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The goal of this work is to use proteins, viruses, and whole organisms to 

direct the growth and assembly of semiconductor and metallic materials. The 

motivation for this work was to find a new way to build inorganic materials and 

devices with greater ease, more precise control, and smaller features than is 

possible with current synthetic methods. 

A biological method to efficiently synthesize large quantities of cadmium 

sulfide nanocrystals in the bacteria E. coli was discovered. The physical 

properties of the nanocrystals were characterized by electron microscopy and 

photoluminescence spectroscopy. Next, the genetic and physiological parameters 

that play a role in the synthesis of cellular nanocrystals were explored. In 

particular, a strain and growth phase dependence for E. coli nanocrystal formation 

was determined, indicating that the capacity for nanocrystal synthesis in E. coli is 

intrinsic and can be genetically controlled. This result is a first step towards 



 vii 

understanding this mechanism of biologically-encoded nanomaterial synthesis, 

and it suggests the possibility of genetically engineering E. coli to produce 

nanocrystals with precise control over composition, size, and crystal type. 

Recently, it was discovered that filamentous viruses can be genetically 

engineered to direct the formation of semiconductor and magnetic nanowires. To 

follow-up on this project, a method for precisely directing the assembly of the 

viruses was developed. In order to begin ordering the viruses, the viral coat 

proteins were engineered to display a type of protein domain, called a leucine 

zipper, which can form non-covalent dimeric, trimeric, or tetrameric interactions 

with other leucine zippers. The leucine zipper, attached at the ends of the virus, 

caused individual viruses to adhere to each other end-to- end, producing one-and 

two-dimensional arrays. This method was also shown to be an effective way to 

alternate assembly of different types of viruses. By controlling the placement of 

the virus-templated nanowires from the bottom-up, the nanowires might become 

technologically useful for applications that require precise ordering, such as 

electronic and photonic circuits, sensors, or liquid crystal displays. 
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Chapter 1:  Introduction 

1.1 INTRODUCTION 

Living organisms manipulate their inorganic surroundings by directing 

nucleation, phase stabilization, assembly, and pattern formation of inorganic 

crystals. Proteins have evolved to recognize and bind selectively to particular 

inorganic crystal faces. This property is what enables proteins to direct nucleation 

and growth of inorganic materials, while also controlling size, placement, and 

even crystal phase, including meta-stable crystalline forms. By spatially and 

temporally controlling the expression of specific proteins, organisms direct the 

growth of bone, shells, and teeth from the nanoscopic to the mesoscopic scale [1]. 

Using a biological approach offers distinct advantages over conventional 

inorganic materials synthesis. In particular, selectivity, recognition, and self-

assembly at the molecular scale, key features of biological systems, might 

facilitate greater control over inorganic materials assembly and placement from 

the nanoscopic to the mesoscopic scale. Most traditional approaches to 

nanomaterials synthesis are inefficient and are limited in complexity by top down 

methods of fabrication. The idea is that by mimicking nature’s way of 

recognizing, nucleating, and assembling inorganic materials from the bottom up, 

it might be possible to create technologically useful materials with more exquisite 

structural and compositional complexity than is possible with traditional inorganic 

synthetic approaches. 
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Recent efforts by Belcher and colleagues have demonstrated the feasibility 

and dramatic potential of a biological approach to materials synthesis [2]. 

Filamentous viruses can be genetically manipulated to template the growth of 

semiconductor and magnetic nanowires [3]. The idea behind this work was to 

harness the natural capacity of organic, biological materials to grow inorganic 

crystals in order to synthesize novel inorganic materials not found in living 

systems. As a first step, combinatorial peptide libraries were screened for the 

ability to bind inorganic crystals through an evolutionary screening procedure. 

The coat proteins of a virus, called M13 bacteriophage, were genetically 

engineered to display peptides, selected for binding, along the length of the virus 

[2]. When incubated with an appropriate ionic solution, the genetically engineered 

viruses acquired the ability to direct the growth of semiconductor or metallic 

nanocrystals, depending on the displayed peptide, with precise control over shape, 

size, and crystal orientation, and the resulting nanocrystals were aligned along the 

length of the virus. Further manipulation of the viruses resulted in the growth of 

single crystal nanowires composed of a variety of materials, including CdS, ZnS, 

CoPt, and FePt. This seminal work is opening doors to using biology to direct the 

fabrication of technologically important materials.  
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Figure 1.1: Schematic of virus-based nanowire synthesis. Viruses are 
incubated with an ionic precursor solution, in this case cadmium chloride and 
sodium sulfide. CdS nanocrystals are nucleated along the length of the virus. 
Heating causes the virus to burn away and the nanocrystals to anneal and form a 
single crystal nanowire. Figure adapted from reference [4]. 

1.2 PROPERTIES AND APPLICATIONS OF NANOMATERIALS 

1.2.1 Semiconductor Quantum Dots 

Quantum dots are a unique class of materials with characteristics different 

from bulk materials. The optical and electronic properties of quantum dots can be 

precisely tuned by controlling the size and crystallinity of the material. In 

particular, semiconductor quantum dots exhibit size-tunable band gap transitions 

[5]. Upon absorption of a photon of light, an electron is excited from the valence 
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band to the higher energy conduction band. In direct band gap materials, such as 

ZnS and CdS, a photon of light is emitted when the electron relaxes back to the 

valence band. The difference in energy between the conduction and the valence 

bands depends on the size of the nanocrystal. As the dimensions of the particle 

decrease, the band gap energy increases. Thus, smaller nanocrystals emit photons 

with shorter wavelengths than larger nanocrystals composed of the same material. 

A single wavelength can be used for simultaneous excitation of all different-sized 

dots of the same material, but the emission wavelength can be continuously tuned 

by changing the particle size. 

Semiconductor quantum dots are stable against photobleaching, and 

monodisperse populations have narrow emission spectra. Because of these 

properties, quantum dots have been used as biological fluorescent labels [6] and 

optoelectronic transistor components. Quantum dots might also be fabricated into 

small tunable lasers, which are expected to have properties superior to 

conventional lasers. The main obstacle to efficient quantum dot lasers is 

evaporation of charge carriers from quantum dots during heating, also known as 

nonradiative Auger recombination. Increasing the packing density of quantum 

dots and embedding the quantum dots in a higher band gap material might solve 

this problem [7]. In the future, quantum dots could potentially be used for 

quantum computing. One obstacle to quantum computing applications is 

controlling the precise placement of quantum dots within a matrix, such that each 

particle can be selectively interfaced and addressed by a laser or some other type 

of outside input [8]. Biological approaches might overcome these obstacles and 

facilitate development of quantum dot lasers and quantum dot-based computing 

devices. 
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1.2.2 Noble Metal Nanocrystals 

Noble metal nanoparticles (gold, silver, etc.) exhibit a strong UV-visible 

absorption band that is not present in the bulk material [9]. The absorption band 

results when the frequency of the exciting photon is in resonance with the 

excitation frequency of the conduction electrons. This phenomenon is called 

localized surface plasmon resonance (LSPR). LSPR excitation results in a narrow 

absorption wavelength with an extremely large molar extinction coefficient (3 X 

1011 M-1 cm-1) and causes enhanced local electromagnetic fields near the surface 

of the particle. The intensity of the LSPR spectrum is dependent on the 

nanoparticle radius, while the excitation wavelength depends on the composition 

of the nanoparticle and the dielectric constant of the surrounding environment. 

Silver nanoparticles show a trend towards longer wavelength absorption as the 

size of the nanoparticle increases. Finally, the extinction spectrum depends on the 

shape of the nanoparticles.  

Because silver nanocrystals show strong wavelength-selective absorption, 

they have potential in applications, such as solar absorbing or antireflecting 

coatings, optical filters, and plasmonic devices. Noble metal nanoparticles are 

also amenable to aqueous phase biosensing [10, 11]. The signal is based upon 

aggregation of silver or gold nanoparticles in solution. When multiple particles 

are in close proximity, they are able to interact electromagnetically through a 

dipole coupling mechanism, which causes broadening and red-shifting of the 

LSPR signal. Thus, these aggregation-induced changes can be detected by UV-

visible spectroscopy or resonant Rayleigh scattering spectroscopy. Already, this 

method has been applied to detecting hybridization of complementary DNA 

strands and was found to be more sensitive than conventional fluorescence-based 
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assays. A variation on this method is to use single nanoparticles for biosensing 

[12]. Single nanoparticle LSPR sensing is based on small molecules absorbing to 

the surface of the nanoparticle. Changes in the local dielectric environment occur 

upon surface absorption, and are measured by resonant Rayleigh scattering 

spectroscopy. One advantage over the aggregation based sensing method is that 

less material is required and therefore less expense is incurred per assay. 

 Noble-metal nanoparticles, less than 2 nm in diameter, are especially 

desirable for biological applications, like biosensors and biolabels, because there 

is a change in their electronic structure due to quantum size effects below 2 nm. 

The main problem with producing nanoparticles in this size range is protecting the 

individual particles from aggregation and coalescence. Therefore, biocompatible 

capping agents are needed to prevent very small nanocrystals from aggregating in 

aqueous environments. 

 

1.2.3 Nanowires 

Nanowires exhibit novel electronic, optical, photonic and magnetic 

properties due to their one-dimensional structure and possible two-dimensional 

quantum confinement effects. They represent the smallest material unit for 

efficient transport of electrons or photons, and therefore are ideal building blocks 

for nanoscale electronic and photonic structures [13].  

Interest in nanowires stems from their potential in many applications, 

including components for compact and dense electronic and photonic circuits 

[14]. Semiconductor nanowires have been successfully fabricated for field effect 

transistors, photodiodes, and biochemical sensors [15]. Self-assembly of 
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nanowires with precisely defined electronic properties into organized devices is 

an ongoing challenge. 

 

1.2.4 Structures of Different Crystal Lattices 

Noble metals are composed of the face centered cubic (fcc) crystal 

structure (Figure 1.2). For silver crystals, the shortest distance between atoms is 

2.89 Å, and the ionic radius is 1.26 Å.  

The II-VI semiconductors are composed of two different crystal lattice 

structures, zinc blende (sphalerite) (Figure 1.3) or wurtzite (Figure 1.4). These 

two crystal phases are structurally similar, yet distinct in unit cell size and shape. 

Zinc blende is a cubic close packed (ccp) lattice, while wurtzite is a hexagonal 

close packed (hcp) lattice. The zinc blende structure is thermodynamically 

favorable over the wurtzite structure, although the energy difference between the 

two crystal types is small. Zinc blende is the more common crystal phase found in 

nature [16]. 

One objective behind selecting proteins to bind an inorganic material is to 

find sequences that can discriminate between two similar crystal structures or 

even between two different faces of the same crystal. The idea is that proteins 

might be able to direct the preferential nucleation of specific crystal structures or 

enhance growth of a crystal along a defined crystal face. 
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Figure 1.2: Structure of face centered cubic lattice. The face-centered cubic 
unit cell is composed of identical atoms on the eight corners of the cube. In 
addition, this structure contains the same atoms in the centers of the six faces of 
the unit cell. Adapted from the website, http://cst-www.nrl.navy.mil/lattice/. 
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Figure 1.3: Structure of II-VI semiconductor zinc blende/ sphalerite/ cubic 
lattice. The cubic close packed array is similar to the face-centered cubic unit cell. 
This structure can be thought of as two face-center cubic unit cells intermeshed 
with one another. The first fcc structure is composed of 14 identical atoms 
(brown) on the eight corners of the cube and in the centers of the six faces of the 
unit cell. A second fcc unit cell, composed of a different type of atom (yellow) is 
offset by 1/4 unit cell, such that the edge coordinate of the second lattice is 
1/4,1/4,1/4. Adapted from the website, http://cst-www.nrl.navy.mil/lattice/. 
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Figure 1.4: Structure of II-VI semiconductor wurtzite/ hexagonal close packed 
lattice. The hexagonal close packed array is composed of hexagonal arrangements 
of atoms. The atoms in each plane form a chemical bond with six other atoms 
oriented at a corner of the hexagon, three atoms each in the planes above and 
below. In addition, the atoms in the first and third planes have the same 
composition, and are oriented directly above and below each other. Adapted from 
the website, http://cst-www.nrl.navy.mil/lattice/. 
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1.3 INORGANIC SYNTHESIS OF NANOMATERIALS  

1.3.1 II-VI Semiconductor Nanocrystals 

Organometallic synthetic routes are the current state-of-the-art method for 

synthesizing monodisperse populations of nanocrystals [17]. In this procedure, 

Cd(CH3)2 is mixed with a chalcogenide reagent, such as hexamethyldisilathiane 

((TMS)2S) in a surfactant, trioctylphosphine, solution. The reaction is carried out 

at high temperature (200°C-350°C) in an inert atmosphere. Careful control of 

precursor addition rate, temperature, and reagent concentration, leads to 

monodisperse nanocrystals coated with surfactant. 

Using a different synthetic route, precipitation of metal sulfides can be 

arrested by terminating particle growth through capping agents. Given the Ksp of 

CdS (8.0 X 10-27 M), simply mixing aqueous solutions of Cd2+ and S2- will lead to 

spontaneous precipitation of CdS particles, ranging from nanocrystalline (1-10 nm 

diameter) to bulk (>200 nm diameter). To control CdS precipitation, an aqueous 

Cd2+ solution is first mixed with a water-soluble molecule that has a cadmium 

coordination group, such as polyphosphate, amine, or thiolate (RS-) [18]. Addition 

of sulfide results in formation of CdS nanoparticles. The function of the 

coordinating molecule is to compete with sulfide for access to Cd2+ and CdS 

surfaces, thus sterically preventing aggregation of small, discrete nanocrystals. 

Adjusting parameters, such as reagent concentration, pH, and temperature, can 

help to control particle size. This method is inferior to the organometallic 

synthetic route because it does not result in monodisperse populations of 

nanocrystals. 
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A final approach is to synthesize nanocrystals inside of nano-cavities. 

Nanocrystals can form by mixing Cd2+ and S2- or Zn2+ and S2- in the presence of 

size-restricted cavities, which spatially control precipitation of CdS or ZnS. 

Examples of nanocavities used for semiconductor nanocrystal synthesis include 

porous glass [19], reverse micelles [20], zeolites [21], membranes [22], and 

hollow proteins [23]. 

 

1.3.2 Inorganic Synthesis of Noble Metal Nanocrystals 

The synthesis of noble metal nanocrystals has been studied for over a 

century, but the number of methods for preparing metal nanocrystals is relatively 

small. This is especially true for silver nanocrystals, which are markedly more 

difficult to control in size than gold nanocrystals.  

The most established method of producing silver nanocrystals involves the 

aqueous reduction of metal salts in the presence of citrate anions. Absorption of 

citrate to the nanocrystal surface stabilizes the particles during the reaction [24]. 

These particles are considered to be monodisperse, but have a relatively large 

standard deviation (σ= ~10-15%). 

A two-phase reduction method, coupled with size-selective processing 

produces more monodisperse Ag nanocrystals [25]. Aqueous silver salts, AgNO3 

or AgClO4, are mixed in a toluene solution containing long-chain alkylammonium 

surfactants to form an organic/aqueous solution. Vigorous stirring gradually 

transfers the metal salt to the organic phase, and the aqueous phase is discarded. 

Capping agent, generally a long-chain thiol molecule, is added to the solution, 

along with a reducing agent (NaBH4 or hydrazine), resulting in silver 
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nanocrystals. Size-selective precipitation is performed to narrow the initial 

particle size distribution. 

Using alkane thiol molecules as capping agents is a way to synthesize 

noble metal nanoparticles (gold) as small as 2 nm in diameter [26]. It is possible 

to tune precisely the size of the nanoparticles with this method by varying the 

ratio of noble metal ions to alkanethiol molecules during the reduction step. For 

example, adding less capping agent relative to noble metal ions results in larger 

nanocrystals. 

 

1.3.3 Inorganic Synthesis of Nanowires 

Fabrication of free-standing inorganic nanowires employs bottom-up 

techniques. The most common technique, vapor-phase synthesis, employs gas 

phase precursor molecules. There are several variations on this approach. Vapor 

liquid solid (VLS) processes dissolve the gaseous reactants onto nanosized liquid 

droplets of a catalyst metal, whose diameter controls the width of the final 

nanowire product [27, 28]. The catalytic metal droplets promote growth in one 

dimension. This method can be applied to a variety of materials including, 

elemental semiconductors, III-V semiconductors, II-VI semiconductors, oxides, 

and nitrides. Another type of method with vapor phase reactants is vapor solid 

growth [29]. In this method, a solid surface provides a template for the material 

and also promotes deposition of the vapor precursor reagent in one dimension. 

These reactions give off toxic byproducts, require stringent conditions, like high 

temperatures or pressures, and are inefficient at producing materials on a large 

scale. 
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Potentially more efficient methods, which might be amenable to scale-up, 

involve the use of solution phase techniques [30]. Precursor molecules are added 

to a solution containing capping agents that kinetically control the developing 

nanowire and promote the growth of certain crystal faces in one dimension. This 

method is similar to biological-methods of templating materials. Instead of using 

proteins, however, the synthetic capping agent kinetically controls nanowire 

growth by preferentially absorbing to specific crystal faces, thus inhibiting growth 

of that surface. The main disadvantage of solution phase techniques is that the 

capping agents are found through a trial and error approach and have not been 

designed to bind to a particular material or crystal face. In addition, it is 

impossible to predict empirically which capping agents will facilitate nanowire 

growth. 

 

1.4 ORGANIZATION OF NANOMATERIALS INTO DEVICES 

Current methods of patterning nanowires all take advantage of top-down 

methods for obtaining hierarchical structure, relying either on lithography or flow 

alignment for placement of nanowires on a substrate. Electron beam lithography 

and photolithography have limits to the size of circuit features, and it hasn’t been 

possible to fabricate nanowires less than 50 nm in diameter with these methods. 

However, recent advances indicate that through further refinement, lithography 

based methods can yield features as small as 8 nm [31]. Flow alignment involves 

using fluid motion to align the nanowires along a substrate, so the precise 

placement of components is largely nonspecific [32]. 
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Nanowire arrays have been limited to aligning nanowires composed of 

only one type of material. Another constraint of current technologies is that only 

relatively simple structures, like crossbar circuits can be fabricated. A final 

difficulty with the construction of nanometer scale circuits involves difficulties in 

achieving inter-element wiring and electrical interfacing to macroscopic 

electrodes. The use of biological recognition processes and self-assembly of 

molecules into supramolecular structures might help to overcome all three of 

these obstacles. 

A key to the future success of nanotechnology will be the precise 

assembly of nanomaterials, placing materials in an exact location and with the 

desired connectivities. Developing a biological approach to ordering 

nanomaterials might facilitate construction of dense and complex architectures, 

similar to how nature assembles hybrid organic/inorganic structures. Interfacing 

biological materials, like proteins and nucleic acids, with inorganic materials 

could lead to artificial materials approaching the complexity of the inorganic 

materials found in nature. 

 

1.5 BIOLOGICAL APPROACHES TO NANOMATERIALS SYNTHESIS AND 

ORGANIZATION 

In contrast to inorganic synthetic methods of nanomaterials synthesis, 

biological approaches to synthesis take place at ambient temperature in aqueous 

solution and use relatively dilute solutions of starting materials. Another 

advantage is that biological methods are templated from the bottom-up, thus 

having the potential for smaller features and more complex ordering than is 
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possible through traditional synthetic approaches. Finally, biological materials can 

be engineered through combinatorial approaches to bind to a particular material or 

crystal face and thus facilitate specific growth or inhibition of crystal formation. 

This approach could lead to new ways of fabricating nanodevices composed of 

multiple materials. 

 

1.5.1 Whole Organisms 

Microbes have been found to synthesize semiconductor nanocrystals as a 

way to alleviate metal toxicity found in nature. During the late 1980s, it was 

discovered that yeast, Candida glabrata and Schizosaccharomyces pombe, have 

the intrinsic ability to form CdS nanoparticles intracellularly [33]. In the presence 

of heavy metal stress, yeast increase cellular pools of glutathione and glutathione-

like compounds called phytochelatins. Metal thiolate complex formation 

attenuates the toxicity of Cd2+ and traps cadmium inside the cell. Sulfide anions, 

formed by enzymatic sulfate reduction, are incorporated into the cadmium-

glutathione complexes. This process is analogous to the inorganic synthetic 

method in which small thiol containing molecules are employed as capping agents 

to control the precipitation of CdS. 

 Previous research has suggested, although did not directly demonstrate, 

that prokaryotic organisms might have the capacity to form CdS nanocrystals. 

Bacteria have been genetically engineered to precipitate Cd2+ as the compound, 

CdS [34]. When grown in the presence of thiosulfate, Klebsiella pneumonia and 

K. aerogenes were found to overcome cadmium toxicity by forming CdS particles 

on the cell surface [35]. Bacterial cultures, grown in the presence of cadmium 
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were monitored by low resolution TEM. Electron dense material, confirmed by 

X-ray absorption spectroscopy to be CdS, was observed near the cell surface only 

in stationary phase cells. When grown in the presence of 2 mM Cd2+, K. 

aerogenes cells were found to absorb significant amounts of cadmium, up to 20% 

of their total biomass. Two other cadmium resistant organisms, K. planticola and 

K. ornithinolytica were found to form CdS particles and accumulate cadmium 

specifically at the stationary phase of growth [36]. The size and composition of 

the CdS particles were not evaluated.  

 Pseudomonas stutzeri AG259, a strain of bacteria isolated from silver 

mines, was found to synthesize silver nanocrystals when grown in the presence of 

ionic silver [37]. To detoxify silver, this bacterial strain precipitates ionic silver in 

the periplasmic space by reducing it to elemental silver. Flat, polyhedral crystals 

are formed, which range in size from 100-200 nm in diameter. The molecular 

mechanism behind the biosynthesis of silver nanocrystals is unknown, but it was 

hypothesized that the electron transport chain donates electrons to ionic silver 

while bacterial proteins template the nucleation of the crystals. The production of 

silver particles allows the bacteria to survive in metal-polluted environments that 

would be toxic to other types of bacteria, which are unable to reduce ionic silver. 

 Manufacturing bacterially synthesized nanocrystals for commercial 

applications will require large-scale cultivation and an efficient extraction 

technique for recovering the intracellular nanoparticles from the biomass. 

Understanding the genetic and biochemical principles by which microorganisms 

control the nucleation and growth of particles will be necessary to achieve these 

two objectives and make the commericial production of microbially-synthesized 

nanocrystals a reality. 
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1.5.2 Biological Organization of Preformed Nanomaterials 

Prefabricated nanoparticles can be self-assembled on the mesoscopic scale 

through attachments to biological macromolecules, such as DNA and antibodies 

[38]. For example, complementary single-stranded oligonucleotides were attached 

to different populations of gold nanoparticles. When mixed complementary 

oligonucleotides are mixed together, spontaneous assembly of the particles 

occurs. Changing the number of bases in the synthetic oligonucleotides modulates 

distance between particles and the optoelectronic properties of the particle 

assemblies [39, 40]. In the future, it might be possible to fabricate more complex 

nanoparticle-DNA structures through designing DNA superstructures with 

sophisticated morphologies [41]. 

Long range ordering of filamentous viruses has been achieved by the 

fabrication of liquid crystals [42]. Patterning has been extended to the 

organization of nanocrystals, which are attached to the viruses. Prefabricated gold 

particles were attached to the ends of M13 bacteriophage and then cast into liquid 

crystal thin films. This resulted in long range ordering and spacing of 

nanoparticles. Similarly, ZnS nanocrystals nucleated at the ends of the virus were 

fabricated into ordered assemblies upon induction of long range viral ordering. 

This approach can potentially be used to align any type of material that is capable 

of attachment to the virus. 

 

1.5.3 Biological Templates for Materials Synthesis and Ordering 

Intact biological structures have been used to direct both growth and 

ordered placement of gold, CdS, and magnetite nanocrystals and silver or gold 
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nanowires. For example, crystalline bacterial surface layers (S-layer), composed 

of 2D crystalline arrays of identical proteins, have been used to template the 

growth of regularly ordered arrays of discrete CdS nanocrystals, 5 nm in diameter 

[43]. In another instance, self-assembling biological structures were used to 

template gold and silver nanowires by reductive deposition of metal salts [44]. 

