) with one end attached to the motor and a long helical fiber attached 

to the other end of the hook structure that can be 10-15 pm or longer. When all 

flagellar motors in a motile E. coli cell rotate counterclockwise, the hydrodynamic 

interaction can lead to bundling of the individual flagella filaments into a larger 

helical fiber (47). Up to 30,000 monomers of the flagellin protein, encoded by the fliC  

gene product in E. coli, self-assemble to form a flagellar filament (48-50). A  typical 

flagellar filament has an outer diameter of 12-25 nm and an inner diameter of 2-3 nm 

(51), depending on the bacterial species. In the process of self-assembly of flagella on 

bacteria surface, flagellin monomers are recognized and transported by a type III 

export apparatus in the basal body, diffuse through the hook structure and the inner 

pore of the flagellar fiber and assemble at the distal end of flagella filament (50, 52, 

53). It is believed that flagellin monomers are exported in a partially unfolded state 

because the 2  nm pore size of the flagellin is too small to allow diffusion of the folded 

flagellin structure (51). The distal end, furthest from the cell surface, is protected by a 

pentameric cap of the FliD/Hap2 protein, which functions as a chaperone to assist in 

folding and self-assembly of flagellin monomers and also forms a barrier to prevent 

loss of flagellin monomers to the surrounding environment (54, 55). Inside the cell, 

flagellin aggregation into inclusion bodies or self-assembly into oligomeric flagella is
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prevented by association with the FliS chaperonin protein, which binds to flagellin 

with 2:1 ratio and forms a soluble trimer (51, 56). Flagellin monomers can self- 

assemble to form flagella in vitro at physiological pH and ionic strength. This self- 

assembly reaction can be promoted by providing nucleation seeds, i.e., small flagellar 

fragments. Flagellin was proposed as an object for molecular engineering by Fedorov 

in 1990 (57), and a number of peptides and proteins have been successfully inserted 

into flagella for use as a display tool for investigating molecular interactions (30, 31, 

58).
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D3 domain
Structure: mainly |3-sheet.
Outer part of dispensable, solvent accessible 
"hypervariable" region, extracellular display region. 
Function: unknown; propulsion, host immune evasion.

f
D2 domain
Structure: Mainly (3-sheet.
Inner part of dispensable,
solvent accessible "hypervariable" region,
extracellular display region.
Function: folding, linker, 
conformational flexibility.

DO domain.
Structure: a-heiical.
Function: type III export signal, 
FliS chaperonin binding & flagellar 
self-assembly via intermolecular 
coiled-coil interactions.

D1 domain
Structure: mainly 
a-helical. 
Function: folding, 
self-assembly

C-terminus N-terminus

Figure 1.2 Diagram of flagellin protein monomer structure. Image was generated 
with PyMol software using the Protein Data Bank flagellin structure 
coordinate file 1UCU.

In this study, a genetically engineered fusion protein of E. coli flagellin protein (/7/C 

gene product) and thioredoxin (trxA gene product), termed FliTrx(31), was used as a 

scaffold for the engineering of self-assembling nanotube bundles. The globular FliC
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protein consists of four domains, termed DO, D l, D2 and D3, and has been 

structurally characterized (51, 59, 60). Flagellin monomers self-assemble via non- 

covalent interactions between alpha-helical, coiled-coil motifs that compose the 

majority of the DO and D l domains, forming a helical fiber with a repeat of 11 

monomers per turn. The structural core of the flagellar protein nanotube is composed 

of the DO and D l domains and the outer solvent-exposed region of the fiber is 

composed of the D2 and D3 domains, which form a knob-like structure on the fiber 

surface. In FliTrx, the 109 residue thioredoxin protein was internally fused at its bl­

and C-termini between E. coli flagellin residues Gly243 and Ala352, corresponding to 

regions of the D2 and D3 domains, after removing approximately 50% of the wild- 

type D2 and D3 domains (35). The active site of fused thioredoxin is solvent 

accessible, has a disulfide-constrained loop, and is an ideal site to insert genetically 

encoded peptides for display purposes (31). In these studies, DNA oligonucleotide 

cassettes encoding several types of designed loop peptides, including were inserted in 

the thioredoxin active site and the engineered proteins were expressed, purified and 

characterized. Surface modification of carbon nanotubes can be achieved by doping 

and adding functional groups (61-67), but distribution of functional groups on the 

surface of nanotubes is not homogenous. Surface modification of the FliTrx protein, 

unlike carbon nanotubes, can be performed by genetically inserting amino acids with 

functional side chains into the thioredoxin active site, achieving precise control of the 

type and extent of homogeneous surface modification. It should also be noted that the 

flagella nanotube is a fixed structure formed by self-assembly of smaller fliC  proteins,
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resulting in fixed outer and inner diameters, unlike carbon nanotubes. Computational 

simulation of self-assembly of nanoscale building blocks as function of temperature 

have been studied by several research groups; the distribution of intersubunit 

interaction sites and shape complementarity to select interacting particles determines 

the shape of assembled structures (6 8 ). Flagellin proteins with engineered cysteine 

loops on the outer D3 domain can be considered as “sticky-patch” helical building 

blocks. Flagella have eleven flagellin subunits per 360° turn, yielding eleven sticky 

patches per turn. Each patch can theoretically form up to six disulfide bonds with 

neighboring flagella or other molecules and surfaces. This provides interesting 

possibilities for obtaining nanostructures through self-assembly. Careful reduction of 

transition metal ion complex on histidine looped flagella generate metal nanotubes 

and one dimensional nanoparticles assemblies (69). Histidine looped flagella were use 

as scaffold for self assembly of semiconductor quantum dots and template for 

synthesis of semiconductor quantum dots (70). Several conductive/nonconductive 

inorganic and organic nanotubes were generated using flagella as templates (71). The 

ordered assembly of cysteine-rich proteins by covalent disulfide bonds was previously 

investigated by several groups (6 , 72). Here, the oxidative self-assembly of bacterial 

flagella nanotubes into macroscopic fibrous bundles by covalent disulfide bond 

formation is presented. Molecular recognition and electrostatic interaction were used 

to layer by layer assembly of flagella nanotubes and assembled flagella were use as 

template for biomineralization of calcium carbonates. These results are discussed in 

following chapters (69-71, 73).
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CHAPTER II

GENERATION AND CHARACTERIZATION OF INORGANIC AND ORGANIC 
NANOTUBES ON BIOENGINEERED FLAGELLA OF 

MESOPHILIC BACTERIA

Introduction

A number of naturally occurring and synthetic materials being investigated for 

use as nanomaterials might also be incorporated into bionanotubes, using engineered 

flagella as a nucleation scaffold. Silica is a major biomaterial utilized by some plants; 

diatoms, a type of algae, are a leading organism involved in silica biomineralization 

(74). Diatoms uptake dissolved silica in water and generate a silicate shell in a 

process that involves phosphoproteins with polyamine side chains known as silaffins 

(75, 76). This process of silica biomineralization is currently being investigated using 

engineered peptides, polymers and proteins (76-87). Titania nanotube synthesis on 

biological scaffolds such as DNA, virus, protein and lipid nanotubes has also been 

recently studied. In most cases a titanium alkoxide precursor was reacted on the 

surface of the scaffold by a sol-gel process to generate titania nanostructures (24, 8 8 - 

90). Applications of titania nanotubes as a catalyst for photocleavage of water, 

harvesting sunlight in dye sensitized solar cells, sensors, lithium storage in batteries 

and function as electrodes, have recently been described by several research groups 

(91-97). Apatite is the major constituent of bone tissue; understanding the process of 

apatite biomineralization is important in development of artificial bones (98).
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Biomineralization of apatite on self-assembling peptides and functionalized carbon 

nanotubes has also been recently investigated (15, 99, 100). Polyaniline is yet another 

nanomaterial that has recently been investigated as a conductive coating for 

development of electrically conductive nanowires, manipulating DNA conformation 

and sensing application (101-104). Biomaterial scaffolds were extensively used in the 

fabrication of polyaniline nanotubes; anilinium ions are attracted and bind to the 

negatively charged scaffold by ionic interactions and tc-tt stacking (105, 106). Here, 

we describe the synthesis and characterization of silica, titania, hydroxyapatite and 

polyaniline nanotubes on bioengineered flagella scaffolds. The flagella bionanotubes 

displayed several different types of rationally designed loop peptides with a variety of 

chemical recognition properties for different types of ions, such as positive or 

negative charge or aromatic moieties (71).

Experimental Methods

Materials and Methods

The commonly employed chemicals and their sources and the instrumental 

techniques are listed here. More specific methods, chemicals and instruments are 

described under appropriate sections. A ll chemicals were reagent grade or better and 

were obtained from Sigma-Aldrich (St. Louis, MO), unless otherwise noted. Tris(2- 

carboxyethyl)phosphine hydrochloride (TCEP) was obtained from Fluka (Sigma- 

Aldrich). E. coli strain GI 826, the pFliTrx peptide display plasmid and all custom
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DNA oligonucleotides primers were obtained from Invitrogen Corp. (Carlsbad, CA). 

RsrII restriction enzyme, T4 DNA ligase and alkaline phosphatase were obtained 

from New England Biolabs (Beverly, M A). The QuikChange site-directed 

mutagenesis kit, including PfuTurbo DNA polymerase, 10X reaction buffer, Dpn I 

restriction enzyme and dNTP mix, were purchased from Stratagene (La Jolla, CA). 

DNA gel extraction and purification kits were obtained from QIAgen, Inc. (Valencia, 

CA). Polyacrylamide gels were prepared and run using a Bio-Rad (Hercules, CA) 

Mini-Protean 3 gel apparatus. A ll transmission electron microscope (TEM) Formvar 

sample imaging grids were obtained from Electron Microscopy Science (Fort 

Washington, PA). TEM images were taken with a JEOL model JEM 1230 

transmission electron microscope operating at 80 kV and scanning electron 

microscope (SEM) images were taken with a Hitachi S-4700 PC FESEM operating at 

1 kV.

Preparation of FliTrx Engineered Loop Peptide Flagella for Use as Nanotube
Scaffolds

The development of the FliTrx system for the display of constrained peptide loops on 

the surface of E. coli flagella fibers has been previously described (31, 32). The 

chimeric FliTrx protein consists of E. coli thioredoxin, (107) the 109 residue trxA 

gene product, inserted as an internal fusion into the solvent-exposed hypervariable 

region of an E. coli flagellin, the -500 residue fliC gene product. This bacterial 

flagellin expression system, available from Invitrogen (Carlsbad, CA), was designed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to allow genetically encoded insertion and extracellular display of constrained loop 

peptides on the surface of bacterial flagella fibers and is an alternative to phage 

display (31, 32, 108). The fusion peptides are inserted into the solvent-accessible 

active site region of thioredoxin, which has the peptide sequence: -Cys32-Gly33-*- 

Pr034-Cys35- (109, 110). The pFliTrx plasmid is used with either motile GI724 or non- 

motile GI826 strains of E. coli to express engineered FliTrx flagella fibers. This 

genetically encoded display system has been used to identify various peptides with 

affinity for specific metal and protein ligands (111-113) and material surfaces, (114) 

including selection of a peptide that exhibited zinc-dependent-antibody recognition . 

In a recent study, we demonstrated that the FliTrx system can also be engineered to 

display reactive thiol cysteine loop peptides which readily crosslink to form protein 

nanobundles, nanoparticles and nanotubes (69, 73).

Three of the FliTrx loop peptide variants used in this study were previously 

described (69, 73). To summarize, molecular biology procedures involved insertion of 

double-stranded synthetic oligonucleotide cassettes (i.e., “cassette mutagenesis”) 

encoding desired peptides at a unique Rsrll restriction site in a modified version of 

the pFliTrx plasmid. These procedures yielded modified FliTrx flagellin proteins that 

displayed peptide loops composed of one or more repeats of rationally designed 

peptide sequences on their outer surface. An anionic “Asp-Glu” loop peptide with six 

carboxylate side chain groups composed of one histidine residue, three glutamic acid 

residues, three aspartic acid residues and one glycine residue (His-Asp-Glu-Asp-Glu- 

Asp-Glu-Gly; HDEDEDEG), was encoded by the forward oligonucleotide, 5’-GT
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CAC GAC GAA GAT GAG GAC GAA G-3’, and the reverse oligonucleotide, 5’-G 

ACC TTC GTC CTC ATC TTC GTC GT-3’. A  cationic “Arg-Lys” loop peptide 

encoding four arginine residues with guanido side chain groups and three lysine 

residues with amine side chain groups (Arg-Lys-Arg-Lys-Arg-Lys-Arg; RKRKRKR) 

was encoded by the forward oligonucleotide, 5’-GTC GCA AGC GTA AGC GCA 

AGC-3’ and the reverse oligonucleotide, 5’-GAC GCT TGC GCT TAC GCT TGC- 

3’. The same cassette mutagenesis approach was used to prepare a polytyrosine loop 

(“Tyr loop”) peptide version of the FliTrx protein with one histidine residue and six 

tyrosine residues with phenol side chains groups, alternating with three serine and 

glycine residues: His-Tyr-Ser-Tyr-Gly-Tyr-Ser-Tyr-Gly-Tyr-Ser-Tyr;

HYSYGYSYGYSY. This peptide was encoded by the forward oligonucleotide, 5’- 

GT CAC TAT AGC TAC GGT TAC TCC TAC GGC TAC TCT TAT G-3’ and the 

reverse oligonucleotide, 5’-G ACC ATA AGA GTA GCC GTA GGA GTA ACC 

GTA GCT ATA GT-3’. A ll resulting modified pFliTrx plasmids were 

electrotransformed into GI 826 E. coli cells, single colonies were picked and cultured 

and plasmid DNA was isolated and sequenced (15). Due to the nature of the self- 

complementary ends of DNA cassettes encoding loop peptides, both single and 

multiple loop peptide inserts were isolated in the resulting plasmids. The presence of 

one or more loop inserts in the expressed FliTrx protein was also verified in a 

qualitative manner by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) analysis of post-induction whole cell lysates. Polyacrylamide gels with
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15% cross-linking were run at constant current with an initial voltage of 130 volts for

1.5 h and were stained with Coomassie brilliant blue R-250 dye.

The engineered pFliTrx plasmids were transformed into GI826 E. coli cells 

and plated on RMG media-Ampicillin (Amp) agar plates. Individual colonies were 

picked and used to inoculate 50 ml IMC-Amp media at 30 °C with shaking (225 rpm) 

for 16 h. These overnight cultures were then used to inoculate one liter volumes of 

IM C -Amp media to give an initial optical density at 550 nm (OD550) of 0.05. The cell 

cultures were grown at 30 °C with shaking (225 rpm) to an OD550 of 0.5 and protein 

expression was induced with 100 mg/1 L-tryptophan at 37 °C with slow shaking (22 

rpm) for 3 h. Cells were harvested by centrifugation at 4000 x g for 15 minutes at 4 

°C. Cells harvested from 4 liters of culture were resuspended in 50 ml of 150 mM  

NaCl and the solution pH was adjusted to 2.5 with 0.1 M  HC1 and stirred for 25 min 

to disassemble the flagella. The pH of the resultant solution was adjusted to pH 7 with 

0.1 M  NaOH and cells were pelleted by centrifugation at 10000 x g for 20 min. The 

supernatant was dialysed against 5 liters of pH 7.5, 20 mM Tris-HCl buffer for 24 h 

using 10 kDa molecular weight cutoff (MWCO) cellulose dialysis membrane to lower 

the concentration of NaCl. Flagellin was purified by anion exchange chromatography 

using a Q Sepharose Fast Flow column, with a gradient of 0-1.0 M  NaCl in 20 mM 

Tris-HCl, pH 7.5 buffer on an Akta Fast Protein Liquid Chromatography (FPLC) 

instrument (Amersham Biosciences/GE Healthcare, Piscataway, NJ). Flagella seeds, 

small fragments of flagella generated by polymerization of monomers in 0.8 M  

ammonium sulfate, were added to purified flagellin monomers and incubated at 4 °C
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for 24 h to allow polymerization. Polymerized flagella were precipitated by the 

addition of ammonium sulfate to obtain 1.8 M  final concentration and stored at 4 °C 

overnight. Precipitated flagella were isolated by centrifugation at 10,000 x g at 4 °C 

and suspended in 20 mM NaCl solution. The flagella suspension was dialyzed against 

one liter of 100 mM NaCl using a 50 kDa MWCO cellulose dialysis membrane for 24 

h with one buffer change. The flagellin concentration was determined by absorbance 

measurements at 280 nm in 6.0 M  guanidine hydrochloride, 0.02 M  phosphate buffer 

at pH 6.5, using molar absorptivity values of 30495 M ' 1 cm’ 1 for the Tyr loop variant 

and 21555 M ' 1 cm' 1 for the Arg-Lys loop variant and the Asp-Glu loop variant. These 

values were computed from the variant amino acid sequences using the ProtParam 

tool at the ExPASy Proteomics Server at http://www.exnasv.org.

