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ABSTRACT 

 

The properties of inorganic materials in the nanoscale are found to be size- and shape-

dependent due to quantum confinement effects, and thereby nanomaterials possess properties 

very different from those of single molecules as well as those of bulk materials. Assembling 

monodispersed nanoparticles into highly ordered hierarchical architectures is expected to 

generate novel collective properties for potential applications in catalysis, energy, biomedicine, 

etc. The major challenge in the assembly of nanoparticles lies in the development of controllable 

synthetic strategies that enable the growth and assembly of nanoparticles with high selectivity 

and good controllability. Biological matter possesses robust and precisely ordered structures that 

exist in a large variety of shapes and sizes, providing an ideal platform for synthesizing high-

performance nanostructures.  

The primary goal of this thesis work has been to develop rational synthetic strategies for 

high-performance nanostructured materials using biological templates, which are difficult to 

achieve through traditional chemical synthetic methods. These approaches can serve as general 

bio-inspired approaches for synthesizing nanoparticle assemblies with desired components and 

architectures.  

CdS- and TiO2-binding peptides have been identified using phage display biopanning 

technique and the mechanism behind the specific affinity between the selected peptides and 

inorganic substrates are analyzed. The ZnS- and CdS-binding peptides, identified by the phage 

display biopanning, are utilized for the selective nucleation and growth of sulfides over self-

assembled genetically engineered P22 coat proteins, resulting in ordered nanostructures of 
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sulfide nanocrystal assemblies. The synthetic strategy can be extended to the fabrication of a 

variety of other nanostructures. 

A simple sonochemical route for the synthesis and assembly of CdS nanostructures with high 

yield under ambient conditions has been developed by exploiting the chemical characteristics 

and structure of permeabilized E. coli bacteria. The crystal phase, morphology, 

micro/nanostructure, optical absorption, and photocatalytic properties of the CdS nanostructures 

are tailored over a wide range by merely changing the synthetic conditions. Photoanodes 

fabricated using the nanoporous hollow CdS microrods exhibit excellent performance for the 

photocatalytic hydrogen production. This facile approach has been extended to the synthesis and 

assembly of other semiconducting sulfides, including PbS, ZnS, and HgS. 
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CHAPTER 1 

INTRODUCTION 

 

A primary focus of nanomaterials research is the development of rational synthetic strategies 

for the design of nanomaterials with desired properties targeted towards various applications in 

catalysis, energy, device fabrication, biology, biomedicine, etc.
1-5

 Nanomaterials refer to 

materials having a characteristic length scale with at least one dimension in the nanometer length 

scale, typically 1-100 nm. As the size of the materials decreases to the nanometer scale, the 

percentage of atoms located on the surface increases very rapidly.
6
 For example, the percentage 

of surface atoms in 63 µm palladium clusters is near 0
 
%, as shown in Figure 1.1. However, the 

percentage dramatically increases to 76 % as the diameter of the clusters decreases to 1.2 nm. 

The surface atoms, as compared to the atoms in the bulk, exhibit significantly altered properties 

in terms of relative orientation, interaction, and electronic structure. As a result, the properties of 

nanomaterials, such as their mechanical, electrical, optical, and magnetic properties can be very 

different from those of single molecules as well as those of bulk materials that can be considered 

to be essentially infinite.
7-9

  

Assembly of nanoparticles has been shown to be one of the most effective methods for the 

formation of nanostructures. A variety of nanostructures have been fabricated in the form of 

nanowires, nanotubes, hollow nanoparticles, and complex nanoarchitectures.
10-12

 Compared to 

spherical nanoparticles, those that are shape-controlled, particularly ordered architectures of 

assembled nanoparticles, have exhibited novel properties and enhanced performance. For 

example, the electron migration rate within nanowire arrays is estimated to be several orders of 

magnitude higher than that of nanoparticle agglomerates, which result in enhanced solar energy 
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conversion efficiency in solar cell applications.
13

 However, it is challenging to simultaneously 

control the synthesis and assembly of building blocks in the nanometer-scale. Nanoparticles and 

nanomaterials possess very large surface energy due to the large number of coordinatively 

unsaturated atoms exposed on their surface. As a consequence there is a depression in the 

melting point, enough to melt stepped surfaces with high-energy edge and corner atoms. 

Accordingly, nanomateirals tend to form a spherical structure during synthesis. It is reasonable 

that smaller the nanoparticle, the larger the contribution made by the surface energy to the 

overall energy of the system, and thereby the more dramatic the melting temperature 

depression.
14

 The decrease in melting temperature can be of the order of tens to hundreds of 

degrees for metals with nanometer dimensions, as seen in Figure 1.2.
15

 To prevent the 

nanomaterials from further growth and minimize the surface energy, surface protection has to be 

considered for maintaining the size, shape, and structure. This normally results in the formation 

of monodisperse single crystalline nanocrystals with simple shapes, instead of formation of 

complex structures and architectures. Therefore, the fabrication of ordered nanoparticle 

assemblies with desired components and architectures remains a great challenge. 

The primary goal of this thesis has been to develop rational biological synthetic strategies for 

designing nanostructured materials with desired properties, in particular controlled crystalline 

phases and assembled architectures, which are difficult to achieve through traditional chemical 

synthetic methods. Before getting into the details of our research work, we will briefly introduce 

the general aspects of the properties, applications, and methods of synthesizing nanoparticles.     

 



 

3 

 

 

Figure 1.1 The percentage of surface atom changes with the diameter of palladium clusters. 

Reproduced with permission from ref. 6.
 
 

 

 

  
Figure 1.2 Relationship between the melting points and the sizes of gold. Reproduced with 

permission from ref. 15.  



 

4 

 

1.1 Properties of Nanomaterials 

As the size of materials decreases to nanometer length scale, their basic properties such as 

optical, electrical, and magnetic properties can significantly differ from that in the bulk and is 

strongly dependent on the composition, size, shape, and self-assembly structures.
7-9

  

 

1.1.1 Optical Properties 

The unique optical properties of very small metal particles were first discovered in the 1850's 

by Michael Faraday who found the color of gold colloids changing from gold to blue, purple, and 

ruby red upon decreasing the particle size.
16

 Such intensive visible adsorption is not observed in 

bulk gold. Gustav Mie explained the phenomena in 1908 by developing the theory of localized 

surface plasmon resonance, the collective oscillation of free electrons as a consequence of 

incident electromagnetic radiation polarizing the metallic spheres embedded in a dielectric 

matrix.
17,18 

Recently, the absorption and scattering properties of gold nanospheres and non-

spherical nanostructures (silica-gold nanoshells and gold nanorods) have been calculated using 

Mie’s theory and the discrete dipole approximation method. The calculated spectra clearly reflect 

the well-known dependence of the optical properties, including the resonance wavelength, the 

extinction cross-section, and the ratio of scattering to absorption, on the size of the 

nanoparticles.
19

  

Similar optical absorption changes have been observed for a wide variety of semiconductor 

nanomaterials.
9
 For semiconductor nanoparticles, the color variation is caused by the changes in 

the bandgap between the conduction band and the valence band. When the size of the 

semiconductor particles becomes smaller than their exciton Bohr radius (the average distance 

that the electron spends away from the hole/nucleus), the energy spectrum turns discrete along 
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with widening of the bandgap as the particle size decreases. As a result, the corresponding 

absorption band progressively blue-shifts and becomes sharper, which can be observed in the 

optical absorption spectrum. As an example of quantum size effects, Figure 1.3 shows the optical 

spectra of CdS nanocrystals with different and well-defined size distributions. With decreasing 

the size of CdS nanocrystals, the excitonic peak shifts to higher energies along with an increase 

in the molar absorption coefficient.
20  

 

 
 

Figure 1.3 Optical spectra of samples consisting of CdS nanocrystals with different mean 

diameters (Å ): (a) 6.4, (b) 7.2, (c) 8.0, (d) 9.3, (e) 11.6, (f) 19.4, (g) 28, and (h) 48. The excitonic 

transition shifts to higher energy values along with an increase in the molar absorption 

coefficient, as the particle size decreases. Reproduced with permission from ref. 18.  
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1.1.2 Electrical Properties 

In bulk metals, the I-V (current-voltage) curve exhibits a linear dependence because electrons 

can drift freely through the continuous energy bands in metals. This behavior changes as the 

energy band turns to discrete, which is normally caused by a decrease in the particle size. When 

the particles decreases below a critical size, they are no longer electrically conducting, which is 

termed as “size-induced metal-insulator transition”.
21

 In nanoscale metal particles, the electron-

transfer process is different from that in bulk. One electron can be either incorporated into a 

nanoparticle or removed away by single electron transfer steps when the Coulomb energy of the 

particle is compensated by an external voltage. Over a range of bias voltage, the repetition of this 

single electron transfer process appears as the Coulomb staircase, as shown in Figure 1.4.
21 

 

Figure 1.4 A Coulomb staircase measured at room temperature, from a chip fabricated using 

~10- nm gold colloid. Reproduced with permission from ref. 22.  
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The electrostatic energy (Eel) required to incorporate an electron into a nanoparticle (or to 

remove an electron) can be quantified by the equation: Eel = e
2
/2C, where e is the charge of the 

electron (1.6×10
−19

 coulomb) and C is the effective capacitance of the particle. The capacitance 

changes with the particle size. When Eel becomes greater than the thermal energy (kBT), excess 

charge will accumulate on the nanoparticle. Metal nanoparticles can thus function as a tunnel 

junction (a thin insulating barrier between two conducting electrodes) with the electrical 

resistance exponentially dependent on the barrier thickness. At low temperatures, an increase of 

the device resistance at small bias voltages will occur (the resistance increases to infinity at zero 

bias), which is known as the Coulomb blockade.
23

 

 

1.1.3 Magnetic Properties 

Large magnetic particles display multidomain structure with individual domains separated by 

domain walls (Bloch walls). The formation of domain walls is a process driven by the balance 

between the magnetostatic energy (the interaction of the magnetic field created by the 

magnetization in some part of the sample on other parts of the same sample and thus determined 

by the  volume of the material) and the domain-wall energy (the difference between the magnetic 

moments before and after the domain wall is created and determined by the interfacial area of 

domains).
24

 Multiple domains exist in large magnetic particles with spins re-orientating from 0
o
 

to 180
o
 between two domains through the domain walls. When the particle size is of the same 

magnitude as the domain size or below this critical size, it costs more energy to create a domain 

wall than to support the external magnetostatic energy of the single-domain state. As a result, the 

particle can only accommodate a single domain. Such single-domain particles possess a large 

magnetic moment because all the spins are uniformly aligned in the same direction and behave  
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Figure 1.5 (a) Temperature dependence of the magnetization measured after zero-field cooling 

(ZFC) and field cooling (FC) at 100 Oe for 4, 6, 8, 9, 11, 12, 13, and 15 nm particles. (b) Size 

dependence of the blocking temperature, TB, obtained from M (T) in Figure 1.5a. Reproduced 

with permission from ref. 26.
 
 

 

like a giant paramagnetic atom that can respond rapidly to an applied magnetic field, with 

negligible remanent magnetism and coercivity.
25

 Such superparamagnetic behavior disappears 

when the temperature is below the blocking temperature (the temperature below which the 

relaxation of the magnetisation becomes slow), and ferromagnetism sets in. The blocking 

temperature is dependent on the size of nanoparticles, as seen in Figure 1.5.
26

 The critical 

diameter enabling the appearance of superparamagnetic behavior typically lies in the range of a 



 

9 

 

few tens of nanometers and sensitively depends on the nature of the material. For example, the 

critical diameter for some typical magnetic materials Fe, Ni, SmCo, and Fe3O4 is found to be 5, 

55, 750, and 128 nm, respectively.
27

  

 

1.2 Applications of Nanomaterials 

The interest in nanoscale materials stems from their unprecedented size- and shape-

dependent properties. A variety of novel nanostructures including nanoparticles, nanowires, 

nantubes, nanocapsules, nanoporous solids, etc., have been synthesized using different 

techniques. These nanomaterials have the potential of revolutionizing materials design for 

numerous applications in the field of catalysis, energy, nanodevice, and biotechnology.  

 

1.2.1 Catalysis 

The catalytic activity of inorganic materials is strongly influenced by their surface properties. 

Compared with bulk materials, nanostructures possess a very large surface area, which results in 

their ability for enhanced surface adsorption and increased number of surface active sites. 

Nanoparticles have been utilized in both homogeneous catalysis in solution and heterogeneous 

catalysis on a surface. In homogeneous catalysis, the colloidal nanoparticles are dispersed in an 

organic or aqueous solution, or in a solvent mixture. Hydrogenation reaction is a type of 

homogeneous catalysis using transition metal nanoparticles in colloidal solution. The catalytic 

activity of nanocatalysts has been found to be shape-dependent. Narayanan et al. demonstrated 

that the activities of platinum nanoparticles of different shapes are indeed different for the same 

electron-transfer reaction in colloidal solution, as shown in Figure 1.6.
28

 The primary concerns 

regarding the use of nanoparticles in homogeneous catalysis include the aggregation of particles 
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and poor recyclability. Alternatively, nanoparticles can be supported on various substrates for 

easy separation, which is called heterogeneous catalysis. For example, transition metal 

nanoparticles on various forms of carbon substrates have been widely used in catalyzing 

reactions associated with direct methanol and ethanol fuel cells.
29

  

 

 

Figure 1.6 Shape-dependent catalytic activity. TEM images, shape distributions, and Arrhenius 

plots obtained with dominantly tetrahedral (a-b), cubic (c-d), and spherical (e-f) platinum 

nanoparticles. It is observed that the tetrahedral platinum nanoparticles have the lowest 

activation energy, the cubic platinum nanoparticles have the highest activation energy, and the 

spherical platinum nanoparticles have intermediate activation energy.
 

Reproduced with 

permission from ref. 28. 

 

In addition, other forms of nanostructures have been designed for achieving enhanced 

catalytic activity while avoiding particle aggregation. For example, layered nanosheets produced 

by exfoliation of intercalated layered materials when used as solid acid catalysts exhibit 
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improved catalytic activity as compared to large particles due to enhanced photon absorption 

because of the large surface area.
30

 Photocatalysts in the form of hollow nanostructures display 

significantly enhanced photocatalytic activity because the possibility of photo-induced species 

(photoelectrons and/or photoholes) to reach the surface is increased while reducing their bulk 

recombination rate, thus increasing their availability for surface reactions.
31

  

 

1.2.2 Energy  

Considering the global warming and fossil fuel depletion, the efficient utilization of solar energy 

is a major goal for modern society. The use of photovoltaic solar cells is one of the methods to 

directly convert solar energy into electrical power. Traditional design of solar cells is based on 

single crystalline silicon solar cells which have the shortcomings of very high cost and limited 

efficiency. To improve the cell performance, a significant amount of effort has been devoted to 

the structural design of solar cell materials and cell structure. One method is to increase the 

absorption efficiency of solar radiation but at a reasonable cost. Thin-film solar cells such as 

amorphous silicon (a-Si),
32

 cadmium telluride (CdTe),
33

 copper indium gallium selenide (CIS or 

CIGS),
34

 and dye-sensitized (DSC)
35

 thin-film solar cells have been intensively investigated, 

which provide comparable efficiency at a decreased cost. Another method for enhancing the 

solar cell efficiency is to utilize the excess photon energy which is lost as heat. Calculated 

thermodynamic efficiency limits in single-junction solar cells (~31 %) indicate that absorption of 

an individual photon results in the formation of a single electron-hole pair and all of the photon 

energy in excess of the energy gap is lost as heat.
36

 This limit can be bypassed via the multiple 

exciton generation by single-photon absorption, as observed optically in PbSe and PbS quantum 

dots.
37

 In addition, novel nanostructured materials, including nanoporous films, nanowires, and 
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nanotubes, have been found to be useful in enhancing the cell efficiency -  primarily attributed to 

the higher electrolyte percolation and higher charge-transfer efficiency.
38-40

 The electron 

migration rate within nanowire arrays is estimated to be several orders of magnitude higher than 

that of nanoparticle agglomerates, which is expected to enhance the solar energy conversion 

efficiency. Recently, unique coaxial silicon nanowires have been developed that appear 

promising for fabrication of solar cells and nanoelectronic power sources, as seen in Figure 1.7.
40 

 

Figure 1.7 (a) Schematics and (b) corresponding SEM images of device fabrication of p(core)-

i(shell)-n(shell) nanostructures. Scale bars in b are 100 nm (left), 200 nm (middle), and 1.5 mm 

(right). (c) Dark I–V curves of a p-i-n device with contacts on core–core, shell–shell, and 

different core–shell combinations. (d) Semi-log scale I–V curves of p-i-n and p-n diodes. 