Amyloid protein fibers self assembled into long, wire-like structures 10 nm in 

diameter and several nanometers long. The fibers were genetically modified to 

display surface-exposed cysteine residues, to which gold nanoparticles were 

covalently attached. When the fibers were stretched across gold electrodes, an 

electrochemical deposition process resulted in deposits of metallic gold or silver, 

which had the same conductive properties as solid nanowires. By a similar 

approach, DNA molecules have been used to direct the growth of conductive 

silver nanowires [45]. DNA molecules were thiolated at each end to promote the 

bridging of the DNA between two gold electrodes. The DNA was then incubated 

with an ionic silver solution that electrostatically interacts with the DNA 

backbone. Addition of acidic hydroquinone in the presence of light promotes the 

growth of silver nanoclusters along the length of the DNA template. As prepared, 

the silver nanowires displayed reproducible conductive properties.  

Naturally occurring, intact biological structures have been used to 

template and order nanomaterials. Rod-shaped viruses, M13 bacteriophage [2, 3] 

and tobacco mosaic virus (TMV) [46], have been used to synthesize metallic, 

semiconducting and magnetic nanowires. The key difference between these two 

systems is that the M13 bacteriophage system was genetically engineered to 

display peptides for nucleation of a particular material. This resulted in highly 

crystalline materials with a preferred orientation with respect to the viral template. 
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In contrast, the TMV system, while also able to nucleate a wide range of 

materials, does not form highly crystalline particles, nor do the particles show 

lattice alignment with respect to each other or the biological template. 

Two other viral-based structures can template formation of nanoparticles 

and hollow nanospheres. Cowpea chlorotic mottle and cowpea mosaic viruses, 

with nucleic acids removed, have been used to nucleate iron oxide and 

polyoxometalates both inside and outside of their protein coat [47-49]. The 

interior of the coat acts to control the nanocrystal size and shape, which can be 

further controlled by modulating the pH of the solution. 

All of the techniques described above have achieved a reasonable degree 

of ordering on the nanoscale. The next step is to develop biological methods of 

bridging order between the nanoscopic and mesoscopic length scales. Extending 

the placement of materials into hierarchical assemblies will be critical for using 

biology to assemble nanodevices. 

 

1.6 SCOPE OF WORK 

The goal of this dissertation is to use intact biological structures- viruses, 

flagella, and whole organisms, to direct both growth and assembly of 

semiconductor and metallic nanomaterials in a reproducible and efficient manner. 

The motivation for this work was to find a new way to build and organize 

inorganic materials with greater ease, more precise control, and smaller features 

than is possible with current synthetic methods and to improve upon available 

biological methods of nanomaterials synthesis and organization. The work 

described in this dissertation expands upon initial studies performed in the 
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Belcher lab and seeks to gain greater control over, and insight into, biological 

procedures for nucleating and assembling semiconductor and metallic 

nanocrystals.  

Chapter 2 demonstrates that E. coli bacteria have the intrinsic ability to 

facilitate synthesis of semiconductor nanocrystals. Under ideal conditions, each 

cell can synthesize up to 10,000 individual CdS nanocrystals, suggesting that this 

approach could be useful for large-scale manufacturing of nanocrystals [50]. The 

physical properties of the nanocrystals were characterized by electron microscopy 

and photoluminescence spectroscopy. Next, the genetic and physiological 

parameters that play a significant role in the synthesis of cellular nanocrystals 

were characterized. In particular, genetic composition and growth phase 

dependence for bacterial nanocrystal formation was discovered. These results 

represent progress towards understanding this mechanism of biologically encoded 

nanomaterial synthesis, and they suggest the possibility of genetically engineering 

E. coli to produce nanocrystals with precise control over composition, size, and 

crystal type.  

To follow-up on the virus-based synthesis of nanowires pioneered by 

Belcher and colleagues, a peptide based method for synthesizing semiconductor 

nanowires using a different biological template, bacterial flagella, was explored 

and is described in Chapter 3. Unlike the phage-based template, the flagella 

template is composed entirely of peptide fusion proteins, which are consistently 

spaced (2 nm between each nearest neighbor peptide) all along the length of the 

template. In contrast, peptides are displayed somewhat haphazardly along the 

phage template making spacing and incorporation of peptides difficult to control. 

Therefore, it was hypothesized that using the flagella-based template could result 
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in more reliable and reproducible synthesis of semiconductor nanowires than is 

possible with the phage-based method. Peptides were isolated through flagella 

display for binding to CdS and ZnS. Then the flagella-displayed peptides were 

tested for their ability to bind a semiconductor substrate and to nucleate 

semiconductor nanomaterials. Flagella were found to direct nucleation of CdS 

nanocrystals along the length of the protein template, although no preferred 

crystal orientation was detected. 

The idea behind Chapter 4 was to begin to organize individual viral 

templates in a controlled, reproducible way. A method for precisely directing the 

placement of viruses into 1D assemblies was developed and is described in the 

chapter. As a first step to assembling the viruses, the viral coat proteins were 

engineered to display a type of protein domain, called a leucine zipper that can 

form non-covalent dimeric, trimeric, or tetrameric interactions with other leucine 

zippers. The leucine zipper domain, attached at the ends of the virus, causes 

individual viruses to adhere to each other end-to-end, producing one- and two-

dimensional arrays. This biological approach may be able to direct spatial and 

temporal assembly of materials at the nanoscale. Further, the controlled assembly 

of virus-based nanowires might facilitate a highly efficient and controllable 

method of producing devices, such as electronic and photonic circuits, sensors, or 

liquid crystal displays. 

In Chapter 5, relatively monodisperse silver nanoparticles (~6 nm 

diameter) were synthesized using a viral template, which was engineered to 

display silver-binding peptides on the major coat protein. To my knowledge, this 

is the first example of a biologically-based method for synthesizing monodisperse 

populations of silver nanoparticles. As observed by electron microscopy (EM) 
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imaging, the silver nanoparticles do not appear to be attached to the virus. This is 

different from the results of Belcher and colleagues, who worked with CdS, ZnS, 

CoPt, and FePt. Their EM results suggested that nanoparticles are binding to and 

aligning along the viral template. The results described here raise the possibility 

that peptides can catalyze silver nanoparticle nucleation without a high affinity 

binding interaction with metallic silver. Thus, this could be a useful method for 

synthesizing large quantities of monodisperse silver nanoparticles and then 

isolating them from the organic templating agent. 

 

1.7 REFERENCES 

 
1. Belcher, A.M., Wu, X.H., Christensen, R.J., Hansma, P.K., Stucky, G.D., 
and Morse, D.E. (1996). Control of crystal phase switching and orientation by 
soluble mollusc-shell proteins. Nature 381, 56-58. 
 
2. Mao, C.B., Flynn, C.E., Hayhurst, A., Sweeney, R., Qi, J.F., Georgiou, G., 
Iverson, B., and Belcher, A.M. (2003). Viral assembly of oriented quantum dot 
nanowires. Proceedings of the National Academy of Sciences of the United States 
of America 100, 6946-6951. 
 
3. Mao, C.B., Solis, D.J., Reiss, B.D., Kottmann, S.T., Sweeney, R.Y., 
Hayhurst, A., Georgiou, G., Iverson, B., and Belcher, A.M. (2004). Virus-based 
toolkit for the directed synthesis of magnetic and semiconducting nanowires. 
Science 303, 213-217. 
 
4. Belcher, A.M., Mao, C.B., Solis, D.J., Reiss, B.D., Kottmann, S.T., 
Sweeney, R.Y., Georgiou, G., and Iverson, B. (2004). Virus-based genetic toolkit 
for the directed synthesis of magnetic and semiconducting nanowires. Abstracts 
of Papers of the American Chemical Society 228, U542-U542. 
 
5. Nirmal, M., and Brus, L. (1999). Luminescence photophysics in 
semiconductor nanocrystals. Accounts of Chemical Research 32, 407-414. 
 



 24 

6. Chan, W.C.W., Maxwell, D.J., Gao, X.H., Bailey, R.E., Han, M.Y., and 
Nie, S.M. (2002). Luminescent quantum dots for multiplexed biological detection 
and imaging. Current Opinion in Biotechnology 13, 40-46. 
 
7. Alferov, Z.I. (2001). Nobel Lecture: The double heterostructure concept 
and its applications in physics, electronics, and technology. Reviews of Modern 
Physics 73, 767-782. 
 
8. Brown, K.R., Lidar, D.A., and Whaley, K.B. (2002). Quantum computing 
with quantum dots on quantum linear supports. Physical Review A 65, -. 
 
9. Kamat, P.V. (2002). Photophysical, photochemical and photocatalytic 
aspects of metal nanoparticles. Journal of Physical Chemistry B 106, 7729-7744. 
 
10. Taton, T.A., Mirkin, C.A., and Letsinger, R.L. (2000). Scanometric DNA 
array detection with nanoparticle probes. Science 289, 1757-1760. 
 
11. Roll, D., Malicka, J., Gryczynski, I., Gryczynski, Z., and Lakowicz, J.R. 
(2003). Metallic colloid wavelength-ratiometric scattering sensors. Analytical 
Chemistry 75, 3440-3445. 
 
12. McFarland, A.D., and Van Duyne, R.P. (2003). Single silver nanoparticles 
as real-time optical sensors with zeptomole sensitivity. Nano Letters 3, 1057-
1062. 
 
13. Law, M., Goldberger, J., and Yang, P.D. (2004). Semiconductor 
nanowires and nanotubes. Annual Review of Materials Research 34, 83-122. 
 
14. Huang, Y., Duan, X.F., Wei, Q.Q., and Lieber, C.M. (2001). Directed 
assembly of one-dimensional nanostructures into functional networks. Science 
291, 630-633. 

 
15. Kong, J., Franklin, N.R., Zhou, C.W., Chapline, M.G., Peng, S., Cho, K.J., 

and Dai, H.J. (2000). Nanotube molecular wires as chemical sensors. 
Science 287, 622-625. 

 
16. Berger, L.I. (1997). Semiconductor Materials (Boca Raton: CRC Press). 
 
17. Murray, C.B., Norris, D.J., and Bawendi, M.G. (1993). Synthesis and 
Characterization of Nearly Monodisperse Cde (E = S, Se, Te) Semiconductor 
Nanocrystallites. Journal of the American Chemical Society 115, 8706-8715. 
 



 25 

18. Torres-Martinez, C.L., Nguyen, L., Kho, R., Bae, W., Bozhilov, K., 
Klimov, V., and Mehra, R.K. (1999). Biomolecularly capped uniformly sized 
nanocrystalline materials: glutathione-capped ZnS nanocrystals. Nanotechnology 
10, 340-354. 
 
19. Shinojima, H., Yumoto, J., Uesugi, N., Omi, S., and Asahara, Y. (1989). 
Microcrystallite Size Dependence of Absorption and Photoluminescence Spectra 
in Cdsxse1-X-Doped Glass. Applied Physics Letters 55, 1519-1521. 
 
20. Korgel, B.A., and Monbouquette, H.G. (1996). Synthesis of size-
monodisperse CdS nanocrystals using phosphatidylcholine vesicles as true 
reaction compartments. Journal of Physical Chemistry 100, 346-351. 
 
21. Wang, Y., and Herron, N. (1987). Optical-Properties of Cds and Pbs 
Clusters Encapsulated in Zeolites. Journal of Physical Chemistry 91, 257-260. 
 
22. Urquhart, R.S., Furlong, D.N., Gengenbach, T., Geddes, N.J., and Grieser, 
F. (1995). Studies of the Formation and Growth of Q-State Cadmium Selenide 
Particles in Cadmium Arachidate Langmuir-Blodgett-Films. Langmuir 11, 1127-
1133. 
 
23. Wong, K.K.W., and Mann, S. (1996). Biomimetic synthesis of cadmium 
sulfide-ferritin nanocomposites. Advanced Materials 8, 928-&. 
 
24. Schmid, G. (1992). Large Clusters and Colloids - Metals in the Embryonic 
State. Chemical Reviews 92, 1709-1727. 
 
25. Murthy, S., Bigioni, T.P., Wang, Z.L., Khoury, J.T., and Whetten, R.L. 
(1997). Liquid-phase synthesis of thiol-derivatized silver nanocrystals. Materials 
Letters 30, 321-325. 
 
26. Hostetler, M.J., Wingate, J.E., Zhong, C.J., Harris, J.E., Vachet, R.W., 
Clark, M.R., Londono, J.D., Green, S.J., Stokes, J.J., Wignall, G.D., Glish, G.L., 
Porter, M.D., Evans, N.D., and Murray, R.W. (1998). Alkanethiolate gold cluster 
molecules with core diameters from 1.5 to 5.2 nm: Core and monolayer properties 
as a function of core size. Langmuir 14, 17-30. 
 
27. Gudiksen, M.S., and Lieber, C.M. (2000). Diameter-selective synthesis of 
semiconductor nanowires. Journal of the American Chemical Society 122, 8801-
8802. 
 
28. Duan, X.F., and Lieber, C.M. (2000). General synthesis of compound 
semiconductor nanowires. Advanced Materials 12, 298-302. 



 26 

 
29. Dai, Z.R., Pan, Z.W., and Wang, Z.L. (2003). Novel nanostructures of 
functional oxides synthesized by thermal evaporation. Advanced Functional 
Materials 13, 9-24. 
 
30. Sun, Y.G., Yin, Y.D., Mayers, B.T., Herricks, T., and Xia, Y.N. (2002). 
Uniform silver nanowires synthesis by reducing AgNO3 with ethylene glycol in 
the presence of seeds and poly(vinyl pyrrolidone). Chemistry of Materials 14, 
4736-4745. 
 
31. Melosh, N.A., Boukai, A., Diana, F., Gerardot, B., Badolato, A., Petroff, 
P.M., and Heath, J.R. (2003). Ultrahigh-density nanowire lattices and circuits. 
Science 300, 112-115. 
 
32. Zhong, Z.H., Wang, D.L., Cui, Y., Bockrath, M.W., and Lieber, C.M. 
(2003). Nanowire crossbar arrays as address decoders for integrated nanosystems. 
Science 302, 1377-1379. 
 
33. Dameron, C.T., Reese, R.N., Mehra, R.K., Kortan, A.R., Carroll, P.J., 
Steigerwald, M.L., Brus, L.E., and Winge, D.R. (1989). Biosynthesis of cadmium 
sulphide quantum semiconductor crystallites. Nature 338, 596-597. 
 
34. Wang, C.L., Lum, A.M., Ozuna, S.C., Clark, D.S., and Keasling, J.D. 
(2001). Aerobic sulfide production and cadmium precipitation by Escherichia coli 
expressing the Treponema denticola cysteine desulfhydrase gene. Appl Microbiol 
Biotechnol 56, 425-430. 
 
35. Holmes, J.D., Richardson, D.J., Saed, S., Evans-Gowing, R., Russell, 
D.A., and Sodeau, J.R. (1997). Cadmium-specific formation of metal sulfide 'Q-
particles' by Klebsiella pneumoniae. Microbiology 143 (Pt 8), 2521-2530. 
 
36. Sharma, P.K., Balkwill, D.L., Frenkel, A., and Vairavamurthy, M.A. 
(2000). A new Klebsiella planticola strain (Cd-1) grows anaerobically at high 
cadmium concentrations and precipitates cadmium sulfide. Applied and 
Environmental Microbiology 66, 3083-3087. 
 
37. Klaus, T., Joerger, R., Olsson, E., and Granqvist, C.G. (1999). Silver-
based crystalline nanoparticles, microbially fabricated. Proceedings of the 
National Academy of Sciences of the United States of America 96, 13611-13614. 
 
38. Goldman, E.R., Anderson, G.P., Tran, P.T., Mattoussi, H., Charles, P.T., 
and Mauro, J.M. (2002). Conjugation of luminescent quantum dots with 



 27 

antibodies using an engineered adaptor protein to provide new reagents for 
fluoroimmunoassays. Analytical Chemistry 74, 841-847. 
 
39. Mirkin, C.A., Letsinger, R.L., Mucic, R.C., and Storhoff, J.J. (1996). A 
DNA-based method for rationally assembling nanoparticles into macroscopic 
materials. Nature 382, 607-609. 
 
40. Alivisatos, A.P., Johnsson, K.P., Peng, X.G., Wilson, T.E., Loweth, C.J., 
Bruchez, M.P., and Schultz, P.G. (1996). Organization of 'nanocrystal molecules' 
using DNA. Nature 382, 609-611. 
 
41. Paukstelis, P.J., Nowakowski, J., Birktoft, J.J., and Seeman, N.C. (2004). 
Crystal structure of a continuous three-dimensional DNA lattice. Chemistry & 
Biology 11, 1119-1126. 
 
42. Lee, S.W., Lee, S.K., and Belcher, A.M. (2003). Virus-based alignment of 
inorganic, organic, and biological nanosized materials. Advanced Materials 15, 
689-692. 
 
43. Shenton, W., Pum, D., Sleytr, U.B., and Mann, S. (1997). Synthesis of 
cadmium sulphide superlattices using self-assembled bacterial S-layers. Nature 
389, 585-587. 
 
44. Scheibel, T., Parthasarathy, R., Sawicki, G., Lin, X.M., Jaeger, H., and 
Lindquist, S.L. (2003). Conducting nanowires built by controlled self-assembly of 
amyloid fibers and selective metal deposition. Proceedings of the National 
Academy of Sciences of the United States of America 100, 4527-4532. 
 
45. Braun, E., Eichen, Y., Sivan, U., and Ben-Yoseph, G. (1998). DNA-
templated assembly and electrode attachment of a conducting silver wire. Nature 
391, 775-778. 
 
46. Shenton, W., Douglas, T., Young, M., Stubbs, G., and Mann, S. (1999). 
Inorganic-organic nanotube composites from template mineralization of tobacco 
mosaic virus. Advanced Materials 11, 253-+. 
 
47. Douglas, T., Strable, E., Willits, D., Aitouchen, A., Libera, M., and 
Young, M. (2002). Protein engineering of a viral cage for constrained 
nanomaterials synthesis. Advanced Materials 14, 415-+. 
 
48. Allen, M., Willits, D., Young, M., and Douglas, T. (2003). Constrained 
synthesis of cobalt oxide nanomaterials in the 12-subunit protein cage from 
Listeria innocua. Inorganic Chemistry 42, 6300-6305. 



 28 

 
49. Allen, M., Willits, D., Mosolf, J., Young, M., and Douglas, T. (2002). 
Protein cage constrained synthesis of ferrimagnetic iron oxide nanoparticles. 
Advanced Materials 14, 1562-+. 

 
50. Sweeney, R.Y., Mao, C.B., Gao, X.X., Burt, J.L., Belcher, A.M., 
Georgiou, G., and Iverson, B.L. (2004). Bacterial biosynthesis of cadmium sulfide 
nanocrystals. Chemistry & Biology 11, 1553-1559. 



 29 

 

 Chapter 2:  Bacterial Biosynthesis of Cadmium Sulfide 

Nanocrystals 

2.1 INTRODUCTION 

Because of their unique optical and electronic properties, semiconductor 

nanocrystals have diverse practical applications, including fluorescent biological 

labels [1, 2] and optoelectronic transistor components [3]. The optical and 

electronic properties of nanocrystals are dependent on physical properties, such as 

particle size distribution, shape, and crystallinity. Therefore, the challenge in 

semiconductor nanocrystal synthesis is to control precisely these properties by 

manipulating synthetic parameters [4].  

 

2.1.1 Goal 

The goal of the work presented here is to explore the use of the bacterium, 

Escherichia coli, as a vehicle for the production of semiconductor nanocrystals.  

 

2.1.2 Approach 

We evaluated different E. coli strains, at different growth periods, for 

nanocrystal formation in order to determine the genetic and physiological 

parameters necessary for optimum bacterial nanocrystal production. Biochemical 

parameters, thought to be important for nanocrystal formation such as cadmium 
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uptake and thiol concentration, were assayed in different strains and at different 

growth stages. 

 

2.1.3 Results Summary 

We found that E. coli, when incubated with CdCl2 and Na2S, have the 

capacity to spontaneously synthesize intracellular cadmium sulfide (CdS) 

nanocrystals. This is the first instance of CdS nanocrystal formation in a 

prokaryotic organism. The bacterially-synthesized nanocrystals are composed of a 

wurtzite crystal phase and have a polydisperse size distribution of 2–5 nm in 

diameter. Nanocrystal biosynthesis increased about 20-fold in E. coli cells grown 

to stationary phase compared to late logarithmic phase. Certain strains of E. coli 

are markedly more proficient at synthesizing nanocrystals than other E. coli 

strains, suggesting that there is a genetic component to nanocrystal formation. 

Also, biochemical parameters, like increased intracellular thiol concentration and 

increased cadmium uptake, may contribute to intracellular nanocrystal formation, 

although these parameters, by themselves, are not fully responsible for the observed 

strain and growth phase dependence of biological nanocrystal formation. These 

results suggest that the processes mediating the capping and controlled growth of 

II-VI semiconductor nanocrystals are intrinsic to bacterial cells. Further, by 

modifying certain genetic and physiological parameters of E. coli cells, it might 

be possible to modulate the synthesis of semiconductor nanocrystals for greater 

control over size distribution and optical properties. 
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2.2 BACKGROUND 

As semiconductor nanocrystals increasingly find uses in commericial 

applications, inexpensive and efficient methods of synthesis might become 

technologically relevant. To address this concern, biological methods of 

producing nanocrystals are being explored because of potential advantages over 

synthetic methods. Namely, biological methods of inorganic materials synthesis 

have been shown to proceed using more dilute concentrations of starting 

materials, to take place at ambient temperature and pressure, and to release fewer 

toxic byproducts than traditional synthetic methods.  

Ideally, nanocrystals produced by biological methods would need to 

approach the quality of nanocrystals produced through synthetic methods in order 

for the biological method to be considered a viable alternative for commercial 

nanocrystal production. The current, state-of-the-art methods of synthetic 

nanocrystal production are able to synthesize particles on a large scale, with a 

narrow size distribution, and with efficient optical properties. Nanocrystals 

produced through biological methods will need to be synthesized with narrow size 

distributions (σ < ~5%), or a method for effectively separating different sizes of 

nanocrystals from a polydisperse mixture will need to be developed. High optical 

quality, including quantum yield, of biologically synthesized particles is a second 

important parameter. Synthetic methodologies approach the problem of increasing 

quantum yield by overcoating CdS nanocrystals with a higher bandgap material, 

such as ZnS. A similar method of passivating surface defects and increasing the 

quantum yield of biologically synthesized nanocrystals will need to be developed. 
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Finally, an effective way of isolating nanocrystals from the bacterial cells and 

purifying away cell debris will be necessary. 
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2.3 RESULTS 

2.3.1 Nanocrystal Formation in E. coli is Growth Phase Dependent. 

We used Scanning Transmission Electron Microscopy (STEM) to evaluate 

nanocrystal formation in the E. coli ABLE C strain. STEM enabled higher 

resolution imaging of thick, biological specimens than was possible with 

conventional TEM. Nanocrystal formation at different growth stages, namely, 

stationary, late-logarithmic, and mid-logarithmic phase, was compared. Cells 

were incubated with 1mM CdCl2, followed by the addition of Na2S (1 mM) to 

induce nanocrystal formation. After 2 h of incubation, the cells were embedded in 

a polymer matrix and then cross-sectioned into 60 nm thick slices before imaging 

by STEM. 

Nanocrystal formation was found to vary dramatically depending on the 

growth phase of the cells. Cross-sectioned stationary phase cells were densely 

packed with nanocrystals, which stabilize the cells under the electron beam 

(Figure 1A), presumably because high atomic density elements provide resistance 

to radiative damage [5]. In contrast, cross-sections of late-logarithmic cells 

indicate sparsely packed nanocrystals inside the cells (Figure 1B).  We estimated 

that there are on average 50 nanocrystals per cross-sectioned late log phase cell.  

An accurate determination of the number of nanocrystals per cross-section in 

stationary phase cells is difficult due to the dense packing of the nanocrystals.  

We estimate that there are >1000 nanocrystals per cross-sectioned stationary 

phase cell which translates to >10,000 nanocrystals for an entire cell.  Thus, the 
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quantitative analysis of the STEM and HRTEM images indicated at least a 20-

fold increase in nanocrystal formation in stationary phase cells compared to late 

logarithmic phase cultures. Nanocrystals were not detected in mid-logarithmic 

phase cells (Figure 1C).  

Figure 1D and 1E further confirm the stationary phase dependence of 

nanocrystal formation. Figure 1D is an image of E. coli ABLE C cells at different 

growth stages, normalized by optical density, and after incubation with cadmium 

chloride and sodium sulfide. Tube 1 (stationary phase cells after 20 hours of 

growth) and Tube 2 (stationary phase cells after 16 hours of growth) have only 

small amounts of CdS bulk precipitation. In contrast, Tube 3 (mid-log phase cells 

after 8 hours of growth) and Tube 4 (early log phase cells after 4 hours of growth) 

have considerably more bulk precipitated CdS. Precipitated, bulk CdS formation 

is inversely proportional to intracellular nanocrystal formation.  