Synthesis of Silica Nanotubes on Cationic Arginine-Lysine Loop Flagella
Scaffold

A 500 pi volume of cationic Arg-Lys loop flagella (0.5 mg/ml in 100 mM 

NaCl) with the single loop iasert sequence, RKRKRKR, was mixed with 20 pi of 50 

mM sodium silicate solution and incubated at 4 °C for 12 h. Then, 50 pi of 0.1 M  HC1 

was added and mixed with this solution. A 10 pi volume of the resulting solution was 

placed on a carbon coated Formvar/copper grid and the excess solvent was removed 

by blotting with filter paper. A 200 pi volume of cationic Arg-Lys loop flagella in 100 

mM NaCl was incubated with 1 pi of tetraethyl orthosilicate (Si(OC2H5)4) at 30 C for
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12 hours. A  10 pi volume of the resulting solution was placed on a TEM grid, the 

excess solution was removed after one min and TEM images were recorded. Control 

experiments were also performed using the same experimental procedures with FliTrx 

flagella that did not have any loop peptide inserts and also without any flagella.

Synthesis of Titanium Dioxide Nanotubes on Tyrosine-Serine-Glycine Loop
Flagella Scaffold

A 10 pi volume of purified flagella (0.5 mg/ml in 100 mM NaCl) with a single 

Tyr-loop insert (HYSYGYSYGYSY) was placed on a carbon coated Formvar/Cu 

TEM grid for three min. The excess solution was removed by blotting with a piece of 

filter paper. The grid was then allowed to dry for 10 min under nitrogen flow. A 5 pi 

volume of 5 mM titanium(IV) ethoxide solution in ethanol was placed on the grid and 

removed with filter paper after 30 s and the grid was washed with ethanol. Then, a 10 

pi volume of millipore water was placed on the grid and removed after 5 min. The 

grid was dried under nitrogen flow and these steps were repeated up to three times. 

The samples were then characterized by TEM imaging.

Synthesis of Hydroxyapatite Nanotubes on Anionic Aspartate-Glutamate Loop
Flagella Scaffold

Biomineralization of hydroxyapatite nanocrystals on flagella scaffolds displaying a 

loop peptide encoding three repeats of the anionic Asp-Glu loop sequence 

(HDEDEDEG-HDEDEDEG-HDEDEDEG) was carried out as described in elsewhere
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(115). A  volume of 10 jal of flagella (0.5 mg/ml in 100 mM NaCl) with anionic 

aspartic acid and glutamic acid peptide loops was placed on a holey carbon/Ni(200 

mesh) grid for 5 min and the excess solution was removed by blotting with a piece of 

filter paper. The grid was then allowed to dry for 10 min. A volume of 5 pi of 10 mM 

freshly prepared CaCl2 solution was then placed on the grid and incubated in a water 

vapor-saturated chamber for 5 min. Then the grid was carefully turned so that the side 

with the flagella and CaCl2 solution faced downwards. A volume of 5 pi of 10 mM 

Na2HPC>4 solution was then placed on the opposite side of the grid (opposite side 

from CaCl2 solution) and the grid was placed in a water vapor saturated chamber for 

another 10-20 min. The solvent was carefully removed and TEM images were 

collected.

Synthesis of Polyaniline Nano wires on Anionic Aspartate-Glutamate Loop
Flagella Scaffold

A volume of 10 pi of flagella solution (0.5 mg/ml in 100 mM NaCl) with a triple 

repeat Asp-Glu loop peptide (HDEDEDEG-HDEDEDEG-HDEDEDEG) was placed 

on a carbon coated Formvar TEM grid for 3 min. This was the same anionic Asp-Glu 

loop sequence peptide used for hydroxyapatite synthesis. The excess flagella solution 

was removed by blotting with a piece of filter paper. The grid was allowed to dry for 

another 10 min. A  10 pi volume of 10 mM aniline solution at pH 4.2 (pH adjusted 

with 0.1 M  HC1) was placed on the grid for one min and removed by blotting with 

filter paper. Then, 10 pi of 0.5 mM Tris(2,2'-bipyridine)dichlororuthenium(II)
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hexahydrate solution at pH 4.2 were placed on the grid. The grid was placed in a glass 

vial saturated with water vapor and exposed to a 40 W  tungsten bulb for 20 min. The 

ruthenium complex adsorbs light at a wavelength of 450 nm and initiates 

polymerization by oxidative electron transfer (75, 76, 81, 83, 85, 116-119). Excess 

solvent was removed by blotting with filter paper and TEM and SEM images were 

collected.

Results and Discussion

Silica Biomineralization on Cationic Arginine-Lysine Loop Flagella Scaffolds

Silica biomineralization on cationic Arg-Lys loop peptide flagella bionanotubes was 

performed with two different silica precursors, Na2Si0 3  and Si(OEt)4. The 

morphology of the resulting silica nanotube structures formed using these two silica 

precursors were different; the Na2SiC>3 generated very separated nanotubes while 

Si(OEt)4  generated silica nanotubes which were clumped together with further silica 

mineralization. Typical TEM images of silica nano tubes formed on flagella using 

Si(OEt)4  as the soluble silicate ion precursor are indicated in Figure 2.1 (a) (b) and 

(c), where Figure 2.1 (d) is the control sample prepared without the cationic Arg-Lys 

loop flagella. Figure 2.2 (a) and (b) show typical TEM images of silica nanotubes 

formed on Arg-Lys loop flagella using Na2Si0 3  as the source of silicate ions.
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Figure 2.1 (a), (b) and (c) Silica biomineralization on flagella scaffold with
tetraethoxysilane as silica source, (d) Without flagella. (JEOL 1230)

The observed biomineralization of silica flagella bionanotubes mimics the 

natural biomineralization process in diatoms, where catalytic proteins known as 

silaffins are involved in the biomineralization process. Lysine and arginine-rich 

proteins with polyamine modification on the lysine residues were investigated by 

several groups for their ability to initiate in vitro silica biomineralization (24, 87-90,
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120-124). Biomineralization by loop-less wild-type flagella or biomineralization 

without flagella generated silica nanospheres with a large size distribution. Thus, the 

positively charged arginine and lysine residues that are displayed in a localized region 

on the Arg-Lys loop flagella surface appear to play a key role in silica 

biomineralization. There are an estimated 6 6  of these positively charged residues per 

5 nm length of flagella. These cationic residues may generate a positively charged 

surface on the protein fibers, which then attracts and binds the first layer of silicate 

ions on the flagella surface during the initial state of biomineralization. Further 

mineralization of silicate ions on the initial layer of silica may lead to a thick coating 

of silica on the flagella surface.

Jt

Figure 2.2 (a) and (b) Silica biomineralization on flagella scaffold with sodium 
silicate as silica source. (JOEL JEM 1230)
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Titania Biomineralization on Phenolic Tyrosine Loop Flagella Scaffold

It may be possible to use the previously described anionic Asp-Glu loop flagella to 

nucleate formation of titania from Ti(IV ) ions. However, a review of literature 

describing titania synthesis indicated that T i(IV ) ions have a higher affinity for 

hydroxyl groups (R -O ) than carboxylate groups (RCOO ); (99, 125) titanium ions 

more readily form TiC>2 versus Ti(CC>3)2 . Thus, we designed another loop peptide that 

contained tyrosine and serine groups with phenolic and aliphatic hydroxyl moieties 

for use with T i(IV ) ions. The resulting flagella displaying this loop peptide were 

successfully used to nucleate formation of titania nanotubes. Typical TEM images of 

titania nanotubes formed on flagella scaffold are indicated in Figure 2.3 (a), (b) and 

(c); the control experiment is shown in Figure 2.3 (d). The TEM image shows that the 

low electron density protein nanotube is surrounded by titania composite. Both 

hydroxyl groups from tyrosine residue phenolic side chains on the surface of flagella 

and water molecules adsorbed on the flagella may play a critical role in titania 

biomineralization. As indicated in the previously described mechanism of the sol-gel 

process depicted in Figure 2.4, an initial layer of titania is formed on the flagella 

surface, followed by further growth of titania on the initial layers.
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Figure 2.3 (a), (b) and (c) T i02 nanotube synthesized on flagella scaffold (d)
without flagella. (JOEL JEM 1230)
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ô S r

(EIO)aTI / '

9 %  A

(1)T!(Oit)4 {Ei0hJ' /
—  - »  A  A
^  2 (EtO)3Ti / '

O o- 
Obs /  

(EtO)3TI Tt

h2o

/O— TI(Oit)8

o.0t \ \  /
ptOfeTI Ji

A 0\  A  
(EtObTI J* 
(EtO)3TS°

/
O

/
TI(OEt)s

O
/'x ^ T K O E D a

/

-O
^ T K O E ^

0
TK /TI(OEt)3

o/TfrATi(0Et)3"O o
/

/K ^T itO E tb
* 0  \  0Ti(OE*)3

Figure 2.4 Schematic illustration synthesis of titania nanotube by sol-gel process.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hydroxyapatite Biomineralization on Anionic-Aspartate-Glutamate Flagella
Scaffold

Figure 2.5 Apatite nanocrystals synthesized on flagella scaffold after 10 minutes 
exposure to mineralization solution. (JOEL JEM 1230)
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Figure 2.6 Apatite nanocrystals synthesized on flagella scaffold after 20 minutes
exposure to mineralization solution. (JEOL JEM 1230)

Biomineralization processes that involve the controlled precipitation of calcium ions 

to form biological structures composed of calcium carbonates, phosphates and 

oxalates are common in nature (126, 127) and have been investigated in vivo with 

acidic proteins and lipid monolayers (15, 100, 128-130). Furthermore, a number of 

studies have demonstrated the biomineralization of hydroxyapatite, a key mineral
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component of bones, on various types of peptide, carbon and inorganic nanotube 

scaffolds (104-106, 131-138). In this study we have demonstrated the

biomineralization of hydroxyapatite on flagella bionanotubes. Hydroxyapatite 

formation was performed on a porous holey carbon grid, where small pores on the 

grid allowed slow diffusion of ions to generate controlled rates of biomineralization. 

Typical TEM images of hydroxyapatite nanocrystals formed on flagella are indicated 

in Figures 2.5 and 2.6. Association of Ca ions with the closely spaced carboxylic 

acid groups of aspartate and glutamate loop residues on the surface of flagella should 

lead to a higher concentration of Ca2+ on the surface of flagella compared to bulk 

solution. This w ill eventually result in supersaturation and subsequent localized 

precipitation of hydroxyapatite on the surface of flagella. As indicated in the TEM  

images, the tubular apatite structures formed on flagella consist of arrays of mineral 

nanocrystals; their packing density and approximate size depended on the exposure 

time to the mineralization solution. As indicated in Figure 2.6, a 20 min exposure 

generated larger and more densely packed nanocrystals on the surface of flagella than 

the 10 min exposure time. A ll TEM images indicated that the nanocrystals were 

randomly oriented on the flagella scaffold. Each D3 domain may nucleate a single 

nanocrystal, which eventually grow together to form a continuous assemblage of 

nanocrystals after longer exposure to the ion source solution.
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Polyaniline Biomineralization on Anionic Aspartate-Glutamate Flagella 
Scaffold

The construction of conductive polyaniline nanowires and spherical nanostructures 

with redox-active ligands has been investigated with a variety of inorganic and 

biological polymers and nanoparticle structures and reaction conditions. We were able 

to demonstrate the preparation of an organic coating of polyaniline on anionic Asp- 

Glu loop peptide flagella, which could potentially be used as conductive nanowires. In 

the case of the aniline polymerization process, anilinium ions may assemble on 

flagella by ionic interactions and 71-71 stacking of the aromatic rings. The ruthenium 

complex absorbs visible light around 450 nm and the resulting photoexcited complex 

oxidizes aniline. This, in turn, leads to initiation and propagation polyaniline flagella 

nanowires due to the low electron density of this carbon-rich material; only thicker 

tubes were visible in TEM images, as indicated in Figure 2.7 (a), (b) and (c). As 

indicated in Figure2.8, the polyaniline nanotubes immobilized on a copper grid were 

more readily visualized by SEM due to the high conductivity of copper, which 

improved the contrast of the images.

Conclusion

These initial studies have demonstrated the feasibility of using genetically engineered 

bacterial flagella as a scaffold for the biomineralization of various inorganic minerals, 

including materials with catalytic potential, and a conductive organic matrix that 

could potentially be used as a conductive nanowire. It may be possible to fine tune the
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Figure 2.7 (a), (b) and (c) TEM images of polyaniline synthesized on flagella
scaffold (d) Flagella stained with phospotungstic acid. (JOEL JEM 1230)
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Figure 2.8 (a), (b), (c) and (d) SEM images of polyaniline synthesized on flagella 
scaffold.

nucleation properties and morphology of the resulting bionanotubes by systematically 

varying the size and composition of the loop peptide sequences with resulting changes 

in the net charge, polarity, hydrophobicity and affinity for specific ions or other small 

molecules. Furthermore, chemical modification of the resulting peptide loops, to 

incorporate other functional groups not encoded in the twenty common amino acids, 

also remains to be explored.
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CHAPTER HI

EXCITON ENERGY TRANSFER IN  SELF-ASSEMBLED QUANTUM DOTS 
ON BIOENGINEERED BACTERIAL FLAGELLA NANOTUBES

Introduction

Biological molecules such as peptides, proteins, lipids, and DNA are being 

investigated as templates and scaffolds for the assembly and biomineralization of 

semiconductor nanoparticles and nanowires. These bio-inspired approaches are 

interesting because they employ a bottom-up approach to manufacturing which has 

certain advantages, including reproducibility at the molecular level, selectivity, e.g., 

high affinity for certain ions or small molecules and not others, and the ability of 

biomaterials to direct crystal morphology in biomineralization; these approaches 

could surpass current lithographic capabilities (7, 21, 139-142). Tunable optical 

properties, photo-stability, relatively high quantum yields, and the ability for doping 

with other elements make semiconductor QDs increasingly useful in various 

applications, such as imaging, sensors, lasers, light emitting diodes, solar cells, 

photon guide, and molecular electronics (26, 71, 143-155). The combination of 

biomineralization and/or assembly of semiconductor materials on engineered 

biological scaffolds and templates can yield novel bottom-up nanoscale systems with 

unique properties that can address limitations of current top-down approaches to 

manufacturing electronic devices.
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Our research program is focused on gaining a fundamental understanding of 

protein nanotubes derived from bacterial flagella (69-71, 73) and QDs doped with 

magnetic nuclei (156-158) . An integral part of these efforts is the investigation of 

flagella-quantum dot nanocomposites. In this work, the two-dimensional assembly of 

ZnS:Mn and CdTe QDs on the surface of bioengineered flagella and their exciton 

energy transfer (EET) are presented. We recently demonstrated assembly and 

manipulation in an optical trap o f bioengineered flagella protein nanotubes with 

cysteine loops, (73) biomineralization of transition metals, (69) silica, titania, and 

apatite and application of flagella as a template for polyaniline nano wires (71). In 

these studies, we used the FliTrx fusion protein, composed of E. coli flagellin (FliC) 

and thioredoxin (TrxA), where sections of the FliC D2 and D3 domains were replaced 

with thioredoxin. Thioredoxin, in turn, has a disulfide bond-constrained active site 

region on the surface of the protein that is suitable for insertion and display of loop 

peptides (71, 73). As previously described, a DNA cassette encoding a loop peptide of 

twenty one amino acid residues was removed from the FliTrx thioredoxin domain and 

a new DNA cassette encoding histidine (His) residues with imidazole side chain 

groups, the seven amino acid “His-loop” peptide (Gly-His-His-His-His-His-His; 

GHHHHHH), was inserted, using standard molecular biology methods. FliTrx 

variants containing inserts with 1-6 repeats of the His-loop peptide were isolated and 

characterized with respect to their intracellular protein expression and competence for 

extracellular export and assembly into flagella nanotubes. Although expression levels 

were high for all six unique FliTrx His-loop variants, export and assembly of His-loop
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variants with 5 and 6  inserts was very low. Therefore, the His-loop variant with the 

largest loop peptide that was still efficiently exported and assembled into flagella 

nanotubes was used in this study, the 4X insert variant with 24 histidine residues 

(GHHHHHH-GHHHHHH-GHHHHHH-GHHHHHH). The FliC protein does not 

have any tryptophan (Trp) residues, while the inserted thioredoxin protein has two 

Trp residues, Trp28 and Trp31 in native thioredoxin, corresponding to residues 

Trp272 and Trp275 in the FliTrx protein. These two Trp residues are located in the 

thioredoxin active site region near the base of the peptide loop. These two Trp 

residues were replaced with tyrosine residues by site-directed mutagenesis 

(Trp272-»Tyr, Trp275-»Tyr) to minimize possible absorbance and excitation of the 

Trp indole ring side chain when attached ZnS QDs were excited at 300 nm.