Reproduced with permission from ref. 40.
 
  



 

13 

 

1.2.3 Nanodevices  

The miniaturization of modern devices has stimulated the research interest in nanomaterials 

whose novel size- and shape-dependent properties have in turn propelled the development of 

nanodevices. For example, a variety of chemical sensors fabricated using nanomaterials have 

been reported, showing good performance for detecting gases, glucose, etc.
41, 42

 Mann et al. 

arranged magnetic nanoparticles into a two-dimensional array with the aid of a cross-linked 

biotinylated ferritin network, which can be used in high-density magnetic storage devices.
43

 

Moreover, semiconductor materials with hierarchically porous or hollow nanostructures have 

shown an enhanced absorption for specific electromagnetic waves.
44

 Although the mechanism of 

this phenomenon is still not clear, the potential of such nanostuctured materials for 

electromagnetic wave shielding is proven.  

Quantum computers are another potential application of nanoscale materials.
45

 The quantum 

computer is a machine that aims to exploit the full complexity of a many-particle quantum 

wavefunction to solve a computational problem and thus would dramatically improve the 

computational power for particular tasks. The central challenge in actually building quantum 

computers is maintaining the simultaneous abilities to control quantum systems, to measure 

them, and to preserve their strong isolation from uncontrolled parts of their environment.
46

 

Quantum dots integrated into a solid state host is one of the technologies addressing this 

challenge, as shown in Figure 1.8, because large arrays of qubits may be easier to assemble and 

cool. Quantum logic can be accomplished by changing voltages on the electrostatic gates to 

move electrons closer or further from each other, activating and deactivating the exchange 

interaction.
47
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Figure 1.8 Quantum dot and solid-state dopant qubits. (a) An electrostatically confined quantum 

dot; the structure shown is several mm across. 2DEG, two-dimensional electron gas. (b) A self-

assembled quantum dot. Scale bar is 5 nm. Reproduced with permission from ref. 46.
 
 

 

1.2.4 Biotechnology 

Nanoparticles possess unique size- and shape-dependent properties and demonstrate potential 

for a wide-range of biomedical applications such as imaging, cancer treatment, and drug 

delivery. Quantum dots exhibit intense luminescence, often 20 times brighter and 100 times 

more stable than that of typical organic fluorescent dye molecules.
48

 In addition, the emission of 

the quantum dots can be tuned by changing their size, thus providing a choice of different colors. 

This unique property made them appealing as in vivo and in vitro fluorophores for a variety of 

biological studies, e.g. bio-labeling and bio-imaging.
49 

For example, Mulder et al. fabricated 

quantum dots coated with paramagnetic Gd
3+

 ions and pegylated lipids (Figure 1.9).
50

 The in 

vitro imaging capability of paramagnetic quantum dots was demonstrated for angiogenic human 
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umbilical vein endothelial cells. Biocompatible magnetic nanoparticles like Fe3O4 (magnetite) 

and Fe2O3 (maghemite) also have been extensively studied for imaging (magnetic resonance 

imaging, MRI).
51

 The MRI technique is based on the nuclear magnetic resonance of the various 

interacting nuclei. The factors influencing the signal strength of MRI are spin-lattice/longitudinal 

relaxation time, transverse relaxation time, and spin energy. Magnetic nanoparticles are generally 

introduced as exogenous contrast agents to enhance the tissue contrast.
51

 Bawendi’s group also 

described an efficient synthetic method for magnetic and fluorescent silica microspheres 

fabricated by incorporating magnetic (γ-Fe2O3) nanoparticles and CdSe/CdZnS core/shell 

quantum dots into a silica shell around preformed silica microspheres.
52

 

Magnetic nanoparticles have been actively investigated for hyperthermia treatment of 

targeted cancer, stem cell sorting and manipulation, guided drug delivery, gene therapy and DNA 

analysis, etc.
51, 53

 For several biomedical procedures, the separation of specific biological entities 

(e.g. DNAs, proteins, and cells) from their native environment is often required for analysis. 

Superparamagnetic colloids are ideal systems for bioseparation because their on-off nature of 

magnetization with and without an external magnetic field enables the magnetic separation of 

adsorbed biomolecules. To increase the colloidal stability, nanoparticles are usually coated with 

polymers, such as polyethylene glycol
54

 or polyvinylpyrrolidone,
55

 which also provide 

conjugation between the magnetic particles and the targeted biological entities of interest. 

Compared to polymer-coated nanoparticles, nanostructures of porous hollow structure, core-shell 

structure, etc. have received more attention because of their large loading capacity, large surface 

area, stability, etc.
56, 57

 As an example, sandwich-structured mesoporous silica microspheres 

(~500 nm), composed of a silica-coated magnetite core and ordered mesoporous silica shell with 
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perpendicularly oriented channels, exhibit an enhanced adsorption efficiency for fast removal of 

large microcystins from solution.
58 

 

 

 

Figure 1.9 (a) Schematic representation of the preparation of QDs with a paramagnetic 

micellular coating. (b) Fluorescence microscopy of HUVEC incubated with RGD-pQDs and bare 

pQDs. (c) T1-weighted image of cells that were incubated with RGD-pQDs, pQDs, or without 

contrast agent. Reproduced with permission from ref. 50.
 
 

 

1.3 Synthetic Methods of Nanomaterials 

Rapid progress has been made in the last decade with regards to the controlled synthesis of 

nanoparticles both for fundamental research and technological applications. According to 

Moore’s law, the size of microelectronic devices shrinks by half every four years. In comparison, 

the development of nanomaterials with desired properties has lagged behind because of 

significant challenges. For example, semiconductor quantum dots usually need to be stabilized 

against aggregation for retaining their quantum confinement effect. Adsorption of solvent 
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molecules or ligands is one of the common methods to cap the particles for stabilization in 

solution. Such capping agent however can greatly perturb the performance of surface-related 

properties. Therefore, the fabrication of nanostructures with desired properties is not without 

challenge and consequently, various chemical approaches have been developed, including 

solution methods, templating methods, and biological synthetic methods, to fabricate desired 

nanomaterials.  

 

1.3.1 Solution Methods  

The commonly used solution methods for the synthesis of nanomaterials include 

coprecipitation, microemulsion, hydro/solvothermal synthesis, and thermal decomposition 

synthesis.  

 

1.3.1.1 Coprecipitation  

Coprecipitation is one of the earliest reported synthetic methods for preparing nanoparticles. 

Typically, nanoparticles are formed from sparingly soluble species formed under conditions of 

high supersaturation. The materials synthesized using this method include metals, oxides, and 

chalcogenides.
59

 Most of the simple precipitation reactions can be carried out under aqueous 

conditions. For ternary and quaternary systems, multiple species have to be precipitated 

simultaneously and nonaqueous conditions are preferable. Meanwhile, numerous strategies have 

been investigated to induce precipitation such as electrochemical reduction, radiation-assisted 

reduction, decomposition of metallorganic precursors, microwave-assisted coprecipitation, 

sonication-assisted coprecipitation, etc.
59
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Merely inducing the precipitation of a compound, however, does not guarantee that the 

product will have uniform shape and a narrow size distribution. The particle size and 

morphology of products from precipitation reactions are governed by the processes of nucleation 

and growth. When precipitation begins, numerous small crystalline nuclei initially formed tend 

to quickly aggregate together to form larger particles.
60

 Such ready agglomeration of fine 

particles is caused by attractive van der Waals forces and the minimization of the total surface or 

interfacial energy of the system. This thermodynamic stabilization process is termed as Ostwald 

ripening and aggregation. In order to produce nanoparticles with a narrow size distribution the 

nucleation process of all particles must occur simultaneously and be sufficiently fast while the 

growth process remains relatively slow.
59

 Experimentally, the simplest approach to prevent 

agglomeration is using a capping agent to protect the surface of particles and thereby prevent 

them from further growth.
61

 The capping agent can be the solvent itself, but in many cases an 

additional polymeric stabilizer is used to attach to the particle surface. The morphology of 

nanoparticles is determined by the reaction conditions (reaction time, concentration, etc.) and 

may exhibit significant shape evolution with varying reaction conditions, but eventually will 

become spherical due to the lowest surface energy of this shape.
59 

 

1.3.1.2 Microemulsion  

Microemulsions have been developed since 1943 when Hoar and Schulman first observed a 

clear homogenous solution of four-component mixture of water, oil, surfactant, and an alcohol or 

amine-based cosurfactant.
62 

Amphiphilic surfactants are long-chain organic molecules with a 

hydrophilic head and lipophilic tail, which makes them miscible in both water and oil. In 

microemulsion, these surfactants form spherical aggregates in which the hydrophilic ends of the 
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surfactant molecules orient toward the center, with a small water droplet situating at the center of 

each spherical aggregate. The polar cosurfactants then interact with the surfactant heads through 

ion-dipole interactions to minimize repulsions between the positively charged surfactant heads. 

Thus microemulsions are thermodynamically stable. These monodispersed water droplets have 

been used as nanoreactors where nanoparticles precipitate with dimensions limited by that of the 

water droplets.
63

 Thus far, a variety of nanomateirals including oxides, halides, sulfides metals, 

and alloys have been synthesized using this method. The particle size is tunable by changing the 

water-to-surfactant ratio. But the subsequent calcination required for improving the crystallinity 

of the product will inevitably result in some degree of agglomeration. Another concern about this 

method is the selection of surfactants. For the system containing oxidizing or reducing agents, 

the surfactant should be chemically inert with respect to all other components. The most 

commonly investigated surfactants are ionic surfactant such as cetyl trimethylammonium 

bromide and sodium bis(2-ethylhexyl)sulfosuccinate. These surfactants are stable against mild 

oxidizers (dilute H2O2) and mild reducing agents (hydrazine) but can be problematic in the 

presence of stronger reducing agents such as borohydride ions.
59

  

 

1.3.1.3 Thermal Decomposition Method 

The thermal decomposition of organometallic compounds in hot high-boiling organic 

solvents in the presence of a surfactant has been widely used for the synthesis of a variety of 

uniform monodisperse nanocrystals.
64

 The size and morphology of the nanocrystals can be 

precisely controlled by simply changing the reaction temperature, reaction time, and aging time. 

This method was firstly reported by Murray et al. who reacted solutions of dimethylcadmium, 

(CH3)2Cd, in tri-n-octylphophine (TOPO) and tri-n-octylphophine selenide in hot tri-n-
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octylphosphine oxide in the temperature range 120-300 °C.
65

 This reaction produced TOPO-

capped nanocrystallites of CdSe. The size of the particles is controlled mainly by the reaction 

temperature, with larger particles being obtained at higher temperatures. This TOPO method has 

advantages over previous synthetic methods, including monodispersity and high yield of 

products (hundreds of milligrams of materials in a single experiment). Alivisatos subsequently 

used higher temperatures for injection and growth to improve the quality of the prepared 

materials.
66 

Thus far many interesting structures, such as rod-like, tetrapodal, or core-shell 

structures having high quantum efficiencies, have been prepared by this method.
67, 68  

 

1.3.1.4 Hydrothermal/Solvothermal Synthesis  

In the research area of semiconductors, high quality monodisperse nanoparticles generally 

are prepared by thermal decomposition of organometallic precursors at elevated temperatures. 

Such a method is expensive and also uses toxic precursors. Comparably, 

hydrothermal/solvothermal synthesis provides a single-step process with advantages of lower 

energy requirement, narrow particle size distribution, ability to obtain diverse compounds with 

unique properties, etc. Hydrothermal/solvothermal synthesis usually is performed in a sealed 

vessel (bomb, autoclave, etc.) at elevated temperatures and autogeneous pressures resulting from 

the heating process. Thereby, the chemical reactivity and solubility of reagents can be enhanced, 

allowing many inorganic materials to be prepared at temperatures substantially below those 

required using traditional solid-state reactions. In addition, the products from 

hydrothermal/solvothermal reactions are usually crystalline and do not require a post-annealing 

treatment which can cause particle agglomeration. Moreover, by changing the reaction 
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temperature, time, and solvents, both the crystalline phase and the size of the nanoparticles can 

be controlled.
69 

 

1.3.2 Templating Methods 

The synthesis of nanomaterials with the aid of templates has garnered a great deal of interest 

because the templating methods are very effective in creating complex nanostructures (one-, 

two-, and three-dimensional structures). In order to achieve the desired properties, several types 

of templates, varying from inorganic particles to organic molecules, have been applied in 

syntheses. The templates can be retained or removed afterwards with corresponding strategies 

according to the application environment of the materials. 

 

1.3.2.1 Inorganic Hard Templates 

The use of crystal seeds as nucleation sites for the further deposition and growth of 

crystallites can essentially be considered as one of the simplest forms of templated synthesis. For 

example, Au colloids were used as seeds to achieve larger Au nanoparticles from aqueous Au
3+

, 

with the addition of hydroxylamine (NH2OH) to prevent nucleation from solution and thus avoid 

a broad size distribution.
70

 This seed-mediated method has been used for the synthesis of metal 

nanoparticles, core-cell and onion structures. For producing more complicated structures, other 

hard templates including zeolites, mesoporous silicates, nanoporous alumina, layered solids, 

membranes, polystyrene spheres, carbon nanotubes, etc., have commonly been used in the 

synthesis of nanomaterials.
59

 The precursors can be incorporated into the channels and spaces of 

these hard templates by sorption, phase transition, ion exchange, complex or covalent grafting. 

Upon heat treatment and phase transition, the precursors are thermally decomposed and the 
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derived nanoparticles grow larger in the confined spaces to form nanoparticles with different 

shapes, or interconnect with each other to form interesting nanostructures with continuous 

frameworks.  

The removal of the hard templates is important for many applications. A variety of template 

removal strategies have thus been developed during the templating synthesis. For example, Ag 

particle templates can be removed by the galvanic replacement reaction to give rise to hollow Au 

spheres. In some cases, the template removal process gives rise to more interesting structures, 

such as nanoboxes, triangular nanorings, multiple-walled nanoshells or nanotubes, reflecting the 

size and shape of the initial nanotemplates.
71-73 

For example, Xu et al. transformed cobalt 

nanocrystal assemblies to CoSe2 hollow nanostructures retaining the chain-like shape via the 

Kirkendall process.
74

  

 

1.3.2.2 Organic Soft Templates  

Routine organic soft templates include some polymers, surfactants (true-liquid-crystal 

mesophases), etc.
59, 75

 The polymer-templated method was initially developed for the reduction 

of transition metals, decomposition of metal carbonyls, or precipitation of metal oxides in 

polymer matrices. Dendrimers, such as poly(amidoamine), belong to a class of soft polymer 

templates, appearing as roughly spherical large molecules comprised of repeating branches. Such 

templates can absorb reagent ions into their dendrimer structure prior to chemical reactions and 

encapsulate the formed nanoparticles from further growth. The size of nanoparticles synthesized 

on dendrimers can reach as small as 1 nm.
59

  

Surfactants have been intensively used in nanomaterial synthesis, as described in the section 

on microemulsion. Commonly used surfactants are long-chain hydrocarbons with a hydrophilic 
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head and lipophilic tail. The self-assembly feature of surfactants evolve along with changes in 

the surfactant concentration and system temperature. As the concentration of a surfactant in a 

solvent is larger than the crystal micellization concentration, the surfactant micellar solution 

transforms to form lyotropic liquid crystals (of either “oil-in-water” or “water-in-oil”), which are 

called true-liquid-crystal mesophases. A mesophase will turn to an isotropic phase as the 

temperature increases above the critical micellization temperature. True-liquid-crystal 

mesophases present in highly concentrated surfactant solutions have been used to synthesize 

ordered mesostructured nanocomposites, especially chalcogenides.
75

 During the synthesis, the 

inorganic precursors cast the mesostructures, pore sizes, and symmetries from the true-liquid-

crystal scaffolds, forming morphology confined and ceramic-like frameworks. After the 

condensation of the inorganic materials, the organic templates can be removed by calcination, 

extraction, etc.  