We found that the bacterially produced nanocrystals migrated as a single 

fluorescent band on SDS-PAGE (Figure 1E). HRTEM analysis of the eluted gel 

slice indicates that this band is composed of CdS nanocrystals (data not shown). 

The difference in the intensity of the nanoparticle band from cells harvested in 

logarithmic and stationary phase is consistent with the estimated density of 

nanoparticles from STEM analysis (Figure 1E). Conversely, the very faint band 

on the gel and the appearance of an external bulk precipitate in the mid-log and 

early log-phase cultures are consistent with a lack of intracellular nanocrystal 

formation.  

The CdS nanocrystals appear to be forming inside the stationary phase 

bacterial cells.  Formally, CdS nanocrystals could end up inside the bacterial cells 
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in at least two different ways, which are not mutually exclusive. The nanocrystals 

could first form outside the cells, followed by transport inside during stationary 

phase.  Alternatively, the nanocrystals could form inside the cells following 

transport of the Cd2+ and S2- ions.  In an attempt to distinguish between these two 

possibilities, CdCl2 and Na2S were incubated as before but without bacterial cells.  

Stationary phase ABLEC cells were then incubated with the preformed CdS 

particles before preparation of TEM samples.  STEM data revealed no CdS 

particles present inside these cells (Figure 1D), but rather a heterogeneous 

precipitate associated with the outer cellular surface.  This result indicates that 

preformed CdS nanocrystals are not likely to be associated with the cells 

following formation in the extracellular medium.  Nonetheless, the possibility of 

some transport during intermediate stages of external CdS particle formation 

cannot be rigorously ruled out. 
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Figure 2.1:       Nanocrystal synthesis is growth phase dependent. STEM images 
of 60 nm cross-sections of nucleated E. coli ABLE C cells. Scale bar indicates 
200 nm. Inset: HRTEM images of an intact, nucleated cell. Scale bar indicates 5 
nm. (A) Stationary phase E. coli ABLE C displaying a high density of 
intracellular crystals. Individual nanocrystals are difficult to distinguish (inset). 
(B) Late log phase E. coli ABLE C showing only a few areas of high atomic 
density. Individual nanocrystals are visible by HRTEM (inset). (C) Mid-
logarithmic phase E. coli ABLE C cells that show no detectable nanocrystals by 
STEM or HRTEM.(D) STEM image of stationary phase E. coli ABLE C cells 
incubated with precipitated CdS. Intracellular CdS is not visible, although 
precipitated material is sometimes seen extracellularly. Inset: STEM image of a 
typical CdS precipitate. Scale bar indicates 20 nm. (E) Tubes of E. coli ABLE C 
cells after incubation with cadmium chloride and sodium sulfide. Tubes 1 and 2 
(both stationary phase cells) have less precipitated CdS than Tubes 3 and 4 (both 
logarithmic phase cells). (F) SDS-PAGE gel of nucleated E. coli ABLE C cells. 
Lanes 1 and 2 (both stationary phase cells) have a band corresponding to CdS 
nanocrystals. Lanes 3 and 4 (both logarithmic phase cells) show very faint bands, 
indicating significantly fewer nanocrystals. 
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2.3.2 The Nanocrystals are Wurtzite Crystal Phase and Polydisperse Size 

Distribution 

Nanocrystals from stationary phase E. coli ABLE C cells were 

characterized with respect to the chemical composition, size distribution, and 

internal structure of the particles. For these studies the non-aggregated 

nanocrystals were released from the cell by the osmotic shock procedure [42], 

which helped remove aggregated material that remained in the cell pellet (data not 

shown).  High Resolution Transmission Electron Microscopy (HRTEM) and 

lattice imaging reveal that the nanocrystals are wurtzite with a d spacing of 3.16 

nm, corresponding to the (101) plane of wurtzite CdS (Figure 2A). The 

nanocrystals have a size distribution of 2-5 nm, and electron diffraction (ED) 

patterns confirm the wurtzite crystal structure (Figure 2B).  
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Figure 2.2: Nanocrystals are wurtzite crystal phase and polydisperse sized. (A) 
High-resolution TEM image of a stationary phase E. coli ABLE C cell. 
Nanocrystals are closely packed within the cell, making individual crystals 
difficult to distinguish. Inset: lattice imaging confirms that the particles are 
wurtzite. (B) High-resolution TEM image of bacterial osmotic shockate. Discrete, 
polydisperse-sized nanocrystals are visible. Inset: electron diffraction pattern of 
the nanocrystals, indicating polycrystalline wurtzite CdS. 

2.3.3 Nanocrystal Composition 

STEM and Energy Dispersive Spectroscopy (EDS) analysis of cross-

sectioned stationary phase E. coli cells were used to record the elemental 

composition within the cells. STEM analysis identified high atomic density, 

nanocrystal-rich regions, spherical or elliptical in shape and 1-5µm in diameter, 

the same size and shape as E. coli cells (Figure 3A). EDS, which plotted the 

elemental composition of nanocrystal-rich regions, revealed that, in addition to 

cadmium and sulfur, the regions of densely packed nanocrystals are also rich in 

phosphorus, carbon, nitrogen, iron, and oxygen (Figure 3B-H). Since the 
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nanocrystals are colocalized with the biological elements in the cross-sectioned 

samples, these data further indicate that nanocrystals are synthesized within the 

interior of the cells, as opposed to crystallization on the surface. We note that the 

cadmium and sulfur signals do not correspond to every nanocrystal on the STEM 

image. EDS signal results from the electron beam dislodging an inner shell 

electron, a relatively rare event that results in the emission of characteristic X-

rays.  In contrast, STEM images result from the electron beam interacting directly 

with the nucleus. Consequently, we feel it is not surprising that each individual 

nanocrystal seen in a STEM image does not produce an EDS signal. 

 

 

 
Figure 2.3: Elemental mapping of a nucleated cell indicates that the 
nanocrystals are synthesized intracellularly. (A) STEM reference image of a 
cross-sectioned E. coli ABLE C cell. Scale bar indicates 200 nm. White points 
indicate material of high atomic number. The images (B–H) are EDS mapping 
images of cross-sectioned nucleated E. coli ABLE C. Each panel represents 
detection of a different element: cadmium (B), sulfur (C), carbon (D), nitrogen 
(E), phosphorus (F), iron (G), and oxygen (H).  
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2.3.4 Nanocrystal Formation Parameters 

Four laboratory E. coli strains were tested with STEM and HRTEM 

imaging for their ability to synthesize CdS nanocrystals. Using the same 

nucleation procedure as above, stationary phase cells were imaged with HRTEM 

and STEM. In addition to E. coli ABLE C cells, E. coli TG1 also produced 

nanocrystals at a similar density. On the other hand, strains (e.g. E. coli RI89 and 

E. coli DH10B) did not detectably synthesize nanocrystals at any growth stage 

(data not shown).  These results indicate that genetic differences among strains 

can strongly affect the ability to nucleate nanocrystals. We are currently carrying 

out a more comprehensive analysis of the genetic factors underlying nanocrystal 

formation.    

Work on yeast nanocrystal biosynthesis indicated that thiols mediate 

crystal growth because cysteine-rich peptides were found to stabilize the surface 

of biosynthesized CdS nanocrystals [6]. A reasonable hypothesis is that, in E. coli, 

cellular thiol content in general and glutathione content in particular might be 

responsible for the observed growth phase dependence of nanocrystal formation. 

An attempt was made to correlate cellular thiol content with nanocrystal 

formation. First, analysis of free thiols with DTNB (5-5’-dithiobis-2-

nitrobenzoate) [7] in cell lysates found twice as much accessible, reduced thiols in 

stationary phase cells  compared to  mid-logarithmic phase cells. (Figure 4A)  In 

addition, stationary phase cells were found to contain somewhat higher total 

glutathione than mid-log phase cells (Figure 4B). Finally, elemental analysis 

indicated that stationary phase cells have about twice the total sulfur as mid-log 

phase cells, consistent with the previous two results (Figure 4C). Similarly, the 

four strains (E. coli ABLEC, E. coli TG1, E. coli DH10B, and E. coli RI89) were 
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found to have similar levels of cellular thiols, and the differences observed did not 

correlate with CdS nanocrystal formation ability (Figure 4D). The bottom line is 

that cellular thiol content may play a role but does not determine nanocrystal 

formation ability in different E. coli strains and growth phases.  

Another factor in nanocrystal formation might be the amount of cadmium 

taken up by the cells. Analysis of cadmium uptake in bacteria at different growth 

phases indicated that stationary phase cells absorb only about 50% more cadmium 

cations than mid-log phase cells (Figure 4E). However, there were virtually no 

differences in cadmium uptake between the four E. coli strains (data not shown.) 

Next, cadmium resistance in the four different E. coli strains was assayed, 

revealing that the four different strains do have different levels of cadmium 

resistance (Figure 4F). The nanocrystal forming strains (E. coli ABLE C and E. 

coli TG1) are less resistant to growth on cadmium-containing media than the 

other strains (E. coli RI89 and E. coli DH10B), indicating a likely difference in 

the way the different strains handle cadmium. Perhaps the nanocrystal forming 

strains are less efficient at effluxing cadmium from the cell. Alternatively, the 

outer membrane of E. coli ABLE C and E. coli TG1 might be more permeable to 

cadmium. A combination of these factors might contribute to the differences in 

nanocrystal formation between the four different tested E. coli strains.  
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Figure 2.4: STEM images illustrating the strain dependence of E. coli CdS 
nanocrystal formation. (A) STEM image of E. coli ABLE C nucleated with CdS. 
White spots indicate regions of high atomic density, in this case CdS nanocrystals. 
The scale bar indicates 0.2 µm. (B) STEM image of E. coli TG1 nucleated with 
CdS. White spots indicate regions of high atomic density, in this case CdS 
nanocrystals. The scale bar indicates 0.2 µm. (C) STEM image of E. coli RI89 
nucleated with CdS. The bacterial cell is uniformly composed of low atomic 
density, biological elements.  The scale bar indicates 1 µm. (D) STEM image of 
E. coli DH10B nucleated with CdS. The bacterial cells are uniformly composed of 
low atomic density, biological elements. The scale bar indicates 0.2 µm.  
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 Figure 2.5: Cellular thiol content and cadmium uptake increase as the cell 

enters stationary phase. (A) Plot of the cellular concentration of free, reduced 
thiols versus time of E. coli ABLE C culture growth. (B) Plot of total cellular 
glutathione versus growth time for E. coli ABLE C. (C) Plot of total cellular 
sulfur content versus growth time for E. coli ABLE C. (D) The concentration of 
free reduced thiols in four different E. coli strains at stationary phase. (E) Plot of 
total cellular cadmium concentration versus growth time for E. coli ABLE C, 
incubated for 20 min with 1 mM CdCl2. The y axis for each plot (A-E) indicates 
concentration from a cell lysate solution of 4 X 109 cells diluted in 1 mL buffer. 
(F) Plate assay of cadmium tolerance for each E. coli strain, ABLE C, TG1, 
DH10B, and RI89. The y-axis indicates the maximum concentration of cadmium 
tolerated for growth. 
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2.3.5 Photoluminescence Spectra of Biosynthesized Nanocrystals 

 

Photoluminescence spectroscopy (PL) was performed on a sample of 

stationary phase E. coli ABLE C cells, nucleated with cadmium and sulfide as 

described above. PL spectroscopy of this sample generated a spectra characteristic 

of CdS nanocrystals (Figure 5). PL spectroscopy was also performed on a sample 

of stationary phase E. coli RI89 cells. This sample did not yield spectra 

characteristic of CdS nanocrystals, and these spectra were identical to the negative 

control sample, E. coli cell lysate not incubated with cadmium and sulfide (data 

not shown). These data further confirm the STEM data and verify the strain 

dependence of CdS nanocrystal formation in E. coli bacteria.  

Analysis of the PL spectra of nucleated, stationary phase E. coli ABLE C 

indicated that the biosynthesized CdS nanocrystals have a broad size distribution 

and crystal surface defects. First, the broad PL emission spectra, indicated a 

polydisperse size distribution of nanocrystals. This observation is consistent with 

the nanocrystal size polydispersity (2-5 nm in diameter) observed by HRTEM. 

Second, the PL spectrum is highly sensitive to the surface state of the 

nanocrystals, and the red tail of the spectra from nucleated cell lysate in water 

may indicate nonradiative recombination, or relaxation pathways, at the surface of 

the crystals. This asymmetric red tail was partially eliminated by incubating the 

nanocrystal solution with a small thiol molecule. When the nucleated cell lysate 

was dialyzed against the small thiol molecules, dithiothreitol (DTT) or β-

mercaptoethanol (BME), before preparation of the PL samples, the spectrum peak 
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of the sample is more symmetrical, possibly indicating passivation of surface 

defects. The spectra observed for lysate incubated with small thiol capping 

ligands is indicative of fewer nonradiative recombinations from the nanocrystal 

surface atoms. It is possible the small thiol ligands, DTT and BME, might 

exchange with the cellular material absorbed to the surface of the nanocrystals. 

These small thiol molecules, DTT and BME, might be more able to efficiently 

pack together on the surface of the nanocrystal, and therefore be more effective 

capping agents than the cellular molecules.  

An interesting observation is that that the fluorescent nanocrystal band 

observed on the SDS-PAGE gel (Figure 1F) necessitated the lysate to be 

incubated with either DTT or BME. When the lysate was diluted in water or with 

another small thiol molecule, such as mercaptoacetic acid, mercaptoamine or 

mercaptoproponoic acid, no fluorescent band was observed on the gel. Without 

further PL characterization, it is difficult to speculate about the surface effects of 

the capping agents on the nanocrystals. 
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Figure 2.6:     Photoluminescence spectra of E. coli ABLE C synthesized 
nanocrystals. The red trace indicates the spectra of nanocrystals from bacterial 
lysate dialyzed against ddH2O. The green trace indicates nanocrystals from 
bacterial lysate dialyzed against DTT, and the blue trace indicates nanocrystals 
from bacterial lysate dialyzed against β-mercaptoethanol. The spectra were taken 
at 6 K, and the excitation wavelength was 350 nm. 

 

2.4 DISCUSSION 

Previously, semiconductor nanocrystal formation had been reported only 

in yeast and in filamentous fungi [6, 8, 9]. Our data now suggest that E. coli 

bacteria also have the intrinsic ability to direct the synthesis of CdS nanocrystals. 

In particular, certain strains of E. coli were shown to contain polydisperse, 
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wurtzite CdS nanocrystals that are 2-5 nm in size. Control experiments with 

preformed CdS particles indicated that the nanocrystals are not formed outside 

and then transported into the cells. Rather, the nanoparticles are apparently being 

formed inside bacterial cells following transport of Cd2+ and S2- ions. 

The presence of cellular nanocrystals was strongly dependent on the strain 

used as well as the growth phase of the cells and occurred predominantly in 

stationary phase. Attempts were made to correlate these observations with the 

amount of free thiol and, in particular, the amount of glutathione present in the 

cells. Although these parameters may contribute, no trend emerged that 

adequately predicted nanocrystal formation. 

Bacteria adapt to stationary phase by changing the expression patterns of 

numerous genes, including increasing transcription levels of nearly 1500 genes 

[10]. Interestingly, the synthesis of fatty acids, known to serve as in vitro 

biological nanocrystal templating agents, is not increased in stationary phase [10]. 

On the other hand, the synthesis of polyphosphate, another in vitro nanocrystal 

capping agent, increases at stationary phase and may possibly act as a nanocrystal 

templating agent [11, 12].  

Understanding the genetic and physiological factors that underlie 

nanocrystal formation in E coli may ultimately enable manipulation of 

microbially derived nanocrystal production. For example, inorganic synthesis 

employs different ratios of multiple capping agents in order to synthesize 

nanocrystals of various shapes, such as rods or stars. By controlling the synthesis 

and relative amounts of small thiols, polyphosphates, and fatty acids in E. coli, it 

may someday be possible to control the crystallinity, shape, size distribution, and 

optical properties of nanocrystals in unprecedented ways.  
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2.5 SIGNIFICANCE 

To the best of our knowledge, this is the first demonstration of 

semiconductor nanocrystal synthesis in bacteria. Evidence was provided that E. 

coli has the endogenous ability to direct the growth of semiconductor 

nanocrystals, and that parameters of growth phase and strain type are essential for 

initiating nanocrystal growth. E. coli represents a simple yet powerful procaryotic 

genetic system with the potential to elucidate the key features of nanocrystal 

synthesis in living cells. By understanding parameters of nanocrystal synthesis in 

microbes, it might be possible to modulate the properties of biosynthesized 

nanocrystals, such as size, shape, and crystal structure. 

 

2.6 PERSPECTIVES 

In the future, the precise genetic mechanism of E. coli nanocrystal 

formation might be elucidated.  One way to do this would be to screen E. coli 

transposon libraries for either enhanced nanocrystal formation or attenuated 

nanocrystal formation. Two approaches to monitoring intracellular nanocrystal 

formation described in this chapter, the gel-based assay or an assay for monitoring 

extracellular CdS precipitation, might be modified for a semi-high throughput 

assay. A transposon mutagenesis library containing E. coli cells with loss of 

function in each of the ~3000 E. coli genes might be screened for changes in 

intracellular nanocrystal formation over the course of several weeks.  

Since entrance into stationary phase is an important parameter in E. coli 

nanocrystal formation, a more directed genetic approach might involve targeting 
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the genes involved in entrance to stationary phage. For example, the sigmaS 

subunit of RNA polymerase is necessary for the transcription of genes that are 

upregulated upon entrance to stationary phase [13]. It is also known that a 

significant percentage of common E. coli laboratory strains have mutations in 

rpoS (the gene that encodes sigmaS), which render sigmaS nonfunctional. One 

idea is to sequence rpoS in the four different E. coli strains tested to determine if 

there is a correlation between sigmaS function and nanocrystal formation. If 

differences are found, it might be worthwhile to direct attention towards genes 

whose expression is controlled by sigmaS and their potential role in nanocrystal 

formation. 

 A more targeted approach might also be taken to modulate size, shape, 

and optical properties of biosynthesized nanocrystals. For example, since it is 

known that modulating the sizes of different capping agents is a way to direct the 

aspect ratio of CdS nanocrystals in vitro, it may be possible to modify nanocrystal 

shape in E. coli cells by controlling the expression levels of different types of 

small thiol molecules, which could serve as capping agents for the nanocrystals. 

Finally, a directed evolution approach might be taken to screen for small 

molecules that can enhance the optical properties of CdS nanocrystals when 

expressed in E. coli. To do this, a library of E. coli cells expressing different types 

of potential capping agents at different concentrations might be created. This 

library could be screened for enhanced fluorescence in individual cells, which 

would indicate that the gene product being expressed in the bacterial cell is 

effectively enhancing the optical properties of the biosynthesized nanocrystals. 
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2.7 EXPERIMENTAL PROCEDURES 

2.7.1 Nanocrystal Nucleation 

E. coli strains ABLEC  ((lacZ -) [Kanr, mcrA-, mcrCB-, mcrF-, mrr-, 

hsdR(rK
-mK

-)] [F'proAB, lacIq,ZD M15, Tn10(Tetr)]), TG1 (supE, thi-1, D(lac-

proAB), D(mcrB-hsdSM)5, (rK
-mK

-), [F' traD36, proAB, lacIq D M15]), RI89 

(MC1000 phoR Dara714 leu+), and DH10B (F- mcrA del (mrr-hsdRMS-mcrBV) 

phi80 lacZdelM15 del lacX74 deoR recA1endA1 araD139 del(ara,leu)7697 galU 

galK lambda-rpsL nupG) were used for our experiments. A single colony was 

picked from an agar plate and grown at 37°C with shaking in LB. The overnight 

culture was diluted 1/100 into fresh media. Cells were harvested a various time 

points.  After a minimum of 16 hr of growth, the cells were no longer dividing, 

and the optical density (OD) at 600nm was approximately 5.0. The culture was 

considered to be in stationary phase. After about 10 hr of growth, the culture was 

close to but had not yet reached saturation, and the OD600nm was around 4.0. 

These cells were considered to be in late logarithmic phase. Mid-logarithmic 

phase cells were harvested after 4 hr of growth when the cells were dividing 

exponentially, and the OD600nm was about 0.6. Nanocrystal formation was 

initiated by adding CdCl2 (1mM) to a cell sample suspended in phosphate 

buffered saline (PBS) (0.01M phosphate [pH 7.2], 0.8% NaCl). The cells were 

incubated for 20 min at 25°C before the slow addition of freshly prepared sodium 

sulfide (1mM). The samples were incubated at room temperature with end over 

end rotation. After 1.5hr, the solution was spun at 3000rpm for 10 min. The pellet 

was resuspended in PBS with 2% glutaraldehyde and incubated at room 



 51 

temperature for 2 hours. The cell pellet was washed once with PBS, before 

undergoing dehydration in graded alcohols (30%, 50%, 70%, 90%, 98%, absolute 

ethanol 15 min each step). The cells were spun at 3000rpm for 10 min, and the 

pellet was resuspended in LR White Medium Grade embedding resin. Cells were 

incubated in this solution for 30 min. The cells were then centrifuged at 3000 rpm 

and resuspended in LR White Medium Resin with added accelerant/catalyst, 

following the manufacturer’s instructions. The solution was poured into molds 

and allowed to harden overnight at 60°C. The hardened pellets were cut into 60 

nm thin slices with an ultramicrotome. The slices were floated on water and 

placed on a carbon coated copper TEM grid. 

 

2.7.2 SDS-PAGE Gel Electrophoresis 

E. coli cells harvested at different growth stages were normalized to 

OD600=6.0. The cells were nucleated with CdS as described above. Then the cells 

were lysed by two passages though a French pressure cell. The lysate was spun 

briefly (2 minutes, 3000 rpm) to remove precipitated CdS. The supernatant was 

mixed in a 1:1 ratio with a SDS-PAGE loading dye containing 5% β-

mercaptoethanol. The mixture was electrophoresed on a 16% Tris-Tricine gel at 

80 V for 1 hr. The gel was imaged on a UV light box. Nanocrystals are removed 

by soaking the gel slice in ddH2O overnight. Then the ddH2O solution is filtered 

through a 0.22µm syringe filter to remove excess polyacrylamide.  
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2.7.3 Osmotic Shock 

Osmotic shock was induced using a published procedure [14]. This 

procedure released nanocrystals from the cell and allowed us to make TEM 

samples of cellular nanocrystals without excess contamination from the bulk of 

cellular components. Briefly, cells were suspended in a sucrose/lysozyme solution 

(0.75 M sucrose, 0.1 M Tris [pH 7.5], 10 µg/mL lysozyme). Next a solution of 

EDTA was added (1 mM EDTA [pH 7.5]). The cells were incubated at 0°C for 10 

min before magnesium chloride (0.5 M) was added. The cells were centrifuged 

and the supernatant was collected. The supernatant was dialyzed and transferred 

to carbon-coated copper TEM grids for characterization. 

 

2.7.4 Glutathione-HPLC Assay 

This assay was performed as described previously [15]. Cells were 

harvested at various times and suspended in PBS to OD=4.0. Proteins were 

precipitated from the cell lysate by addition of 5-sulfosalicylic acid, and N-

ethylmorpholine was added as a thiol reductant. Monobromobimane was added to 

the solution and allowed to react for 20 min in the dark. Addition of acetic acid 

stopped the derivatization reaction. The sample was injected onto a reverse-phase 

5µm (4.6 X 75 mm) column. Derivatized glutathione was eluted from the column 

by a linear gradient of 5% - 14.2% methanol. 
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2.7.5 DTNB Assay 

The DTNB assay was performed as described previously [7]. Cells were 

grown in LB to the desired growth stage, centrifuged, and suspended in PBS. The 

optical density was normalized to 4.0 for all cell samples. The cell suspensions 

were passaged twice through a French pressure cell. A solution of 5-5’-dithiobis-

2-nitrobenzoate (DTNB) (4 mg/mL) was prepared in ethanol. Cell lysate (1mL) 

and DTNB solution (20 µL) were mixed together and allowed to react at room 

temperature for 20 min. The absorbance of the solution at 412 nm was measured, 

and the thiol concentration was calculated. 