Materials and Methods

Protein expression, purification and self-assembly of the 4X repeat His-loop 

FliTrx variant into flagella protein nanotubes was carried out as previously described 

(159). Synthesis of Mn-doped ZnS nanoparticles was carried out as described in detail 

elsewhere and the significant aspects are provided here. A 45 mL volume of HPLC- 

grade ethanol was bubbled with nitrogen for 15 minutes and 990 pL of 1 M  zinc 

acetate and 10 pL of manganese(II) acetate were added to the ethanol (160). A 1 mL 

volume of 1 M  sodium sulfide solution was added drop-wise and the mixture was 

stirred for five minutes. The resulting ZnS'.Mn nanoparticles that formed were washed
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with nitrogen-saturated ethanol 3 times, isolated by centrifugation for 10 minutes at 

5000g and suspended in deionized (D I) water for assembly on flagella. A  calculated 

volume of ZnS:Mn quantum dots to yield an absorbance value of 0.2 at 300 nm with a 

Lambda 20 spectrophotometer (Perkin Elmer, Wellesley, M A) was mixed with 500 

pL of 1 mg/mL flagella solution in 100 mM NaCl, made up to 1 mL with D I water 

and equilibrated for 30 min at room temperature. The fluorescence lifetime and 

emission intensity were measured for ZnS:Mn QDs with excitation at 300 nm and 

emission at 590 nm on an FLS 920 spectrophotometer (Edinburgh Instruments, 

Livingston, UK), using a 395 nm cutoff filter. A  10 pL volume of this solution was 

placed on carbon coated Formvar/400 mesh transmission electron microscopy (TEM) 

grid for one min and excess water was removed by blotting with a piece of filter 

paper. The CdTe quantum dots capped with L-cysteine were synthesized as described 

elsewhere (51). A  2 mg quantity of nanoparticles caped with L-cysteine was dispersed 

in 2 mL volume of water by sonicating for 30 min and the absorbance of the 

nanoparticles at 400 nm was measured. A  volume of nanoparticles calculated to yield 

an absorbance value of 0.2 at 400 nm was mixed with a mixture of 500 pL of 1 

mg/mL flagella in 100 mM NaCl, 20 pL of 1 M  borate buffer (pH 8.2) and 50 pL 1 M  

NaCl, and the volume was adjusted to 1 mL with D I water. Absorbance spectra were 

measured for the appropriate blank solution without QDs and fluorescence spectra 

were recorded with excitation at 400 nm. The fluorescence lifetime for CdTe 

nanoparticles was measured with excitation at 400 nm and emission at 580 nm. A 10 

pL volume of this solution was placed on a carbon coated Formvar/400 mesh TEM
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grid for one min and excess solvent was removed by blotting with filter paper. The 

average lifetime for the entire decay process was calculated with FAST software 

(Edinburgh Instruments, Livingston, UK) using reconvolution fit with instrumental 

response.

The ZnS nanoparticles were also synthesized by immobilizing His-loop flagella 

on a holey carbon TEM grid. For synthesis of ZnS QDs on flagella, a 10 pL volume 

of 0.25 mg/mL flagella solution was placed on holey carbon grid and excess solvent 

was removed by blotting with filter paper. A  5 pL volume of 5 mM ZnSCL was 

placed on the flagella-coated TEM grid and 5 pL of 5 mM Na2S solution was placed 

on the other side of the TEM grid. After 5 min, the excess solution was removed by 

blotting with filter paper. Typical TEM images of previously synthesized ZnS:Mn 

QDs immobilized on the His-loop flagella scaffold are shown in Figure 3.1(a) and a 

TEM image of ZnS QDs synthesized on the His-loop flagella template is shown in 

Figure 1(b). The ZnS QDs nanoparticles synthesized on the flagella scaffold yielded 

an electron diffraction pattern indicative of Wurtzite structure (Figure 3.1(b) inset). In 

contrast, control experiments performed using FliTrx flagella without any inserted 

histidine loop peptides on the thioredoxin domain did not result in formation of any 

QDs, under the same conditions. During the synthesis of QDs on flagella, the high 

local concentration of Zn2+ ions, which are complexed to the imidazole groups of His 

residue on the flagella surface, may initiate the nucleation process and generate 

nanoparticles on flagella scaffolds. Figure 3.1(c) shows the assembly of cysteine- 

capped CdTe QDs on His-loop flagella. In the case of assembly of QDs on His-loop
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flagella, the imidazole groups of histidine residues most likely play a critical role 

through coordination with Zn (II) and Cd(II) ions of the QD nano-crystals.

Results and Discussion

The histidine loops on the flagella are present on the D3 domain of the flagella 

nanotube, where each segment is a helical self-assembly of 11 flagellin protein 

monomers. This results in a distance of about 5.4 nm between consecutive D3 

domains (147). The procedures for synthesizing ZnS:Mn and CdTe nanoparticles 

were optimized to obtain QDs with an average size of 3 nm and a polydispersity of 

10%. The ZnS:Mn QDs did not have a capping agent while the CdTe QDs were 

capped with L-cysteine. The cooperative binding of the peptide loop histidine ligands 

displaced the cysteine ligands from the CdTe surface to facilitate their binding to the 

flagella (161). The solvent exposed surfaces of the flagella-bound CdTe QDs most 

likely are still covered with cysteine. Thus, in effect, the CdTe QDs bound to the 

flagella nanotubes are coordinated to both histidine and cysteine ligands. The 

organized assembly of 3 nm (average size) QDs on flagella nanotubes shown in 

Figure 3.1 (c) are, on average separated by 2.4 nm. This separation distance is much 

larger than the corresponding distances typically encountered in QD and nanoparticle 

systems linked with organic molecules (161, 162). The CdTe QDs have band gaps 

that are sensitive to their size; excitation with photons in their band gap yields 

excitons which emit at wavelengths characteristic of the band gap (156, 163). By
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contrast, the fluorescence emission maximum from the ZnS:Mn QDs that is centered 

at 590 nm is due to the dopant M n(II), corresponding to the transition from 4Ti to 6Aj. 

This emission is due to energy transfer from the exciton to the dopant and its position 

and intensity are not very sensitive to the size of the QD. However, the emission is 

sensitive to the concentration and location of the dopant, namely, surface vs. lattice 

doping (161, 162, 164-167). The CdTe QDs, in addition to possessing size-dependent 

band gaps and emission wavelengths for excitons, are also capable of undergoing 

interparticle exciton energy transfer and electronic coupling when they are closely 

assembled (166, 168-173). The exciton energy transfer can occur over longer ranges 

for various size nanoparticles while the electronic coupling, which requires an overlap 

of electron wave functions, typically occurs for small organically linked or 

electrostatically interacting QDs over a short range. Similar processes have also been 

observed for CdSe and InP QDs and QD-metal nanoparticle composites (163). The 

QDs self-assembled on the histidine loops of flagella provide an excellent system to 

explore exciton energy transfer and electronic coupling for these systems. We have 

investigated the absorption and emission spectra and emission lifetimes of ZnS:Mn 

and CdTe QDs self-assembled on the His-loop flagella to determine if  interparticle 

interaction leading to exciton energy transfer or electronic coupling could be 

observed.
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Figure 3.1 (a) TEM image of ZnS:Mn nanoparticles immobilized on histidine loop.

flagella scaffold (scale bar 50 nm). (b) TEM image of ZnS nanoparticles 

synthesized on flagella scaffold (scale bar 100 nm). (b, inset) Electron 

diffraction pattern indicating Wurtzite structure, (c) TEM image of CdTe 

nanoparticles immobilized on histidine loop flagella scaffold (scale 1 0 0  

nm). (c, inset) High resolution TEM image of CdTe nanoparticles 

immobilized on flagella template (scale bar 5 nm). The quantum dots 

had an average size of 3 nm and TEM images were recorded with a 

JEOL 1230 TEM instrument operating at 80 kV (a and b) and a JEOL 

3011 TEM instrument operating at 300 kV (c).
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Figure 3.2 Normalized absorbance (a) and emission (b) spectra of ZnS:Mn QDs 
nanoparticles self-assembled on His-loop flagella nanotubes. Emission 
spectra were recorded with excitation at 300 nm.

The normalized absorbance and emission spectra of ZnS:Mn nanoparticles 

assembled on His-loop flagella are shown in Figure 3.2. The absorption and emission 

spectra of ZnS:Mn QDs did not exhibit any change between the QDs suspended in 

solution and bound to His-loop flagella. The luminescence decay of Mn2+ showed 

biexponential decay, with emission lifetimes of 2.00 ms and 0.28 ms, which did not 

change between the free and bound QDs. The longer emission lifetime was due to 

Mn2+ ions in slightly distorted tetrahedral sites in the crystal lattice, while the shorter
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emission life time was due to Mn2+ ions adsorbed on the surface of the quantum dots 

(157). The metal centered emission was insensitive to binding by histidine and long- 

range interparticle interactions on the His-loop flagella. We have observed emission 

intensity and lifetime changes for the ZnS:Mn QDs when capped with L-cysteine, 

which binds much more strongly than does histidine (161, 162).
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Figure 3.3 Absorbance spectra of free L-cysteine capped CdTe quantum dots in 
solution and the same quantum dots immobilized on His-loop 
flagella nanotubes.

A different behavior was observed for the CdTe QDs on the His-loop flagella 

compared to CdTe QDs in solution. The normalized absorbance spectrum for the 

CdTe QDs on His-loop flagella, as seen in Figure 3.3, showed an increase in
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absorbance and a slight red shift, compared to the CdTe QDs in solution, which 

indicates possible electronic coupling between closely packed CdTe QDs on the His- 

loop flagella. The emission spectrum of CdTe QDs on His-loop flagella showed a 

reduction in their fluorescence intensity and a 5 nm red shift from 578 nm to 583 nm, 

as seen in Figure 3.4, compared to CdTe QDs in solution. The spectrum for CdTe 

QDs on the flagella exhibited a 5 nm red shift corresponding to an energy difference 

of 18.4 meV between the free QDs in solution and those bound to the flagella. This 

corresponds to a change in the exciton energy level for the flagella bound QDs which 

could be due to exciton energy transfer from the smaller (larger band gap) to the 

larger (smaller band gap) QDs bound to the flagella, given the 10% polydispersity in 

their size. Such a transfer is facilitated on the flagella due to the organized self- 

assembly of the QDs, while in solution the random orientation of the various QDs 

results in an average emission spectrum. The emission peak width at half peak 

maximum for the CdTe nanoparticles on the flagella scaffold was 52 nm compared to

55.5 nm for the QDs in solution, which is also indicative of the exciton energy 

transfer.
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Figure 3.4 Emission spectra of quantum dots (a) in solution and (b) self-assembled 
on Flagella. Inset shows emission spectra of normalized for absorbance 
at the excitation wave length.

These observations are similar to those of Meijerink for CdTe QDs linked by 

thiol ligands and theoretical calculations of Forchel for exciton energy transfer 

between CdTe QDs as a function of their separation. The 18.4 meV energy change is 

consistent with the average interparticle distance of 2.4 nm for the CdTe QDs on the 

His-loop flagella. Further evidence for the exciton energy transfer among CdTe 

quantum dots is also obtained from emission lifetime measurements by monitoring 

the emission intensity as a function of time shown in Figure 3.5. The exciton lifetime 

of the cysteine capped nanoparticles of CdTe QDs in solution was determined to be
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18.1 ns and those for the CdTe QDs on His-loop flagella to be 15.5 ns. The difference 

in the lifetimes of the free and flagella-bound nanoparticles is evident from the inset 

in Figure 3.5 displaying the emission intensity for the initial 30 ns. The 

approximately 2.5 ns reduction in the lifetime of the CdTe excitation can be 

rationalized as arising from the exciton energy transfer from small to large flagella 

bound CdTe quantum dots.
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Figure 3.5 Emission intensity decay as a function of time for free CdTe in solution 
and those bound to His-loop flagella. The jagged lines represent the 
experimental data and the solid lines the fit from which the exciton 
lifetimes were obtained. The inset shows the data from 10 -  30 ns to 
indicate differences in the lifetimes of the quantum dots free in solution 
and those bound to the His-loop flagella. Decay curves were was collected 
at 580 nm with excitation at 400 nm using hydrogen filled nF900 
nanosecond flash lamp operating at 40 kHz.
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Conclusion

We have successfully self-assembled ZnS:Mn and CdTe QDs on flagella 

nanotubes displaying histidine peptide loops on their outer domain regions. The 

interparticle interaction of the QDs separated by about 2.4 nm does not lead to shift in 

the emission wavelength maximum and lifetime change for the Mn-centered emission 

of the ZnS:Mn QDs. Such an interaction for CdTe QDs resulted in exciton energy 

transfer from smaller to larger QDs, resulting in a 5 nm red shift (18.4 meV energy) of 

the exciton emission peak and a shortening of the exciton lifetime by about a 2.5 ns. 

The flagella-quantum dot composites are fundamentally interesting and important 

bionanostructures and further investigations with other engineered peptide loops are 

underway.
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CHAPTER IV

SELF-ASSEMBLY OF METAL NANOPARTICLES AND NANOTUBES ON 
BIOENGINEERED FLAGELLA SCAFFOLDS

Introduction

The utilization of self-assembling biological systems in nanofabrication is 

attractive because of their genetically controlled reproducibility at the molecular level; 

they have the property of controlled self-assembly, often leading to the generation of 

less polydisperse nanoscale materials compared to chemical synthetic procedures. In 

addition, biomaterials are environmentally friendly and have a higher probability for 

biocompatibility. Peptide and protein assemblies are being actively investigated as 

nanotube templates for casting metal nanowires and nanotubes, and as scaffolds for 

the self-assembly of nanoparticles (174, 175). One example of a self-assembling 

protein nano tube is the M l 3 virus, which has been genetically engineered to display 

peptides on its surface (176-178). These phage-displayed peptides may be selected for 

specific affinity for inorganic materials (179, 180) and used as scaffolds for the 

controlled assembly or generation of inorganic nanoparticles and nanowires (7, 21, 

26, 139, 140, 181, 182). Furthermore, self-assembling beta-amyloid peptides, 

composed of a fragment of a Sup35p prion determinant from Saccharomyces 

cerevisiae, have also been demonstrated for the assembly of gold and silver nanowires 

(183). Microtubules and peptide nanotubes have also been used as scaffolds for 

binding nanoparticles and as templates for the synthesis of monodisperse
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nanoparticles and metal nanotubes (4, 9, 174, 184-192). The resulting nanostructures 

prepared with these biomaterials and other organic and inorganic materials have been 

proposed to function as conducting wires for use in microcircuits, optical signal 

enhancing cuvettes, lithium ion batteries, catalysts, and as tool kits for the fabrication 

of nanoparticles (193-195).

Gold nanoparticles and composite structures, e.g., nanowires, have been 

proposed to have applications as small capacitors, biosensors and conductors (196). 

The ordered assembly of gold nanoparticles is important because their optical 

properties depend on particle shape, size, the dielectric constant of the surrounding 

media, and the interparticle distance. Synthesis and assembly of gold nanoparticles 

and nano wires on carbon nanotubes, (197-199) silica nanotubes, (139, 200, 201) 

lipids, (202-204) virus particles, (4, 9, 188-192) DNA, (203, 204) and self-assembling 

peptide nanotubes (205-210) have been described by several research groups. 