 

1.3.3 Biological Synthetic Methods  

The biological synthesis (or biomimetics) refers to chemical synthetic methods inspired by 

biologically related processes. The interest in this interdisciplinary research field stems from the 

fact that biosystems can use relatively simple building blocks to self-assemble structures 

displaying a high degree of organization. A wide range of biological matter, ranging from 

individual biomolecules (DNA, proteins, hydrocarbonates, etc.) to biological entities (bacteria, 

phages, fungi, etc.), has been utilized to template or catalyst the synthesis of nanostructured 

materials.  
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1.3.3.1 Biomolecules  

DNA is one of the most intensively utilized biomolecules for templating novel metal 

particles, metal nanowires, two-dimensional metal networks. Double-stranded DNA (dsDNA) 

consists of two strands of nucleotide polymers, running in anti-parallel directions and stabilized 

by hydrogen bonds between the nitrogenous base pairs. The external backbone of the nucleotide 

polymers is made of alternative pentoses and phosphate groups joined by phosphodiester bonds. 

The length of natural DNA molecules can be very long, example, 220 million base pairs long for 

the human chromosome number 1 (one nucleotide unit around 0.33 nm long).
76

 Since DNAs 

contain backbones of phosphate which are negatively charged, they have been used in the 

reduction or precipitation of metal cations or in the assembly of positively-charged nanoparticles 

into one-dimensional nanowires, nanoribbons, etc.
77

 DNA also can be tailored into more 

complicated structures to direct the synthesis of higher ordered nanomaterials. For example, 

Sharma et al. assembled two types of DNA tiles, hybridized at the complementary sticky ends, 

into two-dimensional nanogrids, with one type of DNA tiles attached by Au nanoparticles 

through thiol linkingage.
78

 Consequently, Au nanoparticles form a designed assembly pattern 

with precisely controlled interspacing. 

Another popular type of biomolecule template is polymers of amino acids (peptides and 

proteins). There are twenty-two standard amino acids classified by the properties of their side 

chains into four groups (weak acidic, weak basic, hydrophilic, and hydrophobic). Peptide refers 

to a short polymer chain of amino acids linked to each other by covalent peptide bonds. Both 

naturally occurring and artificially synthesized peptides have been used to template or catalyze 

the formation of nanomaterials.
79

 The morphology of the inorganic products include 

nanoparticles, nanowires, and double helical superstructure of gold nanoparticles.
80-82

 Proteins 
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are composed of polypeptides, showing favorable conformations. Spherical apoferritin 

composted of 24 polypeptide subunits is the most intensively investigated protein template. The 

size of the inner cavity of this protein is about 8 nm and that of the outer diameter is about 12 

nm.
77

 A range of nano-sized metals and compounds have been produced by the deposition within 

the cavity of apoferritin. Kim et al. proposed that the shell wall has channels through which ions 

and small molecules can move in and out, resulting in the formation of shape- and size-

controlled monodisperse nanoparticles.
83

 Moreover, modifications on the surface of proteins, 

either by chemical methods or genetic methods, have been widely studied to improve the 

attachment of inorganic materials to the proteins or to assist the construction of more 

complicated structures.
77

 For example, Mann et al. assembled ferritins into two-dimensional 

arrays through the modification of the protein surface with biotin which then interacts with 

streptavindin to form a cross-linked network.
43

 Consequently, arrays of ferromagnetic iron 

oxides grown within the cavity of patterned ferritin could be obtained.   

 

1.3.3.2 Microorganism  

Many microorganisms have the intrinsic ability to produce inorganic materials either intra- or 

extracellularly under mild conditions for their existence. In particular, they have the ability to 

recognize and control the formation of inorganic materials. For example, diatoms precipitate 

silica with species-specific morphologies and stunning architectures; the silver-resistant bacteria 

strain Pseudomonas stutzeri AG259 can form Ag and Ag2S nanoparticles inside the cell to 

tolerate the high concentration of Ag
+
 in the environment; magnetotactic bacteria synthesize 

magnetic Fe3O4 nanocrystals inside their magnetosomes and the alignment of these magnets can 

direct cell movement.
77, 84

 Because of the advantages of eco-friendly reaction conditions and 
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controlled product morphology, microorganism mineralization has been widely mimicked in 

vitro for synthesizing high-performance nanomaterials.
79, 84 

The synthesized inorganic 

compounds on various templates range from metals to alloys, semiconductors, and composites. 

As an example, Sweeney et al. produced wurzite CdS nanocrystals inside Escherichia coli upon 

incubating cells with inorganic precursors.
85

 By changing reaction conditions and precursors, 

CdS of nanoporous hollow structures were generated on the same type of cells and exhibited 

enhanced catalytic activity.
43

  

 

1.3.3.3 Viruses  

In the past decade, there has been a growing interest in the use of virus particles as templates 

for nanosized materials. Virus typically consists of several hundreds to thousands of protein 

molecules that self-assemble to form a confined protein scaffold, which encapsulates the viral 

nucleic acid. Cowpea chlorotic mottle virus (CCMV) is one type of spherical viruses widely used 

in the synthesis of nanoparticles. The protein scaffold of CCMV virion is composed of 180 

subunits and about 28 nm in diameter, with an inner cavity of ~18 nm.
86

 By changing the pH 

value, the protein scaffold will open to release its RNA, and then reassemble as the pH is tuned 

back. After removing the negatively charged RNA, the positively charged interior surface of the 

protein scaffold is exposed, thus being able to attract anionic components or negatively charged 

materials. The host-guest relationship between the protein cage and the encapsulated material is 

primarily based on this complementary electrostatic interaction.
87

 Douglas and Young have used 

this electrostatic host-guest interaction to encapsulate two polyoxometalate species 

(paratungstate and decavanadate) and an anionic polymer inside the CCMV cage.
88

 After a 

further step of oligomeration, uniform nanocrystals, constrained in the protein cages, were 
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otained. Under the similar host-guest interaction mechanism, cylindrical tobacco mosaic virus 

(TMV) protein scaffold, in the form of a hollow tube (300 x 18 nm with a central channel of ~ 

4nm in diameter), can encapsulate anisotropic assemblies of spherical Pt, Au, or Ag 

nanoparticles.
89

 Furthermore, the external surface of protein cages can be modified by either 

chemical or genetic methods, causing the biomineralization to be selectively performed on the 

outer surface of the protein capsid.
90

 Another type of viral template is filamentous M13 

bacteriophage, which has emerged as an efficient template for the synthesis of nanowires. 

Filamentous M13 bacteriophage is approximately 860 nm long and 6.5 nm wide. Belcher’s 

group genetically engineered peptides, specific to desired inorganic materials, to the main coat 

protein (PVIII) of M13.
91 

During the consequent biomineralization, the inserted peptides direct 

the nucleation and growth of nanocrystals of a preferred crystal phase. The uniform precipitation 

of nanocrystals along the filamentous virus gives rise to the formation of nanowires.    

 

1.4 Research Objectives  

The properties of inorganic materials in nanoscale have been found to be size- and shape-

dependent due to the quantum confinement effects. Arranging monodispersed nanoparticles into 

high-ordered hierarchical architectures can likely generate unprecedented properties for future 

applications and bypass the issue of nanoparticle aggregation. Biological matter possesses robust 

and precisely ordered structures and exists in a large variety of sizes and shapes, providing a 

platform for synthesizing high-performance nanostructures. We have aimed to expand the 

repertoire of natural biotemplates for the fabrication of nanostructures, investigate the 

mechanism of bio-inorganic interactions, and eventually enhance the performance of materials of 

interest for specific applications. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

 

For our biomimetics research we prepared two types of biological entities - genetically 

engineered viruses (M13 and P22 bacteriophage) and bacterium (ethanol treated Escherichia coli 

(E. coli)). These were subsequently used as templates for the synthesis of highly ordered CdS 

and ZnS nanostructures via a general synthetic procedure. To characterize the virus- and 

bacterium-templated nanostructures, we have utilized various techniques, including scanning 

electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS), 

transmission electron microscopy (TEM) coupled with high resolution (HR), confocal laser 

scanning fluorescence microscopy (CLSFM), X-ray diffraction (XRD), and ultraviolet-visible 

spectroscopy (UV-Vis).  

 

2.1 Preparation of Biotemplates 

Filamentous bacteriophage M13 genetically engineered with specific binding peptide on the 

main coat protein (PVIII) were prepared for templating inorganic nanowires. Filamentous M13 

bacteriophage is ~860 nm long and ~6.5 nm wide and 5 copies of its minor coat protein (PIII) 

and ~15 % of 2400 copies of its main coat protein (PVIII) are capable of displaying a foreign 

peptide.
1
 Using phage display biopanning technique (see Chapter 3, Peptide Selection), we 

screened specific binding peptides from a combinatorial library of random peptide 12-mers fused 

to PIII proteins of bacteriophage M13 against different inorganic targets of interest. After 

inserting the encoding DNA of the selected peptide to the gp8 region of the viral DNA, the 
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peptide was expressed as a fusion protein on the surface of M13. Such engineered M13 with 

CdS-specific peptide were used as biotemplates for the synthesis of CdS nanowires.     

Spherical self-assembly of the genetically engineered P22 coat protein was used for synthesis 

of high-ordered CdS and ZnS nanostructures. Viral P22 has an angular icosahedral structure 

which is ~64 nm in diameter, while the empty P22 shell is ~15 % smaller and more circular (seen 

Chapter 3, Fabrication of Ordered Nanostructures of Sulfide Nanocrystal Assemblies over Self-

Assembled Genetically Engineered P22 Coat Protein). The structure of the protein assembly can 

be viewed as consisting of 60 hexamers clustered along with 12 pentamers at the vertices. 

Peptide sequences with strong affinity for the sulfides, ZnS (CNNPMHQNC) and CdS 

(SLTPLTTSHLRS), were inserted between P22 coat protein residues 182 and 183. On the 

resultant protein assembly, the engineered peptides lined the central channel of each of the 

pentamers and hexamers as dictated by the geometrical location of the original coat protein 

residue 182. These 72 engineered peptide groups symmetrically distributed over the whole 

protein assembly. Through the protein-directed nucleation of inorganic nanocrystals occurring at 

the engineered regions on the protein surface, we have achieved highly ordered sulfide 

nanostructures.   

Ethanol-treated E. coli bacteria were used to template the growth of hollow sulfide 

nanostructures. E. coli is one of the longest rod-shaped bacteria and is by far the most well 

studied bacterial system. The genetic tools and cellular metabolisms associated with this 

bacterium are fairly well understood.
 
The ethanol treatment is aimed to enhance the permeability 

of E. coli while retaining the morphology. One of the functions of the cell envelope is to protect 

the cells from environmental attack. Intact E. coli has a low permeability of the cell envelope due 

to the efflux pump inhibition
2
 and thus will prevent the nucleation of inorganic materials on its 
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surface. The E. coli used as biotemplates were dispersed in 95 % ethanol for 3 minutes to  

dissolve the lipid layer of the outer membrane, thus enabling Cd
2+ 

adsorption and reaction 

throughout the cell envelope.  

The details regarding the amplification of bacteria and phages, ethanol treatment of E. coli, 

and molecular microbiological work on phages are described in Chapter 3 and 4.    

 

2.2 General Synthetic Procedure of Bio-Templated CdS and ZnS Nanostructures  

In a typical reaction of virus-templated synthesis, a small amount of engineered 

bacteriophage solution was dispersed in aqueous metal cationic (Zn
2+

 or Cd
2+

) reagent for 12 

hours, allowing sufficient time for the protein-metal (II) to interact. An aqueous Na2S solution 

was then added to the above and the mixture held at room temperature for 2-12 hours. During 

this step, the protein-directed nucleation of sulfide nanocrystals occurs at the engineered regions 

of the protein surface, resulting in the growth of sulfide nanowires over the filamentous M13 

template and spherical nanocrystal assembly on P22 template.  

In a typical reaction of bacterium-templated synthesis, a small amount of ethanol-treated 

bacterium E. coli solution was first added to cadmium acetate dehydrate and after 30 minutes 

thioacetamide as a S
2-

 source was added. Upon the addition of thioacetamide, H2S is gradually 

produced by sonochemical decomposition,
 
which then reacts rapidly with the adsorbed cadmium 

ions to nucleate and grow CdS throughout the cell envelope. The reactions were conducted for 

different times (1 minute-4 hours) in an ultrasonic bath with the temperature maintained at 

around 28 ºC. The time-dependence of the size, shape, and structure of the E. coli-templated CdS 

structures was investigated by varying the reaction time. By adjusting the sulfur/cadmium molar 

ratio, the crystal phase of the CdS product could be precisely controlled from cubic, mixture of 
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cubic and hexagonal, to pure hexagonal. The synthetic procedure has been extended to the 

synthesis of a variety of other sulfides, such as PbS, HgS, and ZnS. 

The details of the experimental procedure are described in Chapter 3 and 4.  

 

2.3 Scanning Electron Microscopy  

The scanning electron microscope (SEM) uses secondary electrons to form images of solid 

specimens. When high-energy incident electrons are decelerated in the solid sample, a variety of 

species, including secondary electrons are generated from electron-sample interaction, as shown 

in Figure 2.1. Each of these species has a different electron interaction volume, thus providing a 

range of information such as external morphology, chemical composition, crystalline structure 

and orientation. Such information can be collected by use of appropriate detectors. The 

secondary electrons are generated near the surface, have the best imaging resolution, and 

therefore commonly used for displaying the morphology and topography of samples. 

Conventional SEM techniques have magnification ranging from 20x-30,000x with spatial 

resolution of 50 to 100 nm, and are able to image areas ranging from approximately 1 cm to 5 

microns in width.
3 

Most SEM equipments are coupled with energy-dispersive X-ray spectroscopy (EDS). By 

collecting the characteristic X-rays, SEM is capable of performing point analysis on the sample 

to qualitatively or semi-quantitatively determine chemical composition.  
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Figure 2.1 Interaction between electrons and a sample. Adapted from ref. 4.  

 

2.4 Transmission Electron Microscopy 

The transmission electron microscope (TEM) is a high resolution (<10 nm) microscopy 

technique for examining the finer details of solid samples. The structure and basic principles of a 

TEM is shown in Figure 2.2. TEM usually uses a field-emission or thermionic source, which 

gives high quality results. In the vacuum column, the generated electron is then focused to a very 

thin electron beam through an electromagnetic lens and accelerated towards an ultra thin 

specimen. Upon interacting with the specimen, some of the electrons are backward scattered, but 

some of the electrons can transmit through the ultra thin specimen. These transmitted electrons 

finally strike a phosphor screen at the bottom of the microscope to generate an optical image. 

The transmitted electrons can also be detected by a charge-coupled device (CCD) camera. In the 

images, the darker areas represent thicker or denser areas of the sample from where fewer 
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electrons transmitted through. Similarly, the lighter areas of the image represent those thinner or 

less dense areas of the sample through which more electrons are transmitted. High resolution 

transmission electron microscopy (HR-TEM) image usually provides detailed information at the 

atomic level. 

 

 

 

Figure 2.2 A schematic diagram of a transmission electron microscope. Adapted from ref. 5.   
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Transmission electron microscope uses a set of electrostatic and electromagnetic converging 

lenses. By controlling the strength of the magnetic field, the electron beam is magnified and 

focused to generate the image and diffraction pattern. To protect the specimen from stray 

radiation (high angle scattered electrons), apertures are often inserted after the electron lenses. 