 

2.7.6 Elemental Analysis 

Bacterial cells were grown to the desired growth stage, centrifuged, and 

suspended in PBS. Cells were incubated with cadmium chloride for twenty 

minutes before excess cadmium was washed away with phosphate buffered 

saline. Cadmium analysis of the samples was performed at Severn Trent 

Laboratories (Austin, TX), using inductively coupled plasma mass spectrometry 

[43].  Alternatively, the bacterial cells were assayed for sulfur content at different 

growth stages, mid-log and stationary phse. After the culture reached the desired 

growth phase, the cells were washed once and resuspended in PBS. Sulfur 

analysis was performed as above. The optical density was normalized to OD=4.0 

for all samples, corresponding to 4X109 cells. 
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2.7.7 Electron Microscopy  

The JEOL 2010F electron microscope was operated at an accelerating 

voltage of 200 kV in different modes including conventional TEM, electron 

diffraction (ED), high-resolution TEM (HRTEM), scanning TEM (STEM), and 

high-resolution energy dispersive spectroscopy (EDS). High Angle Annular Dark 

Field (HAADF) microscopy was carried out under STEM mode. The HAADF 

signal is primarily formed by electrons that have undergone Rutherford 

backscattering [44]. Therefore the image contrast is related to composition, with 

the intensity proportional to the square of the atomic number. As a good 

approximation, lighter elements appear dark and heavier elements appear bright 

[45]. EDS elemental mapping was performed under ADF STEM mode with a 

large scanning electron probe size (3 nm) to ensure a high EDS signal-to-noise 

ratio. To ensure the spatial correspondence between the EDS pattern and the 

bacteria STEM image, the image rotation between STEM mode and EDS mode 

was calibrated by using a Gatan (Pleasanton, CA) digital micrograph while STEM 

images were acquired. 

 

2.7.8 Photoluminescence 

Cultures of E. coli ABLE C and E. coli RI89 were grown to stationary 

phase and nucleated with cadmium and sulfide, as described above. The cells then 

underwent an osmotic shock procedure, as described above. The shockate was 

dialyzed against one of the following solutions: water, 5% dithiothreitol, or 5% 

beta-mercaptoethanol. The bacterial osmotic shockate solution was transferred to 

a Si(100) wafer, rinsed, dried, and characterized by PL. The wafer was then 
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mounted in a liquid-He flow Cryostat. The second harmonic wave of a mode-

locked Ti:sapphire laser was used as an excitation source (350 nm). The pulse 

width was several picoseconds. A conventional far-field micro-PL system was 

used to collect the PL signal. All of the PL spectra were corrected for the spectral 

response of the apparatus. The PL experiment was performed at T = 6 K, with an 

average excitation intensity of 2 mW/cm2. The resolution of the PL emission 

spectrum was 0.05 nm. 
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Chapter 3:  Identification and Characterization of CdS and 

ZnS-Binding Polypeptides by Flagella Display 

3.1 INTRODUCTION  

The idea behind the work described in this chapter is to expand upon the 

use of wire-like organic structures as templates for the growth of semiconductor 

or metallic nanowires. The recent work by Belcher and colleagues of using 

filamentous phage to template the growth of semiconductor and metallic 

nanowires [1], while remarkably groundbreaking, suffers from one major 

drawback, poor reproducibility. The quality of nanowires produced by this 

method varies depending on the particular batch of phage used as a template. 

 In order to address this issue, it was hypothesized that flagella, 

filamentous bacterial appendages, might have advantages over phage as 

nanowire templates because of intrinsic differences in the assembly properties of 

these two systems. A key difference between phage display and flagella display 

is that peptides can be expressed on each individual subunit of the flagella, 

whereas, display on each major coat protein is not possible with phage.  

 

3.1.1 Goal  

The goal of the work was to identify peptide sequences with the ability to 

bind the II-VI semiconductors, CdS and ZnS, when displayed as flagellin fusion 
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proteins. Further, binding interactions between the selected peptides and the 

semiconductor substrate were quantitatively evaluated. The final goal was to 

display the peptides on the surface of bacterial flagella, incubate the flagella with 

CdS or ZnS starting materials, and catalyze the growth of single crystal 

semiconductor nanowires. 

 

3.1.2 Approach 

The FliTrx cell surface display library [2] was used to select disulfide-

constrained dodecapeptides for binding to the II-VI semiconductors, ZnS and 

CdS, through iterative rounds of selection. Binding experiments, based on 

Enzyme Linked Immunosorbent Assay (ELISA), were employed in order to 

characterize the interaction between selected peptides and semiconductor 

materials. Finally, isolated flagella were incubated with ZnS and CdS precursor 

solutions in order to evaluate the influence of the selected peptides on 

semiconductor nanocrystal growth. TEM was used to characterize the flagella-

assembled inorganic nanostructures. 

 

3.1.3 Results Summary 

Comparison of the FliTrx peptide sequences selected for binding to both 

wurtzite and sphalerite CdS with peptides isolated through phage display for 

binding to wurtzite CdS revealed sequence similarities between the peptides 

selected from two different libraries. Unfortunately, a specific binding interaction 

between the peptides selected through flagella or phage display and the materials, 
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CdS or ZnS, could not be detected through ELISA. Nucleation experiments 

found that flagella were able to template the growth of linear structures 

composed of discrete CdS nanocrystals. However, this process was determined to 

be independent of the selected peptides. 

 

3.2 BACKGROUND 

Flagella are composed of roughly 20,000 copies of the protein, flagellin, 

which self-assembles to form full-length flagella. Each flagellin protein has a 

functionally dispensable region where peptides up to 302 amino acids in length 

can be displayed on the flagella surface [3]. Peptides displayed on flagella are 

consistently spaced < 2 nm apart from each other [4]. In contrast, peptides greater 

than eight amino acids in length cannot be displayed on each major coat protein 

molecule of phage, because modified p8 interferes with the crystalline packing of 

the phage protein coat during assembly. Therefore in most instances, peptide 

display on the major coat protein necessitates the use of a phagemid system, in 

which the phage coat is composed of a mixture of wild type and peptide fusion 

proteins [5]. At best, peptides on the phage coat are spaced 3 nm from their 

nearest neighbor or more, depending on the extent of fusion protein incorporation 

[1]. However, peptide expression is highly variable, and the extent of peptide 

incorporation is dependent on factors, such as growth conditions and peptide 

sequence. 

More uniform peptide display on the flagella might have two advantages. 

The first is that nanowire formation might occur without a high temperature 

annealing step because the individual nanocrystals will form in closer proximity 
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to their nearest neighbor, potentially minimizing the energy and space necessary 

to merge neighboring nanocrystals into a single crystal nanowire [6]. Eliminating 

the high temperature step will leave the protein template intact. Thus, protein-

protein interactions might be used to assemble individual organic-templated 

nanowires into functional assemblies or devices. Another advantage of flagella 

display might be more consistent batches of the organic starting material. In 

contrast, reproducibly controlling the incorporation of peptides into the phage 

coat, from phage to phage and from batch to batch, is difficult. More reliable 

peptide display with the flagella system could lead to more uniform nanowire 

production. 

Some other advantages of flagella display are more facile scale-up of 

flagella production and the relative ease of selection assays. For example, using 

flagella display minimizes the risk of cross-contamination between samples, a 

frequent problem with phage display. (Infectious viruses are extremely robust 

and difficult to eliminate from glassware and other lab supplies.) Second, 

biopanning with flagella eliminates the need for an elution step during the 

selection experiments. This might lead to the loss of fewer binders from the 

library during the selection procedure. 
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 3.3 RESULTS 

3.3.1 Identification and Compositional Comparison of CdS Binding Peptides 

Selected through Flagella Display with Peptides Identified through Phage 

Display 

 Peptides were selected for binding to CdS substrates through iterative 

rounds of selection against two different types of CdS substrates. CdS200 

substrate is a polycrystalline substrate composed entirely of sphalerite CdS. 

CdS400 is also polycrystalline and is composed of a mixture of wurtzite and 

sphalerite CdS.  

 In order to identify peptides that could bind to CdS when displayed as 

flagellin fusion proteins, several rounds of selection for binding to CdS was 

performed using the combinatorial FliTrx cell surface display library as the 

starting point (Figure 3.1) [2].  
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Figure 3.1: Schematic of FliTrx biopanning. Substrate (CdS or ZnS) is 
incubated with 2% nonfat dry, milk to block nonspecific interactions. Induced 
FliTrx bacterial library is mixed with the substrate. After 1 h, the substrate is 
washed to remove nonspecifically bound bacteria. Substrate is added directly to 
fresh media, and the bacteria remaining bound after the wash are propagated. The 
selection procedure is repeated 3-6 times. 

 

The complete sequencing results of the selection experiments for binding 

to CdS are given in Figures 3.2-3.5. Clones were sequenced after 3, 4, and 5 

rounds of biopanning. Two selection experiments were carried out using a 

powdered CdS substrate, CdS 400, a mixture of wurtzite and sphalerite, or CdS 

200, sphalerite only. Two more selection experiments were also carried out using 

a solid pellet of CdS as the substrate. Using the pelleted substrates resulted in less 
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agitation of the sample during the wash steps of the selection. The idea was that 

this modified procedure would result in less breakage of the flagella from the 

bacteria and therefore fewer peptides that interact with the substrate would be 

lost during the wash step. The sequences from these rounds of selection did not 

converge toward a consensus. 
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CdS 400 Sequences 
Round 3 

M?RSTG?TTLFR   

RLISLPKPDSVL   

RG?KRVEFQARY   

Round 5 

RERLVLFREDGS    

RERLVLFREDGS    

RERLVLFREDGS     

RERLVLFREDGS    

RDCRPAVRRWIN 
 

Round 6 
TRAYRGIVSTFE  
GIVIKGVSVRTT  
RGETCGFQRVII  
RGRA?TLLRAAC  
RERLVLFREDGS  
RERLVLFREDGS  
VGF*VRRGSELR 
VGF*VRRGSELR 

 
Figure 3.2: Flagella peptides selected for binding to pellets of the substrate 
CdS 400 (a mixture of wurtzite and sphalerite CdS). Clones were sequenced after 
3, 5, and 6 rounds of selection. The symbol (?) represents an unreadable codon 
sequence, and the symbol (*) represents a stop codon. 
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CdS 400 Sequences 
Round 5  

CPKLARSETCV   

IAELGHHTTLAS  

QLETGRRRMRMS  

LAFRKVQAVKVV  

RRRIRGGSHGQR  

PAGALSIYRSCG  

VLRAQVL*VNRG   

SNKERGRMVHLA   

ENAEVGVNKRGA   

QRVINNGLGARN   

LELANPLKSGVA   

*TESGPVREQVC    

HDTWNAGC*LRC    

A?GWDGSVIKRG    

AIGLGEPYQIRP 

 
Figure 3.3: Flagella peptides selected for binding to powdered substrate CdS 
400 (a mixture of wurtzite and sphalerite CdS). Clones were sequenced after 5 
rounds of selection. The symbol (?) represents an unreadable codon sequence, and 
the symbol (*) represents a stop codon. 
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CdS 200 Sequences 

Round 3 

EHVGMGSGSVAL  

??G?F?AFWTGQ  

FNTMQQWAIMVN  

ANLWGQTNQITA  

RDGCGFP*IRDC  

GRHNGCRVGPRA  

QR*QSWTGGSH*  

QVDCKDSQHTAP  

SRQG*VMRMITS  
H*TRRWGSCGVR   

    
Round 4 

LK?DM*LWAGFG  

PGCPVGAVRPVT 

LGQSWASFTDRL 

GVQRSLKM*SGQ 
 

Round 5 

VGPKESARIGAK  

VGPKESARIGAK  

NRGCGTKGGQEK  

FSVAND*VRRRM   
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KTSPQTAIPGRH  

RGLAGILTPQRV  

VSGQNGQRG*RS    

HPGESMTLLIET   

DAVTTTEKMH*N  

EV*FWLRTRQMQ  

??G?F?AFWTGQ  

LDILRFNTVAHA  

 
Figure 3.4: Flagella peptides selected for binding to powdered substrate CdS 
200 (pure sphalerite CdS). Clones were sequenced after 5 rounds of selection. The 
symbol (?) represents an unreadable codon sequence, and the symbol (*) 
represents a stop codon. 
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CdS 200 Sequences 
Round 3 

TPAKGIDMAPVI  

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

Round 5 

TPAKGIDMAPVI  

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

TPAKGIDMAPVI 

Figure 3.5 
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Figure 3.5: Flagella peptides selected for binding to a pellet of the substrate 
CdS 200 (pure sphalerite CdS). Clones were sequenced after 3 and 5 rounds of 
selection.  

 

Peptide sequences selected for binding to CdS, both powdered and 

pelleted CdS200 (sphalerite) and CdS400 (sphalerite and wurtzite), though 

flagella display had a specific 4-mer amino acid motif similar to a 4-mer motif 

selected for binding to CdS though phage display [7]. This motif was the 

following: 1st position- acidic residue (D or E), 2nd position- small polar residue 

or isoleucine (S, T, or I), 3rd position- small hydrophobic residue (A, L, or G), 4th 

position- basic residue (H, K, or R).  A motif was considered to fit this 

description in either the forward or reverse orientation (N- terminus to C- 

terminus, or C-terminus to N- terminus). Out of the 76 sequenced clones selected 

from the FliTrx library for binding to CdS (either CdS200 or CdS400), 27 clones 

(~36%) of the clones met the criteria given above. Given the amino acid 

frequency in the FliTrx initial library (from my sequencing data for the library), 

it is expected that only ~7% of the clones in the library would meet the criteria. A 

significant number of peptides selected through phage display for CdS binding 

[7] also fit this amino acid motif. Out of the 43 sequenced clones selected from 

the NEB phage display library for binding to wurtzite CdS, 18 clones (~42%) 

met the 4-mer description. In the initial phage display library, only about ~3% of 

the clones would be expected to meet the criteria. 

A second distinct type of amino acid motif emerged from flagella display 

screening against CdS, both powdered and pelleted CdS200 and CdS400. This 

motif did not appear in the phage display sequences and was unique to the 

flagella selection. The amino acid motif, RER, was selected through FliTrx 
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panning against CdS 400, and this 3-mer sequence appeared in multiple selected 

clones. Other similar amino acid motifs appeared in the selected CdS binding 

sequences, including, RDCR, RGR, KER, RIR.  

 

3.3.2 Identification of ZnS Binding Peptides 

Biopanning against ZnS substrates was performed with the same method 

as used for biopanning against CdS. Two selection experiments were carried out 

using a powdered ZnS substrate, ZnS800, a mixture of wurtzite and sphalerite, or 

ZnS400, composed only of sphalerite material. Two more selection experiments 

were also carried out using a solid pellet of ZnS, either ZnS400 or ZnS800 as the 

substrate with the idea that using the pelleted substrates would result in less 

agitation of the sample (and decreased loss of binding clones) during the wash 

steps of the selection. The complete results of the panning experiments against 

ZnS substrates are given in the following figures 3.6-3.9. 

 

ZnS 400 Sequences 
Round 5 

VGRSGAEWQVVA    

QPRGVRQLRLK?    

GVNKRAWADKRK    

AMTKLRRQRKGM    

SGTRSAGLGWGW    

H?MA??GSARPA    

Figure 3.6 
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Figure 3.6: Flagella peptides selected for binding to a powdered substrate, ZnS 
400 (pure sphalerite ZnS). Clones were sequenced after 5 rounds of selection. The 
symbol (?) represents an unreadable codon sequence. 

 
ZnS 800 Sequences 

Round 5 

VPRYRWGGASGF  

GRKQLA*RRGRS   

AG*PAQGKRHRF   

NALYPLSRSIRG  

VSPGKRTRSAEI  

RGEGVLRITGIE  

 
Figure 3.7: Flagella peptides selected for binding to a powdered substrate, ZnS 
800 (a mixture of wurtzite and sphalerite ZnS). Clones were sequenced after 5 
rounds of selection. The symbol (*) represents a stop codon. 
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ZnS 400 Sequences 
Round 3 

TNVGWLWVRASS 

TNVGWLWVRASS 

TNVGWLWVRASS 

TRVPIYNQLETN 

TRVPIYNQLETN 

P*GRRVRKGFLE 

P*GRRVRKGFLE 

 

Round 4 

TNVGWLWVRASS 

TNVGWLWVRASS 

TNVGWLWVRASS 

P*GRRVRKGFLE 

P*GRRVRKGFLE 

 
Figure 3.8: Flagella peptides selected for binding to pellets of ZnS 400 (pure 
sphalerite ZnS). Clones were sequenced after 3 and 4 rounds of selection. The 
symbol (*) represents a stop codon. 
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ZnS 800 Sequences 

Round 3 

VACDNPVNEVLW 

GGVRSPGPNSGT 

VEGLLRIRGSTS 

PDAHLYMCTCKV 

PQGGVYVEGFGG 

RPLHAWWI*EVG 

RHGNLVH*LGVR 

GRHVA*AGELGV 

GRHVA*AGELGV 

 

Round 4 

GRHVA*AGELGV 

GRHVA*AGELGV 

GRHVA*AGELGV 

GRHVA*AGELGV 

 
Figure 3.9: Flagella peptides selected for binding to pellets of ZnS 800 (a 
mixture of wurtzite and sphalerite ZnS). Clones were sequenced after 3 and 4 
rounds of selection. The symbol (*) represents a stop codon. 
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There was no significant enrichment of most amino acid residues in the 

ZnS-binding clones selected by the FliTrx display system, and none of the 

sequences had obviously similar motifs to peptides selected through phage 

display. 

 

3.3.3 Binding Affinity of ZnS and CdS Peptides for ZnS and CdS was not 

Detected by Enrichment Experiments. 

To gain insight into the relationship between amino acid sequence and 

binding strength, enrichment experiments were performed to determine the 

relative binding affinity of bacterial cells with flagella displaying a substrate-

binding peptide compared to bacteria with flagella not expressing a putative ZnS- 

or CdS-binding peptide. E. coli GI826, transformed with pFliTrx expressing a 

putative binding peptide, were mixed at different ratios with cells transformed 

with control pFliTrx (not expressing a binding peptide) and a low copy plasmid 

encoding chloramphenicol resistance. The cultures were then mixed with the 

inorganic substrate, either ZnS (ZnS400 or ZnS800) or CdS (CdS200 or 

CdS400). If the peptide enhanced binding affinity of the bacterial cell to the 

substrate, then the bacterial population eluted from the substrate should be 

enriched for cells expressing the binding peptide.  

The peptides tested for binding to CdS had been selected for binding to 

CdS through flagella display. The following peptide sequences were tested in the 

enrichment experiments and were not found to have enriched binding affinity to 

the substrate with respect to the control cells: 
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A RERLVLFREDGS 

B QLETGRRRMRMS 

C TRVPIYNQLETN 

D RDCRPAVRRWIN 

E VGPKESARIGAK 

F VGF*VRRGSELR 

G TPAKGIDMAPVI 

 

Peptides B, E, G and F were chosen because they possess a 4-mer motif 

(acidic, small hydroxyl or hydrophobic, small hydrophobic, basic) which was 

similar to a sequence, J127 (SPGDSLKKLAAS), selected multiple times through 

phage display for binding to wurtzite CdS. Even though peptide F contained a 

stop codon, it was tried in the enrichment experiments because it was 

hypothesized that this plasmid might encode some functional flagellin protein 

due to suppressor tRNAs in the E. coli GI826 strain. Peptides A and D were 

chosen because they possess the sequences, RER and RDCR, which were 

selected multiple times in the biopanning selection against CdS, both CdS200 

and CdS400. Peptide C was selected for binding to pure sphalerite ZnS through 

FliTrx display, and it was chosen for the enrichment experiments in order to 

determine if the sequence was able to cross-react and bind to CdS.  

There was no enrichment for bacterial cells displaying CdS or ZnS 

binding peptides. This enrichment experiment was repeated several times using 

different peptides and different ratios of bacterial mixtures. Bacteria populations 
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were mixed together at ratios of 1:100, 1:10, and 1:1. In each case the eluted 

culture had a nearly identical ratio of bacterial cells as the input culture. 

 

3.3.4 Binding Affinity Between ZnS and CdS Peptides and Substrates ZnS 

and CdS were not Detected through ELISA 

ELISA (Enzyme-Linked Immunosorbent Assay) was performed to 

determine the relative binding affinities of the peptides for their substrate, CdS or 

ZnS (Figure 3.10). ELISA is a well-established technique for quantitatively 

characterizing the binding interactions between biological macromolecules. The 

ELISA procedure was modified in order to determine binding affinity between a 

biological macromolecule and an inorganic material. To my knowledge, there are 

very few instances of quantitative analysis of peptide/inorganic material 

interactions [8, 9], so there was little precedent in the literature for performing 

these binding studies. 

The modified ELISA procedure was performed as follows: First, the 

powdered substrate, either ZnS or CdS, was glued to the bottom of 96-well 

plates. Either milk or BSA was incubated with the semiconductor substrate to act 

as a blocking agent and prevent nonspecific binding interactions between the 

phage proteins and the substrate. The phage were allowed to absorb to the ELISA 

plates. After a designated amount of time, the plates were washed to remove 

unbound phage, and a detection antibody conjugated to HRP was added. A 

substrate, which became chemilumniscent in the presence of HRP, was used to 

detect the presence of bound phage. 
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Figure 3.10: Schematic of phage-capture ELISA. Viruses, displaying a 
semiconductor-binding peptide, were incubated with semiconductor substrate, 
which is glued to the ELISA plate. Phage bound to the substrate can be detected 
in the capture ELISA by incubation with primary (rabbit anti-M13 bacteriophage 
Ab) and secondary (HRP-conjugated anti-rabbit Ab) antibodies. When incubated 
with a chemiluminescent substrate, the HRP cleaves the substrate, causing 
emission of a photon of light. Detection of light indicates the presence of phage 
bound to the substrate. 
 
 

A series of positive and negative controls were run to determine if the 

procedure was working as expected. First, a positive control ELISA was 

performed in order to determine if the peptide was being displayed on the surface 

of the phage when displayed in the pMoPac33 (gene 8 fusion protein) format. 
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FLAG peptide, an epitope tag, was displayed as an N-terminal fusion to gene 8. 

ELISA analysis confirmed that the FLAG peptide was able to bind efficiently to 

anti-FLAG antibody in the gene 8 phagemid display format (Figure 3.11E). 

Therefore, CdS or ZnS binding peptides should also be sterically accessible when 

expressed from the same display vector, pMoPac33. 

Next, an attempt was made to detect a binding interaction between phage 

displaying peptides selected by Flynn, Belcher and colleagues [8] for binding to 

sphalerite and wurtzite ZnS or CdS. These peptides should serve as appropriate 

positive controls because previous work demonstrated that the peptides do 

interact with ZnS and CdS in the process of directing formation of nanocrystals. 

Peptides selected for binding to sphalerite ZnS through phage display (A7 

and Z8) were expressed as g8 fusions on M13 bacteriophage. A7 and Z8 phage 

were incubated with a ZnS substrate (pure wurtzite, mixture of wurtzite and 

sphalerite, or sphalerite only) in the presence of BSA (bovine serum albumin). 

For all of the ZnS substrates tested, all phage, including wild type phage, bound 

nonspecifically to the substrate (Figure 3.11A-C). A negative control ELISA was 

also performed to test the affinity of the peptides for glue. The ZnS-binding 

peptides appear to bind to glue with a similar affinity as to ZnS (Figure 3.11D). 

These results suggested that more stringent conditions were necessary to test 

binding affinity by ELISA. 

In order to monitor binding under more stringent conditions, milk was 

used to block the substrate surface and prevent nonspecific binding (Figure 3.12). 

Viruses, displaying A7 and Z8 as g8 fusions, were incubated with the ZnS 

substrates in the presence of milk. The phage expressing sphalerite ZnS-binding 

peptides had a similar binding affinity for the ZnS substrates as the negative 
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control phage (Figure 3.12A-C). In fact, the absolute ELISA signal was barely 

above the negative control signal (phage binding to glue) for all of the ZnS 

substrates and phage tested (Figure 3.12D). It is interesting to note that the 

sphalerite ZnS (from Sigma Aldrich) used for the binding experiments was the 

same substrate as was used for the phage display directed evolution experiments 

that yielded the A7 and Z8 sequences [8]. 

A third set of ELISAs was performed to test affinity of CdS-binding 

peptides for CdS. Peptide, J140, which was previously found to nucleate wurtzite 

phase CdS nanocrystals, was used as a putative positive control. However, none 

of the phage expressing a CdS-binding peptide bound to the CdS substrate with 

higher affinity than the control phage, wild-type phage or phage displaying 

FLAG peptide (Figure 3.13A-B). A negative control, panning against glue, was 

also performed, and the intensity of the ELISA signal for binding to glue (Figure 

3.13C) was similar to the signal generated for phage binding to CdS (Figure 

3.13A-B); no binding interactions above background were detected. 