However, these methods may generate randomly distributed nanoparticles without 

consistent diameters and inter-particle distances on the peptide or protein scaffolds 

(211). Similarly, Cu nanotubes have been generated by vapor deposition, 

electrodeposition, and chemical methods (212) on carbon nanotubes, (213) by 

supercritical fluid decomposition on silica, (9, 185) on DNA, (214) and on peptide 

nanotubes (215). Studies have also been reported on the formation of Co 

nanoparticles and nanotubes on silica, (26, 182) on carbon fibers for use as Fischer- 

Tropsch catalysts, (216) and on M13 virus particles (217). Nanoparticles and 

nanotubes composed of the platinum group metals Pd and Pt have been synthesized
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by chemical methods, (218) in supercritical fluids, (219) on carbon nanotubes, (192, 

220, 221) on DNA, (200) on protein and peptide nanotubes, (222, 223) and on 

tobacco mosaic virus particles (224). The generation of Ag nanoparticles and 

nanotubes has also been examined to a limited extent by chemical deposition methods 

on aluminum and polycarbonate membranes, (225, 226) on DNA, (200) on peptide 

nanotubes and on tobacco mosaic virus particles (227). Thus, biomolecules such as 

DNA, viruses, peptides, and proteins, as exemplified by these studies, are attractive 

and useful as scaffolds and templates for the generation of the nanoparticles and 

nanotubes of a variety of metals.

Flagella nanotubes are complementary to the various biological scaffolds that 

are being investigated for the generation of uniform array of nanoparticles and 

nanotubes. Each segment of the flagella nanotube contains a flagellin protein 11-mer. 

Introduction of peptide loops in the D3 domain of the flagellin protein yields an 

extremely ordered array of binding sites for cations and anions which can be used as 

precursors for the generation of nanoparticles and nanotubes. Flagella nanotubes 

represent a system that can be manipulated for the generation of ordered 

nanomaterials for catalysis, molecular electronics, and other applications. In this 

study, FliTrx flagella engineered to display constrained peptide loops containing 

imidazole groups, cationic amine and guanido groups, and anionic carboxylic acid 

groups were used as scaffolds for the self-assembly of metal nanoparticles and 

nanotubes, as summarized in Table 4.1. The transition metal ion Co(fl), the Group IB 

ions Cu(fl), Ag(I), and Au(I), the Group IIB  ion Cd(II), and the platinum group metal
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Pd(II) were complexed with histidine, arginine, lysine, aspartic acid and glutamic acid 

residues in loop peptides and reduced with NaBFLt or hydroquinone, in the case of 

Ag(I). These studies are complementary to other research efforts to exploit biological 

molecules as scaffolds and templates for the bottom-up construction of ordered 

nanomaterials (51)

Experimental Methods 

Materials

The commonly employed chemicals and their sources and the instrumental 

techniques are listed here. More specific methods, chemicals and instruments are 

described under appropriate sections. A ll chemicals were reagent grade or better and 

were obtained from Sigma-Aldrich (St. Louis, MO), unless otherwise noted. A ll 

transmission electron microscope (TEM) Formvar sample-imaging grids were 

obtained from Electron Microscopy Science (Fort Washington, PA). TEM images 

were taken with a JEOL model JEM 1230 TEM operating at 80 kV or a JEOL model 

3011 TEM operating at 300 kV.

Engineering of FliTrx Flagella Loop Peptide Variants for Use as Bionanotube 
Scaffolds and Templates

The development of the FliTrx system for the display of constrained peptide 

loops on the surface of E. coli flagella fibers has been previously described (70, 71, 

73). As detailed in a previous publication, (215) the multiple cloning site region of the
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commercially available pFliTrx plasmid, which encoded a foreign peptide, was 

removed and replaced with the wild-type thioredoxin active-site DNA sequence, 

which encoded a unique Rsrll restriction site. Furthermore, a non-native cysteine 

residue with a thiol side chain was mutated to serine to minimize the potential for 

intermolecular disulfide bond formation. The resulting modified pFliTrx plasmid is 

suitable for insertion of DNA oligonucleotide cassettes that encode displayed loop 

peptides in the solvent-exposed thioredoxin active site on the surface of FliTrx 

flagella.

The loop peptides chosen for this study were primarily composed of histidine, 

glutamic acid and aspartic acid, or arginine and lysine amino acid residues. 

Oligonucleotides encoding the loop peptides used in this study are described in 

Supporting Information; the modified plasmid DNA was isolated and insertional 

mutations were confirmed by DNA sequencing (see Supporting Information). The 

three loop peptides consisted of a 4X insert of a one glycine, six histidine loop (“His- 

loop”) peptide containing imidazole groups (-Gly-His-His-His-His-His-His-; GHHHHHH), 

a 3X insert of an anionic “Asp-Glu loop” peptide composed of one histidine residue, 

three glutamic acid residues, and three aspartic acid residues, and one glycine residue 

(-His-Asp-Glu-Asp-Glu-Asp-Glu-; HDEDEDE), and 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 (-Arg-Lys-Arg-Lys- 

Arg-Lys-Arg-; RKRKRKR). Plasmids encoding the loop peptides were used to 

express FliTrx flagella fibers with peptide loops displayed on their surface and
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purified from E. coli.

Generation of Nanoparticle Arrays and Nano tubes on Flagella with Peptide
Loops

In general an appropriate metal ion or its complex was bound to the suitable 

peptide loop followed by controlled reduction to generate metal nanoparticle arrays 

and nanotubes on the flagella. Control experiments were performed with the wild- 

type (unmodified) flagella with all metal ions studied to demonstrate that they did not 

bind to the flagella and metal nanoparticles and nanotubes were not generated on the 

flagella when they were reduced, as indicated by TEM images. Examples of TEM  

images from control experiments have been included in the figures demonstrating the 

generation of nanoparticles and nanotubes on flagella with peptide loops.

Generation of Gold Nanoparticle Arrays on Histidine Loop Flagella

Gold nanoparticles were synthesized using the His-loop flagella as a nucleation 

template. Control experiments were also performed with the wild type flagella to 

clearly indicate the role of the peptide loops in generating Au nanoparticle arrays on 

peptide modified flagella. A  volume of 500 pL of 2 mg/mL solution of flagella with 

a 28-mer His-loop peptide composed of four repeats of the Gly-His-His-His-His-His- 

His heptapeptide sequence (for a total of 24 histidines) was mixed with 10 pL of 

saturated chloro(trimethylphosphine)gold(I) in deionized water at 4 °C. The Au 

complex was incubated with flagella for 24 h at 4 °C and reduced with 25 pL of 50
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mM sodium borohydride solution at room temperature. TEM samples were prepared 

by placing 10 pL of the resulting solution on a carbon coated Formvar copper grid for 

2  min; excess solution was removed by blotting with a piece of filter paper.

Covalent Attachment of Gold Nanoparticles to Arginine-Lysine Loop Flagella

A different approach was used to covalently attach gold nanoparticles to an 

Arg-Lys loop flagella scaffold. Two sizes of 10-thioldecanoic acid-coated Au 

nanoparticles, 3 nm and 12 nm, were coupled to lysine amine groups in the Arg-Lys 

loop flagella. Synthesis of 3 nm and 12 nm diameter gold nanoparticles, protected by 

citrate, is described elsewhere. The sizes of the nanoparticles were determined by 

TEM and showed a 10% polydispersity. The citrate coating on the Au nanoparticles 

was replaced with 1 0 -thioldecanoic acid, and the carboxylic groups were further 

modified to sulfo-succinamide esters by reaction with l-ethyl-3-(3- 

dimethylaminopropyl)-carbodiimide and sulfo-N-hydroxysuccinamide at pH 7 in 50 

mM HEPES buffer. The resulting surface modified Au nanoparticles were well 

dispersed in water and the excess reactants were removed by diafiltration with a 

Centricon 3 kDa MWCO centrifugal filter unit (Millipore, Billerica, M A), using 

excess buffer. The Au nanoparticles, with amine-reactive surface groups, were 

dispersed in 100 pL of 20 mM HEPES buffer, and 10 pL of this suspension was 

mixed with 200 pL of 2 mg/mL of flagella with a single insert of the Arg-Lys loop 

peptide (RKRKRKR). After 30 min, 10 pL of this mixture was placed on a carbon

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



coated Formvar copper grid and allowed to settle on the grid for 1 min. Excess 

solution was removed by blotting with filter paper and TEM images were collected.

Generation of Copper Nanoparticle Arrays and Nanowires on Histidine Loop
Flagella

Cu(II) ions in a 5 mM solution of CuCl2, Q1SO4, or Cu(NC>3)2 were allowed to 

complex with the imidazole side chains of the His-loop flagellin histidine residues 

and wild type flagella for control experiments for 24 h at 4 °C at pH 7.0. Immobilized 

Cu(II) ions were reduced by successive addition of 20 pL of freshly prepared 100 mM 

NaBH4 solution at 4 °C. The same procedure was followed to synthesize copper 

nanoparticles on the His-loop flagella template using a 0.05 mM Cu(II) solution. The 

resulting Cu nanoparticle or Cu nanotube flagella composites were immobilized on a 

carbon coated Formvar copper TEM grid by placing 10 pL of the resulting solution on 

the grid. After one minute, excess solution was removed by blotting with filter paper 

and TEM images were recorded.

Generation of Cobalt Nanoparticles on Histidine Loop Flagella

These studies were extended to the transition metal Co, the Group IB metal Ag, the 

Group IIB  metal Cd and the platinum group metal Pd. In all cases, suitable divalent 

metal ions (Co(II), Cd(II), Pd(II)) were complexed to imidazole groups on His-loop 

flagella and wild type flagella for control experiments and reduced in a controlled
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manner with NaBlHLt. In the case of Ag(I) and Co(II) ions, complexation with Asp-Glu 

peptide loops and subsequent Ag(I) reduction with a hydroquinone solution at a pH of 

10.5, and Co(II) reduction with NaBH4 were also studied. The immobilization and 

subsequent reduction of Co(II), Cd(II), Pd(II), and Ag(I) ions had to be carried out on 

a TEM grid and immediately characterized. This was in contrast to the studies with 

Cu(II) and Au(I) described above, where the immobilization and reduction studies 

were conducted in bulk solution in vials, and nanotube samples were subsequently 

placed on carbon coated Formvar copper TEM grids for image characterization.

Cobalt nanoparticles were generated by careful reduction of Co2+ ions 

complexed with histidine imidazole groups on the 4X insert His-loop FliTrx variant 

(with 24 histidine residues), or aspartic acid and glutamic acid carboxylic acid groups 

on the Asp-Glu loop flagella. The Asp-Glu variant used in this study had an insert of 

three repeats of the anionic Asp-Glu loop sequence (HDEDEDEG-HDEDEDEG- 

HDEDEDEG), for a total of 18 carboxylate groups, and three histidine groups. 

Flagella with His-loop or Asp-Glu loop peptides were immobilized on a carbon 

coated Formvar copper TEM grid and 10 pL of 50 mM C0 CI2 solution was placed on 

the grid for one min. Excess solvent was removed by blotting with a piece of filter 

paper and followed by a 5 min reduction with 10 pL of 10 mM  NaBH4 solution and 

collection of TEM images.
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Generation of Palladium and Cadmium Nanoparticles on Aspartic Acid- 
Glutamic Acid Loop Flagella

Palladium and cadmium nanoparticles were generated on His-loop flagella using the 

same procedure used for cobalt. A  50 mM CdCl2 solution and a saturated solution of 

palladium acetate, prepared by sonicating excess palladium acetate in deionized water 

followed by centrifugation to remove insoluble residues, were used as precursors for 

the formation of metal nanostructures.

Generation of Silver Nanowires on Aspartic Acid-Glutamic Acid Loop 
Flagella

Silver nanowires were generated by immobilizing Ag(I) on anionic Asp-Glu loop 

flagella and wild type flagella (control) deposited on a carbon coated Formvar copper 

grid and careful reduction with NaBH4 . A 10 pL volume of 20 mM AgNCh solution 

(pH adjusted to 10.5 with ammonium hydroxide) was placed on the TEM grid with 

immobilized flagella for one min and excess solution was removed by blotting with 

filter paper. Immobilized silver ions were reduced with 10 pL of 10 mM  

hydroquinone solution (pH adjusted to 10.5 with ammonium hydroxide) for five min 

and TEM images were collected.

Results and Discussion

The various types of FliTrx loop-nanomaterial systems used in this study are 

summarized in Table 4.1, including the FliTrx peptide loop composition, the use of
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pre-synthesized nanoparticles vs. templated synthesis in situ, and the resulting type of 

hybrid nanomaterial, i.e., nanoparticle arrays or continuous nanotubes.

Generation of Gold Nanoparticle Arrays on Histidine Loop Flagella

This procedure yielded 5.93 (±1.48) nm diameter Au nanoparticles attached to the 

surface of the flagella scaffold as determined by TEM. Representative TEM images 

are shown in Figure 4.1, where images a and b were taken with flagella on a carbon 

coated Formvar copper grid, image c is a high resolution image of gold nanoparticles 

and image d is the result of Au nanoparticle generation on wild type flagella. The Au 

nanoparticles define the outer edge of the flagella nanotubes as they are bound to the 

solvent exposed D3 domain. The Au nanoparticles are not bound to the wild type 

flagella which lack the histidine loops as evident from Figure 4.Id. The process of 

Au nanoparticle formation is proposed to first involve binding of Au(I) ions by 

imidazole groups of the solvent-exposed loop peptide histidine residues, followed by 

reduction of Au(l) ions to Au(0) by controlled addition of NaBH4 . These histidine 

bound Au(0) centers serve as nucleating sites for the growth of Au nanoparticles by 

the reduction of unbound Au(I). In the absence of histidine loops with wild type 

flagella free Au nanoparticles are formed in solution as seen in Figure 4.Id.
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Figure 4.1 Gold nanoparticle-flagella nanotube composite materials obtained by 
reduction of Au(I). (a) and (b) TEM images of gold nanoparticles that 
were synthesized by reduction of Au(I) on a histidine-loop peptide flagella 
scaffold, (c) High resolution TEM image of individual gold nanoparticles 
on flagella; (Inset) electron diffraction pattern of gold nanoparticles on 
flagella indicative of metallic gold nanoparticles, (d) TEM image of 
control experiment of the reduction of Au(I) on wild type (without 
histidine loops) flagella indicting no attachment of Au and only random 
distribution of Au nanoparticles.

The visible absorption spectrum of the 6  nm Au nanoparticles on the His-loop 

flagella scaffold is shown in Figure 4.2 a. The Au-flagellin nanocomposite exhibited
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an absorption maximum (XmaX) at 522.5 nm due to surface plasmon resonance of the 

Au nanoparticles. The TEM image of the flagella indicated an ordered array of Au 

nanoparticles on the flagella backbone. The Au nanoparticles are presumably bound 

to the histidine peptide loops on the flagellin D2-D3 outer domain region. The 

longitudinal axial distance between two consecutive D3 domains of flagella is 

approximately 5 nm. Thus, the ordered arrangement of the Au nanoparticles is 

probably a direct result of the ordered display of the peptide loops at regular intervals 

on the flagella scaffold surface. Some lateral association of flagella with Au 

nanoparticles occurred, as observed in Figures la  and b, where bundled assemblies of 

two and three flagella fibers can be seen. However, the aggregation was not so 

extensive as to adversely affect the surface plasmon resonance, as shown in Figure 4.2 

a.