These include the condenser, objective, and selected area apertures. The role of the condenser 

aperture is to knock out high angle electrons. By changing the size of the condenser aperture, one 

can increase or decrease the beam strength. The objective aperture is used to block out high 

angle diffracted electrons, so as to enhance the contrast. The selected area aperture enables the 

user to examine the electron diffraction pattern of the selected area in the sample.  

 

2.5 Confocal Laser Scanning Fluorescence Microscopy 

Confocal laser scanning microscopy (CLSM) is a technique for obtaining high-resolution 

optical images of micro-scale specimens. Different from conventional optical microscopes, 

confocal microscopes have a pinhole in front of the detector, as schematically depicted in Figure 

2.3. The pinhole is able to block any signal coming from the out-of-focus planes, allowing light 

that originated from an in-focus plane to pass through. The focused laser beam selectively scans 

on or within a three dimensional specimen point by point, which is termed optical sectioning. 

Light signals are detected by a photomultiplier tube and then transformed into electrical signals 

to reconstruct the three dimensional structure. Signals from slower scans have a better signal-to-

noise ratio, resulting in a better contrast and higher resolution. 
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Figure 2.3 Ray paths in a confocal laser scanning microscope.  

 

Confocal laser scanning microscopy can be used for detecting biological specimens. In this 

case, specimens are generally tagged with a fluorescent marker or are intrinsically fluorescent. 

Through absorbing the excitation radiation, the specimen emits detectable fluorescence. During 

the measurement, a filter is used to selectively transmit the fluorescent wavelengths while 

blocking the original excitation wavelength.   
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2.6 X-Ray Powder Diffraction 

X-rays are generated in an X-ray tube which contains a heated cathode and a target. Upon 

applying a high voltage field between the target and cathode, electrons emitted by the cathode 

are accelerated through the electric field and then bombard the target. The bombardment causes 

an energy transfer from electrons to atoms of the target. It can result in ejection of an electron 

from an inner energy level, leaving a vacant inner level. When an electron from an outer energy 

level falls into the vacant level, the excess energy is emitted as X-rays. The wavelengths of X-

rays are in the range of 10 to 0.01 nm and are characteristic of the target. The transition from L to 

K shell causes the most intense radiation known as Kα line.   

In crystalline solids, atoms are arranged in a regular and repetitive pattern with specific 

distances. Because the wavelengths of X-rays are comparable to the atomic spacing distances, 

incident X-rays will be scattered in all directions by the atoms. Constructive interference only 

occurs when scattered waves satisfy the Bragg’s law: 2dsinθ=nλ, where d is the interplanar 

distance, θ is the scattering angle, n is an integer, λ is the wavelength. In the diffraction pattern 

from a crystalline solid, the position and intensity of the diffraction peaks thus depends on the 

unit cell and the type of atoms. Each crystalline solid has its unique characteristic X-ray powder 

pattern which can be used as a "fingerprint" for its identification. For an unknown crystallite, we 

can easily identify it by comparing its diffraction data with the JCPDS (Joint Committee on 

Powder Diffraction Standards) pattern database.   

Nanocrystalline materials (typically < 100 nm) often give broad diffraction peaks. In this 

case, the particle size can be estimated by the Scherrer equation: t=Kλ/(βcosθ), where t is the 

mean size of the nanoparticles, K is the shape factor (typically 0.9), λ is the X-ray wavelength 
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(1.54 Å  for Cu target), β is the full width at half maximum intensity of the peak (FWHM), and θ 

is the Bragg angle.  

 

2.7 Ultraviolet-Visible Spectroscopy 

In our research, ultraviolet-visible (UV-Vis) spectroscopy has been employed to determine 

the growth stage of bacterial cells, assess the concentration of proteins, estimate the purity of 

deoxyribonuclei acid (DNA), and monitor the structural evolution of bacteria E.coli-templated 

CdS.  

In the presence of a growth medium, cell population goes through an exponential growth 

stage. For example, one E. coli cell divides into two cells in 20 minutes under optimal 

conditions. As the time passes, the overnight culture can contain ~10
9
 cells/mL at the stationary 

phase. The cell concentration can be calculated by counting cell plaques under a hemacytometer, 

but a spectrophotometer is more commonly used to examine the bacterial cell growth. The beam 

of light passing a cuvette with cell culture will be scattered more or less depending on the cell 

density, as shown in Figure 2.4. The absorbance reading is commonly taken as the optical 

density (OD) of a bacterial culture, which is proportional to the cell density. For the same cell 

culture, different spectrophotometers may give different optical density readings, depending on 

the distance between the sample and detector and geometry of the light beam. Therefore, a 

calibration for the number of cells per mL corresponding to a particular OD reading needs to be 

conducted before making the measurement of cell density.   

Spectroscopy is a convenient method to quantify the concentration of a protein solution or 

estimate the purity of extracted DNA. Protein solution shows an absorbance peak at 280 nm 

(A280) due to the amino acids with aromatic rings. Nucleic acids strongly absorbs at 260 nm 
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(A260) because of their nitrogenous heterocyclic bases. The concentration of the protein solution 

with possible nucleic acid contamination is commonly calculated using the following equation: 

[protein] (mg/ml) = (1.55 x A280) – (0.76 x A260). The ratio of the absorbance at 260 nm and 280 

nm (A260/280) can be used to assess the purity of extracted DNA. A ratio of ~1.8 is generally 

accepted as “pure” for DNA. An appreciably low ratio indicates the presence of protein, phenol, 

or other contaminants that strongly absorb around 280 nm.
7
  

 

 

Figure 2.4 Schematic demonstration of the measurement of the optical density on a 

spectrophotometer. Adapted from ref. 6. 

 

UV-Vis spectroscopy is also a valuable tool for structural characterization of semiconductor 

nanoparticles because their band gap is size-dependent due to the quantum confinement effect. 

The optical absorption spectra shift to shorter wavelengths with decreasing particle size. We thus 

utilized this technique for monitoring the structural evolution of CdS nanoparticles grown on the 

bacteria E. coli template.   

 

2.8 Photoelectrochemical Cell 

To investigate the catalytic activity of E. coli-templated hollow nanoporous CdS rods, a 

general photoelectrochemical cell was set up. An EG&G potentiostat was used to measure the 
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photoelectrochemical response of the fabricated photoanodes with a conventional three-electrode 

system comprising of a photoanode (the hollow nanoporous CdS rods deposited and annealed 

onto an ITO-coated glass substrate), an Ag/AgCl reference electrode, and Pt foil counter 

electrode. A Na2S-Na2SO3 aqueous solution was used as the electrolyte. A solar simulator with 

an illumination intensity of one sun (AM 1.5, 100 mW/cm
2
) was used as the light source. A 

power meter was used to calibrate the input power before and after the photoelectrochemical 

measurements. The photoelectrochemical cell efficiency was used to evaluate the 

photoelectrochemical activity of the synthesized materials. The details of the measurements and 

results are described in Chapter 4.  
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CHAPTER 3 

PEPTIDE SELECTION USING PHAGE DISPLAY BIOPANNING AND FABRICATION OF 

ORDERED NANOSTRUCTURES OF SULFIDE NANOCRYSTAL ASSEMBLIES OVER 

SELF-ASSEMBLED GENETICALLY ENGINEERED P22 COAT PROTEIN 

 

Reproduced in part with permission from [Journal of the American Chemical Society], submitted 

for publication. Unpublished work copyright [2010] American Chemical Society. 

 

3.1 Introduction 

Ordered nanoparticle assemblies are of considerable interest because of their novel collective 

properties and potential applications in diverse areas such as catalysis, drug delivery, 

biomedicine, composites, etc.
1-5

 A major challenge in the assembly of nanoparticles lies in the 

development of controllable synthetic strategies that can enable growth and assembly of target 

nanoparticles with high selectivity and good controllability.
6-7

 Biological systems ranging from 

microbes to complex multicellular systems are known to possess intrinsic recognition 

mechanisms for inorganic species and sophisticated self-assembly processes, as evidenced by the 

synthesis of linear arrays of magnetic Fe3O4 nanoparticles in magnetotactic bacteria, amorphous 

silica with species-specific pattern in diatoms, tough nanostructured hybrids of shells and bones 

in multicellular organisms, etc.
8-9

 As a step toward mimicking some of these biological self-

assembly processes, a variety of organisms have been exploited in recent years as templates for 

the construction of intricate nanostructures with controlled size, shape, structure, and 

functionality.
10-13

  

Proteins play a key role for the growth of inorganic materials in biological systems under 

relatively mild conditions, which are quite different from the thermodynamic conditions in 

general chemical syntheses. Thus, proteins have been extracted from organisms to be used as 

templates or catalysts for the synthesis of inorganic materials in vitro under mild conditions. For 
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example, the repeat unit of silaffin protein identified from the diatom Cylindrotheca fusiformis, 

R5 peptide (H2N-SSKKSGSYSGSKGSKRRIL-COOH), can catalyze the precipitation of silica 

within seconds when added to a solution of silicic acid under ambient conditions in vitro.
14

 Since 

their ease of functionalization, specific recognition and interaction with diverse materials, and 

ability to self-assemble as exhibited in natural biomineralization processes, peptides and proteins 

have been quite extensively investigated during the early phase of research in biomimetic 

synthesis.
15-16

 A number of protein architectures, such as apoferritin, heat shock protein, and 

cowpea chlorotic mottle virus, have been studied for the growth of uniform nanoparticles 

including metals, semiconductors, and magnetic oxides.
17-23

 The intrinsic inner nanometer-size 

cavity of such protein cages helps to spatially constrain the growth of the 

nanoparticles/nanocrystals and results in very good homogeneity in the resultant size and shape. 

Through proteins, numerous microorganisms are able to synthesize inorganic materials that are 

hierarchically organized from the nano- to the macroscale. However, most of the natural 

biomineralizing peptides identified so far are limited to those binding to inorganic components 

which are naturally abundant. Their extraction is also constrained by conventional biological 

procedures.   

In order to fabricate complex inorganic nanostructures using protein templates, more effort 

has been devoted to protein surface modification to enhance the binding affinity for creating 

interesting nanostructures of designed materials.
24-25

 Belcher’s group was one of the first to 

express specific peptides, screened out using combinatorial phage display library, on filamentous 

M13 bacteriophage for biosynthesis.
26-28

 The results from their group and others indicate that the 

addition of specific peptides can greatly enhance the selectivity and binding affinity of protein 

templates for inorganic material synthesis.
24-28

 To date, a large number of peptides have been 
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screened for specific binding affinity to different substrates, including metals, oxides, and 

semiconductors.
29-36

 The synthesized inorganic materials include nanoparticles
26-27

 and in 

particular, interesting nanostructures of nanowires and double helical superstructure of 

nanoparticle assemblies over self-assembled peptides.
28, 37-38 

Moreover, the use of self-

assembling engineered proteins is promising for use as a biomimetic scaffold for achieving the 

rational control of ordered inorganic nanostructures with designed components and 

architectures.
6-7, 39-40

 

In the first part of this chapter, we described the identification of CdS- and TiO2-binding 

peptides by using phage display biopanning. The specific binding affinity between organic 

molecules and inorganic components has been analyzed based on the chemical and physical 

properties of both the amino acids of the peptides and the inorganic materials. In the second part 

of this chapter, we demonstrate the fabrication of ordered nanostructures of sulfide nanocrystal 

assemblies over the self-assembled genetically engineered P22 coat protein. The high-affinity 

ZnS- and CdS-binding peptides, identified by phage display biopanning, enable the selective 

nucleation and growth of sulfides over the complex protein assemblies. The synthetic strategy 

can be extended to the fabrication of a variety of desired nanostructures. 

 

3.2 Peptide Selection Using Phage Display Biopanning 

Phage display biopanning was originally developed for the selection of antibodies for 

pharmaceutical use.
41-42

 This powerful selection technique has recently been adopted in 

screening inorganic-specific peptides. A combinatorial library of random peptide 9- or 12- mers 

fused to a minor coat protein (PIII) of bacteriophage M13 is commonly used in phage display 

biopanning. The peptide selection procedure involves four steps (Figure 3.1): (1) preparing a 
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combinatorial library of random peptides expressed as a fusion with the coat protein of a 

bacteriophage and displayed on the surface of the virion; (2) incubating the library of phage 

displayed peptides with desired inorganic materials; (3) washing away unbound phages from the 

surface of inorganic materials; (4) eluting the bound phages in a low pH elution buffer. The 

eluted phages are amplified and subjected to additional biopanning rounds. Peptide sequences 

with strong binding affinity against the inorganic materials will be enriched after several rounds 

of biopanning. Finally, the peptide sequence is available by decoding the DNA sequence of the 

selected phage. 

 

Figure 3.1 (a) Schematic bacteriophage M13 and (b) biopanning with phage display peptide 

library. Adapted from ref. 43.   

 

A number of peptides have been identified via phage display biopanning.
29-36

 In a number of  

cases, the selected peptides does catalyze or template the synthesis of desired inorganic 

materials.
26-28, 44-46

 However, our knowledge of the specific interaction between peptides and 

inorganic components is still limited to the collection of pieces of information. For example, A3 

dodecapeptide (-Ala-Tyr-Ser-Ser-Gly-Ala-Pro-Pro-Met-Pro-Pro-Phe-), identified from a phage 
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display library, is able to synthesize and stabilize Au nanoparticles because amino acid tyrosine 

is known to reduce HAuCl4.
47

 Because of the lack of detailed knowledge, the complex 

interactions have been generally described as either hydrophobic interaction or hydrogen 

bonding.   

In our work, we identified CdS- and TiO2-binding peptides via phage display biopanning and 

then fused the CdS-binding peptide to the main coat protein (PVIII) of bacteriophage M13 for 

CdS nanowire formation. The specific binding affinity between organic molecules and inorganic 

components has been analyzed based on the chemical and physical properties of both the amino 

acids of the peptides and the inorganic materials. This research has enabled a better 

understanding of the combination mechanism between peptides and inorganic molecules, and 

provided basic knowledge about the fabrication of ordered nanostructures of sulfide nanocrystal 

assemblies over self-assembled genetically engineered P22 coat protein. 

 

3.2.1 Experimental 

3.2.1.1 Materials  

All phage display peptide libraries used for peptide selection were purchased from New 

England Biolabs and were used as-received. F88.4 vector and related cells (K91 and MC1061) 

were provided by Dr. George P. Smith of the University of Missouri.  CdS and TiO2 single 

crystal substrates were purchased from CrysTec Kristalltechnologie, Germany. Anti-M13 

monoclonal antibody and anti-Mouse IgG Cy3 conjugate antibody developed in sheep were 

obtained from Amersham Biosciences. All other chemicals for bacterial culture media and 

buffers were from Fisher Scientific and used as-received without any further purification.  
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3.2.1.2 Preparation of Inorganic Substrates 

CdS single crystal wurzite substrates were cleaned in acetone for 15 min, isopropanol for 15 

min, 0.05 M HCl for 1-2 min, and then rinsed with sterile deionized water before biopanning. 

The acid solution of 0.05 M HCl was replaced by HF:H2O (1:10) for cleaning TiO2 substrates. 

The surface characteristics and composition of the cleaned substrates were determined using 

scanning electron microscopy and X-ray photoelectron spectroscopy.  

 

3.2.1.3 Peptide Selection  

The phage display biopanning procedure followed the protocol manual provided by New 

England Biolabs. In a typical round, 10 μL of the phage display library was added to a piece of 

cleaned crystal substrate submerged in 1 mL of 50 mM tris-buffered saline (TBS) containing 0.1 

% (v/v) Tween-20 (0.1 % TBST). Tween is used to decrease the binding of unspecific peptides 

to the substrate. After rocking the sample in a tube for 1 h at room temperature, the surface of the 

substrate was washed 10 times with TBS (pH 7.5) to get rid of unbound phages. The remaining 

binding phages were eluted from the surface by the addition of elution buffer glycine-HCl (pH 

2.2). After rocking for 8 min, the eluted phages were transferred to a fresh tube and then 

neutralized with Tris-HCl (pH 9.1). The neutralized phage was amplified and subjected to the 

next panning round. Up to five biopaning rounds is usually conducted for selecting strong 

binding sequences, while increasing the concentration of Tween-20 from 1 % to 5 %.  

