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Genetically engineered M13 bacteriphage (viruses) were used to self-assemble 

various nanomaterials (ZnS, Au, fluorescein, and phycoerythrin) into films and fibers. 

The filamentous viruses, which were the basic building block of the self-ordering system, 

were selected through phage display for their specific recognition moieties for desired 

materials surfaces. The M13 viruses coupled with ZnS nanocrystals spontaneously 

evolved a self-supporting hybrid film material that was ordered at the nano-scale and 

micron-scales. Periodic domains were continuously propagated over a centimeter length 

scale, an observance that was verified using various optical and electron microscopy 

techniques. Anti-streptavidin viruses, which could specifically bind to streptavidin, were 

conjugated with many nanomaterials and used to modulate the nanomaterials in the self-
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assembled virus system. The resulting virus composite films had chiral smectic C 

structures due to the helical surface of the M13 virus. In addition, ~20 micrometer 

diameter fibers were fabricated with liquid crystalline virus suspensions using a wet-

spinning process that mimicked the spinning process of silk spiders. The virus was also 

blended with highly soluble polyvinyl pyrolidone and electrospun, resulting in nanoscale 

diameter fibers. 

This approach to aligning nanomaterials in a genetically engineered M13 virus-

based liquid crystal system has several advantages. Monodisperse biopolymers (M13 

viruses) of specified lengths can be easily prepared by molecular cloning techniques. By 

genetic selection of a peptide recognition moiety, one can easily modulate and align 

different types of nanomaterials into 3D ordered structures. We anticipate that our 

approach using recognition as well as a liquid crystalline self-assembly system of 

engineered viruses may provide new pathways to organizing electronic, optical, and 

magnetic materials.  
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Chapter 1. Introduction1 

The primary goal of this work is to self-assemble nanosized materials using a 

genetically engineered M13 bacteriophage (virus) liquid crystalline system. Genetically 

engineered M13 viruses functionalized with nanomaterials are used as basic building 

blocks to self-assemble one-dimensional fibers, two-dimensional cast films, and 

three-dimensional self-supporting films. One end of the viruses is functionalized with 

peptides that can specifically bind to or nucleate desired materials. These peptides are 

identified using phage display. Long rod-shaped viruses conjugated with various 

nanosized materials are self-assembled into hierarchical composite materials with 

multiple length scale ordered structures. These approaches, based on bio-inspired 

nanostructures, take advantage of the biological properties of natural materials, such as 

proteins or viruses, to fabricate intelligent materials, which natural processes do not 

make. Before the detailed schemes of bio-inspired nanomaterial self-assembly using 

genetically engineered viruses are introduced, this chapter describes why biological or 

natural processes have become a new paradigm for designing intelligent materials.  

                                                  
1 Reproduced in part from Flynn et al. Acta Materialia, 51, 5867-5880 (2003). Copyright 2003 

Elsevier. 
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1.1 Trend in microelectronics fabrication 

The fabrication of faster, smaller, and less energy consuming semiconductor 

devices has motivated the development of the electronic industry for the last three 

decades. The number of transistors in a memory chip has approximately doubled every 

two years, as predicted by Moore [1]. However, further progress in chip miniaturization 

is hindered by various challenges, including problems posed by intrinsic materials 

properties and the fundamental physical limitations caused by nanosized-miniaturization 

[2,3]. Although problems caused by intrinsic materials properties can be resolved by 

using better performing materials [2], fundamental physical problems caused by the 

wave-like behavior of electrons pose greater challenges in furthering the development of 

nanosized microelectronic circuits. For example, tunneling effects, the propagation of 

electrons through forbidden barriers by the wave-like properties of electrons, are one of 

the major problems encountered in shrinking nanosized circuits [3]. When the width of 

the wire in the circuits becomes smaller than ~1.5 nm, electronic signals no longer flow 

through the designed circuits due to leakage of current caused by tunneling effects [3]. 