The effect of disassembly of the flagella scaffold on the Au nanoparticle surface 

plasmon resonance was also investigated. The aggregated flagella nanotubes with 

bound Au nanoparticles were dissociated by heating them to 80 °C for 5 min and 

cooling to 25 °G. The mesophilic FliTrx E. coli flagella oligomers w ill dissociate into 

flagellin protein monomers over the temperature range of 50-60 °C. The heated and 

cooled Au-flagellin solution exhibited a 16% increase in absorbance intensity and a 

~5 nm shift in to 527 nm (Figure 4.2b). The heating and cooling process, in 

addition to breaking up multimeric nanotube assemblies, also resulted in the 

formation of monomeric flagella and free gold nanoparticles as discerned from TEM  

images; dissociated Au nanoparticles precipitated from this heated solution within 2
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h. Thus, the absorbance increase was likely due to disassembly of the flagella 

aggregates and dissociation of Au nanoparticles from the flagella nanotubes, with the 

small red shift in Amax due to aggregation of disassembled nanoparticles.
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Figure 4.2 Visible absorbance spectra of gold nanoparticles on histidine-loop 
peptide flagella. (a) Absorbance spectrum of gold nanoparticles 
synthesized on flagella, showing surface plasmon resonance peak, (b) 
Absorbance spectrum of gold nanoparticle-flagella sample after heating 
to 80 °C for five minutes and cooling to room temperature.
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Covalent Attachment o f Gold Nanoparticles to Arginine-Lysine Loop Flagella

Covalent attachment of the pre-synthesized 3 nm Au nanoparticles by published 

method, (203) resulted in the formation of ca. 500 nm diameter flagella bundles with 

a dense layer of Au nanoparticles, as indicated in Figures 4.3 a and b. A  high 

resolution TEM image of individual Au nanoparticles is shown in Figure 4.3 c. A  

schematic diagram depicting the covalent amide bond formed between the terminal 

amine groups of lysine residues and the outer carboxylate groups of the surface 

modified Au nanoparticles is shown in Figure 4.3. Amide bond formation between Au 

nanoparticles and flagella Arg-Lys loop peptides resulted in extensive aggregation of 

flagella due to the multiple attachment sites available on both the derivatized 

nanoparticles and flagella with Arg-Lys loops. In contrast, binding of Au(P(CH3))3C1 

on histidine imidazole groups of His-loop flagella and controlled synthesis by 

reduction with NaBH4 resulted in generation of ordered arrays of Au nanoparticles 

and limited aggregation of flagella nanotubes. Covalent attachment of the larger 12 

nm Au nanoparticles to the Arg-Lys loop flagella resulted in formation of larger, more 

extensive aggregates (Figure 4.3 d) than were observed for the 3 nm Au nanoparticles; 

these larger Au-flagellin aggregates were not stable in solution and rapidly 

precipitated.
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Figure 4.3 Gold nanoparticle-flagellin nanotube composite materials prepared by 
covalent attachment of pre-made gold nanoparticles, (a) and (b) TEM  
images of 3 nm gold nanoparticles attached by amine coupling to 
arginine-lysine peptide loop flagella. (c) High resolution TEM image of 3 
nm gold nanoparticles attached to flagella. (d) TEM image of 10 nm gold 
nanoparticles attached by amine coupling to arginine-lysine peptide loop 
flagella. These images are representative of the aggregated bundles 
generated by this procedure.
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Figure 4.4 Diagram of covalent immobilization of pre-made gold nanoparticles on 
flagella by amide bond formation with arginine-lysine peptide loops.
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Generation of Copper Nanoparticle Arrays and Nanowires on Histidine Loop
Flagella

Both individual Cu nanoparticles (Figure 4.5d) and continuous Cu nanotubes 

(Figures 4.5a-c) could be generated on the flagella backbone when Cu(II) ions were 

complexed with imidazole in the His-loop peptide and reduced with 10 mM NaBH4 

in a controlled manner. A  schematic of the probable mechanism of formation of Cu 

nanoparticles and nanotubes is given in Figure 6 . The Cu nanotubes were generated 

by the reduction of 5 mM of Cu(II) with 100 mM NaBH4 and their TEM images are 

shown in Figures 4.5a-c. It is evident from these images that the flagella nanotube has 

facilitated the formation of Cu nanotubes by the growth of a layer of Cu on the 

flagella. Most of the Cu nanotubes had a diameter of approximately 100 nm. The 

uniformity of growth of Cu nanotubes on the flagella templates is striking compared 

to Au, which resulted in formation of dense bundles. TEM images of flagella with Cu 

nanoparticles are shown in Figure 4.5d, with a corresponding high resolution TEM  

image of the Cu nanoparticles shown in Figure 5e. The flagella fibers prepared with 

Cu nanoparticles did not exhibit much aggregation, unlike those with Au 

nanoparticles. Clearly, the behavior of the two Group IB metals, Cu and Au, is quite 

different under the experimental conditions studied. This may be the consequence of 

the oxide layer formation on Cu to a greater extent compared to Au which inhibits 

aggregation. Only free Cu nanoparticles were obtained as seen in Figure 4.5f when 

wild type flagella was employed clearly indicating the role of the histidine loops in 

facilitating the formation of Cu nanotubes and ordered array of Cu nanoparticles.
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Figure 4.5 Copper-flagellin composite nanomaterials, (a), (b), and (c) TEM images 
of copper nanotubes synthesized by reduction of Cu(II) on histidine-loop 
flagella. (d) TEM image of copper nanoparticles synthesized by reduction 
of Cu(II) on histidine-loop flagella. (e) High resolution TEM image of 
copper nanoparticles synthesized on histidine-loop flagella. (f) TEM  
image of control experiment of the reduction of Cu(II) on wild type 
(without histidine loops) flagella indicting no attachment of Cu and only 
random distribution of Cu nanoparticles and clusters.
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The formation of Cu nanoparticles and nanotubes can be rationalized by the 

reduction of Cu(II) complexed with histidine to form nucleating sites, on which 

further growth of Cu metal occurs from free Cu(II) ions in solution. When a low 

concentration (0.05 mM) of Cu(II) was employed, the nucleation process resulted in 

formation of individual nanoparticles on the flagella scaffold. When a 100X higher 

concentration (5.0 mM) of Cu(II) was employed, the nucleation process proceeded 

further, forming a continuous layer of Cu metal. The thin layer of Cu initially formed 

becomes the substrate for further growth of additional layers of Cu, leading to the 

generation of -100 nm diameter Cu nanotubes encasing the flagella nanotube 

templates. Experiments are underway to remove the flagella in a controlled manner to 

obtain pure Cu nanotubes. Such nanotubes can be further derivatized, e.g., via thiol 

chemistry, to attach various functional groups. Cu nanotubes fimctionalized with 

appropriate functional groups could function as a sensor platform and have 

applications in molecular electronics.
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Generation o f Cobalt Nanoparticles on Histidine Loop Flagella

Figures 6 .6 a and b indicate Co nanoparticles synthesized on Asp-Glu loop 

peptide flagella; Figures 4.6c-e indicate Co nanoparticles synthesized on His-loop 

flagella. Figure 4.6e indicates that the Co nanoparticles generated with the wild type 

flagella leads to a mixture of the two instead of an array of nanoparticles on flagella 

when peptide loops are present. An ordered array of Co nanoparticles was obtained 

by reduction of Co(II) on Asp-Glu loop flagella (Figures 4.6a and b), while use of the 

His-loop flagella scaffold resulted in formation of a more dense assembly of 

nanoparticles on the flagella (Figures 4.6c-e). This result may be due to the higher 

affinity of the imidazole side chain of histidine for Co(II) transition metal ions, 

compared to the carboxylic side chains of glutamate and aspartate. The reduction of 

Co(H) was performed under ambient atmosphere; this suggests that the nanoparticle 

surfaces are most likely oxidized, resulting in formation of CoO, C0 2 O3, and C0 3O4 

oxide layers. Further studies are underway to characterize the nature of these 

nanoparticles by magnetic susceptibility measurements. We are also investigating 

their catalytic applications for reactions such as the Fischer-Tropsch alkane synthesis.
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Figure 4.6 Cobalt-flagella composite nanomaterials, (a) and (b) TEM images of
cobalt nanoparticles synthesized by reduction of Co(II) on glutamic acid- 
aspartic acid peptide loop flagella. (c), (d), and (e) TEM images of cobalt 
nanoparticles synthesized by reduction of Co(H) on histidine-loop 
flagella. Arrow indicates Co nanoparticles, (f) TEM image of control 
experiment of the reduction of Co(II) on wild type (without histidine 
loops) flagella indicting no attachment of Co and only random 
distribution of Co nanoparticles and clusters and flagella nanotubes. 
Arrows indicate the presence separately of Co nanoparticles and flagella.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

Generation of Palladium and Cadmium Nanoparticles on Aspartic 
Acid-Glutamic Acid Loop Flagella

5a,nm200 nm

Figure 4.7 Palladium-flagellin nanocomposites, (a), (b), and (c) TEM images of
palladium nanoparticles synthesized by reduction of Pd(II) on histidine- 
loop flagella. Arrow indicates the Pd nanoparticles, (d) TEM image of 
control experiment of the reduction of Pd(II) on wild type without 
(histidine loops) flagella indicting no attachment of Pd and only random 
distribution of Pd nanoparticles.
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Figure Figures 4.7 a-c indicate Pd nanoparticles synthesized on His-loop 

flagella and Figure 8d the generation of Pd nanoparticles with the wild type flagella. 

Figure 9e indicates Cd nanoparticles synthesized on His-loop flagella and Figure 9f 

the generation of Cd nanoparticles in the presence of wild type flagella. The 

controlled reduction with NaBH4 of Pd(II) and Cd(II) complexed with the His-loop 

flagella largely yielded nanoparticle arrays which were absent with the wild type 

flagella. It may be seen from Figure 8c that Pd nanoparticles are present on the His- 

loop flagella. The images in Figures 8a and 8b indicate that the formation of Pd 

nanoparticles did not result in extensive aggregation of the flagella. Some 

fragmentation of nanotubes resulting in a random distribution on the TEM grids was 

observed. Similarly, the formation of Cd nanoparticles on the His-loop peptide 

flagella (Figure 4.7 e) resulted in generation of an ordered array of nanoparticles and 

some fragmentation of the flagella and aggregation of fragments. Only random Cd 

nanoparticles could be detected with the wild type flagella as seen in Figure 9f.

Generation of Silver Nanowires on Aspartic Acid-Glutamic Acid Loop Flagella

The reduction of Ag(I) complexed to aspartic acid-glutamic acid peptide loops 

was performed with hydroquinone instead of NaBH4 to gain better control of the 

generation of nanoparticles. However, even this controlled mild reduction resulted in 

formation of silver metal-covered flagella that were aggregated into bundles, as 

shown in Figures 4.8 a-c. The Ag wire structures are evident in Figures 4.8a and 4.8b; 

Figure 4.8c indicates heavily aggregated nanowires leading to clumps of
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nanomaterials. Upon formation, the Ag nanoparticles rapidly seed the growth of 

further layers of Ag, analogous to our observations with higher concentrations of 

Cu(II). As a result, individual nanoparticles cannot be discerned and instead, arrays of 

nanowires resulting from the rapid growth of Ag films on the flagella were observed. 

Further studies with various peptide loops are underway to determine conditions that 

w ill allow the more controlled formation of Ag nanoparticles on flagella. The ease of 

reduction of Ag(I) compared to Cu(II) results in the observed differences in reduction 

after they have been bound to peptide modified flagella. This may account for the fact 

that in the case of Ag as shown in Figure 9d some deposition of these nanoparticles 

occurs even on the wild type flagella. In general, it is useful to identify conditions 

under which nanoparticle arrays and nanowires can be formed as the former are 

highly suitable for catalytic applications and the latter are more suitable for molecular 

electronics.

Conclusion

In summary, we have successfully demonstrated bioengineering of the FliTrx 

flagellin protein to generate flagella bionanotubes with high affinities for metal ions. 

A unique aspect of flagella is the ability to introduce peptide loops on monomers 

separated by 5 nm, with a high efficiency of loop peptide incorporation, resulting in 

evenly spaced binding sites, which make them attractive scaffolds for the generation 

of ordered arrays of nanoparticles and uniform nanotubes. Six different types of metal 

ions were complexed with the peptide loops and carefully reduced with NaBFLt or
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Figure 4.8 Silver-flagellin and cadmium-flagellin nanocomposite materials, (a), (b), 
and (c) TEM images of silver nanowires synthesized on flagella with 
glutamic acid-aspartic acid loop peptides, (d) TEM image of control 
experiment of the reduction of Ag(I) on wild type (without histidine 
loops) flagella indicting a weak association of Ag nanoparticles, (e) TEM  
image of cadmium nanoparticles synthesized on histidine-loop flagella. (f) 
TEM image of control experiment of the reduction of Cd(II) on wild type 
(without histidine loops) flagella indicting no attachment of Cd and only 
random distribution of Cd nanoparticles and clusters.
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Table 4.1 Summary of Nanomaterials Prepared in This Study Using Engineered 
Flagella Nanotubes as Scaffolds._________ _____________________________

Peptide 
Loop Type “

M etal
Species

Nano-Particle Synthesis Resulting Nanomaterial

Histidine 
loopb

Au

(gold)

Synthesis of gold nanoparticles on 
flagella by reduction of A u(I) 
ions.

Linear flagella-Au nanotube 
bundles with discrete gold 
nanoparticles attached.

Arginine- 
lysine loopc

Au

(gold)

Previously synthesized 3 nm and 
10 nm gold nanoparticles 
covalently attached by amine 
coupling to arginine-lysine 
peptide loop flagella.

Aggregates of linear flagella-Au 
nanocomposite bundles.

Histidine 
loopb

Cu

(copper)

Synthesis of discrete copper 
nanoparticles and continuous 
nanotubes on flagella by reduction 
of C u(II) ions with NaBH4.

Linear flagella-Cu nanotube 
bundles with discrete Cu 
nanoparticles and single linear Cu 
nanotubes.

a. Aspartic 
acid- 
glutamic 
acid loop d

b. Histidine 
loopb

Co

(cobalt)

Synthesis o f cobalt nanoparticles 
on flagella by reduction of C o(II) 
ions with NaBH4.

Note: Cobalt oxides may be 
present on surface of 
nanoparticles.

a. Ordered array of Co 
nanoparticles on Asp-Glu flagella 
nanotubes.

b. Fractal-like dense assembly of 
flagella-Co to form nanoparticle 
composite on His-loop flagella 
nanotubes.

Histidine 
loopb

Pd

(palladium)

Synthesis of palladium 
nanoparticles on on flagella by 
reduction of Pd(II) ions reduction 
with NaBH4

Single flagella-Pd nanoparticles; 
no extensive aggregation of the 
flagella.

Histidine 
loopb

Cd

(cadmium)

Synthesis of cadmium 
nanoparticles on flagella by 
reduction of C d(II) ions with 
NaBH4.

Ordered array of nanoparticles on 
single and aggregated flagella 
nanotube fragments.

Aspartic 
acid- 
glutamic 
acid loop d

Ag

(silver)

Synthesis of silver and continuous 
silver nanowires on flagella by 
reduction of Ag(I) ions with 
hydroquinone.

Aggregated bundles and arrays of 
Ag-flagella nanowires.

a Type of genetically encoded, constrained loop peptide displayed on the surface of FliTrx flagella 
protein nanotubes. b Histidine loop peptide with 4X  repeat o f sequence: Gly-His-His-His-His-His-His 
(G HHHHHH), peptide has 24 histidine residues with imidazole groups.0 Arginine-lysine loop peptide 
with a single insert o f sequence: Arg-Lys-Arg-Lys-Arg-Lys-Arg (RKRKRKR); peptide has 3 amine 
goups and 4 guanido groups/ Aspartic acid-glutamic acid loop peptide with 3X repeat o f sequence: 
His-Asp-Glu-Asp-Glu-Asp-Glu (HDEDEDE); peptide has three imidazole and 18 carboxylate groups.
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hydroquinone to obtain metal-flagellin nanocomposites. The covalent attachment of 

previously synthesized Au nanoparticles to the flagella scaffold was also

demonstrated. In most cases, the reductive chemistry procedures resulted in

generation of ordered nanoparticle arrays on the flagellin bionanotube templates, 

although continuous metal nanowires were also generated with Ag(I) and higher 

concentrations of Cu(II). These nanowires could be electrically conductive and have 

applications in microelectronics. They could also be further derivatized through thiol 

chemistry to construct sensor arrays. The resulting flagella-Au nanoparticle arrays 

could have sensor applications, while the flagella-Co, C03O4, and Pd nanoparticle 

arrays could have potential as chemical catalysts, with uniform particle sizes and high 

surface area to volume ratios. In general, nanoparticles, prisms, and rods would be 

useful for catalysis and sensor applications and nanowires for molecular electronics. 

These results, along with our previously reported studies on cysteine loop flagella and 

apatite, silica, and titania nanotube formation on flagella and polymerization of 

aniline bound flagella to form polyaniline bundles, are a complementary set of 

investigations aimed at demonstrating the efficacy of bioengineered flagella as

scaffolds and substrates for the generation of novel bionanomaterials with many

potentially useful applications. These studies are also complementary to other similar 

studies reported in the literature employing peptide nanotubes, proteins, DNA, and 

viral capsids.
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CHAPTER V

BIOENGINEERED FLAGELLA PROTEIN NANOTUBES W ITH CYSTEINE 
LOOPS: SELF-ASSEMBLY AND MANIPULATION IN  

AN OPTICAL TRAP

Introduction

Ordered assembly of engineered biomaterials are essential step in their applications, 

such as sensor materials, scaffolds for tissue engineering, and liquid crystals. 

Molecular recognition can be employed as a driving for ordered assembly of 

bionanotubes. Electrospining and laminar flow followed by chemical cross-linking 

have been extensively used in macroscopic protein and peptide bundle formation 

(228, 229). Macroscopic bundles of self-assembled bionanotubes were proposed as 

scaffold for tissue repair, sensor materials and new biodegradable wound healing 

materials (230).