The eluted phages were titred after each round and were sequenced from the third round. To 

enrich the phages for tittering and sequencing, the eluted phages were incubated with their host 

Escherichia coli (E. coli) ER2738 and plated on LB Xgal/IPTG plates. Since the library phage 

was derived from the cloning vector M13mp19, which carries the lacZα gene, phage plaques 
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appear blue in color when plated on media containing Xgal (5-bromo-4-chloro-3-indoyl-β-D-

galactoside) and IPTG (isopropyl-β-D-thiogalactoside). The appearance of white plaques usually 

indicates contamination from environmental filamentous phage. Blue plaques were collected and 

DNA sequenced.  

 

3.2.1.4 Affinity Assay 

0.2 mL of diluted anti-M13 monoclonal antibody, which can recognize the main coat protein 

PVIII of bacteriophage M13 to form a specific complex, was placed on top of phage-bound CdS 

substrate. The same amount of secondary antibody, diluted anti-mouse IgG Cy3 conjugate 

antibody developed in sheep, was applied on the above CdS substrate to cross-react with the 

primary antibody. Cy3 monofunctional dye attached to the secondary antibody is an orange 

fluorescent cyanine that produces an intense signal which can be easily detected using most 

rhodamine filter sets. The CdS substrate was exposed to TBS 10 times to get rid of unbound 

antibodies after each step. Because of the conjugated antibodies, the phage binding to the surface 

of CdS substrate can be visualized using a confocal fluorescence microscope. The combination 

of CdS substrate, phage and antibodies is demonstrated in Figure 3.2. The same procedure was 

carried out on a glass slide for comparison.   

 

3.2.1.5 Genetically Engineering Main Coat Protein of M13 Phage 

Double stranded replicative form (RF) DNA was extracted from F88.4 vector amplified from 

host K91. Short DNA insert, screened out via biopanning against a wurzite CdS substrate, was 

annealed to make it double stranded and then was ligated with RF DNA from the F88.4 vector. 

The ligates were further transformed into chemically competent MC1061. Filamentous phages 
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with specific peptides displayed on their main coat protein were finally secreted out from the 

transformed cells after incubation. The molecular microbiology work was carried out in Dr. Peter 

Prevelige’s lab at the University of Alabama at Birmingham. 

 

3.2.1.6 Synthesis of CdS Nanowires on Genetically Engineered M13 Phage   

In a typical reaction, 10 μL of engineered phage solution was dispersed in 500 μL of aqueous 

ZnCl2 (1 mM) for 12 h at room temperature. 500 μL of aqueous Na2S (1 mM) was then added to 

the above solution and the mixture was placed at room temperature with rocking for 12 h. All the 

experimental procedures were carried out in a fume hood with appropriate handing of the 

chemicals and biological samples for safety. The morphology of the products was characterized 

using transmission electron microscopy (TEM).  

 

3.2.2 Results and Discussion 

The binding affinity of the selected phage displayed peptides to the wurzite CdS substrate 

was examined by applying Cys-labled antibodies over phage-bound CdS substrate. Figure 3.3 

shows the fluorescent images of a CdS substrate and a glass slide. Both the CdS substrate and the 

glass slide have been treated with selected phages and antibody (see experimental details in 

3.2.1.4 Affinity Assay). There was no fluorescent signal observed on the surface of the glass 

slide, as shown in Figure 3.3a. This is because the phages used for affinity assay were 

specifically selected against the wurzite CdS rather than the glass and could not remain on the 

surface of glass after stringent washing. The fluorescent-labeled antibodies thus could not stick 

onto the surface of the glass without the presence of antigenic proteins. Contrarily, CdS substrate 

emits a strong fluorescent signal, as shown in Figure 3.3b. The primary antibody, anti-M13 
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monoclonal antibody, can specifically recognize the main coat protein, so the fluorescent signal 

generated from its conjugated secondary antibody indicates that the washed CdS substrate still 

has phages strongly bound to it. Figure 3.3c and 3.3d shows fluorescent images of one corner of 

the CdS substrate and one from top of the same substrate, respectively. The bright uniform 

fluorescent color indicates that the selected phages evenly bind onto the entire surface of the 

substrate.   

 

 

Figure 3.2 Schematic affinity assay. 
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Figure 3.3 Confocal fluorescent microscope images of (A) a glass slide and (B-D) a CdS 

substrate treated with selected phages and antibodies. 

 

 

The specific peptide sequences responsible for binding to the CdS substrate were deciphered 

through sequencing their encoding DNA. Tables 3.1 and 3.2 show the obtained peptide 

sequences after three rounds (R3) and five rounds (R5) of biopanning, respectively. Twelve 

amino acids of each peptide are distinguished by different colors based on the polarity of their 

side chains (or R groups) at pH 7: polar, uncharged R groups including serine (S), threonine (T), 

cysteine (C), asparagine (N), glutamine (Q), are indicated in blue color; positively charged R 

groups including lysine (K), arginine (R), histidine (H), are indicated in pink color; negatively 

charged R groups  including aspartate (D) and glutamate (E) are indicated in green color; 

nonpolar, apliphatic R groups (glycine (G), alanine (A), proline (P), valine (V), leucine (L), 
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Isoleucine (I), methionine (M)) and aromatic R groups (phenylalanine (F), tyrosine (Y), 

tryptophan (W)) are marked in black color. In order to analyze the trend of selected peptides, the 

ratio of amino acids of each color over the total residues has been calculated. The calculated 

results for R3 peptides listed in Table 3.1 are shown as follows:  

1. Polar, uncharged R groups (S, T, C, N, Q): 22/108=20.37 %. 

2. Positively charged R groups (K, R, H): 36/108=33.33 %. 

3. Negatively charged R groups (D, E): 0/108=0 %. 

4. Non-polar and aromatic R group (G, A, P, V, L, I, M, F, Y, W): 50/108= 6.30 %. 

Similar calculation was carried out for the R5 peptides shown in Table 3.2:  

1. Polar, uncharged R groups (S, T, C, N, Q): 23/120=19.17 %. 

2. Positively charged R groups (K, R, H): 45/120=37.5 %.  

3. Negatively charged R groups (D, E): 6/120=5.0 %. 

4. Non-polar and aromatic groups (G, A, P, V, L, I, M, F, Y, W): 46/120=38.33 %. 

The above calculations show that the peptides selected after three rounds (Table 3.1) and five 

rounds (Table 3.2) of biopanning have a similar trend, namely a relatively high ratio of amino 

acids with positively charged R groups and a very low ratio of amino acids with negatively 

charged R groups. With the panning rounds increasing from three to five, the ratio of amino 

acids with positively charged R groups increased from 33.33 % to 37.5 %, which indicates that 

this category of amino acids plays a predominant role in substrate binding and thus has been 

enriched with additional rounds of panning. We also confirmed the preference of positively 

charged R groups by calculating the net charge of each peptide sequence, as shown in the last 

column in Tables 3.1 and 3.2. It is notable that all peptide sequences have positive net charge. 

We thus postulate that the strong affinity between these peptides and the CdS substrate is 
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attributed to the interaction of their positively charged side chains with the solid surface. The 

domination of positive net charge was also observed in the CdS-, ZnS- and PbS-binding peptides 

selected by Dr. Belcher’s group.
26

  

 

Table 3.1 CdS-specific peptide sequences after three rounds (R3) of biopanning 

 

 

Table 3.2 CdS-specific peptide sequences after five rounds (R5) of biopanning 
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In order to understand the preference of peptides with positively charged R groups, we 

investigated the influence of the crystalline structure of CdS. The CdS substrate used in 

biopanning is of wurzite structure with (0001) orientation, as shown in Figure 3.4a. In <0001> 

direction, the exposed planes can be either Cd or S dominated faces. But the use of diluted HCl 

in the substrate cleaning process will likely consume all surface Cd cations and result in the  

 

 

Figure 3.4 Schemes of (a) the wurtzite CdS and (b) the interaction between CdS substrate and 

amino acids with positively charged R groups.  

 

exposure of S face over the whole substrate surface. The positive R groups thus competitively 

attach to the surface of CdS substrate through electrostatic interaction with exposed S anions, as 

depicted as Figure 3.4b. We also notice the high frequency of proline (P) in these specific 

peptides. Proline differs from all the other standard amino acids in actually being an α-imino 

acid, which causes kinks in the chain. The cis-peptide bond of proline may therefore enable the 

functional amino acids to approach the substrate surface, instead of floating freely.   
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We also investigated the interaction between rutile TiO2 substrates and their specific 

peptides. Two types of TiO2 substrates, with (110) and (100) orientations, were used in 

biopanning (their selected peptides are listed in Tables 3.3 and 3.4). For the TiO2 (110) substrate, 

there are 13 of 17 clones sharing one identical peptide sequence, SVSVGMKPSPRP (Clone 1 in 

Table 3.3). For the TiO2 (100) substrate, 10 of 17 clones have the same sequence, 

SVSVGMKPSPRP (Clone 4 in Table 3.4). It is interesting that the dominant binding peptides for 

rutile TiO2 (110) and (100) are actually the same, which indicates that the interactions between 

peptides and the two different rutile surfaces are probably similar. From Tables 3.3 and 3.4, we  

 

Table 3.3 TiO2 (110)-specific peptide sequences after five rounds (R5) of biopanning. The 

peptide sequence in Clone 1 was observed in 13 clones. 

 

 

Table 3.4 TiO2 (100)-specific peptide sequences after five rounds (R5) of biopanning. The 

peptide sequence in Clone 4 was observed in 10 clones. 

 

find that amino acids with polar uncharged R groups and positively charged R groups are 

preferred, indicating that these amino acids play a key role in the attachment to TiO2 substrates. 
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For single-crystal rutile substrates, even if they are carefully prepared the crystal surface is quite 

defective,
48

 the surface of TiO2 substrate thereby can be easily hydrolyzed in aqueous solution.
49

 

Amino acids with polar uncharged R groups and positively charged R groups thus can bind to the 

hydroxyl groups on the surface of TiO2 substrates through hydrogen bonds, as depicted in Figure 

3.5.  

  

Figure 3.5 Schemes of the interaction between the hydroxyl groups on the TiO2 substrate and the 

amino acids with polar side chains. 

 

It is plausible that these chemical interactions between the functional amino acids and the 

hydroxyl groups on the rutile TiO2 substrates are not the only factor in determining the binding 

affinity. Peptides containing several consecutive functional amino acids, such as Clone 2 in 

Table 3.3 and Clones 1, 6, and 8 in Table 3.4, surprisingly do not appear as the strongest binding 

sequences. We thus postulate that the peptide structure is another important factor in determining 

the binding affinity. The distance between two Cα is around 3.6 Å
 50, 51

 and the lattice parameter 

of rutile TiO2 is a=b=4.5845Å , c=2.9533Å .
52 

In the case of all functional amino acids in a 

consecutive pattern, the peptide will be in a rigid conformation in order to interact with the 
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adjacent surface hydroxyl groups on the surface of TiO2. Furthermore, the polar R groups of two 

adjacent amino acids may form hydrogen bond between them, instead of interacting with the 

surface hydroxyl groups, and thus decrease the binding affinity of the entire peptide. Therefore, 

in the dominant peptide the functional amino acids are spaced apart by interval residues, such as 

V and P, providing the flexibility for better matching with the crystal structure of TiO2. The cis-

peptide bond of proline may act as a bridge between two functional amino acids which interact 

with two most adjacent hydroxyl groups on TiO2 substrate. Having five separated functional 

amino acids along with three proline linkages, the peptide sequence SVSVGMKPSPRP therefore 

possesses the strongest affinity for TiO2 substrates.    

We finally investigated the recognition property of selected peptides in biomimetics. For this 

purpose, CdS-binding peptide, GPHSPKHRIHPN (Clone 4 in Table 3.2), was expressed on the 

main coat protein PVIII of bacteriophage M13 via inserting the encoding DNA into the vector 

F88.4. The dimension of M13 is around 6.6 nm in diameter and 880 nm in length.
53

 Figure 3.6a 

shows a TEM image of uranyl acetate (2 %) stained M13. The phage-templated CdS nanowires 

replicated the morphology of the phage (Figure 3.6b), which indicates that the displayed peptide 

is able to template the synthesis of CdS. Such nanowire morphology was not observed with using 

wild type M13 as template (Figure 3.6c) or in the absence of any type of phage in the reaction 

(Figure 3.6d).  
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Figure 3.6 TEM images of (a) filamentous bacteriophage stained by 2 % uranyl acetate. (b) CdS 

nanowires grown on the engineered phage; insert: one single nanowire. (c) CdS agglomerates 

obtained in the presence of wild phage. (d) CdS nanoparticles obtained in the absence of any 

type of phage.  

 

3.2.3 Conclusion   

Specific binding peptides for wurtzite CdS and rutile TiO2 were selected via phage display 

biopanning technique. The recognition ability of CdS-specific peptides to the substrate has been 

examined with the aid of labeled antibodies. The binding mechanisms between CdS- and TiO2-

specific peptides and the inorganic templates have been analyzed on the basis of the natural 

properties of amino acid side chains and the crystalline structure of the substrates. The successful 

growth of CdS nanowires over genetically engineered M13 phages indicates that the selected 
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peptides can be engineered onto other organisms to template various architectures with desired 

components.   

 

3.3 Fabrication of Ordered Nanostructures of Sulfide Nanocrystal Assemblies over Self-

Assembled Genetically Engineered P22 Coat Protein 

Lysogenic bacteriophage P22 has been intensively studied in virus assembly since it was 

discovered in 1952. In a typical P22 virus assembly process (Figure 3.7a), 420 copies of the P22 

coat protein of MW around 47 kDa start to assemble with the aid of approximately 300 copies of 

the 33.6 kDa scaffolding protein to form an icosahedral T=7 P22 procapsid.
54-57

 The icosahedral 

procapsid has a diameter of 58 nm. Then the scaffolding proteins exit and dsDNA packages 

through a portal complex. In this process the procapsid undergoes a structural transformation and 

finally forms mature virion of 64 nm diameter. Compared to angular P22 mature virion, an 

empty P22 procapsid is ~15 % smaller and more circular. The circular to angular structural 

transformation can be mimicked in vitro by gentle heating (65 
o
C for 10 min), while an extended 

heating (75 
o
C, ≥ 20 min) can induce the release of the twelve five-fold icosahedral vertices, 

leaving a 10 nm hole at each of the vertices (Figure 3.7b).
58

   

In this section, we demonstrate the fabrication of ordered nanostructures of nanocrystal 

assemblies over self-assembled genetically engineered P22 coat protein. This biotemplated 

construction involves two steps: (1) the self-assembly of spherical protein templates from 

genetically engineered P22 coat proteins; and (2) the nucleation and growth of nanocrystals on 

the self-assembled protein templates. We have used ZnS and CdS grown on the engineered P22 

coat protein assembly as a model system since binding peptides with strong affinity for these 

sulfides have been identified. Furthermore, the structure and assembly of the P22 coat proteins is 
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reasonably well understood. The synthetic strategy is quite general and can be extended to the 

fabrication of a variety of other nanostructures. 

 

Figure 3.7 (a) Assembly pathway of bacteriophage P22 showing the proteins involved and the 

nucleation, elongation and maturation reactions. Adapted from ref. 57. (b) Structural 

transformation of empty P22 procapsid. Reproduced with permission from ref. 58. 

 

3.3.1 Experimental  

3.3.1.1 Materials  

The synthesis of ZnS and CdS was carried out using commercially available reagents. 

Sodium sulfide (Na2S) and cadmium acetate (Cd(CH3COO)2) were purchased from Acros 

Organics and zinc acetate (Zn(CH3COO)2·2H2O) was obtained from Fisher Scientific. All the 

chemicals were used as-received without any further purification.  
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3.3.1.2 Preparation of Genetically Engineered Bacteriophage P22 Coat Protein Assemblies.  