Finally, ELISAs were performed with FliTrx flagella displaying peptides 

selected for binding to CdS. The following peptides were evaluated for binding 

to CdS substrate: 

 

 

A QLETGRRRMRMS 

B TRVPIYNQLETN 

C RDCRPAVRRWIN 

D VGPKESARIGAK 
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Peptides A and D were chosen for testing by ELISA because they resembled the 

peptide J127, SPGDSLKKLAAS, selected by phage display for binding to 

wurtzite CdS. Peptide C was selected for binding to pure sphalerite ZnS through 

FliTrx display, and was used to determine if the sequence was able to cross-react 

and bind to CdS. Peptide C was selected for binding to CdS400, a mixture of 

sphalerite and zinc blende substrate, through FliTrx display. 

As a control, FliTrx flagella with no peptide insert were also evaluated for 

binding to CdS. Flagella were incubated with 96-well plates coated with CdS, 

and signal was detected by probing with anti-thioredoxin (trx) antibody. No 

binding interactions were detected for any of the flagella displaying CdS-binding 

peptides or for control flagella with either of the CdS substrates, CdS200 and 

CdS400.  
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Figure 3.11 
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Figure 3.11: Assessing relative ZnS binding affinity by ELISA. Sigma-Aldrich 
o-phenylenediamine (OPD), a HRP (horse radish peroxidase) substrate, was used 
for these assays. For all of these experiments 0.5% BSA was used as a blocking 
agent to prevent nonspecific binding interactions. WT indicates wild type M13 
bacteriophage with no peptide insert. Z8 indicates phage displaying the peptide, 
VISNHAESSRRL, a peptide selected for binding to ZnS through phage display. 
A7 indicates phage displaying the peptide, CNNPMHQNC, a peptide selected for 
sphalerite ZnS binding by phage display. FLAG indicates the peptide sequence 
DYKD, a common epitope tag for antibody labeling. All peptides are expressed as 
g8 N-terminal fusion proteins. For the initial dilution (dilution 1) ~2 X109 phage 
were added to the well. Each subsequent dilution was a 1/2 serial dilution of the 
previous well. A) The substrate was ZnS 800, a mixture of wurtzite and sphalerite 
ZnS. B) The substrate was ZnS 400, pure sphalerite ZnS. C) The substrate was 
ZnS rocks purchased from Sigma-Aldrich. These rocks were composed entirely of 
the sphalerite crystal phase. This is the same substrate that was used for 
biopanning and selection of binding peptides from the NEB phage display library. 
D) The substrate was glue, a negative control. E) Phage were panned against 
rabbit anti-FLAG antibody. As a positive control, phage-displaying FLAG 
peptide were interacted with the plates coated with anti-FLAG. FLAG-peptide 
phage generated a strong ELISA signal, relative to the other phage, not displaying 
the FLAG peptide. The ELISA signal only took about a minute to develop, 
compared to the ZnS plates, which took up to 20 minutes to develop the signal. 
Therefore, a direct comparison of the anti-Flag antibody and the ZnS ELISAs is 
not possible. 
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Figure 3.12 



 84 

Figure 3.12: Assessing relative binding affinity by ELISA. Sigma-Aldrich o-
phenylenediamine (OPD), a HRP (horse radish peroxidase) substrate, was used 
for these assays. For all of these experiments 1% nonfat, dry milk was used as a 
blocking agent to prevent nonspecific binding interactions. WT indicates wild 
type M13 bacteriophage with no peptide insert. Z8 indicates phage displaying the 
peptide, VISNHAESSRRL, a peptide selected for binding to sphalerite ZnS 
through phage display. A7 indicates phage displaying the peptide, 
CNNPMHQNC, a peptide selected for sphalerite ZnS binding by phage display 
[8]. All peptides are expressed as g8 N-terminal fusion proteins. For the initial 
dilution (dilution 1) ~2 X109 phage were added to the well. Each subsequent 
dilution was a 1/2 serial dilution of the previous well. A) The substrate was 
ZnS800, a mixture of wurtzite and sphalerite ZnS. B) The substrate was ZnS400, 
pure sphalerite ZnS. C) The substrate was sphalerite ZnS rocks purchased from 
Sigma-Aldrich. This is the same substrate that was used for biopanning the phage 
display library and selection of binding peptides. D) The substrate was glue, a 
negative control. 
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Figure 3.13 
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Figure 3.13: ELISA data for determining relative binding affinities of CdS-
binding peptides. SuperSignal ELISA Femto Substrate was used for these assays. 
Each experiment was performed in triplicate on three separate days. Error bars are 
not included on the graph because day-to-day fluctuations in signal are substantial 
relative to the low signal produced. All measurements for each type of phage are 
within error of each other. In other words, no binding interactions could be 
detected by this method. For the initial dilution (dilution 1) ~2 X109 phage were 
added to the well. Each subsequent dilution was a 1/2 serial dilution of the 
previous well. All peptides were displayed as N-terminal gene 8 fusions. WT 
indicates wild type phage with no peptide fusion. FLAG indicates the peptide 
sequence DYKD, a common epitope tag for antibody labeling. J140 indicates the 
peptide sequence, SLTPLTTSHLRS, a sequence selected through phage display 
for binding to single crystal wurtzite CdS [8]. J127 indicates the peptide sequence, 
SPGDSLKKLAAS, a sequence selected through phage display for binding to 
single crystal wurtzite CdS [7]. Peptide, Linda, indicates the sequence, 
VGFSVRRGSEL, a peptide selected through flagella display for binding to 
polycrystalline (wurtzite and sphalerite) CdS. Cujo (or J210 in [7]) indicates the 
peptide sequence, CTYSRLHLC, a peptide selected though phage display for 
binding to single crystal wurtzite CdS. A) ELISA with CdS 200 substrate (pure 
sphalerite CdS). B) ELISA with CdS 400 substrate (mixture of wurtzite and 
sphalerite CdS). C) ELISA with glue as the substrate, a negative control. 
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Figure 3.14 
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Figure 3.14: Assessment of nucleation by flagella-displayed peptides. A) TEM 
image of E. coli GI826, transformed with pFliTrx-peptide insert, and nucleated 
with CdCl2 and Na2S. The long, electron dense material extending from the top 
of the bacterial cell is nanocrystalline CdS. The scale bar indicates 2 µm. B) 
HRTEM image of the CdS from A). Nanocrystals have polydisperse size 
distribution, and the crystal lattices of individual nanocrystals have a random 
orientation. Scale bar indicates 5 nm. Inset: Lattice image of nanocrystals. The 
particles have a lattice spacing of 3.16 nm, consistent with wurtzite CdS. C) TEM 
image of E. coli GI826, transformed with pFliTrx-no peptide insert and nucleated 
with CdCl2 and Na2S. The electron dense material extending from the bacterial 
cell is CdS. Scale bar indicates 500 nm. D) HRTEM image of the CdS from C). 
Nanocrystals have polydisperse size distribution, and the crystals lattices of the 
individual nanocrystals are randomly oriented. Scale bar indicates 5 nm. Inset: 
Lattice image of nanocrystals. The particles have a lattice spacing of 3.16 nm, 
consistent with wurtzite CdS. E) TEM image of E. coli GI826, transformed with 
pFliTrx-no peptide insert, vortexed to remove flagella, and nucleated with CdCl2 
and Na2S. These cells do not have extracellular CdS extensions. Scale bar 
indicates 500 nm. F) TEM image of E. coli GI826, transformed with pFliTrx-no 
insert. A flagellum is visible extending from the cell wall. Generally, bacteria 
have between 1-3 flagella per cell. Each flagellum is several microns in length. 
The sample was stained with 2% potassium phosphotungstate to provide contrast. 
Scale bar indicates 500 nm. 

 

3.3.5 Flagella Catalyze Formation of CdS Nanocrystals Independently of 

Displayed Peptide. 

Peptides were tested for the ability to control nucleation of CdS 

nanocrystals. Peptides selected for binding to CdS were displayed as flagella 

fusion proteins using the pFliTrx vector. Peptide sequences tested for nucleation 

are the following: 

 

A VGPKESARIGAK 

B FNTMQQWAIMVN 

C QLETGRRRMRMS 
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Peptide sequence A was selected for binding to CdS200, and peptide sequence C 

was selected for binding to CdS400. Both were similar to peptide J127, selected 

through phage display for binding to wurtzite CdS. Peptide B was selected for 

binding to sphalerite ZnS, and was used as a control for cross-reactivity with 

CdS.  

Flagella displaying a CdS-binding peptide were nucleated with CdCl2 and 

Na2S. Wild type flagella were used as a control in order to determine if 

nucleation of CdS nanostructures was peptide-specific. 

TEM data indicated that flagella (both wild type and flagella displaying a 

CdS binding peptide) influenced the formation of discrete CdS nanocrystals. 

Figure 3.14A is a TEM image of an E. coli GI826 cell with FliTrx (CdS-binding 

peptide) flagella. Long, wire-like extensions composed of inorganic material 

appear to protrude from the cell surface. Figure 3.14B indicates that material 

extending from the cell is nanocrystalline, wurtzite phase CdS. The individual 

nanocrystals have no preferred orientation with respect to each other or the TEM 

grid. In contrast, when CdS-binding peptides are displayed on the surface of 

phage, the peptides catalyze the nucleation of nanocrystals with a preferred 

orientation perpendicular to the viral template [1]. 

Figure 3.14C is a TEM image of an E. coli GI826 cell displaying FliTrx 

flagella (no peptide insert). The CdS extending from the cell is very similar in 

composition and shape compared to Figure 3.14A. Figure 3.14D indicates that 

the CdS nanocrystals have a wurtzite crystal phase, and the individual crystals 

have no preferred orientation with respect to the surface of the grid.  

Deflagellated E. coli GI826 cells were tested for nucleation of 

extracellular CdS nanocrystals in order to determine if the CdS nanocrystals were 
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specifically nucleated by flagella. Figure 3.14E is a TEM image of a 

deflagellated bacterial cell incubated with CdCl2 and Na2S. In contrast to Figures 

3.14A and 3.14C, there are no CdS nanocrystals extending from the surface of 

the cell. CdS present in these samples formed large, poorly cystalline particles, 

roughly 50-200 nm in diameter. This indicates that the nucleation of extracellular 

CdS nanocrystals is dependent on flagella.  

Flagella were isolated from the bacterial cell body and then incubated 

with CdCl2 and Na2S. Linear structures, several micrometers in length and 

composed of CdS nanocrystals, were found to form in the presence of flagella 

without an attached bacterial cell. This data suggests that formation of the CdS 

structures is influenced largely by the flagella and that the bacterial cell body 

does not play a significant role in templating the extracellular CdS structures. 

Figure 3.14F is a TEM image of a bacterial cell with FliTrx flagella 

stained with 2% potassium phosphotungstate.  Flagella were observed to extend 

several microns from the surface of the cell, and generally 1-3 flagella per cell 

were observed. This data indicates that the length of the flagella is consistent 

with the length of CdS nanocrystal structures extending from the surface of the 

cell in Figures 3.14A and 3.14C, and further supports the idea that nanocrystal 

nucleation is specifically templated by flagella, but not by the peptide. 
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3.4 DISCUSSION 

Peptide motifs selected through flagella display for binding to both 

sphalerite and wurtzite CdS and sphalerite-only CdS are similar to motifs 

selected through phage display for binding to wurtzite CdS. One interpretation of 

these results is the peptide is specifically recognizing the material, CdS, but is not 

recognizing specific polymorphs of the material. 

 Binding assays were unable to detect specific binding of ZnS- or CdS- 

binding peptides to any of the inorganic substrates tested. One explanation might 

be that proteins have a generally high affinity for certain inorganic surfaces, thus 

making it difficult to differentiate a peptide-specific binding event from a 

relatively high affinity interaction with a generic protein. Several different 

inorganic materials (gold, platinum, silver, and ZnS) were evaluated for binding 

affinity to alkaline phosphatase (AP), a common protein for display of fusion 

peptides [9, 10]. A gel-based binding assay suggested that AP binds to ZnS with 

relatively high affinity and to silver with a slightly lower affinity. The Kd of AP 

binding to ZnS was estimated in the low nanomolar range. Extrapolating from 

this data, it is possible that some of the milk proteins, used as an ELISA blocking 

agent, may have a similar affinity for ZnS and CdS as the selected peptides. The 

peptides selected by flagella display might specifically recognize the material, 

but the milk proteins are able to mask detection of peptide binding events by 

outcompeting the peptide for access to the surface. 

The binding experiment data presented here are consistent with previous 

results [7], which indicate that phage, displaying A7 (sphalerite ZnS-binding) 
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peptide, bind with only 6-fold higher affinity than wild type phage to a sphalerite 

ZnS surface [8]. The binding experiment procedure described in previous work 

[8] was slightly different from the ELISA experiments described in this chapter. 

Briefly, viruses were interacted with a ZnS substrate. A detergent (Tween-20), 

instead of milk or BSA, was used to prevent nonspecific binding interactions. 

Substrate (sphalerite ZnS) was added to the phage in excess, so the number of 

available binding sites on the ZnS was not a limiting parameter.  The phage were 

eluted from the substrate by lowering the pH. Finally, the eluate was titered in 

order to determine the total number of phage bound. Approximately 108 phage 

were initially interacted with the material. Upon elution, ~2 X104 of the A7 (ZnS-

binding peptide) phage were found to bind to the substrate. In contrast, ~3 X 103 

wild-type phage of the initial phage input were found to bind to the substrate, a 

~6-fold difference. Careful inspection of the raw data indicated significant 

variation between independent binding experiments. Therefore, this data should 

be considered preliminary [7]. However, the result that sphalerite ZnS-binding 

peptide, A7, binds to sphalerite ZnS with, at best, slightly higher affinity than 

wild-type phage is consistent with the ELISA data presented in this dissertation. 

Both wild-type (FliTrx) and flagella displaying a binding peptide are able 

to nucleate CdS nanocrystals, while deflagellated bacteria do not nucleate 

extracellular CdS structures. These data suggest that nucleation of CdS 

nanocrystals depends on the presence of the native flagella and is not a peptide 

specific phenomenon. Unlike flagella-mediated nucleation, phage-mediated 

nucleation resulted in nanocrystals with a preferred orientation with respect to the 

viral template, facilitating the annealing of single crystal nanowires from the 

nucleated phage template upon heating. Finally, there is no evidence of single 
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crystal nanowire formation in the flagella experiment, as was hypothesized to be 

possible with flagella display. These results seem to minimize the advantages of 

using flagella, over phage, for biological templates of nanowire nucleation.  

The flagella-based CdS nanostructures described here resemble other 

protein-mediated inorganic structures, particularly the CdS nanostructures 

templated by the rod-shaped virus, TMV [11]. Both the flagella and TMV seem 

to have a natural capacity to direct formation of CdS nanocrystals along their 

protein coat, and the individual nanocrystals do not display preferential, ordered 

alignments by either method. These two results and others [12, 13], suggest that 

intact, protein-based structures have the endogenous ability to template growth of 

CdS nanocrystals and other types of semiconductor nanomaterials along the 

surface of protein structures. Only when certain peptides are present do the CdS 

nanocrystals exhibit preferred orientation, monodispersity, and uniform crystal 

shape [14]. Thus, it seems likely that if the right peptides are found, flagella 

could be used to template biologically ordered nanocrystals or even single crystal 

nanowires. 

Nucleation of biologically ordered CdS and ZnS nanocrystals is difficult 

to achieve reproducibly, even with the phage-based [1] system (personal 

observation). This lack of consistency might be related to the fact that formation 

of CdS and ZnS crystals with the solution-based method [14] is a nonequilibrium 

process, under kinetic, rather than thermodynamic control. When metal chloride 

and sodium sulfide are mixed together, the formation of II-VI semiconductor 

material occurs rapidly and is essentially irreversible. (The Ksp of CdS is 8.0 X 

10-27 M, and the Ksp of ZnS is of a similar magnitude, 2 X 10-25 M.) Thus, it 

makes sense that the conditions of CdS and ZnS nanocrystal nucleation need to 
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be carefully monitored, leaving room for improving nucleation conditions. 

Further experiments exploring nucleation of II-VI semiconductor materials with 

organic templates will need to closely monitor temperature, pH, concentration of 

starting materials, and rate of precursor salt addition. It follows that flagella still 

could have advantages over phage for generating inorganic materials, if the 

proper nucleation conditions and displayed peptides can be found. 

 

3.5 SIGNIFICANCE 

 Here a combinatorial flagella display library was used to select peptides 

for binding to CdS and ZnS. Consistent with previous work, the selected peptides 

did not demonstrate a measurable binding interaction to the substrates from 

which they were selected for binding. This observation implies that 

semiconductor-binding peptides are able to catalyze the growth of semiconductor 

nanomaterials on the surface of phage without possessing a high affinity binding 

interaction to the material. Finally, we show that flagella can act to template the 

growth of CdS nanocrystals along its length, although without the oriented 

alignment achieved previously through phage-based crystal growth. 

 

3.6 PERSPECTIVES 

Looking to the future, there are two clear directions for this project. First, 

a comprehensive analysis of nucleation conditions for phage-based CdS and ZnS 

nanostructures needs to be performed. The precise nucleation conditions, 

including the concentrations of starting materials, phage, and nucleation peptides, 
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rate of precursor addition, and pH need to be determined for phage nucleation. 

After these conditions are known, the parameters necessary for flagella-based 

nucleation of oriented nanocrystals or nanowires can also be worked out. 

Second, biopanning of the FliTrx library against different types of 

materials, notably gold and silver, might be a first step to make single crystal 

nanowires composed of those materials. Results from Chapter 5 suggest that 

biological synthesis of silver nanostructures from ionic silver might be easier to 

control and reproduce than II-VI semiconductor formation (Chapter 3). 

Therefore, it seems that silver nanowire formation could be more amenable to 

control biologically than II-VI semiconductor nucleation. 

3.7 MATERIALS AND METHODS 

3.7.1 Media 

M9 salts (10X; pH 7.4) were prepared by dissolving 60 g of Na2HPO4, 30 

g of KH2PO4, 5 g of NaCl, and 10 g of NH4Cl in 1 L of double deionized water. 

IMC medium is M9 supplemented with 0.2% casamino acids, 0.5% glucose, and 

1 mM MgCl2. RM medium is M9 supplemented with 2% casamino acids, 1% 

glycerol, and 1 mM MgCl2. 

3.7.2 Materials 

ZnS and CdS crystalline powdered substrates were synthesized by Dr. 

Chuanbin Mao. X-ray diffraction measurements confirmed the crystal phase of 

the substrates. Substrate CdS 200 was heated to 200°C during synthesis and is 

composed entirely of the wurtzite crystal phase of CdS. Substrate CdS 400 was 

heated to 400°C during synthesis and is a mixture of zinc blende and wurtzite 
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CdS. Substrate ZnS 400 was heated to 400°C during synthesis and is composed 

entirely of the wurtzite crystal phase of ZnS. Substrate ZnS 800 was heated to 

800 °C during synthesis and is a mixture of zinc blende and wurtzite ZnS. 

 

3.7.3 Selection of Inorganic-Binding Peptides 

The scheme for selecting inorganic-binding peptides is described in 

Figure 3.1. One vial of the FliTrx library (Invitrogen, Carlsbad, CA) was used to 

inoculate 50 mL of IMC supplemented with 100 µg/mL ampicillin in a sterile 

250 mL shake flask. Cells were grown for 15 to 18 h at 25°C with shaking (250 

rpm) to saturation (A600≈3). Aliquots corresponding to 1010 cells (assuming 109 

cells per mL per absorbance unit at 600 nm) were transferred to 50 mL of IMC 

medium supplemented with ampicillin and 100 µg/mL L-tryptophan to induce 

expression of the modified flagellar protein. Cells were grown for 5 or 6 h 

without shaking. CdS or ZnS powder (0.002 g) was added to a poly-prep 

chromatography column (BioRad) and incubated with gentle shaking with 10 mL 

of freshly prepared blocking solution (100 mg dry nonfat milk, 300 µL of 5 M 

sterile NaCl, 500 µL 20% methyl α-D-mannopyranoside, 9.2 mL IMC, and 20 

µL of 50 mg/mL ampicillin) for 1 h at 25°C. After the blocking solution was 

drained from the column, 10 mL of induced culture supplemented with 100 mg 

dry nonfat milk, 300 µL of 5 M sterile NaCl, and 500 µL of sterile 20% methyl 

α-D-mannopyranoside was added to the column. Cells were incubated in the 

column containing ZnS or CdS at 25°C for 1 min with agitation at 50 rpm and 

without agitation for 1 h. At the end of the incubation period, the culture was 

drained from the column. The inorganic powder and the column frit were 
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removed from the column and transferred a shake flask containing 10 mL IMC 

supplemented with 100 µg/mL amplicillin, in order to inoculate a new culture for 

further rounds of selection.  The cells were allowed to grow for 15 to 18 h at 

25°C. 

Alternatively, instead of using a powdered substrate for panning, the 

powder was pressed into pellets, and the culture was panned against the pellets. 

This procedure was similar to the above procedure, except the pellets were 

washed 3-5 times with 10 mL of freshly prepared wash solution (2.5 mL 20% 

methyl α-D-mannopyranoside, 47.5 mL IMC, 100 µL of 50 mg/mL amplicillin) 

before inoculation of a fresh culture. 

 This completed a round of panning. Dilutions from overnight cultures 

obtained after the third, forth, fifth, and/or sixth panning rounds were plated onto 

RMG plates (M9 medium, 2% casamino acids, 0.5% glucose, 1 mM MgCl2, 1% 

agar) containing ampicillin and incubated overnight at 30°C. 

 

3.7.4 Sequencing 

Randomly selected colonies were used to inoculate 5 mL of RM medium 

supplemented with ampicillin and cultures were grown for 16 to 24 h at 30°C. 

Plasmid DNA was recovered using the QIAprep Spin Miniprep Kit (Qiagen) and 

the nucleotide sequences of the inserts were determined using the Perkin-Elmer 

Big Dye PCR sequencing kit and 5’-ATTCACCTGACTGACGAC-3’ as a 

forward primer. 
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3.7.5 Statistical Analysis 

Statistical significance testing was used to compare the observed number 

of occurrences of individual amino acids and/or motifs in sequenced clones to 

their expected number of occurrences in the native FliTrx population.  

The expected number of occurrences in the native FliTrx population was 

determined by sequencing 15 random FliTrx clones, each composed of 12 

random amino acid residues, from the initial library. FliTrx library amino acid 

frequencing information was not available from the manufacturer, Invitrogen. 

Sequencing provided the following information about the distribution of amino 

acids in the initial FliTrx library: R-17%, L-12%, G-11%, V-9%, P-7%, S-6%, T-

5%, E, D, W-4%, K, C, I-3%, F, Q, M, H-2%, N, Y, A-1%. These values differ 

significantly from the expected amino acid probability in the library, assuming 

the library is entirely random. However, the sample size of the initial library (15 

clones) is limited. 

The expected distribution of amino acid and polypeptide motifs in the 

native FliTrx library was calculated by assuming the library is random. Sixty-one 

different codons specify all 20 amino acids, with some amino acids encoded by a 

single codon (M, W), some by two codons (F, Y, H, Q, E, D, C, N, K), and 

others by three (I), four (V, P, T, A, G), and six codons (L, S, R). The probability 

of finding a particular amino acid in the FliTrx library can be determined based 

on this information. 

The manufacturer, NEB, provided information regarding the phage 

display library amino acid distribution. 
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3.7.6 Relative Binding Affinities-Enrichment Experiments 

E. coli GI826 was transformed with either a pFliTrx plasmid, isolated 

through selection experiments above, or both a control pFliTrx (no insert) and 

pBAD33, a low-copy number plasmid encoding a gene for chloramphenicol 

resistance. Cultures were grown under conditions to induce expression of the 

flagellar proteins, as described in the Selection of Inorganic-Binding Peptides 

section. Cultures of E. coli transformed with only pFliTrx were supplemented 

with 100 µg/mL of ampicillin, while cultures of E. coli transformed with both 

pFliTrx and pBAD33 were supplemented with 100 µg/mL of ampicillin and 30 

µg/mL of chloramphenicol. 