Optical trap is well understood technique and extensively used in biophysical studies 

of living cells and biomacromolecules. Dimension of biomacromolecules are too 

small to visualize by optical microscopy, so most cases biomacromolecules are 

attached to fluorescenct polymer beads such as polystyrene for visualization by an 

optical microscope (231). Optical trapping exerts mechanical force of several 

piconewtons on biomacromolecules attached to fluorescent beads. The lateral and 

vertical movement of bead in an optical trap could also be used to manipulate the
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biomacromolecules. In this chapter, the reversible assembly of pFliTrx bacterial 

flagella bundles with cysteine loop displayed on surface of flagella and their behavior 

in an optical trap are discussed.

Experimental Methods

Materials

A ll chemicals were reagent grade or better and were obtained from Sigma- 

Aldrich (St. Louis, MO), unless otherwise noted. Tri(2-carboxyethyl)phosphine 

hydrochloride (TCEP) was obtained from Fluka (Sigma-Aldrich Corp., St. Louis, 

MO). NanoOrange protein dye was purchased from Molecular Probes, Inc. (Eugene, 

OR). E. coli strain GI 826, the pFliTrx peptide display plasmid and all custom DNA  

oligonucleotides primers were obtained from Invitrogen Corp. (Carlsbad, CA). RsrII 

restriction enzyme, T4 DNA ligase, and alkaline phosphatase were obtained from 

New England Biolabs (Beverly, MA). The QuikChange® site-directed mutagenesis 

kit, including PfuTurbo® DNA polymerase, 10X reaction buffer, Dpn I restriction 

enzyme and dNTP mix, was purchased from Stratagene (La Jolla, CA). DNA gel 

extraction and purification kits were obtained from QIAgen, Inc. (Valencia, CA).

Electrocompetent and chemically competent E. coli cells were prepared using 

standard protocols given in the pFliTrx peptide display vector manual available online 

from Invitrogen. Molecular biology procedures were performed according to 

Sambrook and Russell (232). Synthetic DNA oligonucleotides were obtained from
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Invitrogen Corp. DNA sequencing was performed by the University of Michigan 

DNA Sequencing Core. The following sequencing primers were used: 1. FliTrx 

forward primer, 5 '-ATT CAC CTG ACT GAC GAC-3'; FliTrx reverse primer, 5'- 

CCC TGA TAT TCG TCA GCG A-3

Construction of FliTrx Polycysteine Loop Display Vector

The pFliTrx peptide display vector obtained from Invitrogen is not identical to that 

originally described by Lu, et al. (233) and contains a large multiple cloning site 

(MCS) sequence with 10 unique restriction sites intended to facilitate directional 

cloning (i.e., insertion) of DNA segments encoding peptides of interest. This MCS 

was inserted into the sequence region (denoted by *) corresponding to the middle of 

the thioredoxin active site, Cys32-Gly33-*-Pro34-Cys3 5 , using the sequence numbering 

of wild-type E. coli thioredoxin. The corresponding MCS-encoded peptide, 

PVCWAQPARSELAAAISLARG, encodes a Cys residue (underlined), that may still 

be present and prone to uncontrolled oxidation and cross-linking, depending on the 

actual restriction sites used for cloning foreign peptides. The DNA sequence encoding 

this multiple cloning region was removed and the unique RsrII restriction site located 

in this sequence region corresponding to the original pFliTrx plasmid was restored by 

a series of mutations, restriction digestion and re-ligation. First, two RsrII restriction 

sites were introduced into regions flanking the MCS region of the plasmid by site- 

directed mutagenesis using the QuikChange method. The two mutagenesis primers for 

the first RsrII site, with mutated bases underlined, were: forward primer, 5’-GCA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GAG TGG TGC GGT CCG GTG TGC TGG GCC CAG C-3’ and reverse primer, 5’- 

GCT GGG CCC AGC AC A  CCG GAC CGC ACC ACT CTG C-3’. The two 

mutagenesis primers for the second RsrII site were: forward primer 5’-CCG CGA 

TAT CGC TAG CTC GCG GTC CGT GCA AAA TGA TCG CCC-3’ and reverse 

primer, 5’-GGG CGA TCA TTT TGC ACG GAC CGC GAG CTA GCG ATA TCG 

GGG-3’. Mutations were initially identified by RsrII restriction digestion and agarose 

gel electrophoresis and confirmed by DNA sequencing. A 63 nucleotide fragment 

encoding the MCS region was removed from the pFliTrx plasmid by RsrII restriction 

digestion, followed by separation of the two fragments by gel electrophoresis. The 

large plasmid fragment was isolated by gel extraction with a QIAquick Gel Extraction 

Kit (Qiagen) and was ligated into circular form with T4 ligase and electrotransformed 

into E. coli G I 826 cells. Transformed cells were plated on RMG-Amp plates and 

isolated clones were grown in RM-Amp media. The resulting modified pFliTrx 

plasmid DNA encoding a single RsrII restriction site in the region corresponding to 

the thioredoxin active site was isolated and sequenced to confirm removal of the 

small fragment.

Comparison of the translated FliTrx protein sequence indicated that an 

additional non-native Cys353 residue is present in the encoded FliTrx protein sequence 

immediately following the 3’ end of the inserted trxA gene. This is probably a 

Gly—»Cys mutation that occurred during construction of the original FliTrx library. 

Therefore, the Cys353-»Ser mutation was also introduced via the QuikChange 

method to prevent unwanted formation of disulfide bonds with this lone Cys residue.
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The two mutagenesis primers for the Cys353Ser mutation (with mutated bases 

underlined) were: forward primer: 5’-CCT CGA CGC TAA CCT GGC CTC TGC 

CGC CAG TTC TCC AAC CG-3’ and reverse primer, 5’-CGG TTG GAG AAC 

TGG CGG CAG AGG CCA GGT TAG CGT CGA GG-3’.

Construction of FliTrx Peptide Loop Variants

The modified pFliTrx plasmid was digested with RsrII and treated with 

alkaline phosphatase to remove the terminal 5’ phosphates and prevent self-ligation. 

The following two synthetic oligonucleotides were designed to encode a one 

histidine, six cysteine loop peptide (“Cys-loop”) containing thiol side chains, -His- 

Cys-Cys-Cys-Cys-Cys-Cys-, encoded by the forward oligo, 5’-GT CAC TGT TGC 

TGT TGC TGT TGC G-3’ and reverse oligo, 5’-G ACC GCA ACA GCA ACA GCA 

AC A GT-3’. A  double-stranded DNA cassette was prepared by annealing the two 

oligonucleotides in annealing buffer: 10 mM Tris HC1 (pH 7.5), 100 mM NaCl and 

1.0 mM EDTA. The DNA cassette was then inserted into the Rsrll-cut pFliTrx 

plasmid and ligated with T4 ligase. The molar ratio of the inserted cassette to plasmid 

DNA can be varied to allow possible insertion of multiple cassette fragments into the 

single RsrII restriction site. The same procedure was followed to insert a one glycine, 

six histidine loop peptide (“His-loop”) containing imidazole side chains, -Gly-His-His- 

His-His-His-His-, encoded by the forward oligo, 5’-GTC ATC ACC ATC ACC ATC 

ACG-3’; and reverse oligo, 5’-GAC CGT GAT GGT GAT GGT GAT-3’), an anionic 

three glutamic acid, three aspartic acid, one glycine loop peptide (“Glu-Asp loop”), -
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Asp-Glu-Asp-Glu-Asp-Glu-Gly-, encoded by the forward oligo, 5’-GTC GCA AGC 

GTA AGC GCA AGC-3’ and reverse oligo 5’-GAC GCT TGC GCT TAC GCT 

TGC-3’, and a cationic four arginine, three lysine loop peptide (“Arg-Lys loop”), - 

Arg-Lys-Arg-Lys-Arg-Lys-Arg-, encoded by the (forward oligo, 5’-GTC GCA AGC 

GTA AGC GCA AGC-3’ and reverse oligo, 5’-GAC GCT TGC GCT TAC GCT 

TGC-3’. The resulting plasmids were electrotransformed into GI 826 E. coli cells, 

single colonies were picked and cultured and plasmid DNA was isolated and 

sequenced. Due to the nature of the single RsrII restriction/insertion site and self- 

complementary ends of cassettes encoding loop peptides, both single and multiple 

loop peptide inserts were isolated in the resulting plasmids. The presence of one or 

more loop inserts in the expressed FliTrx protein was also verified in a qualitative 

manner by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis of post-induction whole cell lysates (234).

FliTrx Flagellin Protein Expression and Purification

Engineered pFliTrx plasmids were transformed into E. coli GI 724 or GI 826 

cells and plated on RMG-Amp plates. Individual colonies were picked with 

toothpicks and were grown in 50 mL IMC-Amp media at 30 °C with shaking (225 

rpm) for 16 h (overnight). The 50 mL cultures were used to inoculate one liter of 

IMC-Amp media and grown at 30 °C with shaking (225 rpm). Cultures were grown to 

an optical density at 550 nm (OD55o) of 0.5 and induced with L-tryptophan (100
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mg/L) at 37 °C with shaking (225 rpm) for 3 h. Cells were harvested by centrifugation 

at 3000 x g for 10 min at 4 °C and suspended in 3 ml of pH 7.5 phosphate buffered 

saline solution. Flagella were sheared from the cells by vortexing for 3 min at 

maximum speed. The cells were then pelleted by centrifugation at 10,000 x g for 15 

min. The clarified flagellin-enriched supernatant solution was used to prepare samples 

for initial transmission electron microscopy (TEM) imaging. Clarified solutions of 

Cys-loop flagella were further centrifuged at 50,000 x g for one h to pellet the 

flagella. Disulfide bond reduction was carried out in freshly prepared TCEP-HC1 

solution keeping its final concentration 50 mM at 37 °C for times of 1 h and 12 h. 

Flagellin samples were prepared for TEM imaging by placing 10 pL of reduced 

solution on a formvar/carbon-400 mesh copper grid (Electron Microscope Science, 

Hatfield, PA) for 1 min, blotting off excess solution with filter paper, negative 

staining with 2 % neutral phosphotungstic acid for one min, followed by blotting off 

excess solution and allowing the sample grid to air dry. TEM images were taken with 

JEOL 3011 electron microscope operated at 300 kV.

Fluorescence Imaging and Laser Tweezer Manipulation of Flagella Bundle

A volume of 50 pL of Cys-loop flagella bundle solution in phosphate saline buffer 

was place on a concave microscope slide and mixed with 3 pL of 500X NanoOrange 

fluorescence dye stock solution. Fluorescence images were taken with an 

epifluorescence microscope (Nikon TE 2000) using an FM 143 filter cube with a 

480/30x (465-495 nm) excitation band pass filter and a 515-555 nm emission band
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Figure 5.1 SDS-PAGE (15%) analysis FliTrx loop variant protein expression and
export in GI 826 E. coli cells, (a) Lane 1, Mark-12 molecular weight 
marker; Lane 2, Whole-cell lysate before FliTrx expression; Lane 3, 
Post-induction whole-cell lysate of six cysteine loop variant ( IX  insert); 
Lane 4, Post-induction whole-cell lysate of twelve cysteine loop variant 
(2X insert); Lane 5, Post-induction whole-cell lysate of four arginine 
and three lysine loop variant ( IX  insert); Lane 6 , Post-induction whole­
cell lysate of nine aspartic and nine glutamic acid loop variant (3X  
insert); Lane 7, Post-induction whole-cell lysate of twenty four histidine 
loop variant (4X insert).

Figure 5.2 Lane 1, Mark-12 molecular weight marker; Lane 2, Post-induction
exported sheared flagella of six cysteine loop variant ( IX  insert); Lane 3, 
Post-induction exported sheared flagella of twelve cysteine loop variant 
(2X insert).
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pass filter (Chroma Technology Corp., Rockingham, VT). Optical manipulation of 

flagella bundles was performed using a Bioryx 200 laser tweezer instrument (Arryx, 

Chicago, IL ) with a 1064 nm wavelength Nd:YAG laser source coupled with a Nikon 

TE 2000 inverted epifluorescence microscope.

Isolation and Expression Tolerance of Flagellin Loop Variants

FliTrx loop variants with 1-3 inserts of the Cys-loop variant, 1-6 inserts of the 

His-loop variant, one insert of the cationic Arg-Lys loop variant and 1-4 inserts of the 

anionic Glu-Asp loop were successfully identified by DNA sequencing and confirmed 

by SDS-PAGE analysis of the expressed proteins in whole cell lysates. Many of the 

engineered FliTrx loop variants were expressed at very high levels in both GI 724 and 

GI 826 strains of E. coli, as indicated by SDS-PAGE analysis of pre- and post­

induction cell lysates (Figure 5.1). However, some of the loop variants had very low 

levels of expressed protein and consequently, did not yield functional flagella. Both 

single and double insert Cys-loop FliTrx variants were successfully expressed at high 

levels and were exported and assembled into functional flagella fibers (Figure5.2). 

These Cys-loop flagella then further self-assembled into flagellin bundles, as 

indicated by TEM imaging (Fig. 2). Cys-loop variants with more than two inserted 

copies of the Cys-loop peptide were not expressed at significant levels and failed to 

form measurable quantities of flagella in both GI 724 and GI 826 strains. Thus, there 

appears to be a biological limit in the export pathway to the number and size of
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cysteine residues that can be inserted into the FliTrx protein, in contrast to many other 

larger peptides that are successfully exported in both GI 826 and GI 724 strains, 

including the large number of random 12-mer peptides encoded in the original FliTrx 

peptide library (233). This result is not surprising, as Cys residues were not observed 

in any of the peptides previously isolated from the FliTrx random library panning 

procedure against several antibodies (233, 235). The two Cys residues in the 

thioredoxin active site of FliTrx proteins may rapidly form a stable, intrachain 

disulfide bond in the oxidizing environment of the bacterial periplasm or possibly 

during or after extracellular export. The presence of additional Cys residues may 

result in formation of covalently cross-linked FliTrx protein complexes that are too 

large and/or inflexible to be exported by the flagellar type III secretion system (236) 

that is part of the basal motor complex of the flagella.

Figure 5.3 TEM imaging of disulfide cross-linked cysteine-loop FliTrx flagellin
bundles. Stained with 2% phosphotungstic acid (pH 7.5) (scale 100 nm).
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Figure 5.4 SEM image of Cys-loop flagella bundles on carbon grid (500 nm).

Purification of cysteine-tagged proteins is challenging, due to aggregation and 

inclusion body formation. Intra- and intermolecular disulfide bond formation of 

proteins is not possible in the reducing environment of the E. coli cytoplasm, but 

generally occurs in the periplasmic space. However, a number of the engineered 

FliTrx variants, including several that contain polycysteine peptide loops, were 

expressed at high levels and were successfully exported and assembled into flagella 

fibers in both GI 724 and GI 826 strains of E. coli. While the other His-loop, Arg-Lys 

loop and Glu-Asp loop variants were isolated as monomeric flagella fibers, the Cys- 

loop variant fibers aggregated and self-assembled into larger cross-linked bundles in 

the oxidizing environment outside the cell. These Cys-loop bundles were easily
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harvested by shearing them from bacterial cells as self-assembled microscopic flagella 

bundles, without lysing the cells and releasing large numbers of other contaminating 

proteins. The GI 826 E. coli strain was previously engineered so that the rotary motor 

is no longer functional, (233) however, typical growth conditions of 150 rpm shaking 

and subsequent pelleting of cells by centrifugation still resulted in collision and 

disulfide-mediated bundle assembly. Disulfide bond formation between cysteine 

residues of flagella is the driving force of this polyfiber self-assembly process that is 

mediated by dissolved oxygen in the growth media. The cysteine loop is present in the 

solvent-accessible D3 domain of flagellin and can form intermolecular disulfide 

bonds without any steric hindrance. These inserted peptide loops are flexible and may 

allow for changes in their orientation and conformation. These flagella bundles can be 

disassembled by reduction of disulfide bridges between flagella tubes by use of 

reducing agents such as dithiothreitol or TCEP, as shown in the schematic of Fig. 3. 

We observed flagella bundles up to 10 pm in length and 200 nm in diameter with an 

average length of 8  pm. Individual flagella and their parallel orientation in bundles 

are distinctly visible (Figure 5.3). Overnight (12 h) reduction with 50 mM TCEP 

resulted in complete separation of flagella bundles to form single flagella nanotubes 

(Figure 5.6).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86
Air/O,

R CH2— S H + H S CH,— R
TCEP

R CHo— S S CH,— R

Self-assembly

TCEP

Disassembly

B

Figure 5.5 Formation of disulfide bonds between cysteine loops in the presence of
oxygen, (b) Flagella nanotube bundle formation upon oxidative disulfide 
bond formation and disassembly upon addition of a reducing agent.
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Figure 5.6 TEM images of cysteine loop FliTrx flagella monomeric fibers 
after 12 h incubation with 50 mM TCEP.