Two peptide sequences, CNNPMHQNC and SLTPLTTSHLRS, isolated by Belcher’s group 

through screening of M13 phage display library and confirmed to have binding specificity to ZnS 

and CdS were used in this work.
26 

The nucleotide sequence encoding the specific peptide was 

introduced into a pET-based plasmid encoding the bacteriophage P22 scaffolding and coat 

protein genes at coat protein residue 182 by PCR based mutagenesis as described previously.
57

 

The coat and scaffolding proteins were expressed in E. coli BL21 DE3 at 37 
o
C. Cells were 

harvested by centrifugation 3-4 hours after induction with 1 mM IPTG and lysed by repeated 

freeze-thaw cycles in 50 mM Tris, 100 mM NaCl, 20 mM MgSO4, pH 7.6. The lysate was 

clarified by centrifugation at 12,000 x g for 45 min and the supernatant containing the procapsid- 

like particles (PLPs) was centrifuged through a 20 % sucrose cushion at 185,000 x g for 2 h to 

pellet the procapsids. The procapsids were re-suspended in 0.5 M Guanidinium-Cl buffer to 

remove the scaffolding proteins and procapsid shells were pelleted at 40,000 x g for 1 h. The 

coat protein assemblies were re-suspended in 50 mM NaCl, 25 mM Tris, 2 mM EDTA, pH 7.6 

and band purified by sucrose gradient centrifugation on a 5 mL 5-20 % sucrose gradient, 

followed by dialysis against 50 mM NaCl, 25 mM Tris, 2 mM EDTA, pH 7.6 to remove the 

sucrose.   

 

3.3.1.3. Inorganic Synthesis over Genetically Engineered Bacteriophage P22 Coat Protein 

Assemblies. 

Genetically engineered bacteriophage P22 coat protein assemblies stored in EDTA buffer 

were 4,000x dialyzed against deionized water before being utilized as biosynthetic templates. 

Water based protein assembly solution (10 μL) was dispersed in 1 mL of aqueous Zn(CH3COO)2 
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(1 mM) for interaction at 4 
o
C  for 12 h, allowing the protein-Zn(II) interaction. 1 mL of aqueous 

Na2S solution (1 mM) was then added into the above solution and the mixture was placed at 

room temperature for 2 h. Aqueous Cd(CH3COO)2 (1 mM) was used as the Cd(II) source in the 

synthesis of CdS.  All the reported experimental procedures were carried out in a fume hood with 

appropriate handling of the chemicals and biological samples for safety. 

The morphology and structure of the products was observed using transmission electron 

microscopy (TEM) coupled with high resolution (HR) (Tecnai F-20). 

 

3.3.2 Results and Discussion 

Figure 3.8 demonstrates the formation of ordered sulfide nanocrystal assemblies over self-

assembled genetically engineered P22 coat proteins. Hereafter, we refer to these hybrid 

structures as sulfide (ZnS or CdS) nanostructures. The assembly process and the resultant 

structure of protein templates are similar to those of the wild P22 procapsid. Typically, 420 

copies of the P22 coat protein of MW around 47 kDa assemble with the aid of approximately 

300 copies of the 33.6 kDa scaffolding protein to form an icosahedral T = 7 P22 procapsid 

(Figure 3.8a).
54-57

 The protein assembly (Figure 3.8b) has been established to have an 

approximate diameter of 58 nm. The structure of the protein assembly can be viewed as 

consisting of 60 hexamers clustered along with 12 pentamers at the vertices; one of each kind is 

marked by Numbers 5 and 6, respectively, in Figure 3.8a. Each pentamer is roughly 12.5 nm in 

diameter, while the axes of the slightly skewed hexamer are approximately 11 and 13 nm. Both 

the pentamers and hexamers contain channels of about 3 nm in diameter.
54

 In the self-assembly 

of the genetically engineered P22 coat protein, as shown in Figure 3.8c, a foreign peptide is 

inserted between coat protein residues 182 and 183 by PCR based mutagenesis (see details of 
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genetic engineering of P22 coat protein in 3.3.1.2). These residues lie in the middle of a flexible 

loop region on the protein surface such that it has the tolerance for addition of a short peptide.
55

 

Peptide sequences with strong affinity for the sulfides, ZnS (CNNPMHQNC) and CdS 

(SLTPLTTSHLRS), have previously been identified from a phage display peptide library by 

Belcher’s group.
26

 On the resultant protein assembly, the engineered peptides ring the central 

channel of each of the pentamers and hexamers as dictated by the geometrical location of the 

original coat protein residue 182. In a typical inorganic synthesis, the protein-directed nucleation 

of sulfide nanocrystals occurs at the engineered regions on the protein surface. Since the central 

cavity of a pentamer or hexamer is about 3 nm in diameter, it can aid in the growth of a 

nanocrystal from several sulfide nuclei formed over five (pentamer) or six (hexamer) fused 

peptides.
59-61

 Thus, an engineered protein assembly is theoretically capable of forming 72 sulfide 

nanocrystals symmetrically distributed on its surface. By changing the reaction time and reactant 

concentration, the final protein-directed sulfide growth is expected to exhibit different structures, 

such as ordered spherical nanocrystal assemblies (Figure 3.8d) during the early stage of growth 

that eventually develop into spherical hollow nanostructures for longer growth periods (Figure 

3.8e). Experimental details are provided in 3.3.1.3 and the products have been investigated using 

transmission electron microscope (TEM) coupled with high resolution (HR). 
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Figure 3.8 (a) Three-dimensional surface representation of P22 procapsid viewed along a 3-fold 

axis; (b) TEM image of stained protein assemblies of genetically engineered P22 coat protein; (c) 

Schematic illustration of the formation of ordered nanocrystal assemblies over self-assembled 

genetically engineered P22 coat proteins. Step 1: assembly of P22 coat proteins (gray) 

genetically engineered with specific peptide (red). Step 2: protein-directed nucleation and growth 

of nanocrystals (yellow) on the protein assembly. (d, e) Sulfide nanocrystal assemblies grown on 

the self-assembled protein templates shown in Figure 3.8b. All scale bars represent 50 nm.  

 

In order to verify the directing function of the protein template in the nucleation and growth 

of ZnS, we determined the actual number of nanocrystals formed after a short reaction period on 

the protein template. Figure 3.9a shows the TEM image of two ZnS nanostructures and their 

nanocrystal subunits. Since the individual ZnS nanocrystals are discontinuously distributed over 

the protein assemblies and each of them can scatter the electron beam to provide contrast, the 

number of nanocrystals can be counted. The number of distinct nanocrystals in each 

nanostructure (Figure 3.9a) has been determined to be 65 for the one on bottom-left (Figure 3.9b) 
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and 70 for the top-right nanostructure (Figure 3.9c), respectively. The number of nanocrystals is 

very close to the predicted value of 72 - the total number of pentamers and hexamers within one 

protein assembly. Figure 3.10a shows the TEM image of a spherical ZnS nanostructure grown on 

genetically engineered P22 coat protein assembly. The HRTEM image of a typical individual 

nanocrystal is provided in Figure 3.10b, which shows lattice fringes with a spacing of d = 0.337 

± 0.006 nm, corresponding to the (100) planes of the wurtzite (hexagonal) structure of ZnS. For 

site-specific nucleation and growth of the nanocrystals the pattern of electron dense ZnS 

nanocrystals should correspond to the locations of the fusion peptides on the protein assembly. 

The particles can affix to the grid with any rotation about the Euler angles and different 

orientations will result in different projected patterns of the ZnS nanostructure. We have verified 

the ability of genetically engineered proteins to direct the construction of inorganic 

nanostructures by matching the locations of the synthesized ZnS nanocrystals to the location of 

the fusion peptides on the protein assembly. Figure 3.10c displays the two dimensional 

projection image of the locations of the fusion peptide (small white dots) projected from the 

orientation providing the best match to one observed ZnS nanostructure. The seventy-two red 

dots indicate the center of the pentamers and hexamers, the expected locations for nanocrystal 

growth. The correspondence between the projected dot-pattern and the ZnS nanocrystals for one 

nanostructure is shown in Figure 3.10d. There are partial mismatches, which is likely due to the 

deformation of protein template during sample preparation and TEM imaging. The 

correspondence between fusion peptide and nanocrystal location for a second ZnS nanostructure 

affixed to the grid in a different orientation is shown in Figure 3.11a and b. 
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Figure 3.9 (a) TEM image of two connected ZnS nanostructures formed after 2 h; magnified 

TEM images of (b) the bottom-left and (c) the top-right nanostructures shown in Figure 3.9a. 

Protein-templated nanocrystal subunits are marked in red. All scale bars represent 20 nm. 
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Figure 3.10 (a) TEM image of a spherical ZnS nanostructure and (b) HRTEM image of one 

crystal subunit; (c) Simulated structure of P22 coat protein assembly generated by PyMOL 

molecular visualization system, showing protein residue 182. The red dots indicate the center of 

the hexamers and pentamers. (d) Superimposed simulated structure of Figure 3.10c on 

synthesized ZnS nanostructure. The scale bar in Figure 3.10a and 3.10d represents 10 nm.  
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Figure 3.11 (a) Two-dimensional projection of a simulated P22 coat protein assembly generated 

by PyMOL molecular visualization system, only showing the individual protein residue 182 as a 

white dot. The red dots indicate the center of the hexamers and pentamers. (b) Matching (a) with 

a ZnS nanostructure. The scale bar represents 10 nm.   

 

We have also studied the nano-patterned assembly of CdS nanocrystals and their evolution 

on the surface of self-assembled genetically engineered P22 coat protein. For this purpose, as in 

the case of ZnS, a peptide with specific affinity to CdS is inserted into P22 coat protein. The size, 

shape, and structure of the synthesized ordered sulfide nanostructures can again be manipulated 

by varying the reaction time and reactant concentration. The nucleation and growth of CdS over 

the assembled proteins after a short reaction period result in the formation of the nanoclusters 

that are composed of ~2 nm quantum dots, as shown in Figure 3.12. The HRTEM image (Figure 

3.12d) of a typical CdS nanostructure shows clear crystal lattice fringes with interlayer spacing 

measured to be 0.244 ± 0.001 nm, very close to the lattice spacing of the (102) planes of 0.245 

nm in hexagonal CdS. We have also investigated the dot-pattern match between the synthesized 

CdS nanoclusters and the location of the fusion peptides on the protein assembly (Figure 3.13). 

The good correspondence further confirms that the sulfide nanocrystals specifically nucleate at 

the engineered peptide sites. 
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Figure 3.12 (a-c) TEM and (d) HRTEM images of nearly monodisperse CdS nanocrystal 

assemblies formed over genetically engineered P22 coat protein assemblies after a short reaction 

time of 2 hours at a low reactant concentration (1 mM). 

 

 

 

Figure 3.13 (a) Two-dimensional projection of a simulated P22 coat protein assembly generated 

by PyMOL molecular visualization system, only showing the individual protein residue 182 as a 

white dot. The red dots indicate the center of the hexamers and pentamers. (b) Matching (a) with 

a CdS nanostructure. The scale bar represents 10 nm.   
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By prolonging the reaction time, each CdS quantum dot subunit within the initially formed 

nanoclusters (Figure 3.12) grows larger to form ordered assemblies of more densely-packed 

nanocrystals while still maintaining the nanocluster structure (Figure 3.14). With increasing both 

the reaction time and reactant concentration, the nanoclusters evolve into spherical hollow 

nanostructures (Figure 3.15), accompanying the continued growth of the CdS quantum dot 

subunits to ~5 nm that essentially covers a major fraction of the protein template surface. All 

these nanostructures can form monodisperse layers on a large scale. A similar nanostructure 

evolution has also been observed for ZnS nanocrystal assemblies on engineered P22 coat protein 

templates (Figure 3.16 and 3.17). We finally note that only the genetically engineered P22 coat 

protein assemblies serve as efficient templates for the protein-directed nucleation and growth of 

the unique sulfide nanostructures. Non-spherical nanoparticle agglomerates are obtained in the 

presence of wild P22 capsids (Figure 3.18a), protein assemblies engineered with non-specific 

peptide (Figure 3.18b), and in the absence of any protein template (Figure 3.18c).  

 

 

Figure 3.14 TEM images of nearly monodisperse CdS nanocrystal assemblies formed over 

genetically engineered P22 coat protein assemblies after a longer reaction time of 5 hours at the 

low reactant concentration. 
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Figure 3.15 TEM images of nearly monodisperse spherical hollow nanostructures of CdS 

nanocrystals assembled over genetically engineered P22 coat protein assemblies after an even 

longer reaction time of 12 hours and at a higher reactant concentration (2 mM). 

 

 

 

 

Figure 3.16 TEM images of nearly monodisperse ZnS nanocrystal assemblies formed over 

genetically engineered P22 coat protein assemblies after a short reaction time of 2 hours. 
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Figure 3.17 TEM images of nearly monodisperse spherical hollow nanostructures of ZnS 

nanocrystals assembled over genetically engineered P22 coat protein assemblies after a longer 

reaction time of 12 hours. 

 

 

 

 

 

Figure 3.18 TEM image of (a) ZnS product prepared in the presence of wild P22 procapsids; (b) 

CdS product prepared in the presence of self-assembled P22 coat proteins engineered with ZnS-

specific peptide; and (c) ZnS product prepared in the absence of any type of P22 coat protein. 

 

3.3.3 Conclusion 

In summary, we have demonstrated a controllable approach for the construction of ordered 

ZnS and CdS nanostructures over genetically engineered P22 coat protein assemblies. The high-

affinity ZnS- and CdS-binding peptides, identified from phage display library, enable the 

selective nucleation and growth of sulfides over the complex protein assemblies. The 
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demonstrated strategy can be expanded to serve as a general bio-inspired approach for the design 

of nanoparticle assemblies with desired components and architectures. 
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CHAPTER 4 

BACTERIUM E. COLI-TEMPLATED SYNTHESIS OF NANOPOROUS CADMIUM 

SULFIDE HOLLOW MICRORODS FOR EFFICIENT PHOTOCATALYTIC HYDROGEN 

PRODUCTION 

 

Reproduced  in part with permission from [Shen, L.; Bao, N.; Prevelige, P. E.; Gupta, A. J. Phys. 

Chem. C 2010, 114, 2551–2559.]. Copyright [2010] American Chemical Society. 