A pellet of material (CdS or ZnS) was incubated with blocking solution 

for 1 h, and the supernatant was decanted. The two different cultures of E. coli 

(containing either pFliTrx or pFliTrx and pBAD33) were normalized based on 

optical density, and normalized cultures were mixed together at defined ratios, 

i.e. 1:10, 1:1, etc. These cell mixtures were incubated with the CdS or ZnS pellet 

for 1 h at room temperature. The liquid was decanted, and the pellet was washed 

by incubation with 5 different aliquots of wash solution. Finally, the washed 

pellet was added to fresh IMC media supplemented with the appropriate 

antibiotics. The culture was grown with shaking at 25°C. After ~15 h, dilutions 

of the culture were plated on RMG plates supplemented with either ampicillin or 

chloramphenicol. Colonies were counted the next day. As a control, the cultures 

were plated before interaction with the CdS or ZnS pellet in order to confirm the 

ratio of cells in the initial culture. 
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3.7.7 Relative Binding Affinities- ELISA Characterization. 

ELISAs (Enzyme-Linked Immnunosorbent Assay) were performed to 

determine the relative binding affinity of peptides selected for binding to ZnS or 

CdS. The scheme for the phage-capture ELISA is described in Figure 3.2. The 

peptides tested here were selected either through flagella display (as described 

above) or through phage display (as described in Flynn et. al.) The display format 

of the selected peptides for ELISA analysis was either phage display or flagella 

display. 

In the first set of ELISAs, all peptides, including those selected through 

either flagella display or phage display, were displayed on the surface of M13 

bacteriophage. Peptide-encoding nucleotides were subcloned into the vector, 

pMoPac 33, for expression of the peptide as an N-terminal fusion protein with 

the M13 bacteriophage major coat protein, g8. Phage, displaying the fusion 

peptide, were prepared through methods described previously [1, 14, 15].  

The powdered substrates were glued to a 96-well ELISA plate with JB 

Weld Glue (Breed and Company, Austin, TX). As a control, one lane of the 96-

well plate contained just glue in order to determine the binding interaction of the 

peptide with glue. The substrate containing wells were blocked with 5% 

Carnation brand nonfat milk (Nestlé, Inc.) in PBS for 2 h. The plates were 

washed with PBS containing 0.05% Tween 20. Each well was loaded with 50 µL 

of PBS- 1% milk. To the first well, 50 µL of a 5 X 1011 cfu/mL phage solution 

was added and mixed. 1:1 dilutions of the first well were made into successive 

wells. (50 µL of the solution from the first well was added to the second well, 

and so on, until all of the remaining 7 wells contained 100 µL of diluted phage 

solution. The plates were incubated for 1 h at 0°C (All binding and washing steps 
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were performed at 0°C-4°C. The reasoning for this was that nucleation only 

occurred at low temperatures, 0°C or -20°C. Therefore, binding could be 

enhanced at low temperatures, because the peptide might be held in a more stable 

conformation for interacting with the substrate.) Each well was washed 4 times 

with PBS containing 0.05% Tween 20. Primary antibody conjugated to 

horseradish peroxidase (anti-fd bacteriophage antibody (Sigma-Aldrich)) was 

diluted to 0.28 µg/mL in PBS- 1% milk. The diluted antibody conjugate solution 

(50 µL) was added to each well, and incubated for 1 h at room temperature. Each 

well was washed as above. The ELISA plates were developed with either of two 

different substrates described below.  

One tablet of o-Phenylenediamine (OPD) (5 mg per tablet) was mixed 

with PBS (12.5 mL) and H2O2 (5 µL). The OPD solution (50 µL) was added to 

each well, and the color was allowed to develop for at least 10 min. To quench 

the reaction, 4.5 N H2SO4 (50 µL) was added to each well.  The developed 

solution from each well was pipeted into a fresh 96-well plate, and the 

absorbance at 490 nm was read on a plate reader. 

Alternatively, a more sensitive detection reagent, SuperSignal ELISA 

Femto Substrate (Pierce) was used. After final washing, SuperSignal ELISA 

Femto Working solution was added to each well, as per manufacturer’s 

instructions. The liquid detection reagent was mixed in the wells for 1 min using 

a plate mixer. Next the liquid was pipeted into a fresh 96-well plate, and the 

relative light units were measured at ~425 nm with a luminometer (Molecular 

Devices, Gemini XS Microplate Reader). 

In a second set of ELISAs, peptides were cloned into the pFliTrx vector 

and expressed as internal fusion partners with E. coli flagellin. Flagella were 



 102 

expressed and harvested in E. coli as described in section 3.3.9, below. For this 

set of ELISAs, the primary antibody was rabbit anti-thioredoxin IgG (Sigma-

Aldrich). A goat anti-rabbit antibody conjugated to horseradish peroxidase was 

added for signal detection (Sigma-Aldrich). All other procedures were the same 

as described above. 

 

3.7.8 Isolation of Flagella  

Flagella samples were prepared by isolating flagella from E. coli cells. E. 

coli was transformed with the desired FliTrx vector and plated on RM plates. A 

single colony was used to start a culture in RM supplemented with ampicillin 

(100 µg/mL). The culture was grown overnight, and the saturated culture was 

streaked on IMC plates supplemented with 100 µg/mL ampicillin and 100 µg/mL 

L-tryptophan to induce expression of the modified flagellar protein. The plates 

were incubated for 2 days at 30°C. Cells were scraped from the plates, 

resuspended in phosphate buffered saline, and vortexed for 30 s. The final cell 

solution had an optical density (600 nm) of 4-8, indicating roughly 4-8 X 109 

cells per mL. The deflagellated cells were centrifuged for 10 min at 10,000 rpm. 

To concentrate the flagella, the supernatant was transferred to a Millipore 

Centricon filter (30,000 MW cutoff) and centrifuged for 5 min at 4000 rpm until 

the final volume was ~50 µL. 
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3.7.9 Peptide controlled nucleation and growth of inorganic materials 

Nucleation of flagella was carried out by following a procedure described 

previously [1, 8, 14]. Briefly, concentrated flagella (10 µL) were mixed with 0.5 

mL of CdCl2 or ZnS (1 mM) for 12 h at room temperature. Next, freshly prepared 

sodium sulfide (1 mM, 0.5 mL) was added and the solution was immediately 

placed at -20°C for 24 h. The solution was aged at room temperature for another 

12 h before TEM samples were made. 

Viruses were nucleated by a similar procedure, substituting flagella for 

phage in the procedure above. 10 µL of a phage stock solution (~5 X1011 cfu/mL) 

was mixed with aqueous CdCl2 or ZnCl2 solution. 

An alternative nucleation procedure was developed that seemed to reduce 

non-specific, bulk CdS or ZnS precipitation. Phage (10 µL of a ~5 X 1011 cfu/mL 

solution) were mixed with CdCl2 or ZnCl2 (1 mM) in TBS (Tris-buffered saline, 

pH 7.4) for 12 h at 4°C. A nucleation chamber was constructed by placing a 

beaker upside down on some ice. A drop of phage solution was placed on a sheet 

of parafilm, and the parafilm sheet was placed inside the chamber. Another 

beaker containing sodium sulfide (5 mM) was added to the nucleation chamber. 

Hydrochloric acid (1 M, 100 µL) was added to the sodium sulfide solution to 

initiate nucleation. Hydrogen sulfide gas was produced inside the chamber and 

diffused into the phage solution to form either CdS or ZnS. Aliquots of the 

nucleated phage were taken at different time points. 

TEM samples were prepared by adding a small drop (~5-10 µL) of the 

nucleated phage solution to a carbon coated copper TEM grid (Electron 

Microscopy Sciences). After several minutes, the grid was washed by placing it 

(sample side down) on drops of ddH2O. The excess water was wicked away with 
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filter paper. The sample was visualized by a Philips EM208 electron microscope 

operated at 80 kV in conventional TEM mode for preliminary studies. The 

samples were also visualized with a JEOL2010F field emission electron 

microscope operated at 200 kV. The instrument was operated in high resolution 

TEM mode and electron diffraction mode. 
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 Chapter 4:  Assembly of Phage Nanostructures 

4.1 INTRODUCTION 

Semiconductor and metallic nanowires have potential as electronic circuit 

components, light emitting diodes, and chemical/biological sensors. However, the 

organization of individual nanowires into useful devices remains primitive 

because of difficulty in directing assembly at the nanoscale. Biological methods 

of self-assembling nanowires are being explored because of the high potential for 

specificity, the diversity of connections, and the ease of manipulation of 

biological interactions. 

 

4.1.2 Goal 

The goal of this work was to explore the use of protein-protein interactions 

as a way to direct assembly of biological structures at the nanoscale, and we 

sought to direct the in situ organization of alternating viruses into linear arrays. 

Further, the goal was to use the alternating viruses to direct assembly of different 

types of quantum dots.  

 

4.1.3 Approach 

In this work, heterologous oligomerization domains, leucine zippers, were 

attached to the viruses to induce virus end-to-end self-assembly. Transmission 

electron microscopy (TEM) was employed to evaluate and quantify 
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oligomerization efficiency of the viruses. Finally, attempts were made to label the 

viruses with different types of quantum dots. 
 

4.1.3 Results Summary 

Here we demonstrated that two different types of phage can alternate 

assembly in situ by combining display of two different leucine zipper pairs at the 

ends of the phage. Over 85% of the phage were involved in an oligomeric 

assembly, and phage assemblies as long as 15 individual phage connected end-to-

end are frequently observed. In the future, different types of quantum dots or 

nanowires composed of different materials might be spatially organized into 

alternating linear arrays with this approach. These results highlight the potential 

of specific, biological interactions to guide assembly at the nanoscale, and this 

approach potentially offers an added dimension of hierarchical control over 

nanomaterials organization. 

 

4.2 BACKGROUND 

Viruses have several traits that could make them ideal platforms for 

growth and assembly of nanostructures. First, viruses are appropriately sized to 

template components of nanodevices. M13 bacteriophage is approximately 6.5 

nm in diameter, and its length can be precisely tuned, from 100 nm to 2 µm in 

length, depending on the size of the encapsulated DNA [1]. M13 bacteriophage is 

easy to prepare in the laboratory, easy to genetically engineer, and non-toxic. 

Finally, biological interactions, such as protein-protein interactions, could 

possibly be used to make the viruses attach or bind to each other in a predictable 



 108 

fashion. This property might be a useful way to apply order to nanowire 

assemblies. 

In order for phage wires to be technologically useful for nano-

applications, two obstacles must be overcome. First, there must be greater control 

and reproducibility over nucleation conditions, particularly for semiconductor 

materials, such that virus-based nanowires are produced with uniform size, shape 

and crystallinity each time. The second step is to assemble the individual virus-

based wires into precisely ordered arrays, and to begin organizing their 

interactions in a controlled manner. Finally, a method to interface the nanowires 

with the macroscopic world is needed, including precisely addressing nanowires 

with micron scale components.  

Leucine zippers consist of a coiled coil structure (Figure 4.1) [2]. Each 

coiled coil bundle is composed of two to five alpha helix domains twisting about 

each other in either a parallel or antiparallel orientation. The essential feature of 

each alpha helix is a seven amino acid repeating sequence, (abcdefg)n. The first 

(a) and fourth (d) positions are generally hydrophobic amino acids, like leucine. 

This generates a stripe of hydrophobic amino acids along one face of the helix. 

The coiled coil (or dimerizing leucine zipper) forms because of associations 

between the hydrophobic stripes of complementary alpha helices. The other 

amino acids in the repeat are mostly polar residues. Positions (g) and (e) generally 

form ionic interactions between the partner alpha helices. These positions are 

important for tuning the dimerization specificity of the leucine zipper. 
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Figure 4.1: Comparison of the heterodimerizing leucine zipper pairs, FOS-
JUN with ACID-BASE. Helical wheel represent end views of JUN-FOS (left) and 
ACID-BASE (right) heterodimers.   

 

Both JUN-FOS and ACID-BASE pairs heterodimerize with high 

specificity [3, 4]. Intersubunit salt bridges involving positions g and e contribute 

favorably to heterodimerization, while repulsive electrostatic interactions between 

positions g and e disfavor homodimer formation (Figure 4.2). Although both pairs 

form predominantly heterodimers when mixed, JUN can form homodimers in the 

absence of FOS. In contrast, FOS, ACID, and BASE do not form stable 
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homodimers at neutral pH. Salt and pH are the main factors that determine 

whether or not homodimers form. At low pH, the glutamate side chains of ACID 

and FOS are protonated, and homodimers can sometimes form. Under the right 

conditions, JUN-FOS and ACID-BASE heterodimerize specifically with their 

partner, and are therefore good choices for precisely tuning the assembly of 

viruses through leucine zipper interactions. 

 

 

 

 
Figure 4.2: Amino acid sequences of the alpha-helix monomers, JUN, FOS, 
ACID, and BASE. Diagonal lines indicate positions of intersubunit salt bridges 
that stabilize the heterodimers. Brackets above and below each sequence indicate 
repulsive electrostatic interactions that destabilize the homodimers. Hydrophobic 
leucine residues that drive dimerization are bolded. 
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Figure 4.3: Gene construct of the phagemid series, pRS, used for leucine 
zipper display. Sequences for gene 3 and gene 9 encode for the amino acids of the 
mature protein only. The first ten amino acid resides of the mature proteins are as 
follows:  p3= ETVESCLAK, p9=  MSVLVYSFAS. 
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Plasmid  Gene(s) Antibiotic 

pRS1 ACID-g3 Chl 

pRS3 BASE-g9 Tet 

pRS4 FOS-g3 Chl 

pRS6 JUN-g9 Tet 

pRS7 GCN4pII-g3 Chl 

pRS8 GCN4pII-g9 Tet 

pRS9 ACID-g9 Amp 

pRS10 ACID-g3; ACID-g9 Chl 

pRS11 ACID-g3; BASE-g9 Chl 

pRS12 FOS-g3; BASE-g9 Chl 

pRS13 ACID-g3; JUN-g9 Chl 

pRS14 FOS-g3, JUN-g9 Chl 

pMoPac33-FLAG FLAG-g8 Amp 

pMoPac33-C-MYC C-MYC-g8 Amp 

pMoPac33-CYS CYS-g8 Amp 

pMoPac33-C6 C6-g8 Amp 

pMopac33-STREP STREP-g8 Amp 
pMopac33-100% 

STREP 100% STREP-g8 Amp 

pMorse* 
Entire phage genome, 

except g8 Kan 

 

Table 4.1: Description of Constructed Plasmids. 
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pRS1-14 are all plasmids derived from a MoPac-based vector. Gene expression is 
controlled by the lac-operon. 
Key to antibiotic resistance abbreviations: 
Amp=ampicillin 
Chl-chloramphenicol 
Tet=tetracycline 
Kan=kanamycin 
 
The following key contains the amino acid sequences of the leucine zippers and 
other peptides used in these studies: 
ACID= AQLEKELQALEKELAQLEWENQALEKELAQ-linker-p3 or p9 mature 
sequence 
BASE= AQLKKKLQANKKKLAQLKWKLQALKKKLAQ-linker-p3 or p9 
mature sequence 
FOS= LTDTLQAETDQLEDEKSALQTEIANLLKEKEKLEFILAAH-linker-p3 
or p9 mature sequence 
JUN= IARLEEKVKTLKAQNSELASTANMLREQVAQLKQKVVMNH-linker-
p3 or p9 mature sequence 
GCN4pII= RMKQIEDKIEEILSKIYHIENEIARIKKLIGER-linker-p3 or p9 
mature sequence 
CYS= ACG-p8 mature sequence 
FLAG= DYKD-GSGS-p8 mature sequence 
C-MYC= EQKLISEEDLN-linker-p8 mature sequence 
C6= DVEAWLGER-GASGA-p8 mature sequence 
STREP= AWRHPQFGG-GASGA-p8 mature sequence 
100% STREP= AVPEGAFGS-p8 mature sequence 
Linker (unless otherwise specified)= GASGAEFAA 
*pMorse was constructed by Dr. Andrew Hayhurst. 
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4.3 RESULTS 

4.3.1 Leucine zippers induce phage oligomerization.  

One way in which higher ordered phage structures could be created would 

be to link the individual viruses end-to-end, assembling them into a multi-phage 

wire-like structure. As a first step, a plasmid, pRS11, was constructed for display 

of the complementary leucine zipper peptides, ACID and BASE, at opposite ends 

of the phage (Table 4.1, Figure 4.3). In order to produce functional phage 

particles, E. coli TG1 was transformed with pRS11, and the cells were infected 

with wild-type M13 bacteriophage, which contained the full complement of genes 

necessary to produce p3- and p9- modified phage particles. The peptide, ACID, 

was displayed as a p3 fusion protein, and the complementary peptide, BASE was 

displayed as a p9 fusion protein. It is important to keep in mind that even with 

relatively high levels of expression of the fusion proteins, the p3 and p9 of 

assembled phage are composed of a mixture of wild-type and leucine zipper 

fusion proteins. 

The heterodimeric leucine zipper, ACID-BASE, was used to link phage 

together in order to form long phage assemblages, the length of several individual 

viruses (Figure 4.4). Displaying the ACID-BASE leucine zipper pair at the ends 

of the viruses directs formation of long wire-like assemblages (Figure 4.7A). The 

average ACID-BASE assemblage is about 5500 nm long, or the equivalent of 11 

viruses linked end on end (Figure 4.8A). Occasionally much longer assemblies 

form, which are 15 µm long or the equivalent of up to about 30 viruses linked 
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together. For the ACID-BASE phage, about ~85% of the viruses are participating 

in an oligomeric assembly of at least three phage linked together. In contrast, a 

phage displaying the ACID peptide at each end will not form as many 

oligomerizing structures (Figure 4.7A), and the oligomerizing structures that do 

form are much shorter than the ACID-BASE phage assemblies (Figure 4.8B). The 

longest ACID-ACID phage assemblies were 1.8 µm in length, indicating only 

four viruses linked end on end. On average the ACID-ACID assemblies were 

about 800 nm long, or the equivalent of about one phage.  

A second type of leucine zipper heterodimer, JUN-FOS, was tested for its 

ability to link phage together. FOS and JUN were displayed as p3 and p9 fusion 

proteins, respectively (Figure 4.5). As a first step, a plasmid, pRS14, was 

constructed for display of the complementary leucine zipper peptides, JUN and 

FOS, at opposite ends of the phage (Table 4.1, Figure 4.3). In order to produce 

functional phage particles, E. coli TG1 was transformed with pRS14, and the cells 

were infected with wild-type M13 bacteriophage, which contained the full 

complement of genes necessary to produce p3- and p9- modified phage particles. 

The peptide, FOS, was displayed as a p3 fusion protein, and the complementary 

peptide, JUN was displayed as a p9 fusion protein. The p3 and p9 of the phage 

were composed of a mixture of wild-type and leucine zipper fusion proteins. 

 JUN-FOS, when displayed at the ends of the phage, caused the phage to 

form spontaneously into long, 1-dimensional assemblies (Figure 4.7B). The 

average length of a JUN-FOS phage assembly was around 3.0 µm or the 

equivalent of six viruses linked end-to-end (Figure 4.8C). In addition, assemblies 

of up to 7.0 µm long or the equivalent of 14 viruses linked end-to-end were 

observed. 
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A variation on this type of viral organization is to alternate two different 

types of phage. The idea is to use the leucine zipper pair, ACID-BASE, in 

conjunction with the leucine zipper pair, JUN-FOS. Alternating the two different 

dimerization domains at the ends of the phage might cause alternating assembly 

of the phage (Figure 4.6). Two plasmids, pRS12 and pRS13, were constructed for 

display of noncomplementary leucine zipper peptides at opposite ends of the 

phage (Table 4.1, Figure 4.3). The first plasmid, pRS12, encoded for FOS peptide 

as a p3 fusion protein and for BASE peptide as a p9 fusion protein. A second 

plasmid, pRS13, encoded for ACID peptide as a p3 fusion protein and for JUN 

peptide as a p9 fusion protein. Each plasmid was separately transformed into E. 

coli TG1 cells. Wild-type M13 bacteriophage, which contained the full 

complement of phage genes, was used to infect the cells. Phage were assembled 

that displayed ACID and JUN at the ends and a separate batch of phage were 

assembled with BASE and FOS displayed at their ends.  Alternate binding of 

these two types of leucine zippers enabled alternating linkages of two different 

types of phage (Figure 4.6). ACID-JUN plus FOS-BASE phage were found to 

link together (Figure 4.7C), and the average ACID-JUN plus BASE-FOS 

assemblies were about 4.0 µm in length, the equivalent of about 8 viruses linked 

end-to-end. Approximately 90% of the ACID-JUN plus BASE-FOS phage were 

linked together in assemblies composed of three or more viruses (Figure 4.8D). 

Assemblages up to 7.5 µm in length, the equivalent of about 15 phage linked end-

to-end were frequently observed by TEM. In contrast, the virus population 

displaying BASE-FOS without its partner phage (ACID-JUN) does not form as 

long or as many oligomerizing phage assemblies (Figure 4.7C). The average 

BASE-FOS particle is observed to be about 1000 nm in length or the equivalent 
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of one to two individual viruses, while the longest BASE-FOS assemblies are 

only 1600 nm in length, or the equivalent of three viruses linked end-to-end 

(Figure 4.8E).  

 

 

 

 
Figure 4.4:  ACID-BASE Leucine zipper pairs, displayed at the ends of the 
virus, form complementary, heterodimerizing linkages that induce assembly of 
the virus. ACID peptide is displayed as a p3-fusion protein, and BASE peptide is 
displayed as a p9-fusion protein. Phage displaying peptides at each end 
spontaneously assemble end-to-end into long structures that are the length of 
several individual phage. 
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Figure 4.5: JUN-FOS Leucine zipper pairs, displayed at the end of viruses, 
form complementary, heterodimerizing linkages that induce assembly of the 
viruses. FOS peptide is displayed as a p3-fusion proteins, and JUN peptide is 
displayed as a p9-fusion protein. Phage displaying peptides at each end 
spontaneously assemble end-to-end into long structures that are the length of 
several individual phage. 
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Figure 4.6: JUN-FOS and ACID-BASE leucine zipper pairs, displayed at the 
ends of the viruses, form complementary, heterodimerizing linkages and induce 
alternating virus assembly. One type of phage displays BASE peptide as a p9 
fusion protein and FOS peptide as a p3 fusion protein. A second type of phage 
displays JUN peptide as a p9 fusion protein and ACID peptide as a p3 fusion 
protein. When the two phage populations were mixed, the phage alternately 
assembled into long, wire-like structures. 
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Figure 4.7: Leucine zippers induce phage oligomerization. TEM images of 
phage stained with 2% uranyl acetate and labeled with antibody conjugated gold 
nanoparticles. Although viruses are generally only 6.5 nm wide, they appear 
wider in these images because of the antibody labeling. Scale bars represent 500 
nm, or roughly the length of a single phage. (A) Phage, displaying ACID peptide 
as a g3 fusion and BASE peptide as a g9 fusion, oligomerize end-to-end. Inset: 
Phage, displaying ACID peptide as a g3 fusion, do not oligomerize, and only 
single phage are observed. (B) Phage, displaying FOS peptide as a g3 fusion and 
JUN peptide as a g9 fusion, oligomerize end-to-end, forming long, multi-phage 
assemblies. (C) Phage, displaying JUN peptide as a g9 fusion and ACID peptide 
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as a g3 fusion, are mixed with phage, displaying FOS peptide as a g3 fusion and 
BASE peptide as a g9 fusion. Inset: A single population of phage, displaying FOS 
and BASE peptides at each end, do not self-oligomerize as readily, and mostly 
single phage are observed.  
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Figure 4.8: Quantification of TEM images indicates that leucine zippers 
induce phage to link together into oligomeric assemblies. Plots indicate the length 
of the phage assembly (as number of phage linked end-to-end) versus the total 
number of phage composing the assemblies. One phage is approximated as 500 
nm in length. (A) Phage displaying ACID peptide as a g3 fusion and BASE 
peptide as a g9 fusion.  The average length of the phage assemblies is 11 viruses ± 
15. Phage oligomerization was evaluated by viewing three different TEM samples 
prepared from three different batches of phage. (B) Phage displaying ACID 
peptide as a g3 fusion and ACID peptide as a g9 fusion. These viruses form 
shorter and fewer multi-phage assemblies than the ACID-BASE phage. The 
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average length of an ACID-ACID phage particle is 830 ± 520 nm, about the size 
of a typical wild-type phage. Phage lengths were evaluated by viewing three 
different TEM samples prepared from three different batches of phage. (C) Phage 
displaying JUN peptide as a g9 fusion and FOS peptide as a g3 fusion. The 
average length of the JUN-FOS phage assemblages is 6 viruses ± 4. Phage 
oligomerization was evaluated by viewing three different TEM samples prepared 
from two different batches of phage. (D) Phage displaying ACID peptide as a g3 
fusion and JUN peptide as a g9 fusion were mixed at a 1:1 ratio with phage 
displaying FOS peptide as a g3 fusion and BASE peptide as a gene 9 fusion. The 
average length of the phage assemblages is 8 viruses ± 5. Phage oligomerization 
was evaluated by viewing three different TEM samples prepared from three 
different batches of phage. (E) Phage displaying FOS peptide as a g3 fusion and 
BASE peptide as a g9 fusion. FOS-BASE phage, alone, form shorter and fewer 
multi-phage assemblies than ACID-JUN phage mixed with FOS-BASE phage. 
The average length of a FOS-BASE particle is 1020 ± 380 nm. (D) Typical 
lengths of phage propagated from E. coli transformed with a pMoPac-series 
phagemid. The length of the phage reflects the size of the packaged single 
stranded DNA. Thus, there are two populations of phage. Viruses, packaging the 
phagemid vector, are around 500-550 nm in length, and viruses, packaging the 
larger phage genome, are around 750-800 nm in length. These two populations 
are reflected in the distribution shown in the figure. The average length is 640 ± 
100 nm. 
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4.3.2 Viruses are Poorly Labeled Through g8 Fusion Peptides. 