For comparison, loop-less FliTrx and His loop flagella were also 

bioengineered and isolated. TEM imaging indicated only single fibers for these other 

types of engineered flagella, which did not show any bundle formation under similar 

conditions. The properties and interactions of these other engineered loop variants 

with other nanomaterials w ill be addressed in a later publication. Fluorescence 

microscopy of NanoOrange labeled protein samples showed flagella bundles that 

ranged in length from 4-10 pm (Figure 5.7). NanoOrange is protein-specific dye that, 

when bound to protein and excited at 470-490 nm wavelengths of light, fluoresces at
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wavelengths of 570-590 nm; otherwise it is non-fluorescent in water. The flagella 

bundles had a strong tendency to adsorb to glass surfaces, which was minimized by 

the addition of 0.01%Triton X-100 nonionic detergent.

Figure 5.7 Fluorescence image of Cys-loop flagella bundles adsorbed on surface of 
glass slide (scale bar 10 pm). Flagella bundles were stained with 
NanoOrange dye.

Optical Trapping of Flagella Bundles

We attempted to trap flagella bundles using a biologically compatible infrared 

wavelength (1064 nm) laser tweezer (optical trap) with various laser output power 

levels ranging from 0.2 W  to 2.0 W. The flagella bundles were visualized using a 

465-495 nm excitation band pass filter and an emission cut-off filter for wavelengths 

below 570 nm. Unexpectedly, fluorescently labeled flagella bundles in solution were
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rapidly repelled by the laser beam; rather than being held in place by tweezing action, 

they were repeatedly observed to move in a downward direction parallel to the laser 

beam and disappear from focus (see appendix for an example movie of attempted 

capture of a flagella bundle by the laser optical trap).

The movie indicates an attempt to trap a Cys-loop flagella bundle of 

approximately 10 pm length and 300 nm diameter (diameter is an estimate based on 

the diffraction limit of the emission wavelength region) by the maximum power of 2  

W  of the 1064 nm laser. The movie clearly depicts the movement of the flagella 

bundle in the optical trap and its eventual escape. It also depicts repeated unsuccessful 

attempts to trap the bundle. The Cys-loop bundle, due to its size, acts like a lens that 

refracts the rays of light and redirects the momentum of the photons. This draws the 

bundle to the high flux region of photons in the trap which is the focus of the trapping 

laser beam (237, 238). Initially this causes the bundle to align lengthwise along the 

optical axis, as we have observed for other systems such as bacterial E. coli cells 

(239). Once in the trap, the flagella nanotubes absorb the momentum from the 

photons in the beam. This momentum transfer is to some extent aided by the weak 

absorbance that the Cys-loop flagella have at 1064 nm that was observed by near-IR 

absorbance spectrophotometry. Weak absorbance with conventional light sources can 

become significant in a tightly focused energetic laser beam. The momentum transfer 

drives the flagella bundle down the optical axis, aiding its escape from the optical 

trap, as evident from the movie. Clearly the behavior of the Cys-loop flagella in the
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optical trap is complex and warrants further investigation; further studies are in 

progress.

Figure 5.8 Image of lasers tweezers with inverted microscope.

Conclusion

We have demonstrated that FliTrx flagella nanotubes with rationally designed 

surface functionalities can be engineered and isolated from bacterial E. coli cells, 

including flagella bundles formed by Cys-loop variants. These 4-10 pm long bundles 

represent a novel bioengineered fibrous material that is readily visualized by 

fluorescence microscopy, can be immobilized on glass surfaces by simple adsorption
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procedures, may have useful elastic and tensile strength properties and could also 

serve as a template for biomineralization of larger structures and labeling via standard 

thiol chemistries. Furthermore, given that flagellins from different species can be 

combined and assembled in vitro into heterogeneous flagella through interactions of 

the highly conserved N- and C-terminal domains, (34-36, 240) the Cys-loop FliTrx 

protein can be considered as a thiol cross-linking building block that can be combined 

with other flagellin monomers that have other functionalities. For example, Cys-loop 

FliTrx variants could be combined in vivo or in vitro with other FliTrx engineered 

loop variants that have other specific molecular recognition properties, such as the 

transition metal-binding His-loop peptide, the cationic Arg-Lys loop and the anionic 

Glu-Asp loop, to produce multifunctional protein nanotube bundles that are stabilized 

by cross-links (69-71).
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CHAPTER VI

LAYER BY LAYER ASSEMBLY OF BIOENGINEERED FLAGELLA 
NANOTUBE FILM  AND BIOMINERALIZATION

Introduction

Applications of layer-by-layer assembly as versatile technique for fabrication 

of thin layers and coatings have increased dramatically over the last two decades; 

layer-by-layer assembly of polycations and polyanions was first proposed by Decher 

in the early 1990s (241, 242). Electrostatic interaction, hydrogen bonding, van der 

Waal’s forces, and covalent bond formation between layers were used to hold 

multiple layers together (243). Organic polymers (244),nanoparticles (245) and 

biological molecules such as enzymes (246), DNA (247), peptides (248, 249), 

proteins (250), chitosan (251), and viruses (252) have been demonstrated as building 

blocks in multilayer construction and employed as biosensors, supports for cell 

adhesion, templates for biomineralization, in controlled release of drugs, and as 

antibacterial coatings. Layer-by-layer assembly of viral protein cage architecture was 

reported by Young and coworkers (253), where streptavidin-biotin molecular 

recognition was used. Biological molecules provide genetically controlled natural 

building blocks, which can be used in the “bottom-up” construction of nano to micro 

structures, to overcome the inherent limitations of traditional “top-down” assembly 

approaches such as photolithography.
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In this paper, we discuss the layer-by-layer assembly of an engineered fusion 

protein of bacterial flagellin and thioredoxin, termed FliTrx, as a functionalized bio­

nanotube. The functionalization was achieved by display of peptide loops on the 

surface of flagella and chemical modification of the side chains of the proteins. The 

bacterial flagella is a whip-like structure that extends from the surface bound motor 

complex, followed by a universal joint hook structure and the stem, and an elongated 

fiber, which is composed of the protein flagellin (FliC). The flagellin protein is 

helically self-assembled to form the flagella nanotube,consisting of 11  subunits of 

flagellin per turn and the distal end of the fiber is capped with a lid complex formed 

from a protein heptamer called FliD or Hap2 (254, 255). Extensive details of bacterial 

flagella structure have been reviewed elsewhere (56, 69-71, 73). Our research 

program involves the development of engineered mesophilic and hyperthermopilic 

bacterial flagella nanotubes for the fabrication of hybrid nanomaterials and 

bionanotube systems. Recently, we demonstrated a computational model for a 

thermophilic bacterial flagellin protein (256) and followed this by functional 

characterization of the D3 domain deletion library of Salmonella flagella (239). 

Furthermore, the FliTrx system of E.coli was used to display multiple polypeptides on 

the flagella surface with various functional side chains such as cysteine, arginine, 

lysine, histidine, aspartic acid, glutamic acid and tyrosine. These functionalized 

flagella were used to make covalently bonded flagella bundles (73), and for the 

complexation and reduction of metal ions on functional groups of flagella to form 

uniform metal nanotube and nanoparticles on the surface of flagella (69), directed
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assembly and polymerization of aniline to form conductive nanotubes (71), 

biomineralization leading to the formation of SiC>2 and T i0 2  nanotubes and 

hydroxyapatite crystals (16), and assembly and synthesis of semiconductor quantum 

dots in an ordered array where exciton energy transfer between small and large size 

quantum dots was demonstrated (70). This paper discusses the continuation of our 

research and demonstrates the possible application of engineered flagella in surface 

fabrication using layer-by-layer assembly, with the assistance of electrostatic 

interactions and molecular recognition. Finally, we discuss potential applications of a 

surface assembled bionanotube system as a template for the biomineralization of 

calcium carbonate.

Experimental Procedures

Materials

Polyethylene glycol (PEG) 750 (M W  750), polyethylenimine (M W  2000), 

streptavidin, and 3-(2-(2-aminoethylamino)ethylamino)propyl-trimethoxysilane were 

obtained from Sigma-Aldrich (St. Louis, MO). 11-amino-undecanethiol was obtained 

from Dojindo Molecular Technologies, Inc. (Gaithersburg, M D), NanoThinks 

ethanolic solutions of n-octane thiol (5 mM) and n-octane thiol (5 mM) were obtained 

from Sigma-Aldrich. The NHS-PEG4-biotin and NHS-PEG4-biotin were obtained 

from Pierce Biotechnology, Inc. (Rockford, IL). Gold-plated mica was obtained

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from Molecular Probes, (Eugene, OR). Dialysis membrane 50 kDa molecular weight 

cutoff cellulose was obtained from Membrane Filtration Products Inc. (Segiun, 

Texas). Atomic force microscopy of samples was performed using an Agilent 5500 

AFM/SPM Microscope (Agilent Technologies, Tempe, AZ) with model FESP AFM  

tips (Veeco, Santa Barbara, CA), using “tapping” mode force feed-back control for 

imaging biological samples.

Preparation of amine terminated mixed self-assembled monolayers on
A u(l 11) surface

A calculated weight of 11-amino-undecanethiol (Dujindo Chemicals) was 

mixed with an ethanolic solution of n-octane thiol (5 mM, Nanothinks 8 , Sigma) to 

form a 2 mM solution with an amine thiol: alkyl thiol ratio of 2:5. Self-assembled 

monolayers (SAMs) were prepared by incubating gold-plated mica plates in thiol 

solution for 16 h and cleaned by thoroughly washing with ethanol, followed by 

rinsing with deionized (D I) water with a resistivity of 18 Mohm.

Biotinylation of thiol self assembled monolayers

Thiolated gold-plated mica plates were placed in a 1 mM solution of NHS- 

PEG4-biotin in 100 mM phosphate buffer (pH 7.2) for 2 h. Biotinylated plates were 

cleaned with D I water.
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Biotinylation o f flagella

A 5 mL solution of 1 mg/mL flagella in 200 mM NaCl and 10 mM at pH 7.2 

( 1 0  mM phosphate buffer) was mixed with 1 mL of 5 mg/ml solution of NHS-PEG4- 

biotin in at pH 7.2 (10 mM phosphate buffer) and stored at 4 °C for 5 h. This was 

followed by addition of another 1 mL of biotin solution and stored at 4 °C for another 

2 h. Excess NHS-PEG4-biotin and other soluble reaction byproducts were removed by 

dialyzing the flagella sample against 200 mM NaCl, at pH 7.2 (10 mM phosphate 

buffer) for 36 hours using a 50 kDa molecular weight cutoff cellulose membrane with 

a buffer change performed every 1 2  h.

Layer-by-Layer Assembly of Streptavidin and Flagella

Biotinylated gold-plated mica plates were placed in a solution of 0.5 mg/mL 

streptavidin dissolved in 50 mM phosphate (pH 7.2) buffer solution for 10 minutes 

and washed three times with a 0.1% (wt./vol.) PEG 750 solution in 50 mM phosphate 

buffer (pH 7.2), followed by rinsing with phosphate buffer and D I water. The 

resulting streptavidin-coated plates were air dried for 10 min and AFM images were 

collected using the tapping mode. For assembly of a flagella layer, the streptavidin- 

coated mica plates were placed for 20 minutes in a 0.5 mg/mL flagella solution in 200 

mM NaCl and 50 mM phosphate buffer and washed three times with a 0.1% PEG 750 

solution, followed by rinsing with 50 mM phosphate buffer and D I water. AFM
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images were recorded after air-drying for 10 min. The same procedures were followed 

to prepare additional layers of streptavidin and biotinylated flagella nanotubes 

immobilized on the second streptavidin layer.

Layer-by-Layer Assembly of Polyamines and Flagella

Quartz plates with dimensions of 8  cm X  2 cm X  2 mm were cleaned with piranha 

solution (3:1 conc. H2SO4 : 30% H2O2) and washed 3 times with D I water. Cleaned 

and dried quartz plates were placed in a 50 mM solution of 3-(2-(2- 

aminoethylamino)ethylamino)propyl-trimethoxysilane (AEPTS) in absolute ethanol 

for 4 h and washed twice with absolute ethanol, followed by rinsing with D I water 

and pH 7.2, 50 mM phosphate buffer. The resulting quartz plates were immersed in a 

0.5 mg/mL solution of glutamic-acid-aspartic acid (Glu-Asp) loop peptide) flagella, 

described previously (69, 71), in 100 mM NaCl at pH 7.0 (pH was adjusted with 0.01 

M  HCl/0.01 M  NaOH) for 5 min and washed with D I water 3 times by dipping. AFM  

images were recorded after the plates were air dried for 10 min and the UV-visible 

absorbance spectrum was recorded with a Lambda 20 spectrophotometer (Perkin- 

Elmer, Wellesley, M A). The resulting plates were immersed in a pH 7.0, 0.01% 

solution of polyethylenimine in water for 5 minutes and washed three times with D I 

water. Each polyethylenimine-coated plate was immersed in the Glu-ASp loop 

flagella solution for 5 min, followed by AFM imaging and absorbance measurements 

were recorded. The same procedure was repeated for additional cycles to prepare
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multiple layers of the anionic flagella-cationic polymer composite material on the 

mica slides.

CaCC>3 Mineralization on Flagella

Low density of flagella were deposited on an AEPTS-coated quartz plate by 

immersing the plate in a 0.5 mg/mL solution of Glu-Asp-loop flagella in 100 mM  

NaCl at pH 7.0 for one min. A 0.5mg/mL flagella solution in 75 mL of 5 mM CaCl2 

solution in 100 mL beaker and then beaker was placed in sealed container containing 

solid (NH4)2C0 3  for 4 h. Each quartz plate was air-dried and AFM images were 

recorded in tapping mode.

Results and Discussion

Figure 6.1 AFM images of a biotin-functionalized gold surface and a subsequent 
streptavidin assembled surface.

Mixed thiol SAMs on a gold surface with alkyl- and amine-terminated groups 

were used to generate a biotin-functionalized Au(l 11) surface for the assembly of a
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first layer of streptavidin. In this case, the alkyl-terminated thiol was used to reduce 

the surface density of the resulting biotin SAM; furthermore, alkyl groups have a very 

low affinity for proteins, thus minimizing nonspecific binding of streptavidin. 

Washing treated plates with dilute PEG solutions and D I water also removed 

nonspecifically-bound protein from the surface AFM images of a biotin- 

functionalized gold surface and a subsequent streptavidin assembled surface are 

shown in Figures 6.1(a), (b) and (c). In Figure 1(a), gold granules with step edges are 

clearly indicated and densely packed streptavidin molecules are indicated in Figures 

6.1(b) and 1(c). Streptavidin is associated to from a cubictetramer with two pairs of 

biotin binding sites on opposite faces. Therefore, each streptavidin molecule 

immoblized on the biotinylated surface has a second pair of available biotin binding 

sites on the solvent-exposed surface of the protein. These available biotin binding 

sites were used to assemble a second protein layer of biotinylated flagella on the 

surface of streptavidin layer. AFM images of the assembled flagella layer are shown 

in Figures 6.2(a) and 6.2(b). Flagella with inserted peptides containing three lysine 

residues alternatively composed along with three arginine residues in a surface- 

displayed loop peptide were chemically coupled to biotin molecules via a 2.9 nm long 

polyethylene oxide spacer arm; theoretically each flagellin molecule may have three 

or more biotin molecules covalently linked to its surface. EDC coupling was used and 

the spacer arm was used to prevent any steric hindrance of biotin for binding with 

streptavidin. Functional biotin molecules are available on the flagella surface, and 

another layer of streptavidin was assembled on flagella using the exposed functional
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biotin. AFM images of the streptavidin layer assembled on flagella are indicated in 

Figures 6.3(a) and 3(b). In a phase image of Figure 6.3(b), assembly of streptavidin 

was clearly indicated compared to a phase image of flagella in Figure 6.2(b). Another 

biotinylated flagella layer was assembled on the streptavidin layer and AFM images 

were recorded as indicated in Figure 6.2(c). The Figure 6.4 indicates a schematic 

representation of layer-by-layer assembly of biotinylated flagella nanotubes.