 

4.1 Introduction 

Sulfides, such as CdS,
1 

AgInS2,
2 

 CuInS2,
3, 4 

etc., are a group of narrow-band-gap 

semiconductors that have been widely researched as candidates for visible-light-driven 

photocatalysis.  In the presence of a sacrificial reagent, CdS, with a bandgap of about 2.4 eV and 

a flat-band potential at -0.66 V (pH 7), is an excellent photocatalyst for H2 production under 

visible light irradiation.
5, 6

 It should be noted that the bandgap structure of materials is only a 

thermodynamic requirement and not a sufficient condition for an efficient photocatalysis. The 

solar energy conversion efficiency of a photocatalyst is strongly dependent on materials-related 

characteristics, including the crystal structure, crystallinity, particle size, and distinctive 

nanostructures.
7
 These factors directly influence the bandgap structure and electron-transfer 

processes, including the charge separation, transport of photogenerated carriers, and 

photochemical reactivity at the photocatalyst/electrolyte interface. Cadmium sulfide (CdS) 

nanocrystals with a hexagonal crystal structure have shown superior photocatalytic activity than 

that with a pure cubic, or a mixture of cubic and hexagonal phases.
6
 Recent studies indicate that 

nanoporous hollow structures provide a shorter pathway for the transfer of electrons excited in 

semiconductors.
8, 9

 Accordingly, nanoporous hexagonal CdS with a hollow structure, prepared 

using a two-step chemical reaction, exhibits a high activity (quantum yield=60.34 %) for the 

photocatalytic hydrogen production under visible light irradiation (λ≥420 nm).
10
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Hollow structures have in fact attracted attention for a variety of applications, and are 

commonly fabricated on pre-synthesized templates such as polystyrene,
11, 12

 silica spheres,
13, 14

 

etc. In recent years, a wide range of microbiological organisms, including proteins,
15, 16

 nucleic 

acids,
17, 18

 phages,
19 

  bacteria,
20

 and complex multicellular systems,
21

 have also been investigated 

as biotemplates. Using such biological systems, a number of inorganic nanomaterials have been 

synthesized with precisely controlled size, shape, structure, and functionality.
22-25

 These 

nanomaterials can be further assembled into more complex functional structures and devices.
26, 27

 

From a practical viewpoint, unicellular microorganisms, such as bacteria, are attractive templates 

for material synthesis since they are readily available in a wide variety of shapes and sizes, and a 

number of them are environmentally benign and can be readily amplified under ambient 

conditions.
28

  

Bacterial systems, including Clostridium, Klebsiella aerogenes, and Escherichia coli (E. 

coli), have been used to biosynthesize CdS nanocrystals.
29

 E. coli is of particular interest, since it 

is a Gram-negative bacterium and is by far the most well studied bacterial system. The genetic 

tools and cellular metabolisms associated with this bacterium are fairly well understood. E. coli 

is also one of the longest rod-shaped bacteria.
30

 Using E. coli, intracellular hexagonal CdS 

nanocrystals have been produced with a size distribution of 2-5 nm when the bacteria are 

incubated in a solution containing cadmium chloride and sodium sulfide.
31

 The nanocrystal yield 

varies dramatically depending on the growth phase of the cells; increasing nearly 20-fold in E. 

coli cells grown to the stationary phase as compared with those grown to the late logarithmic 

phase. More recently, the microbial synthesis of CdS nanocrystals in genetically engineered E. 

coli, produced by expressing the phytochelatins synthase of Schizosaccharomyces pombe 

(SpPCS), has been reported.
32

 By controlling the population of the capping PCs, E. coli cells 
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have been engineered as an eco-friendly biofactory to produce uniformly sized PC-coated CdS 

nanocrystals. In both reported cases, the intracellularly synthesized CdS in the form of 

nanocrystals has to be collected by disrupting the cells. Furthermore, the concentrations of the 

inorganic reactant salts have to be carefully controlled in order to avoid a rapid, uncontrolled 

precipitation of CdS particles in solution. Thus far, the controllable intracellular synthesis and 

assembly of more complex CdS architectures on E. coli has not been feasible because the low 

permeability of cell envelope and the efflux pump inhibition
33-34 

in bacterial system prevents the 

nucleation of inorganic materials throughout the cell envelope.  

We have developed a simple sonochemical route for the synthesis and assembly of CdS 

nanostructure with high yield under mild ambient conditions by exploiting the chemical 

characteristics and structure of permeabilized E. coli bacteria. Although other bacteria, such as L. 

bulgaricus, have been used as templates to prepare ZnS on the cell surface by combining 

sonochemistry, 
35 

the novelty of the present method lies in the use and modification of E. coli for 

the templating growth of CdS with controllable material properties. E. coli is one of the longest 

rod-shaped bacteria and also one of the most extensively studied bacterial systems.
30

 Motivated 

by the use of ethanol in Gram staining, we have developed an ethanol treatment method to 

enhance the permeability of Gram-negative E. coli while retaining its morphology.
36

 The role of 

ethanol is to dissolve the lipid layer in cell’s outer membrane, thus enabling Cd
2+ 

adsorption and 

reaction throughout the cell envelope. Upon the addition of thioacetamide (TA), H2S is gradually 

produced by the sonochemical decomposition
37

 and then reacts rapidly with the adsorbed 

cadmium ions to nucleate and grow CdS throughout the cell envelope. With increasing the 

reaction time, the CdS nanoparticles grow larger and coalesce to form continuous hollow 

nanostructures. Thus, by simply changing the reaction time, CdS nanostructures in the form of 
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monodisperse quantum dots, nearly monodisperse nanocrystals, and nanoporous hollow 

microrods are controllably formed throughout the whole cell envelope of the E. coli using 

cadmium acetate and thioacetamide as reactants. The process is schematically illustrated in 

Figure 4.1. We have also fabricated novel structures consisting of CdS nanorod antennas 

attached to nanoporous hollow microrods by using E. coli pili as templates. As expected, the 

synthesized CdS nanostructures show a distinct red-shift with increasing size of the 

nanostructures. In addition to controlling the morphology, we can precisely tune the crystal 

phase of CdS products from cubic, a mixture of cubic and hexagonal, to pure hexagonal by 

merely adjusting the sulfur/cadmium molar ratio of the reactants. Photoanodes fabricated using 

the nanoporous hollow CdS microrods of hexagonal structure exhibit excellent performance for 

the photocatalytic hydrogen production, with a maximum photoelectrochemical cell efficiency of 

4.33 % under global AM 1.5 illumination. We have extended this bacterium-templated approach 

to the synthesis and assembly of other sulfides, including PbS, ZnS, and HgS.  

 

Figure 4.1 A schematic diagram illustrating the concept of E. coli–templated synthesis and 

assembly of nanoporous hollow CdS nanostructures.   
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4.2 Experimental 

4.2.1 Preparation of Cells 

E. coli strain ER2738 was supplied by New England Biolab. The ER2738 cells were 

incubated in LB medium overnight, centrifuged at 10,000 rpm for 10 min, and then re-suspended 

in 1/7 volume sterile deionized water (the concentration of cells was ~10
9
 CFU/mL). 1 mL of 

this cell culture was centrifuged and the cell pellet was completely dispersed in 95 % ethanol for 

3 min, followed by the addition of 50 mL of sterile deionized water. The ethanol-treated ER2738 

cells were collected by centrifugation and then re-suspended in 50 mL of sterile deionized water 

for the inorganic synthesis. 

 

4.2.2 Synthesis of CdS Nanostructures 

Cadmium acetate dihydrate and thioacetamide were purchased from Acros Organics and 

used as-received. In a typical procedure, 0.5 mmol of cadmium acetate dihydrate was first added 

to 50 mL of ethanol-treated ER2738 solution and after 30 min, 0.5 mmol of thioacetamide was 

subsequently added. The reactions were conducted for up to 4 h in an ultrasonic bath with the 

temperature maintained at around 28 ºC. The time-dependence of the size, shape, and structure of 

the E. coli-templated CdS structures was investigated by changing the reaction time. By 

adjusting the sulfur/cadmium molar ratio, the crystal phase of the CdS product could be precisely 

controlled from cubic, mixture of cubic and hexagonal, to pure hexagonal. For example, in order 

to supply more sulfide ions in a short time for decreasing the Cd/S ratio, the thioacetamide 

concentration was increased so that a suitable amount of hydrogen sulfide could be produced 

rapidly. The synthetic procedure has been extended to the synthesis of other sulfides such as PbS, 

HgS, and ZnS. 
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4.2.3 Characterization of materials 

The morphology and structure of the CdS products were investigated using a combination of 

scanning electron microscopy (SEM, Philips X-30), operating at 20 kV, and transmission 

electron microscopy (TEM, coupled with high resolution (HR), Tecnai F-20), operating at 200 

kV. The composition analysis was carried out using energy dispersive X-ray spectroscopy (EDS), 

equipped on the SEM. X-ray diffraction (XRD) patterns of samples were obtained on a Bruker 

D8 Advance X-ray diffractometer (Co irradiation, λ=1.7889 Å), in the continuous scan mode 

over 20-70° (2θ) with a scanning rate of 0.02° (2θ)/second, operating at 45 kV and 20 mA. UV-

visible (UV-Vis) absorption spectrum of all the samples dispersed in water was recorded using a 

Varian Cary UV-Vis spectrophotometer. 

 

4.2.4 Photoelectrochemical characterization 

The photoanode was fabricated by spin-coating several layers of E. coli-templated CdS 

ethanol solution (0.05 g/ml) on to an ITO-coated glass substrate (1 cm ×1 cm) and was then 

annealed at 300°C in high-purity N2 for 0.5 h. The E. coli-templated CdS used for the fabrication 

of electrode was synthesized by the procedure described above. For comparison, a photoanode 

consisting of an identical amount of CdS nanoparticles synthesized in the absence of E. coli 

template was fabricated using the same procedure. An EG&G potentiostat was used to measure 

the photoelectrochemical response of the fabricated photoanodes with a conventional three-

electrode system comprising of an Ag/AgCl reference electrode and Pt foil counter electrode. A 

1 M Na2S-0.5 M Na2SO3 aqueous solution was used as the electrolyte. A solar simulator with an 

illumination intensity of one sun (AM 1.5, 100 mW/cm
2
, Newport Corporation) was used as the 

light source. A power meter (Scientech, Inc.) was used to calibrate the input power before and 
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after the photoelectrochemical measurements. The photoelectrochemical cell efficiency was used 

as the parameter to evaluate the photoelectrochemical property of the synthesized 

nanostructures.
38-39

   

 

4.3 Results and Discussion 

The composition, crystal phase, morphology, structure, and optical absorption properties of 

the products have been examined using EDS, XRD, SEM, (HR) TEM, and UV-Vis 

spectroscopy. Figure 4.2 shows the typical morphology and structure of as-synthesized E. coli-

templated nanoporous hollow CdS microrods obtained after a reaction time of 4 h. Figures 4.2a 

and 4.2b show the large-area and magnified SEM images of the products, respectively. The 

shape and dimension of most of the product are very close to that of E. coli (being rod-like with 

~2.5 m in length and ~0.8 m in diameter), which indicates that the bacterium indeed acts as a 

template for the synthesis. A small fraction of the product has a longer length and some exhibit 

open-ended structures, as seen in Figures 4.2b and 4.2d. The latter is caused by cell division, 

which is a natural process during the cell growth. The CdS microrod imaged on the right in 

Figure 4.2c is formed at the start of cell division as suggested by the narrowed diameter in the 

mid section that appears pinched; while the microrod imaged in the left has a uniform diameter 

over the entire length since it forms before the cell division. The TEM cross section image for 

products formed at the time of cell division have an open end, as observed in Figure 4.2d. The 

hollow nature of the CdS microrods is quite apparent based on the examination of these open-

end structures.  Figure 4.2e shows the cross section TEM image of an open-end hollow microrod. 

The front and the back sides of the microrod can to be readily distinguished by comparing the 

bright/dark contrast. Since the diameter of the hollow microtubes is around 0.8 m, it is difficult 
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to image them with both the front and the back ends in focus. In Figure 4.2e, the bright part 

represents the back side of the microrod, which is in focus, showing the inner surface and 

structure. The dark part represents the front side of the microrod, showing an unfocused image of 

the outer surface and structure.  By measuring the dark edge of the microrod in Figure 4.2e, the 

wall thickness is estimated to be around 60 nm. The hollow microrods are composed of CdS 

nanoparticle agglomerates that form a nanoporous structure with uniformly distributed nanopores 

of around 5 nm in diameter across the entire length.  Both nanopores and clear crystal lattice 

fringes are observed in the HRTEM image shown in the inset to Figure 4.2f. We have further 

verified using EDS that the chemical composition of the products is close to stoichiometric with 

a Cd/S atomic ratio of ~1.02.  

We have investigated the nucleation and growth of CdS on the ethanol-treated E. coli by 

withdrawing a small amount of sample from the reaction solution after 1 min, 10 min, 2 h, and 4 

h of reaction for the TEM imaging and optical absorption measurements. Figure 4.3 shows the 

morphology of products formed after 1 min (Figures 4.3a and b), 10 min (Figures 4.3b and c), 2 

h (Figure 4.3d), and 4 h (Figure 4.3e). As seen in Figure 4.3b, monodisperse single-crystalline 

CdS quantum dots with dimension <2.5 nm (over 90 % of the nanoparticles with sizes in the 

range of 2.3±0.4 nm) are formed inside the cell envelope after 1 min reaction. By prolonging the 

reaction time to 10 min, the quantum dots grow larger, forming CdS nanocrystals with dimension 

<6.5 nm (over 80 % of the nanoparticles with sizes in the range of 5.3±0.5 nm), as seen in Figure 

4.3d. With further increasing the reaction time to 2 h, continuous CdS nanoparticle agglomerates 

form inside the cell envelope (Figure 4.3e). The hollow nature of the structure is apparent in the 

micrograph. After the longest reaction period (4 h), both the density and thickness of the CdS 

nanoparticle agglomerates increase (Figure 4.3f), resulting in a uniform porous coating.  
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Figure 4.2 SEM and TEM images of E. coli-templated nanoporous hollow CdS microrods 

formed after 4 h.  (a) Low-magnification and (b) high-magnification SEM images of the hollow 

structures showing the high yield of product with the desired shape. TEM image of hollow CdS 

microrods with (c) closed ends and (d) an open end.  The magnified TEM images of (e) the cross 

section and (f) the body of a rod-like hollow CdS structure show the uniform wall thickness and 

the nanoporous structure of the wall, respectively. 
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Figure 4.3 TEM and HRTEM images of synthesized CdS nanomaterials as a function of reaction 

time. (a, b) Monodisperse quantum dots formed after 1 min; (c, d) nearly monodisperse 

nanocrystals formed after 10 min; (e) continuous nanoparticle agglomerates formed after 2 h; 

and (f) uniform porous coating formed after 4 h.  

 

To confirm the essential role of E. coli as templates, we have verified that only CdS 

nanoparticles of around 80 nm in diameter are produced in their absence, under otherwise 
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identical reaction conditions, as seen in Figures 4.4a and b. As mentioned earlier, the ethanol 

treatment enhances the cell permeability of E. coli to enable the Cd
2+ 

adsorption and reaction 

throughout the cell envelope. Thereby, CdS nanostructures in the form of monodisperse quantum 

dots, nearly monodisperse nanocrystals, and nanoporous hollow microrods are controllably 

formed on the cell envelope (Figure 4.3). In contrast, control experiments using untreated E. coli 

as template show the formation of CdS nanoparticles both in solution and on the surface of the 

bacteria after 1 min of reaction (Figure 4.4c), that then develop into large crystal agglomerates 

that are non-uniformly distributed on the cell surface after 2 h of reaction (Figure 4.4d).  

 

 

Figure 4.4 TEM images of (a and b) crystalline CdS nanoparticles sonochemically synthesized 

after 4 h in the absence of E. coli bacteria, and CdS nanoparticles formed in the reaction solution 

and on the cell surface of untreated E. coli bacteria after (c) 1 min and (d) 2 h. 
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E. coli bacterium typically has pili (small hair-like projections emerging from the outside cell 

surface) during the growth phase. A cell may have 100-300 pili, which are approximately 6.5 nm 

in diameter and between 200 and 2000 nm in length, with a rapid loss of piliation occurring 

when the culture reaches the early stationary phase.
40

 If using ethanol treated E. coli cells grown 

to the early stationary phase as templates, the resulting products are nanoporous hollow CdS 

microrods with attached CdS nanorod antennas, as seen in Figure 4.5. The CdS nanorod antennas 

have lengths varying from ~200 nm to several microns and widths of ~100 nm. By changing the 

growth conditions of the E. coli, both the number and the size of the pili will change. 

Correspondingly, the size, structure, and the density of the CdS nanorod antennas can be 

manipulated. The HRTEM image shown in Figure 4.5d indicates good crystallinity of the CdS 

antennas.   

By increasing the reaction time, a gradual transition in the color of the reaction solution from 

colorless, to nearly colorless, to yellow, to orange, and finally to dark orange is observed, as 

shown in the photographs in Figure 4.6. Consistent with the TEM images of Figure 4.3, a distinct 

red-shift is noted in the absorption spectra as a function of reaction time in Figure 4.6, 

confirming the increase in size of the CdS nanoparticles formed on the cell envelope. The spectra 

of the product formed after 4 h (Figure 4.6e), with a peak at around 520 nm, is similar to that of 

bulk CdS. As seen in Figure 4.6e, the absorption edge for the sample obtained after 4 h reaction 

is at about 550 nm, which is at longer wavelength than the bandgap of bulk CdS. This is likely 

caused by Rayleigh scattering since the products are nanoporous hollow structures composed of 

nanoparticles, similar to earlier reported nanostructures.
10

 Although the synthesized hollow 

microrods have a diameter of approximately 800 nm, the walls of the hollow microrod are 

composed of uniformly distributed CdS nanoparticle agglomerates consisting of nanoparticles in 
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the range of 5-15 nm in diameter and nanopores of ~5 nm. The dimension of the nanopores is 

extremely small as compared to the wavelength of UV and visible light (200-800 nm), resulting 

in the Rayleigh scattering phenomenon. 