Displaying two different types of leucine zippers provides a way to direct 

alternating the assembly of different types of materials along the phage backbone. 

One approach for attaching materials to the phage surface is to display epitope 

tags on the major coat protein of the phage. An epitope tag is a short peptide that 

is specifically recognized by an antibody, which in turn, can be labeled with an 

inorganic nanoparticle. In this way, each type of phage will be specifically 

decorated with a particular type of material.  Linking them up serially will 

alternate these materials.  

Epitope tags were displayed on p8 as N-terminal fusion proteins, using a 

phagemid-based system. This means that the major coat proteins were composed 

of a mixture of wild-type p8 and epitope-tagged p8. Generally the best-case 

scenario is for 5-10% of the p8 proteins to display epitope-tag peptide. In practice, 

the amount of display can vary significantly and is frequently much lower than 

the cited 5-10%. The peptide amino acid sequence plays a large role in display 

frequency, and it cannot be known a priori if a peptide will display well or not. 

None of the displayed p8 epitope tags, c-myc, FLAG, strep, C6, or 

cysteine, resulted in significant labeling of the viruses when displayed with the 

pMoPac 33 construct. Viruses displaying the c-myc and the cysteine labels are 

shown in Figure 4.9. Only 5-10 nanoparticles per virus were visible. Viruses 

displaying the epitope tags, FLAG, strep, and C6 had even worse labeling, and 

EM analysis was unable to detect an interaction between labeling molecules and 

the phage. All of the epitope tags were displayed through the vector pMoPac 33, 
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which has been used to display successfully CdS, ZnS, CoPt, and FePt nucleating 

peptides. Also, a capture ELISA indicated that the FLAG peptide was being 

displayed on the surface of the M13 bacteriophage. These two results indirectly 

indicate that the five peptide-tags used in the present study were probably being 

displayed on the surface of the virus, but their level of display was poor. 

Unfortunately, these epitope tags could not be used to illustrate alternating 

assembly of the viruses, so other labeling approaches are currently being 

explored. 
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Figure 4.9: Phage labeled with gold nanoparticles through epitope tags 
displayed on g8, major coat protein. Scale bars indicate 500 nm. (A) Phage 
displaying c-myc-g8 fusion proteins were labeled with mouse anti-c-myc primary 
antibody and gold-labeled anti-mouse secondary antibody. Viruses were poorly 
labeled with this method, with less than 5 gold particles attached per phage. (B) 
Phage displaying cysteine-tagged g8 proteins were coupled to biotin through a 
maleimide linker. Then the phage were mixed with gold-conjugated streptavidin. 
Viruses were poorly labeled with this method, with less than 10 gold particles 
attached to each phage. 

 

Recently, peptides were displayed on p8 in a non-phagemid display 

format. E. coli cells were transformed with two plasmids: one plasmid, pMorse, 

encodes the phage genome with the g8 region deleted, and the other plasmid, 

pMoPac33-100% Strep, encodes a modified p8. Peptides were selected both for 

binding to streptavidin or to an anti-concanvalin A antibody and for display on 

every copy of the phage major coat protein [5, 6].  Through this system, all 2700 

copies of p8 should display the peptide tag; thus the phage are referred to as 100% 

display phage. Because there are significantly more peptides per phage, the idea is 

that avidity effects could increase the overall affinity of the label for the phage, 
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and each phage will display more sites for the label to dock, increasing the extent 

of labeling.  

Unfortunately, preliminary results indicate that this approach might be 

difficult to implement as a way to demonstrate alternate labeling of the phage. 

The main problem is that 100%-display phage appeared to be produced in very 

low yields. For example, a typical phage preparation only yielded 104 cfu/mL of 

phage. In contrast, typical yields of phagemid-based viruses are ~1011 cfu/mL, a 

107- fold difference in yield. The 100%-display phage preparation was too dilute 

for imaging by TEM. 

 

4.3.3 Multimeric Leucine Zippers Might be Useful for Assembling Complex 

Sructures. 

A trimeric leucine zipper, called GCN4pII [7], was being explored as a 

way to form three-way junctions and to oligomerize phage into T-like structures. 

In Figure 4.10, the phage displayed pGCN4pII as a p3 fusion protein. EM analysis 

indicated that three viruses were coming together at one point. Although extensive 

quantitative analysis of the GCN4pII phage has not yet been completed, 

preliminary findings indicated that the number of phage assembling together into 

T-like junctions is significant; multiple assemblies were observed on each TEM 

grid. In comparison, a T-like assembly was observed on control phage samples at 

most every 10 TEM sample grids. This preliminary data indicates the possibility 

of assembling the phage in 2 or even 3 dimensions. 
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Figure  4.10:  Phage, displaying GCN4pII peptide as a g3 fusion, trimerize at a 
single junction. Scale bar represents 500 nm. 

 

4.3.4 Leucine Zippers, Displayed at the Ends of the Virus, do not Inhibit 

Viral Infection. 

Finally, attempts were made to determine if the leucine zippers inhibited 

the virus’ ability to infect bacterial cells. Since the p3 protein of M13 

bacteriophage is responsible for binding to the E. coli F-pilus receptor, the first 

step of infection, it is reasonable to hypothesize that the leucine zipper 

dimerization at p3 might inhibit phage infection by blocking the p3-F-pilus 

interaction. To address this question, phage displaying p3-ACID were mixed at 

different ratios with phage displaying p9-BASE, including 1:1, 1:10, and 1:100 

for 1 h. Next, the phage were titered. Colonies growing on chloramphenicol plates 
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indicated the number of infectious p3-ACID particles, while colonies growing on 

tetracycline plates indicated the number of infectious p9-BASE colonies. The 

titers of p3-ACID phage were identical, regardless of whether or not the p3-ACID 

phage were mixed with p9-BASE phage beforehand. For a typical experiment, the 

titer of p3-ACID phage was 3.5 X 108 cfu/mL, prior to the addition of p9-BASE 

phage. After the addition of 100-fold excess of p9-BASE phage, the titer of the 

p3-ACID phage was 3.4 X 108 cfu/mL. Sometimes the titer of p3-ACID phage 

actually increased slightly after addition of p9-BASE phage. This experiment was 

repeated three times and was entirely reproducible. This result indicates that 

infection is not inhibited through leucine zipper dimerization at p3.  

 

4.4 DISCUSSION 

Protein-protein interactions were demonstrated to direct phage assembly 

through a bottom-up process, and heterodimerizing leucine zipper pairs (ACID-

BASE and JUN-FOS) were found to induce the assembly of phage into 

oligomeric, wire-like structures. Heterodimeric leucine zipper interactions 

occurred at the ends of 85-90% of the phage. Note that some leucine zipper 

homodimers were also observed to form when peptides are assembled without 

their partner peptide, but at a significantly lower frequency. When peptides are 

incubated with the complementary leucine zipper in vitro, heterodimers were 

found to have a 105-fold preference over homodimers [3].  

The ACID-BASE dimerization appeared to be more favorable than the 

JUN-FOS dimerization, and longer phage assemblies were observed in the case of 

ACID-BASE directed assembly. Interestingly, when the two leucine zipper pairs 
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were combined to direct alternating phage assembly, the average length of the 

assemblies was intermediate between those seen in the case of ACID-BASE or 

JUN-FOS phage assemblies.  

By displaying two different alternating pairs of leucine zippers at the ends 

of complementary viruses, it was hoped that organizations of the viral assemblies 

could be precisely tuned to direct the in situ organization of alternating types of 

phage assemblies. Our apparent verification of this approach indicates that in the 

near future it might be possible to assemble long nanowires composed of 

multiple, alternating materials. The next step is to direct the organization of 

multiple types of nanocrystals from organized phage structures.  

However, a number of obstacles remain. For example, the phagemid-based 

method described for displaying peptide tags on p8 was ineffective for labeling 

the phage with gold nanoparticles. This could be the result of a combination of 

factors, including poor display of the peptide or low affinity between the peptide 

and the molecular label. Therefore, a new method of labeling the phage will be 

necessary.  

Surprisingly, leucine zipper interactions between p3 and p9 were found to 

not inhibit phage infection. Phage infection results from p3 interacting in 

succession with several different domains of E. coli outer membrane proteins, F-

pilus and TolA [8-10]. Each of these individual binding interactions have 

dissociation constants in the low micromolar range, while leucine zipper 

dimerization interactions are in the low nanomolar range. Nevertheless, avidity 

effects might favor p3 binding to outer membrane receptors over leucine zipper 

dimerization, resulting in phage infection. One way to make the leucine zipper 

interaction even more stable and to inhibit infection could be to engineer cysteine 
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residues at the ends of the complementary leucine zippers. Oxidizing the cysteine 

residues will result in leucine zipper domains covalently, disulfide bonded to each 

other, which could inhibit infection. 

 

4.5 SIGNIFICANCE 

The results presented in this chapter highlight the potential of using 

biological interactions to direct bottom-up assembly at the nanoscale. Looking 

toward the future, fabricating viruses through specific, biological interactions 

could potentially revolutionize the fabrication of nanocircuits. The concept 

described here of bottom-up, self-assembled viral ordering might enable smaller, 

more complex features than is possible with current top-down fabrication 

methods. In particular, heterotrifunctional viruses (displaying peptides on p3, p8, 

and p9) might allow the assembly of multiple viruses with specific, directional 

ordering and thereby control the spatial arrangement of different materials. 

Finally, if phage are equipped with a molecular handle on each end, the handles 

could be used to address the task of interfacing individually each nanowire with 

the micrometer-scale world.  

 

4.6 PERSPECTIVES 

Now that we have shown that this is a feasible approach for assembling 

alternating phage, the next step will be to label the phage in order to directly 

demonstrate assembly of alternating phage and to begin to make complex 

structures composed of multiple inorganic materials. One approach to the problem 
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is to make 100% display phage, which will present an epitope tag on each copy of 

p8. It is hoped that the extensive nanoparticle labeling of 100% phage will be 

possible because of the high peptide display frequency. Another approach would 

be to display these same, 100%-display peptides as p8 fusion proteins in 

conjunction with wild-type p8 on the surface of the phage. Since the 100% 

display peptides have been optimized for display on p8, it seems likely that they 

will incorporate into the phage protein coat at a high frequency, even when 

displayed in a phagemid format. 

A second approach to labeling the viruses with inorganic particles could 

be to display inorganic binding peptides on the surface of the phage, and then 

induce nucleation by incubating with appropriate precursors. In particular, the 

peptides selected for binding to CdS, ZnS, CoPt, and FePt were found to catalyze 

nucleation of inorganic particles and to align the particles along the surface of the 

phage [11]. One idea might be to display different nucleating peptides on alternate 

phage and then nucleate nanocrystals composed of two different materials along 

the phage surface. This seems like a worthwhile goal for future studies. However, 

observations by myself and others in the Belcher lab suggest that peptide 

nucleation conditions are still under development, and the peptides are not ready 

for extended applications such as this, in the near term. Problems, such as the 

specificity of peptide nucleation and the reproducibility of peptide nucleation, will 

need to be addressed before alternate nucleation experiments can be undertaken. 

In the more immediate future, peptides selected for binding to silver and 

that also catalyze nucleation of silver particles might be useful for labeling phage. 

Further experiments, building upon Chapter 5, will give insight into whether 
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silver-binding peptides are an effective way to specifically label alternating 

phage. 

 

4.7 EXPERIMENTAL PROCEDURES 

4.7.1 Construction of Plasmids 

Peptides ACID, BASE, and GCN4pII were PCR assembled from 

overlapping primers using a previously published protocol [12]. Peptides JUN and 

FOS were PCR-amplified from templates obtained from Eva Strauch.  Gene 8 

epitope-tagged genes were constructed by PCR amplifying gene 8, and the front 

PCR primer contained the nucleotide sequence for the epitope tag at its 5’ end. 

Gene 8 fusion proteins were cloned into the vector pMoPac33 [13]. Plasmids that 

express gene 3 and gene 9 fusion proteins were derived from pMoPac, 

substituting the g8 sequence cassette of the vector with either the g3 or g9 

sequence or both, in the case of the double-display vectors. The region of the 

plasmid composed of fusion proteins is illustrated in detail (Figure 4.3). 

The engineered viruses were produced using a phagemid system, which 

uses a plasmid separate from the virus genome to express the engineered p9 and 

p3 fusion proteins [14, 15]. In the phagemid expression system, both wild-type p3 

and p9 and engineered p3 and p9 are produced. Thus, each resulting virus may 

display between zero and five copies of the engineered p3 and zero to five copies 

of the engineered p9. 
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4.7.2 Preparation of Viruses 

A single colony of E. coli TG1 transformed with the desired phagemid 

vector(s) is grown overnight in LB media with selective antibiotic. The overnight 

culture is diluted 1/50 into fresh terrific broth media from Difco (per liter: 12 g 

tryptone, 24 g yeast extract, 4 mL glycerol, 2.31 g KH2PO4, 12.54 g K2HPO4). 

After growth to mid-log phase (OD600~1.0) at 37°C with shaking, the culture is 

infected with M13 KO7 helper bacteriophage from NEB (~109 phage per mL of 

culture, such that the multiplicity of infection (MOI) is ~1). After infection for 1 h 

at 37°C with no shaking, kanamycin (50 µg/mL) and isopropylthiogalactoside 

(IPTG) (0.1 mM) are added. The culture is allowed to grow with shaking for an 

additional ~20 h. The culture is placed in 50 mL conical tubes and centrifuged at 

7500 rpm for 10 min. The supernatant is collected and filtered through a 0.45 µm 

filter. The phage are precipitated overnight at 4°C by the addition of 1/6 volume 

of PEG/NaCl solution (20% (w/v) polyethylene glycol-8000, 2.5 M NaCl). The 

phage solution is placed in a 50 mL conical tube and centrifuged for 7500 rpm for 

10 min. The pellet is collected, and is resuspended with Tris Buffered Saline 

(TBS) (25 mM Tris, 100 mM NaCl, pH 7.4). The phage suspension is 

reprecipitated with PEG/NaCl as described above. The final pellet is suspended in 

a Tris-EDTA-glycerol buffer solution (Tris-HCl (5 mM, pH 7.0), EDTA (1 mM), 

and 25% glycerol). 

 

4.7.3 Labeling viruses 

Viruses were labeled with antibodies obtained from Sigma-Aldrich. 

Viruses with wild-type p8 were labeled by mixing 10 µL of 1:100 diluted anti-fd 
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bacteriophage antibody (Cat# B-7786) (7 mg/mL) with 10 µL goat anti-rabbit 

F(ab’)2  IgG (H&L)  5 or 10 nm gold conjugate (Cat# G-7277 or G-3779)  (1.4 X 

1013 particles/mL) for 1 h, then adding 10 µL of virus suspension in ddH2O (~108 

particles). Viruses displaying the FLAG epitope tag are labeled with anti-FLAG 

polyclonal rabbit primary antibody (Cat# F-7425) or anti-FLAG M1 (Ca2+-

dependent) monoclonal mouse primary antibody (Cat# M-5546), followed by 

incubation with goat anti-rabbit F(ab’)2  IgG (H&L) gold (5 nm) nanoparticle 

conjugate or goat anti-mouse F(ab’)2 IgG (H&L) gold (5 nm) nanoparticle 

conjugate (Cat# G-7652). Viruses displaying a c-myc epitope tag were labeled 

with mouse anti-c-myc monoclonal mouse antibody, followed by incubation with 

goat anti-mouse F(ab’)2 IgG (H&L) gold (5 nm) nanoparticle conjugate.  

Viruses displaying streptavidin-binding peptides (C6 and Strep) were 

labeled with gold (6 nm)-conjugated streptavidin (Electron Microscopy Sciences, 

Cat# 25264). A virus suspension (~108 particles/ 10 µL) was added to 10 µL of 

the streptavidin-gold stock solution as supplied by the manufacturer. 

Viruses displaying an N-terminus cysteine fusion on p8 were labeled with 

biotin. First, the cysteine residue was reduced by reaction with tri(2-

carboxyethyl)phosphine hydrochloride (TCEP). A TCEP stock solution (10 mM) 

was prepared and diluted 1/100 into virus suspension composed of ~109 particles 

in HBS-EDTA (10 mM HEPES, 100 mM NaCl, 5 mM EDTA, pH 7.4). The 

reaction was allowed to proceed for 2 h at 4°C. Then biotin conjugated to a 

functional maleimide group through a flexible linker was added (PEO biotin from 

Pierce). A PEO biotin stock solution was prepared as per the manufacturer’s 

instructions, and 1.5 µL of the stock solution was mixed with the 100 µL phage 

suspension at 4°C overnight. The maleimide spontaneously forms a covalent 
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linkage with reduced thiols, even in the presence of TCEP [16]. Finally, gold (6 

nm)-conjugated streptavidin was incubated with the biotinylated phage at a 1:1 

ratio for 30 min at room temperature. TEM samples were prepared as described 

below. 

 

4.7.4 Preparation of TEM Samples 

Viruses were first labeled with a primary anti-fd bacteriophage antibody-

secondary antibody-gold conjugate. A drop (5 µL, containing ~107 phage) of the 

suspension was placed on a carbon coated copper TEM grid (Electron 

Microscopy Sciences). The suspension was allowed to dry partially for 5 min. The 

grid was then washed by touching it three times to the surface of a drop of 

distilled water for 30 s each wash. The excess water was removed by touching the 

grid to filter paper. A 1% solution of uranyl acetate was freshly prepared in 

double distilled water (pH ~4.2-4.5), and filtered through a 0.22 µm filter. A 

small drop (5µL) of the uranyl acetate stain was then applied to the grid. After 10 

s the excess stain was removed by touching the grid to a drop (50 µL) of ddH20 

for 10 s. The excess liquid was wicked away with filter paper. The grid was dried 

at room temperature. The grid was examined by electron microscopy as soon as 

possible, generally the same day as it was prepared.  

 

4.7.5 Titering Viruses 

A single colony of E. coli TG1 was isolated from an LB-agar plate and 

used to inoculate a culture of LB from Difco (per liter: 10 g tryptone, 5 g yeast 
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extract, 10 g NaCl). The culture was grown overnight with shaking at 37°C. The 

overnight culture was subcultured 1/100 into fresh LB, and grown at 37°C with 

shaking until the OD600 reached ~0.4-0.6. Agar plates containing the appropriate 

selective antibiotic were pre-warmed and labeled. Ten-fold serial dilutions of the 

phage stock solution (generally 1012 cfu/mL) were prepared in LB. Aliquots of 

log-phase E. coli TG1 cells (1 mL) were placed in a microcentrifuge tube 

corresponding to each phage dilution. Next, 10 µL of the 102, 104, 106, 108 

dilutions of phage stock solution were transferred to the corresponding tube of 

log-phage bacteria. The tubes were mixed gently and incubated at room 

temperature for 5 min to allow infection. Using a sterile glass spreading rod, each 

phage/cell mixture (100 µL) was spread on an LB plate (LB + 1.5% agar) 

containing the appropriate antibiotic. The plates were allowed to set at room 

temperature for 5 min to allow the inoculum to be absorbed by the agar. Then the 

plates were incubated upside-down at 37°C overnight. Colonies were counted on 

plates that had between 30 to 500 colonies, and the titer of the stock solution was 

calculated. 

 

4.7.6 Quantification of phage lengths 

The lengths of phage assemblies were quantified through EM analysis. 

Images were taken of each TEM sample from about 20 different, randomly 

chosen grids. The length of the phage is measured on each image. In order to 

avoid counting phage-looking artifacts, which are frequently seen on carbon 

coated TEM grids, and to certify only M13 bacteriophage are included in the 

tally, phage are labeled two different ways. First, viruses are labeled with anti-fd 
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bacteriophage antibody and a gold-conjugated secondary antibody, and then 

viruses are stained with uranyl acetate. Therefore, a wire-like structure must meet 

both criteria in order to be considered a phage and counted in the tally. In order to 

accurately measure the lengths of the phage, given their irregular deposition 

patterns, images were printed out, and a piece of string was carefully overlaid on 

top of the phage. The length of the string was measured in order to determine the 

length of the phage.  

 Because circular, single-stranded DNA derived from either the plasmid or 

from the phage genome can be packaged inside the virus coat proteins, the length 

of the virus is proportional to the size of its packaged DNA. The phagemid-based 

viruses are observed to be 500-550 nm in length, and the wild-type viruses, which 

package the phage genome are observed to be 750-800 nm in length (Figure 

4.6F). As an approximation, individual viruses are considered as units of 500 nm 

in length. Table 4.2 below describes lengths of phage assemblies and the number 

of phage considered to be forming the assembly. 
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Chapter 5:  Phage-Mediated Synthesis of Silver Nanoparticles 

5.1 INTRODUCTION 

Silver nanoparticles (<10 nm in diameter) have been found to be useful in 

a range of applications, including biological sensors and surface-enhanced 

spectroscopy devices. To date, the number of synthetic methods for producing 

monodisperse populations of silver nanoparticles is limited, and no known 

biological methods of synthesizing monodisperse silver nanoparticles have been 

reported. As demand for silver nanoparticles increases, it will be advantageous to 

have efficient and reproducible methods for producing large quantities of 

material. Biological methods of nanomaterials synthesis might have advantages 

over synthetic methodologies, namely, less toxic byproducts, lower 

concentrations of starting materials, and ambient temperature reaction conditions. 

Combinatorial screening methods have been used to identify novel peptide 

sequences that bind to inorganic crystals composed of materials not normally 

found in living systems, including gold, silver, CdS and ZnS. In some instances, 

peptide sequences isolated for binding to a material have been found to catalyze 

nucleation of the material when incubated with an appropriate ionic solution. In 

particular, peptides were selected through phage display for binding to metallic 

silver, and these peptides were found to catalyze the formation of metallic silver 

particles [1]. 

In order for biological silver nanoparticle synthesis to be technologically 

relevant in certain applications, such as biological sensors, monodisperse 

populations (σ<~5%) of particles are ideal. For other uses, like optical coatings 
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and antireflective materials, monodispersity is less important, and properties such 

as the shape and surface properties are more important in determining the proper 

physiochemical traits needed for the application. 

 

5.1.1 Goal 

 The goal of the work in this chapter was to explore the use of viruses, 

expressing known silver binding peptides, to template the growth of silver 

nanoparticles and silver nanowires, and to determine if virus templates could 

impart size and shape control over silver nanostructures. 

 

5.1.2 Approach 

Silver binding peptides, AG3 and AG4 [1], were attached to the major 

coat protein of M13 filamentous bacteriophage, and the viruses were incubated 

with silver nitrate (AgNO3) to initiate formation of metallic silver nanostructures. 

Electron microscopy, including TEM and STEM, were used to evaluate the 

results of the nucleation reaction. UV-vis absorbance spectroscopy was also 

employed to analyze the surface plasmon resonance of the silver particles. 