15nm

til

Figure 6.2 AFM images of the assembled flagella layer.
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Figure 6.3 AFM images of the streptavidin layer assembled on flagella.
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Electrostatic interactions were also used to prepare a layer-by-layer assembly 

of negatively charged bioengineered flagella nanotubes. In this case, flagella were 

assembled on positively charged quartz surface coated with AEPTS. At pH values 

below 9, the amine groups are protonated and generate a positive charge. Positively- 

charged polyethylenimine was used to electrostatically bind the negatively charged 

flagella. Figures 6.5(a), (b), (c), and (d) indicated each step in electrostatic layer-by- 

layer assembly of flagella. The Figure 6 . 6  is a schematic illustration of electrostatic 

layer-by-layer assembly. Absorbance spectra were recorded with each step in the 

assembly process and the raw absorbance data are indicated in Figure 6.7. Increase in 

absorbance in the visible region of the spectrum, where protein does not absorb could 

be attributed to light scattering, by multiple layers of protein nanotubes. Absorbance 

increase in the uv region is due to the amino acid residues in the protein. By 

comparison, the first layer of flagella generated by electrostatic interaction was more 

tightly packed than the flagella assembled with biotin-streptavidin linkages. This can 

be easily seen by difference between Figures 6.2(a), 2(b) and Figures 6.5(a) and 

6.5(b). Electrostatic interaction occurred over the entire flagella bionanotube surface 

with surface-functionalized quartz, but biotin-streptavidin interactions resulted in only 

partial binding and assembly of flagella on the surface. This suggests that electrostatic 

interactions are more suitable for generating nanomaterial surfaces with smaller and 

fewer pores and a more tightly packed flagella monolayer, while the opposite holds 

for flagella monolayer assembled via molecular complementarity.
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Figure 6.4 schematic representation of layer-by-layer assembly of biotinylated 
flagella nanotubes.
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Figure 6.5 Electrostatic layer-by-layer assembly of flagella electrostatic layer-by- 
layer assembly of flagella.
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Figure 6.6 schematic illustration of electrostatic layer-by-layer assembly (a) 
thiolated gold surface (b) flagella (c) polyamine.
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Figure 6.7 Absorbance spectra of electrostatic assembly of flagella on quartz.
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Figure 6.8 AFM images of CaCC>3 mineralized on flagella.

As a final demonstration of bottom-up assembly of a potentially 

biocompatible nanomaterial scaffold, calcium carbonate mineralization was carried 

out on flagella assembled on positively-charged quartz plates. Well-separated low 

density of Glu-Asp loop peptide flagella layer was assembled on quartz with brief 

exposure to the flagella solution. In the biomineralization process, Ca2+ ions are 

thought to bind to the carboxylate side chains of the aspartic acid and glutamic acid 

residues, which may assist in initiating nucleation of CaCC>3 mineralization by 

generation of a region of local supersaturation with diffusion of C0 2 (C0 3 2') to the 

vicinity of flagella. AFM images of CaC0 3  mineralized on flagella are indicated in 

Figure 6.8.
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CHAPTER VII

FUTURE DIRECTIONS

The previous work described in this study represents a series of preliminary 

investigations in which the preparation of a number of different nanomaterials was 

demonstrated for the first time with bacterial flagella. A  number of potential future 

research directions for further exploration and development of hybrid flagella 

nanomaterials are discussed below.

Assembly of Multifunctional Bio-Nanotubes and Their Applications

Flagella with multiple surface functionality can be achieved by sequential self- 

assembly of flagellin protein monomers with different engineered functions. These 

multifunctional flagella can then be used to generate multifunctional nanomaterials 

using their differential affinity for inorganic materials. For example, histidine-loop 

flagellin subunits displaying imidazole groups can be used to assemble semiconductor 

quantum dot nanoparticles, while glutamic acid peptide loops displaying carboxylate 

groups incorporated into the same flagella can be used to assemble avidin-conjugated 

ferritin particles. Gold binding peptides and silver binding peptides can be displayed 

on the surface of flagellins and flagella; resulting mixed polymeric flagella can be 

used to assemble gold and silver nanoparticle in same flagella.
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Display of Gold, Silver, and Titanium Binding Peptides and Generation of Gold 
Nano wires

Metal-binding peptides, such as gold-binding peptides and silver-binding peptides, 

can be displayed on the surface of flagella (257). These peptide-displaying flagella 

can then be used to assemble appropriate metal nanoparticles into highly ordered 

arrays that could have sensor applications, as demonstrated in Chapter X??? of this 

thesis wityh gold nanoparticles, etc.. Furthermore, metal nanowires can be 

synthesized by a process of electrode-free metal deposition on metal nanoparticles 

previously assembled on flagella (258). Conductive atomic force microscopy and gold 

electrodes cast on a glass surface can be used to measure the electrical conductivity of 

the resulting nanowires (259, 260). Copper nanowires synthesized on flagella scaffold 

can be used as self-reducing and sacrificial template for synthesis of metal nanotubes 

such as platinum and palladium (261).; the compatibility and affinity of different 

precious metals for each other is well known, as indicated by the frequent occurance 

of certain metals together in naturally occurring mineral deposits, e.g. mixtures of 

gold, silver and copper, and alloys of platinum, palladium.

Synthesis and Applications of Transition Metal Alloy Nanoparticles on Flagella 
Scaffold

Bimetallic nanoparticles can be synthesized on a flagella scaffold which can be used 

as a type of inorganic catalyst (262). The composition of peptide loops can be used to 

tune the composition and functional performance of metallic nanoparticles, hence
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catalytic activity can be enhanced by varying the composition of materials attached or 

synthesized on flagella nanotubes.

Application of Self-Assembled Nanoparticles on Flagella as an Optical Waveguide 
System

An ordered assembly of uniform semiconductor quantum dots on a flagella scaffold 

could potentially be used as an optical wave guide (155, 263). Engineered flagella 

displaying the desired types of peptide loops can be assembled on an appropriate 

surface, e.g., quartz, glass, silica, or gold, and quantum dots can then be assembled on 

the immobilized flagella. The interparticle distance between quantum dots and 

consequently, the fluorescence energy transfer properties can be tuned by varying the 

His-loop flagellin composition in flagella. An assembled quantum dot-flagellin 

protein system could be further stabilized by chemical cross-linking of flagella and 

forming a thin??? silica layer on top of the quantum dot-flagella nanocomposite.

Synthesis of Doped Semiconductor Quantum Dots on Flagella Scaffold and Study of 
Their Properties with Fluorescence and Electron Spin Resonance

Semiconductor quantum dots such as CdS and ZnS can be synthesized on bacterial 

flagella and these nanoparticles can be doped with magnetic metal ions such as Mn2+
I

and Co (70). Electromagnetic properties and optical properties of these composite 

nanoparticles can be studied with electron spin resonance (ESR) spectroscopy and 

fluorescence spectroscopy. There are several well-known examples of small peptides
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that are known to function as templates for nucleation and directed self-assembly of 

semiconductor nanostructures with thermodynamically unfavorable lattice structures 

at room temperature (141). The lattice structure of any resulting flagellin- 

nanomaterial composites can be studied by X-ray diffraction and electron diffraction 

techniques, which yield characteristic diffraction patterns for different types of lattice 

structures. Any change in the lattice structure w ill result in a change in the electron 

spin splitting; furthermore, doped magnetic nuclei can also used as probes to measure 

changes in the lattice structure. A  possible change in the crystal lattice of quantum 

dots can be studied by enzymatic degradation of the flagella protein scaffold and 

detergent-based unfolding of flagella.

Fluorescence Detection of Flagella Self-Assembly Process and Use of Dye and 
Quantum Dots Labeled Flagella as Antenna for Harvesting Solar Light

Peptides containing single cysteine residues with reactive thiol side chains can be 

introduced into the multiple cloning site of the FliTrx flagellin protein by cassette 

mutagenesis. The resulting thiol-displaying flagellin can then be labeled with Cy3 and 

Cy5 donor and acceptor fluorophores dyes that have reactive mono-functional 

maleimides (www.piercenet.com/www.amershambiosciences.coml specific for the 

sulfohydryl (-SH) group of cysteine. Following controlled self-assembly of the two 

dye-labeled flagellin monomers into a 1:1 ratio mixture, the resulting hybrid flagella 

should show strong FRET from the Cy3 donor to the Cy5 acceptor. An increase in the 

FRET efficiency can be used as a measure as function of rate of flagellin self
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assembly (264, 265). This would be similar to the use of either fluorescence 

quenching or an increase in fluorescence intensity due to changes in FRET, used to 

monitor the polymerase chain reaction in the “real-time” PCR technique.

Generation of Millimeter Length Flagella Wires with a Micro fluidic System and 
Characterization of its Mechanical Properties

Several techniques can be employed to generate macroscopic covalently bonded 

flagella bundles. In the first method, a solution of concentrated, reduced cysteine-loop 

flagella can be passed through a narrow tube, using a solution flow rate and viscosity 

that w ill ensure laminar flow in the tube. The parabolic distribution of fluid shear 

forces accord the diameter of the tube w ill result in alignment of any rod-like flagella 

structures with the direction of fluid flow; this approach is used to manufacture 

Kevlar fibers used in “bullet-proof’ materials.. Disulfide bonds can be generated 

between aligned flagella by introduction of oxidant at some location near the 

midpoint of the tube with out disturbing the laminar flow pattern. In the second 

method, lysine-loop flagella can be aligned in a flow system and an amine-reactive 

chemical cross-linking agent such as glutaraldahyde can be introduced to form 

chemical cross-links (266). Mechanical properties of the resulting fibers, such as 

tensile strength, can be measured with appropriate instrumental set-up (267). Finally, 

higher order structures of assembled flagella bundles might be generated by optical 

trapping of the fibers and generation of multiple point and/or line traps with laser
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tweezer instrument, such as the BioRyx 200 instrument present in the W. M. Keck 

Nanotechnology facility at WMU.
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Multiple cloning site CYS32-GLY33- PEPTIDEPVCW AQPARSELAAAISLARG,-

PRO34-CYS35

Peptide removed from multiple cloning site

PEPTIDEPVCWAQPARSELAAAISLARG

DNA primers used to generate Rsrll restriction digestion sites

Rsrll site one

Foreword primer

5’-GCA GAG TGG TGC GGT CCG GTG TGC TGG GCC CAG C-3 ’

Reversed primer

5’-GCT GGG CCC AGC ACA CCG GAC CGC ACC ACT CTG C-3’

Rsrll site two 

Foreword primer

5’-CCG CGA TAT CGC TAG CTC GCG GTC CGT GCA AAA TGA TCG CCC-3’ 

Reversed primer

5’-GGG CGA TCA TTT TGC ACG GAC CGC GAG CTA GCG ATA TCG GGG- 

3’.

Primers used to mutate unwanted cysteine (CYS353SER mutation) to serine 

Forward primer

5’-CCT CGA CGC TAA CCT GGC CTC TGC CGC CAG TTC TCC AAC CG-3’ 

Reverse primer

5’-CGG TTG GAG AAC TGG CGG CAG AGG CCA GGT TAG CGT CGA GG-3’ 

DNA primes used to generate cysteine loops
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Forward primer

5’-GT CAC TGT TGC TGT TGC TGT TGC G-3 

Reverse primer

5’-G ACC GCA ACA GCA ACA GCA ACA GT-3’ 

DNA primes used to generate histidine loops 

Forward primer

5’-GTC ATC ACC ATC ACC ATC ACG-3’ 

Reverse primer

5’-GAC CGT GAT GGT GAT GGT GAT-3’

DNA primes used to generate acid loops 

Forward primer

5’-GTC GCA AGC GTA AGC GCA AGC-3’ 

Reverse primer

5’-GAC GCT TGC GCT TAC GCT TGC-3’

DNA primes used to generate arginene-lysine loops 

Forward primer

5’-GTC GCA AGC GTA AGC GCA AGC-3’ 

Reverse primer

5’-GAC GCT TGC GCT TAC GCT TGC-3’

DNA primes used to generate tyrosine loops
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Forward primer

5’-GTC ACT ATA GCT ACG GTT ACT CCT ACG GCT ACT CTT ATG-3’ 

Reverse primer

5’-GAC CAT AAG AGT AGC CGT AGG AGT AAC CGT AGC TAT AGT-3’ 

Primers used to mutate tryptophan to tyrosine(Trp272Tyr, Trp275Tyr)

First mutation (Trp272Tyr)

Forward primer

5' GAT CCT CGT CGA TTT CTA CGC AGA GTG GTG CGG TC 3'

Reverse primer

5' GAC CGC ACC ACT CTG CGT AGA AAT CGA CGA GGA TC 3'

Second mutation (Trp275Tyr)

Forward primer

5' GATTTCTACGCAGAGTACTGCGGTCATCACCATC 3'

Reverse primer

5' GATGGTGATGACCGCAGTACTCTGCGTAGAAATC 3'

1 Cys-Loop

GATGTACTCAAAGCGGACGGGGCGATCCTCGTCGATTTCTGGGCAGAGTG

GTGCGGTCACTGTTGCTGTTGCTGTTGCGGTCCGTGCAAAATGATCGCCCC

GATTCTGGATGAAATCGCTGACGAATATCAGGGCAAACTGACCGTTGCAA

AACTGAACATCGATCAAAACCCTGGCACTGCGCCGAAATATGGCATCCGT

2 Cys-Loop
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GATGTACTCAAAGCGGACGGGGCGATCCTCGTCGATTTCTGGGCAGAGTG

GTGCGGTCACTGTTGCTGTTGCTGTTGCGGTCACTGTTGCTGTTGCTGTTG

CGGTCCGTGCAAAATGATCGCCCCGATTCTGGATGAAATCGCTGACGAAT

ACAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCTGGC

ACTGCGCCGAAATATGGCATCCGTGGTATCCCGACTCTGCTGCTGTTCAA

AAACGGTGAAGTGGCGGCAACCAAAGTGGGTGCACTGTCTAAAGGTCAG

TTGAAAGAGTTCCTCGACGCTAACCTGGCCTCTGCCGCCAGTTCTCCAACC

GCGGTCAAACTGGGCGGAGATGATGGCAAAACAGAAGTGGTCGATATTG

AT GGT AAAAC AT ACGATTCTGCCGATTT AAAT GGCGGT AATCTGC AAAC A

GGTTTGACT

His loops(24H)

GGG GCG ATC CTC GTC GAT TTC TGG GCA GAG TGG TGC GGT CAT 

CAC CAT CAC CAT CAC GGT CAT CAC CAT CAC CAT CAC GGT CAT 

CAC CAT CAC CAT CAC GGT CAT CAC CAT CAC CAT CAC GGT CCG 

TGC AAA ATG ATC GCC CCG ATT CTG GAT GAA ATC GCT GAC GAA 

TAT CAG GGC AAA CTG ACC GTT GCA AAA CTG AAC ATC GAT CAA 

AAC CCT GGC ACT GCG CCG AAA TAT GGC ATC CGT GGT ATC CCG 

ACT CTG CTG CTG TTC AAA AAC GGT GAA GTG GCG GCA ACC AAA  

GTG GGT GCA CTG TCT AAA GGT CAG TTG AAA GAG TTC CTC GAC 

Acid loop
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GGG GCG ATC CTC GTC GAT TTC TGG GCA GAG TGG TGC GGT CAC 

GAC GAA GAT GAG GAC GAA GGT CAC GAC GAA GAT GAG GAC GAA 

GGT CAC GAC GAA GAT GAG GAC GAA GGT CCG TGC AAA ATG ATC 

GCC CCG ATT CTG GAT GAA ATC GCT GAC GAA TAT CAG GGC AAA  

CTG ACC GTT GCA AAA CTG AAC ATC GAT CAA AAC CCT GGC ACT 

GCG CCG AAA TAT GGC ATC CGT GGT ATC CCG ACT CTG CTG CTG 

TTC AAA AAC GGT GAA GTG GCG GCA ACC AAA GTG GGT GCA CTG 

TCT AAA GGT CAG TTG AAA GAG TTC CTC GAC GCT AAC CTG GCC

Arg-lys loop

GGG GCG ATC CTC GTC GAT TTC TGG GCA GAG TGG TGC GGT CGC 

AAG CGT AAG CGC AAG CGT CCG TGC AAA ATG ATC GCC CCG ATT 

CTG GAT GAA ATC GCT GAC GAA TAT CAG GGC AAA CTG ACC GTT 

GCA AAA CTG AAC ATC GAT CAA AAC CCT GGC ACT GCG CCG AAA  

TAT GGC ATC CGT GGT ATC CCG ACT CTG CTG CTG TTC AAA AAC 

GGT GAA GTG GCG GCA ACC AAA GTG GGT GCA CTG TCT AAA GGT 

CAG TTG AAA GAG TTC CTC GAC GCT AAC CTG GCC TCT GCC GCC
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