 

 

Figure 4.5 TEM and HRTEM image of nanoporous hollow CdS microrod-supported nanorods 

synthesized after 4 h using E. coli with pili as templates. (a, b) Low-magnification and (c) high-

magnification TEM images of the CdS nanostructures show the morphology and structure of the 

whole CdS assembly, the basic hollow microrod, and the attached nanorods. (d) HRTEM image 

of the CdS nanorods showing crystal lattice fringes. 
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Figure 4.6 Optical images and UV-Vis spectra of E. coli-templated CdS nanostructures in 

solution after (a) 0 min, (b) 1 min, (c) 10 min, (d) 2 h, and (e) 4 h of reaction.  

 

As mentioned previously, the photocatalytic efficiency of CdS is dependent on its crystalline 

phase, with the hexagonal variant exhibiting the highest photocatalytic activity for hydrogen 

production under visible light irradiation.
6, 10 

Thioacetamide is widely used as a sulfur source for 

the sonochemical synthesis of metal sulfides in the form of films, coatings, etc., because of its 

slow reaction rate with metal ions.
36, 41

 In most reported studies the crystal structure of the 

materials has not investigated, including the case of bacteria-templated synthesis of CdS. We 
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have achieved precise control of the crystal phase of the hollow CdS microrods by adjusting the 

relative molar amount of sulfur in the reactants. Figure 4.7 shows the XRD patterns of three as-

prepared microrod samples, with the crystal structure varying from pure hexagonal (Figure 4.7a, 

JCPDS card No. 41-1049), to a mixture of hexagonal and cubic (Figure 4.7b), to pure cubic 

phase (Figure 4.7c, JCPDS card No. 10-0454) by decreasing the sulfur/cadmium
 
molar ratio. In 

general, the CdS precipitation reaction is rapid as long as sulfide ions are present in the solution 

since the CdS has a very small Ksp. The decomposition rate of thioacetamide is not expected to 

change under constant process conditions such as reaction temperature, pH value, and ultrasound 

power. Thus, for the synthesis at a high sulfur/cadmium
 
molar ratio, we can either increase the 

concentration of thioacetamide so that a suitable amount of hydrogen sulfide is produced rapidly, 

or decrease the concentration of Cd
2+

.  

The crystal structure of the product depends sensitively both on its intrinsic stability and the 

growth environment. CdS has two common crystal structures (hexagonal and cubic) with the 

former being thermodynamically more stable. For hexagonal CdS the polar axis along the [001] 

direction is the preferred growth orientation, while cubic CdS grows preferentially along the [111] 

direction.
42-43

 It should be noted that one hexagonal cell consists of at least two layers of CdS4 

tetrahedra stacked along the [001] direction, while at least four tetrahedral layers are needed 

along the [111] direction to constitute one cubic cell. Furthermore, the binding energy of cubic 

CdS is lower than that of hexagonal CdS so that the cubic phase is not thermodynamically 

favored. In our synthesis, it is likely that the variations in the crystalline phase results from 

differences in the symmetry of the first coordination sphere of Cd with S in the thioacetamide 

and the corresponding growth conditions. A lower symmetry of the complex, in a low 

sulfur/cadmium
 
molar ratio solution, favors the formation of cubic phase with growth along [111] 
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direction. In contrast, the formation of CdS with hexagonal structure is thermodynamically 

favored at higher sulfur/cadmium molar ratios. Thereby, during the initial stage, especially under 

non-equilibrium conditions affected by external conditions, crystal nuclei may develop into seeds 

in a preferable form (either low symmetry or high symmetry), resulting in the different 

crystalline phases in the products.   

 

 

Figure 4.7 XRD patterns of E. coli-templated CdS nanostructures with (a) hexagonal phase, (b) 

mixture of hexagonal and cubic phases, and (c) cubic phase, obtained with the sulfur/cadmium 

molar ratio at 2.5, 1, and 0.25, respectively.  

 

We have tested the E. coli-templated nanoporous hollow CdS microrods as photocatalysts for 

hydrogen production. To investigate their photocatalytic activity, the as-synthesized CdS 

nanostructures with hexagonal phase was deposited in the form of a coating on an ITO-coated 
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glass substrate and annealed at 300 °C for 0.5 h. We have confirmed that the hollow microrod 

structure is retained after the annealing process (Figure 4.8). The photoelectrochemical 

properties of the fabricated CdS photoanodes are then measured in a 1 M Na2S-0.5 M Na2SO3 

electrolyte under global AM 1.5 illuminations with a conventional three-electrode system 

comprising a Ag/AgCl reference electrode and Pt foil counter electrode. From these 

measurements the photoconversion efficiency of light energy to chemical energy is calculated by 

using the photoelectrochemical cell efficiency, as has been reported previously.
38-39

 A 

photoconversion efficiency of 4.33 % is obtained, as shown in Figure 4.9. This value is much 

higher than the 1.16 % efficiency obtained using CdS nanoparticles synthesized with the same 

procedure in the absence of E. coli. In our experiments, the light reflection and adsorption by the 

reactor wall and the reaction solution can result in an error or standard deviation for 

measurements of photoconversion efficiency, which usually accounts for minus 15 % error. In 

addition, the photoelectrochemical cell efficiency values vary depending on the errors and 

deviation involved in the assumptions and measurement procedures, such as the instruments’ 

measurement deviation, the mismatch between the measured spectrum and the actual spectrum at 

the time of measurement, etc. As for the instruments and the measurement procedure used in the 

present work, a duplicate experiment showed good reproducibility for the photoelectrochemical 

cell efficiency measurement, and a standard deviation of less than 7 % for 5 repetitive 

measurements. 
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Figure 4.8 (a) Low-magnification and (b) high-magnification SEM images of E. coli-templated 

hollow CdS microrods after annealing at 300 ºC for 0.5 h. 

 

The enhanced photoconversion efficiency in the case of the CdS microrods is attributed both 

to enhanced light absorption and fast electron-transfer due to the porous structure and thin rod 

wall thickness. Electron-transfer and electron/hole recombination are critical issues for 

photocatalytic applications of bulk materials. Nanopores in the hollow CdS microrods provide an 

ideal pathway for electron-transfer so that the ejected electrons can be transported rapidly to 

reduce recombination. This is similar to the transport process reported in CdS-coated TiO2 

nanotube array photoelectrodes in which photoexcited electrons can rapidly migrate to the TiO2 
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nanotubes, thereby decreasing the electron-hole recombination.
38

 The likely reaction mechanism 

for photocatalytic hydrogen production over CdS in the presence of S
2-

 and SO3
2-

 has been 

described previously.
10

 Briefly, when a photon is absorbed by CdS on the photoanode in the 

presence of S
2-

 and SO3
2-

, an electron/hole (e
-
/h

+
) pair is generated. The h

+
 can oxidize the 

adsorbed SO3
2-

 and S
2-

 on the surface of the photoanode to form SO4
2-

 and S2
2-

, while the e
-
 

migrates to the Pt counter electrode and reduces water to form H2.  

 

 

Figure 4.9 (a) Photocurrent density (b) dark current, and corresponding photoconversion 

efficiency (the inset) of a photoelectrode fabricated using E. coli-templated nanoporous CdS 

hollow microrods with the hexagonal phase structure. 

 

The simple synthetic strategy of using ethanol-treated E. coli as template has been extended 

to the preparation of other sulfide nanostructures, including PbS, HgS, and ZnS, as shown in 
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Figure 4.10. It is thus promising to use this method for synthesizing some mixed chalcogenide 

nanostructures with enhanced photoconversion efficiencies.   

 

 

Figure 4.10 XRD patterns and TEM images of E. coli-templated nanoporous hollow microrods 

of (a) PbS, (b) HgS, and (c) ZnS sonochemically synthesized after 4 h of reaction. 

 

4.4 Conclusion 

In summary, we have used ethanol-treated E. coli bacteria as templates to promote 

controllable growth of nanoporous hollow CdS microrods via a simple sonochemical synthetic 
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method. The crystal phase, morphology, micro/nanostructure, optical absorption, and 

photocatalytic properties of the CdS nanostructures have been tailored over a wide range by 

simply changing the synthetic conditions, including the sulfur/cadmium molar ratio of the 

reactants, the reaction time, and the growth condition of E. coli bacteria. A significant 

improvement in the photoconversion efficiency has been achieved by utilizing the unique 

nanoporous hollow structures, resulted from the effective kinetic separation of photogenerated 

carriers. The facile synthesis procedure can be extended to the fabrication of other sulfides and 

core-shell nanostructures that will potentially lead to further improvements in the 

photoconversion efficiency. Controlled growth of semiconductor nanorod antennas utilizing the 

E. coli pili provides another avenue for increased efficiency by aiding in the energy harvesting 

process. 
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CHAPTER 5 

SUMMARY AND FUTURE PLAN 

 

 

We have identified CdS- and TiO2-binding peptides using the phage display biopanning 

technique and analyzed the specific binding affinity between organic groups of the amino acids 

and inorganic components based on their chemical and physical properties. The CdS-binding 

peptides show preference for positively charged R groups that competitively attach to the surface 

of CdS substrate (cleaned using diluted HCl) through electrostatic interaction with the exposed S 

ions. Furthermore, proline (P) groups in these peptides cause kinks in the chain, enabling the 

functional amino acids to approach closer to the substrate surface than possible without their 

presence. Single crystal rutile TiO2 substrates possess crystalline defects on the surface even 

after cleaning and the surface of TiO2 substrate can be easily hydrolyzed in aqueous solutions. 

Amino acids with polar uncharged R groups and positively charged R groups thus can bind to the 

hydroxyl groups on the surface of TiO2 substrates through hydrogen bonds. Furthermore, these 

functional amino acids tend to be spaced apart in the dominant sequence so as to offer a good 

match with the crystal structure of the TiO2 substrate. The recognition ability of CdS-specific 

peptides to the substrate has been examined with the aid of labeled antibodies. The successful 

growth of CdS nanowires over genetically engineered M13 phages indicates that the selected 

peptides can be engineered onto other organisms to template various architectures with desired 

components.   

As a demonstration, we have fabricated ordered nanostructures of sulfide nanocrystal 

assemblies over self-assembled genetically engineered P22 coat proteins. This biotemplated 

construction involves two steps: (1) the self-assembly of spherical protein templates from 
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genetically engineered P22 coat proteins; and (2) the nucleation and growth of nanocrystals on 

the self-assembled protein templates. The high-affinity ZnS- and CdS-binding peptides identified 

by phage display biopanning enable selective nucleation and growth of sulfides over self-

assembled genetically engineered P22 coat proteins. The structure and morphology of the 

protein-directed sufide growth can be suitably controlled by changing the reaction time and 

reactant concentration. For example, ordered spherical nanocrystal assemblies are formed during 

the early stage of growth that eventually develop into spherical hollow nanostructures for longer 

growth periods. We have used ZnS and CdS grown on the engineered P22 coat protein assembly 

as a model system since binding peptides with strong affinity for these sulfides have previously 

been identified. Furthermore, the structure and assembly of the P22 coat proteins is reasonably 

well understood. The synthetic strategy is quite general and can be extended to the fabrication of 

a variety of other nanostructures. 

Finally, we have developed a simple sonochemical route for the synthesis and assembly of 

CdS nanostructures with a high yield under ambient conditions by exploiting the chemical 

characteristics and structure of permeabilized E. coli bacteria. The novelty of the method lies in 

the use and modification of E. coli for the templating growth of CdS with controllable material 

properties. The crystal phase, morphology, micro/nanostructure, optical absorption, and 

photocatalytic properties of the CdS nanostructures have been tailored over a wide range by 

simply changing the synthetic conditions, including the sulfur/cadmium molar ratio of the 

reactants, the reaction time, and the growth condition of E. coli bacteria. Photoanodes fabricated 

using the nanoporous hollow CdS microrods of hexagonal structure exhibit an excellent 

performance for the photocatalytic hydrogen production; with a maximum photoelectrochemical 

cell efficiency of 4.33 % under global AM 1.5 illumination. The significant improvement in the 
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photoconversion efficiency can be attributed to the effective kinetic separation of photogenerated 

carriers through the unique nanoporous hollow structures. This facile synthesis procedure can be 

readily extended to the fabrication of other sulfides and core-shell nanostructures that will 

potentially lead to further improvements in the photoconversion efficiency.  

To date, most of the materials that have been synthesized via virus- and protein-templated 

approaches are restricted to simple binary compounds such as ZnS, CdS, CoO, CoPt, FePt, etc. 

These materials have low solubility product constants and can thus be synthesized in solutions 

using relatively simple chemistry from stable precursors under ambient conditions. The synthesis 

of more complex multi-component photocatalyst materials, such as heterogeneous nanostructures 

of quantum dot sensitized TiO2 nanocrystals, is likely to be more challenging and remains to be 

explored. In the future, we plan to use P22 as a platform to prepare a wide range of 

semiconductor nano-architectures utilizing both the interior and exterior of the protein cages. A 

single P22 procapsid contains 420 copies of the P22 coat protein and 300 copies of the 

scaffolding protein (described in Chapter 3, 3.3 Fabrication of Ordered Nanostructures of Sulfide 

Nanocrystal Assemblies over Self-Assembled Genetically Engineered P22 Coat Protein). Our 

preliminary data indicates that scaffolding-GST fusion proteins can polymerize onto procapsid 

particles. This indicates that it is possible to build procapsids with altered scaffolding proteins. 

Consequently, specific peptide sequences responsible for binding to different materials can be 

engineered onto coat proteins and scaffolding proteins. A possible nanoarchitecture built on a 

single P22 bacteriophage is shown in Figure 5.1. The unique recognition peptides on the interior 

and exterior surface of the genetically engineered protein cage can be exploited not only for the 

nucleation of light harvesting semiconductor nanocrystals, but also preferentially direct the 

growth of a specific crystal type and orientation, and possibly stabilize metastable phases. 
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Figure 5.1 A schematic core-shell nanostructure grown over the genetically modified P22 

procapsid. 

 

CdS(Se) are narrow band gap materials with desirable band structures for the water splitting 

under visible light irradiation. PbS(Se) have the optical absorption wavelengths extending to the 

infrared wavelength and also offer the possibility of multiple exciton generation for single 

photon absorption that can result in much improved quantum efficiencies. All
 

these 

chalcogenides can be used as sensitizers to enhance the conversion efficiency of sun light over 

TiO2, a well-known wide bandgap semiconductor. We plan to engineer P22 coat protein with 

specific peptide sequences responsible for binding to sulfide materials with efficient absorption 

in the visible, while TiO2-binding peptides engineered onto the scaffolding proteins. Thus, core-

shell nanostructures with multi-component can be prepared on P22 after biomineralization. For 

practical applications, these core-shell nanostructures will be prepared in the form of 

monolayered or multilayered films, as depicted in Figure 5.2 (each unit of the assembly is one 

nanostructure shown in Figure 5.1). We can use different methods such as spin coating, dip 

coating, or evaporation induced self-assembly to prepare these films on different substrates. The 

size and thickness of the films will be controlled by adjusting the process parameters. 

Alternatively, specific peptides will be conjugated with other structural linkers (peptides or 

nucleic acids) to form self-assemblies of multi-dimensional nanoarchitectures. Interval distance 
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amongst individual nanostructures can be controlled by varying the chain length of peptides or 

nucleic acids. Both the protein template for the core-shell structure and the linker can 

subsequently be removed by a heat treatment to prepare a well-dispersed catalyst efficiently 

coupled to a light harvesting semiconductor matrix. 

 

 

Figure 5.2 (a) Monolayered and (b) multilayered films of the core-shell nanostructures grown 

over the genetically modified P22 procapsid. 

 