 

5.1.3 Results Summary 

When phage, displaying AG4 peptide, are incubated with AgNO3 in the 

presence of NaBH4, relatively monodisperse silver nanoparticles (6.2 nm 

diameter, σ=~22%) were produced. Interestingly, these nanoparticles showed no 

ordering with respect to the virus template. Under different nucleation conditions 
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in the presence of AG4 phage, preliminary experiments indicate than silver 

nanoparticles form and assemble into wire-like structures. In contrast, phage, 

displaying a control peptide, do not appear to control monodispersity or 

organization of silver particles under either nucleation condition. These results 

indicate that the ability to control silver nanoparticle synthesis are specific to the 

AG4 peptide. These results highlight the potential of using silver-binding peptides 

to control the size and placement of silver nanoparticles. Other wire-like organic 

templates are being explored as platforms for organizing peptide-catalyzed 

nanoparticles into ordered assemblies and nanowires. 
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5.2 BACKGROUND 

The peptides, AG3, AG4, and AG5, were selected for binding to metallic 

silver through a combinatorial phage display method [1]. Each of the selected 

peptides contains three side chain hydroxyl groups. Significantly, peptides 

selected in independent screening experiments against the noble metals, gold, 

platinum, and palladium, all contain many serine and threonine residues, 

suggesting that the hydroxyl functional group is important for noble metal 

recognition and binding [2, 3]. Proline is also common in these silver-binding 

peptide sequences, with AG3 and AG5 containing four proline residues each and 

AG4 containing two proline residues. Interestingly, most of the sequences that 

have been isolated to date for noble metal binding contain very few of the amino 

acids cysteine and histidine. These two amino acids have thiol and imidazole 

functional groups, which are traditionally used for binding to noble metal 

surfaces, but cannot discriminate between surfaces of different compositions. The 

absence of cysteine and histidine from the selected peptides suggests a different 

recognition mechanism, one that might be able to discriminate between similar 

crystals with different compositions. 

 

AG3 AYSSGAPPMPPF 

AG4 NPSSLFRYLPSD 

AG5 SLATQPPRTPPV 

 
Table 5.1: Peptides selected for binding to silver [1]. Peptides, AG3 and AG4, 
were used in the present study to template the growth of silver nanoparticles. 
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Previous work by Stone and colleagues indicated that the peptides, AG3 

and AG4, but not AG5, catalyze the formation of metallic silver when incubated 

in the presence of 0.1 mM silver nitrate for 24-48 h [1]. Peptides used for the 

nucleation experiments were either free peptide or a displayed as a p3 fusion 

protein on the surface of M13 bacteriophage. Control peptides, not selected for 

binding to silver, did not induce formation of metallic particles. The AG3 and 

AG4 phage samples with nucleated silver particles were analyzed by UV-vis 

spectroscopy and found to exhibit a surface plasmon resonance band at 440 nm, 

which is characteristic of nanocrystalline silver. Further electron microscopy 

analysis of the nucleated phage displaying AG4 peptide revealed formation of 

polydisperse, crystalline silver, face-centered cubic nanoparticles, 60-150 nm in 

size. The particles had distinct morphologies, including hexagonal, spherical, and 

triangular. 
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5.3 RESULTS 

5.3.1 Phage Nucleate Silver Nanoparticles without an External Reducing 

Agent. 

 Silver-binding peptides were displayed on the surface of the phage major 

coat protein. The peptides, AG3 and AG4, were subcloned into the vector 

pMoPac33 for display as N-terminal fusions to the p8 phage major coat protein. 

Control peptides (c-myc and FLAG) were also subcloned into pMoPac33. E. coli 

TG1 cells were transformed with the pMoPac33-AG3 or pMoPac33-AG4 vector, 

and infected with M13 KO7 bacteriophage, which contains the full complement 

of genes necessary for phage assembly. Phage, displaying a mixture of wild-type 

p8 and fusion peptide p8, were produced and purified from the bacteria. 

 To induce the formation of silver nanoparticles, phage samples (displaying 

peptides, AG3, AG4, c-myc, or FLAG as N-terminal p8 fusion proteins) were 

incubated with silver nitrate (AgNO3) for 48 h without an external reducing agent. 

During this time, all samples turned red, indicating reduction of ionic silver into 

metallic silver, nanoscale-sized particles.  

 TEM analysis verified the formation of metallic silver particles for the 

phage samples displaying AG3 and AG4 peptides. AG3 phage samples had 

particles that ranged in size from 10 to 120 nm in diameter (Figure 5.1A). Under 

low resolution TEM, the AG4 phage samples were composed of wire-like 

inorganic structures (Figure 5.1B). These structures were longer and thicker than 

M13 bacteriophage; their length was about 800-1000 nm and their width was 
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about 50-100 nm, compared to 500-800 nm in length and 6.5 nm in width for 

phage. Because it was difficult to distinguish individual particles, an estimate of 

the size distribution of particles for the AG4 phage samples was not determined. 

Additionally, low resolution TEM analysis verified the presence of polydisperse 

inorganic particles forming in the presence of the c-myc and FLAG phage. For 

both samples, the particles range in size from 20 to 120 nm in diameter. By low 

resolution TEM analysis, no differences between silver nanoparticles in the AG3 

phage, FLAG phage or c-myc phage samples were observed. 

STEM data provided more complete characterization of the inorganic 

particles produced in the presence of AG4 phage. Two distinct areas of the AG4 

phage samples were observed by STEM imaging. One area of the sample had 

tangled wire-like, inorganic structures. However, the sample was too thick in 

these areas to image effectively with higher magnification (Figure 5.2A). Other 

areas of the sample showed discrete inorganic particles ranging in size from 10 

nm to 80 nm in diameter (Figure 5.2B). 



 148 

 

 
Figure 5.1: TEM images of phage displaying peptides, AG3 and AG4, 
nucleated without a reducing agent. Scale bars indicate 500 nm. A) Low 
resolution TEM image of AG3 phage. Particles of a variety of sizes and 
morphologies are visible. B) Low resolution image of AG4 phage. Higher ordered 
structures, which appear to be composed of inorganic material, are visible.  
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Figure 5.2: STEM images of phage displaying peptides, AG4, nucleated 
without a reducing agent added to the nucleation reaction. A) Some areas of the 
grid are composed of higher ordered electron dense structures. These areas of the 
grid are difficult to image because of the sample thickness. B) Other areas of the 
grid are covered with inorganic particles composed of various sizes and 
morphologies.  
 

5.3.2 Viruses Displaying AG4 Peptide Nucleate Formation of Relatively 

Monodisperse Nanocrystals upon Addition of a Reducing Agent. 

The phage samples, displaying peptides AG3, AG4, c-myc, and FLAG, 

were incubated with AgNO3 in the presence of sodium NaBH4, an external 

reducing agent for 48 h. All four samples (AG3, AG4, c-myc, and FLAG) turned 

red, indicating reduction of ionic silver to nanoscale, metallic silver particles. The 

sample of phage displaying AG4 peptide behaved slightly differently from the 

other samples during the nucleation reaction. At first, this sample turned red, but 
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over the course of the 48 h incubation, the sample returned to its initial clear 

color.  

Under TEM, the AG4 sample appeared significantly different from the 

other phage samples. Long, wire-like structures were observed, which were 800-

1000 nm in length (Figure 5.3A). In contrast, low-resolution TEM images of the 

c-myc and FLAG phage showed only polydisperse inorganic nanoparticles (20-

120 nm in diameter) with no higher-ordered structures (Figure 5.3B). 
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Figure 5.3 
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Figure 5.3: TEM images of phage displaying peptides, AG4, c-myc, and flag, 
nucleated in the presence of NaBH4. Scale bars indicate 500 nm. A) Low 
resolution TEM of phage displaying AG4. Wire-like structures, 800-1000 nm in 
length were visible on the grid. B) Low resolution TEM image of phage 
displaying c-myc. Inorganic particles of different sizes are present. C) Low 
resolution TEM image of phage displaying FLAG. Inorganic particles of different 
sizes are present.  

 

STEM imaging provided a more complete analysis of the silver 

nanoparticles from samples that were nucleated in the presence of NaBH4. STEM 

analysis indicated that AG4 phage catalyze the formation of a monodisperse 

population of silver nanoparticles. Relatively, monodisperse silver nanoparticles 

(~6.2 nm in diameter) were visible all over the TEM grid for the AG4 phage 

(Figure 5.4). Significantly, particles larger than 9.5 nm or smaller than 4.0 nm in 

diameter were not observed. The standard deviation was 1.4 nm, or ~22%. Figure 

5.6 is a detailed size distribution of the nanoparticles. Interestingly, the wire-like 

structures that were observed on this sample by low-resolution TEM were not 

visible in STEM mode. In contrast, AG3 phage samples had polydisperse 

inorganic particles, ranging in size from 20 nm to 110 nm in diameter (Figure 5.5, 

5.7). 
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Figure 5.4 
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Figure 5.4: STEM images of phage displaying peptide AG4 with silver 
nanoparticles that were nucleated in the presence of the reducing agent NaBH4. A) 
Monodisperse, inorganic nanoparticles, ~6 nm in diameter are spread evenly over 
the grid. (Inset: Higher magnification of the image. B) Wire-like structures, 
probably composed of organic material, are occasionally visible on the grid (grey, 
wire-looking structure stretched from bottom left to top right across the image). 
The inorganic nanoparticles (discrete, white points) are evenly spread on the grid, 
and do not appear to be associated with or aligned by the organic material. 
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 Figure 5.5 
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Figure 5.5: STEM images of phage displaying peptide AG3 with silver 
nanoparticles that were nucleated in the presence of NaBH4. A) Inorganic 
particles of various sizes are present. B) Some inorganic particles have a distinct 
faceted morphology. 
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Figure 5.6:  Size distribution of AG4 phage catalyzed silver nanoparticles, 
nucleated with AgNO3 in the presence of NaBH4. Silver nanoparticles have an 
average diameter of 6.3 nm, although most particles fall in the 5.1-5.5 nm size 
range. The standard deviation is 1.4 nm, or σ= ~22%. Nanoparticles less than 4.1 
nm or greater than 9.5 nm in diameter were not observed. 
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Figure 5.7:  Size distribution of AG3 phage catalyzed silver nanoparticles, 
nucleated with AgNO3 in the presence of NaBH4. Polydisperse nanoparticles 
ranging in size from 12 nm to 109 nm in diameter are observed by STEM. 
 

5.3.3 UV-Visible Absorbance Spectroscopy Data Indicates that Silver 

Nanoparticles Form in the Presence of Phage. 

  

UV-visible (UV-vis) absorbance spectra were taken of two different types 

of phage samples. The first type of sample includes phage displaying peptides, 

AG3, AG4, c-myc, and FLAG, which were incubated with AgNO3 in the absence 

of an external reducing agent. The second type of sample includes phage, 

displaying the same four peptides, that were incubated with AgNO3 in the 

presence of NaBH4. After the nucleation step, each of the eight phage samples 
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were diluted into Tris-acetate buffer, pH 7.2, for acquisition of UV-vis absorption 

spectra in the range of 200 nm to 800 nm. 

The UV-vis spectra from all eight samples have two similar traits, which 

are characteristic of the element silver (Figures 5.8). Each spectra has a peak at 

~270 nm, which is due to the intra-band transitions of silver atoms. All eight of 

the spectra also have no absorbance at 320 nm, due to the real and imaginary part 

of the silver dielectric constant disappearing at 320 nm. These spectral traits 

indicate the presence of silver in the samples, but give little information about the 

silver nanoparticles. 

Absorbance measurements for wavelengths above 300 nm give 

information about the size, shape, and the local dielectric environment of silver 

nanoparticles [4], and differences in the spectra among the eight samples were 

observed at wavelengths above 300 nm. Seven out of eight phage samples have a 

peak at 350 nm (Figure 5.8). A peak at 350 nm indicates the surface plasmon 

resonance of spherical silver nanoparticles. For the AG4 phage sample incubated 

with AgNO3 in the absence of a reducing agent, the absorbance peak is shifted to 

~420 nm (Figure 5.8). Red-shifting of the plasmon resonance band is a common 

indicator of changes in the local dielectric environment of silver nanoparticles, 

and one particular cause could be aggregation of the silver nanoparticles. 

Therefore, a possible explanation for the appearance of an absorbance peak at 420 

nm might be aggregation of the silver nanoparticles. Another explanation for the 

absorbance peak at 420 nm is the presence of facetted silver nanocrystals, which 

exhibit a broader, red-shifted absorption band compared to spherical silver 

nanocrystals. Preliminary TEM and STEM analysis of this sample seem to 

corroborate both explanations: The particles could be aggregating into higher 
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ordered structures (Figure 5.1A and 5.2B), as long wire-like assemblies were 

imaged by both techniques. Also, facetted nanocrystals were observed by STEM 

for this sample. 

The relationship between the UV-vis spectroscopy data and the 

nanoparticles observed by EM is still uncertain. Further analysis, using both EM 

and UV-vis spectroscopy will need to be performed in order to get a better 

understanding of the relationship between the EM data and the UV-vis 

spectroscopy data. In particular, STEM imaging of the silver nanoparticles 

nucleated with AG4 phage in the absence of NaBH4 will need to be repeated in 

order to precisely determine the composition of the aggregated structures. This is 

necessary in order to determine if the red-shift in the UV-vis spectra is caused 

aggregation of the particles into higher ordered assemblies or if it is caused by the 

formation of facetted nanoparticles. Table 5.2 summarizes the results from 

Chapter 5, including UV-vis absorbance spectra data, TEM data, and STEM data. 
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Figure 5.8: UV-vis spectra of silver nanoparticle-phage samples. The spectra 
for AG3 phage samples (purple and brown), myc phage samples (black and pink), 
AG4 phage sample with NaBH4 (blue), and FLAG sample with NaBH4 (teal) are 
almost identical. The peak at ~350 nm is characteristic for spherical silver 
nanoparticles. In contrast, the FLAG phage sample with no reducing agent 
(yellow) can be deconvoluted into two peaks- ~350 nm and ~460 nm. The peak at 
~460 nm might indicate facetted silver nanoparticles. The AG4 sample without 
reducing agent (green) is distinctly different from the other eight samples with at 
peak at ~440 nm, indicating either the presence of facetted silver nanoparticles or 
aggregation of nanoparticles. 
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Name-Sample UV-Vis TEM STEM 
AG4- NaBH4 Peak at 350 nm Wire-like structures Monodisperse Ag 

nanocrystals 
AG4 Peak at 420 nm Aggregated, wire-

like structures 
inconclusive 

AG3- NaBH4 Peak at 350 nm - Polydisperse 
particles 

AG3 Peak at 350 nm Polydisperse 
particles 

Polydisperse 
particles 

Flag- NaBH4 Peak at 350 nm Polydisperse 
particles 

- 

Flag Peak at 350 nm - - 
c-myc- NaBH4 Peak at 350 nm Polydisperse 

particles 
- 

c-myc Peak at 350 nm - - 
 
Table 5.2: Summary of Chapter 5 Results. For the name/sample column, the 
name of the peptide indicates the phage that were used for the nucleation 
experiment. NaBH4 indicates that a reducing agent was added during nucleation. 
Otherwise, no reducing agent was added during the nucleation step. The symbol  
(-) indicates the experiment was not performed. 

 

5.4 DISCUSSION 

The aim of this work was to template the growth of Ag nanocrystals at 

each silver-nucleating peptide along the length of the phage and to use the phage 

to align the nanocrystals into ordered assemblages. In order to do this, AgNO3 

was added to the phage solution such that ~10,000 atoms of Ag+ were added to 

the reaction for each AG4 peptide in the reaction mixture. This is equivalent to a 

5-10 nm diameter nanocrystal forming at each AG4 peptide site along the phage. 

According to TEM analysis, discrete, spherical particles, averaging 6.2 nm in 

diameter, did indeed form when the phage were incubated with AgNO3 in the 
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presence of the reducing agent, NaBH4. However, according to the STEM 

imaging, the particles did not appear to have any distinct alignment; particles 

were evenly spread throughout the TEM grid. In contast, when the AG4 phage 

were used to catalyze growth of Ag nanoparticles without NaBH4, low resolution 

TEM and UV-vis absorbance spectroscopy suggest that the silver nanoparticles 

might be aggregating into wire-like structures. However, STEM data was 

inconclusive and will need to be repeated in order to draw any conclusions. 

There were two significant differences between this procedure and the 

previously published work. Stone and colleagues [1] added AgNO3 (0.1 mM) to 

the phage samples, such that the Ag+ was present at only two-fold excess over 

peptide. Second, the phage used in their experiments displayed the peptide as a N-

terminal p3 fusion protein, such that there were only five copies of silver-

nucleating peptide displayed per phage particle. Free peptide was also used for 

their nucleation experiments, and the observed nucleation was similar, regardless 

if phage or free peptides were used as the template. In both cases (free peptide or 

phage), nanoparticles ranging in size from 20-100 nm in diameter with distinct 

morphologies were observed for nucleation in the presence of AG3 or AG4 

peptide. Metallic silver particles did not form when a control peptide or AG5 

peptide were used for nucleation. When the results of Stone and colleagues are 

viewed in the light of our results, the idea emerges that relative concentrations of 

peptide and AgNO3 might be significant in controlling the size and shape of the 

nanoparticles. 

It was hypothesized that the peptides were acting as capping agents to bind 

to the surface of the silver particles and prevent aggregation [1]. In this work, 

peptide was not present at sufficient stoichiometric concentrations relative to the 
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ionic silver concentration to coat the surface of the 6 nm diameter silver particles. 

Instead, we hypothesized that the peptides could act as templates for nucleating 

the silver nanoparticles, and coalescence of discrete nanoparticles could be 

prevented because silver ions and silver particles are binding to the primary amine 

of Tris buffer, which could act as a capping agent. 

One similarity between the work reported here and that of Stone and 

colleagues is that in both instances, AG4 peptide was the best for nucleating silver 

particles. When AG4 is displayed on p3, crystals of a variety of distinct 

morphologies result, unique among the peptides tested for nucleation. In this 

report, AG4 peptide appears unique among the peptides tested (AG3, c-myc, and 

FLAG) in that it was found to catalyze the formation of monodisperse silver 

nanoparticles in the presence of NaBH4. There was also evidence that the AG4 

peptide might be able to align nanoparticles along the length of the phage when 

the nucleation reaction was performed in the absence of NaBH4. 

 In the present work, AG4 peptides were displayed as a fusion protein on 

the N-termini of p8, the major coat protein of M13 bacteriophage, such that 

probably greater than 5 (the amount of peptide display per phage for p3 display) 

but less than 540 copies of the peptide (20% incorporation of peptide into p8 coat) 

were displayed on each phage [5]. The UV-vis absorbance spectra of the AG4 

phage, nucleated without NaBH4, sample was unique in that the main absorption 

peak was at 420 nm. Under STEM, this sample was also unique in that 

aggregated, wire-like assemblies appear to form. In a modified procedure, AG4 

phage, incubated with AgNO3 in the presence of an external reducing agent, 

resulted in the formation of relatively monodisperse silver nanoparticles. This 

result is significant because there are relatively few methods for preparing 
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monodisperse silver nanoparticles, and there are no known biosynthetic methods 

for controlling the size of silver particles. This method should be amenable to 

improvements such that even more size control of silver nanoparticles is possible.  

 

5.5 SIGNIFICANCE 

 The results presented in this chapter highlight the potential of using 

peptides to control the size and, potentially, the shape and organization of silver 

nanoparticles. In comparing our results with the results of Stone and colleagues, it 

is reasonable to infer that changing the ratio of peptide to AgNO3 is a way to 

modulate the size and shape of the biosynthesized silver nanoparticles. Initial 

results from our study suggest that, through a modified nucleation procedure, 

silver nanoparticles can be produced that are not associated with the phage 

template, possibly making this a good way to make nanoparticles that can be 

easily purified away from the virus proteins. 

 

5.6 PERSPECTIVES 

In the near future, peptides, AG3 and AG4, will be displayed on the 

surface of bacterial flagella in an attempt to drive biosynthetically the formation 

of single crystal silver nanowires. Although there is evidence that silver 

nanoparticles nucleated in the presence of AG4 phage with AgNO3 and NaBH4 

are not associated with the viral template, the close spacing of the peptides in the 

flagella format might promote formation of wire-like nanostructures through an 

aggregation-based growth mechanism. The peptide DNA sequences were 
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subcloned from the phage display format (as an N-terminal fusion protein) to a 

constrained loop of the protein flagellin for flagella display. Previous work 

suggests that peptides selected for binding to materials retain their function even 

if displayed in a different format. For example, gold-binding sequences, isolated 

through cell surface display, were subcloned from an extracellular loop of 

maltoporin to the N-terminus of alkaline phosphatase. The peptides retained their 

gold-binding ability, suggesting that inorganic-binding peptides can function 

independently of the surrounding protein scaffold [2]. Finally, even if this 

flagella-based method turns out to be useful only for producing monodisperse, 

discrete silver nanoparticles, it could still serve as a technologically viable 

alternative to the phage-based synthetic method because scaling up the production 

of flagella templates is more commercially feasible than large-scale production of 

viral templates. 

Further experiments will be performed in order to demonstrate directly 

that the phage-displayed peptides are catalyzing monodisperse silver nanoparticle 

formation and that the silver nanoparticles can be separated from the phage 

template. In order to do this, AG4 phage will be incubated with AgNO3 in the 

presence of NaBH4. After the reaction is allowed to proceed for 48 h, the reaction 

will be dialyzed in order to separate the silver nanoparticles away from the phage. 

If the nanoparticles can be separated from the phage, this suggests that the 

nanoparticles formation is mediated by the phage without a high affinity binding 

interaction to hold the particles in place. 

Finally, the nature of the aggregating wire-like structures formed in the 

presence of AG4 phage without NaBH4 will be explored further. Further HRTEM 



 167 

and STEM analysis on AG4 samples will focus on discovering the structure and 

composition of the silver structures. 

 

5.7 MATERIALS AND METHODS 

5.7.1 Plasmids 

Plasmids, pMoPac 33-AG3 and pMoPac 33-AG4, were constructed for 

display of the silver-nucleating peptides as p8 fusion proteins, the phage major 

coat protein. Oligonucleotides encoding the 12-mer peptide sequences were 

digested with the restriction enzyme SfiI (NEB), and ligated into SfiI-digested 

pMoPac 33. The peptides are displayed at the N-terminus of p8 with a flexible 

linker, GASGA, separating the peptide from the mature p8 sequence, 

DDPAKAAFN, etc. 

Plasmids, pFliTrx-AG3 and pFliTrx-AG4, were constructed for display of 

the silver-nucleating peptides on the surface of flagella. Oligonucleotides 

encoding the 12-mer peptide sequences were digested with restriction enzymes 

from NEB, ApaI and XhoI, and ligated into a similarly-digested pFliTrx 

(sequence available from Invitrogen, Carlsbad, CA). 

 

5.7.2 Preparation of Viruses 

Viruses were prepared as described in Section 4.7.2. After the second 

PEG/NaCl precipitation step, the precipitated viral pellet was resuspended in 

Tris/EDTA/glycerol buffer (10 mM Tris, pH 7.4, 1 mM EDTA, and 25% 

glycerol). Prior to silver nucleation the viral suspension is dialyzed against ddH2O 



 168 

to remove excess Cl-, which interferes with nucleation by precipitating Ag+ as 

AgCl. After dialysis, viruses were diluted into Tris-acetate buffer (25 mM Tris, 

pH 7.4) to a final concentration of ~109 cfu/mL. The viruses were then titered in 

order to determine their concentration. The number of copies of AG4 peptide per 

virus was approximated as 7.5% X 2700 (number of copies of p8 per virus)= 

~202.5 AG4 peptides/virus. However, we do not know the exact amount of 

peptide incorporation for each phage. Under ideal conditions, peptides are 

incorporated into 5-10% of the p8 proteins when a phagemid-based system is 

employed. We chose to estimate 7.5% incorporation of peptides for preliminary 

experiments in order to gauge the stoichiometric amount of silver to add to the 

phage preparation. 

 

5.7.3 Nucleation of silver particles 

Ionic silver was added to the phage solution from a 0.1 mM AgNO3 stock 

solution, with a 10,000-fold molar excess over the estimated number of AG4 

peptides in solution. NaBH4 was added as a reducing agent to a final 

concentration of 10 to 20-fold molar excess over AgNO3. Alternatively, no 

exogenous reducing agent was added. The solution was allowed to react for 48 h 

at room temperature before preparation of TEM samples or acquisition of 

absorbance spectra. 
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5.7.4 Preparation of EM samples 

Silver nucleated viruses (5 µL) were added to the carbon side of a copper, 

carbon coated TEM grid (Electron Microscopy Sciences). After 5 min, the grid 

was washed by placing it sample-side-down on a 50 µL drop of ddH2O for 30 s.  

Washing was repeated three times. Excess liquid was wicked away with filter 

paper, and the sample was imaged by electron microscopy. 

 

5.7.5 Electron Microscopy 

See section 2.7.7. 

 

5.7.6 UV-vis Absorbance Spectroscopy 

UV-vis absorbance spectra in the range of 240-600 nm were obtained with 

a Varian Cary 5000 UV-vis NMR spectrometer. Samples were diluted into Tris-

acetate buffer (25 mM Tris, pH 7.4) for UV-vis measurements. Tris-acetate buffer 

was used to blank the instrument. 
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