Dielectric breakdown, the irreversible breakdown of capacitors caused by high electric 

fields, is another problem encountered in nanosized circuits. Electronic potential, which 



 3

is converted to digital signals, cannot be stored in several atomic layered structures [2]. 

Therefore, the wave-like behavior of electrons, which had previously been ignored in 

current microelectronics, becomes increasingly important in nanosized circuits [4].  

Although tunneling effects are unavoidable in current microelectronic devices, 

they play a major role in operating single electron transistors (SET). A SET is a 

nanoscaled device composed of an island separated by two tunneling junctions between 

two conducting electrodes (source and drain) that contact a gate electrode through a thin 

insulating layer [5-8]. An electron is driven by Coulombic potential applied between the 

source and drain and enters into and exits from the island. When the gate voltage is 

changed through a capacitor (a reservoir of electrons), the island, coupled with the 

capacitor by charging and discharging electrons, transports one electron at a time between 

the source and drain through the lowest energy state of the island. Since SETs were first 

invented, many SET working devices have been fabricated with low dimensional 

materials such as quantum dot nanoparticles (zero-dimensional materials) [7], carbon 

nanotube junctions [9], and nanowire junctions (one-dimensional materials), located in 

the island [10]. Although there have been several single nanometer-sized devices reported, 

no such structure assembled as an integrated logic circuit like a microprocessor has yet 
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been reported. A challenge that the scientific community currently faces is the assembly 

of nanosized devices.  

Optical lithography is currently a ubiquitous “top-down” method (starting from 

the bulk to create small features) used to manufacture microelectronic devices in industry 

[11,12]. It is a process of fabricating a series of patterned layers of microelectronic 

components using masks (patterns used in projection printing), photoresists 

(photo-sensitive polymer media), and semiconductor thin film depositions [12]. Using 

precisely controlled condenser and reduction lenses, pre-designed mask patterns are 

transferred to photoresists through ultraviolet (UV) light. The photoresists, whose 

solubility changes dramatically by generating acidic groups upon exposure to light in 

basic developers (photoresist etching solution), retain the patterning information of the 

masks. During the developing process, desired patterns are created by washing off the 

acidified regions of the photoresist layers. Following semiconductor thin film deposition 

and removal of the previous photoresists, features in silicon oxide wafers are created. 

Several repetitions of these processes result in the accumulation of interconnected 

electronic components in chips. Because the feature size of optical lithography patterns is 

proportional to the wavelength of the light sources used, smaller wavelength UV lights 
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and corresponding photoresists have been developed, ranging from KrF light for ~180 

nm patterns to extreme ultraviolet for ~50 nm patterns [11]. However, the replacement of 

manufacturing instruments for next generation photolithographic tools and materials in 

the optical lithography process requires tremendous investment [3].   

Electron beam lithography enables the fabrication of some of the narrowest 

patterns by using scanning electron microscope-based electron beam writing devices. A 

highly focused electron beam spot is used to directly write programmed patterns onto 

electron beam sensitive photoresists such as poly(methyl methacrylate) (PMMA). 

Following photoresist development, the deposition of desired materials, and lifting-off 

processes, desired patterns are easily fabricated to within ~10 nm accuracy. However, 

because electron beam lithography is limited by the writing speed of the electron beam, it 

is only used to fabricate small numbers of electronic components, reticles, and masks.  

 

1. 2 Bio-inspired nanostructures 

Evolution creates numerous engineering materials, of which only the best are 

chosen and propagated through generations for thousands of years. Efforts to mimic the 

unique structures and specific functions of natural systems have provided various useful 
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tools and materials in materials science [14-24]. Most bio-organisms have common 

specific functions and self-templated hierarchical structures [22-27] that cannot be easily 

mimicked by man despite the advancement of biotechnology. These unique 

characteristics, which have accumulated through evolution, are inherited through DNA 

sequences, which are a series of combinations of four nucleic acids:  adenine, guanine, 

cytosine, and thymine. The DNA sequences are translated into proteins, which work as 

molecular machines to control many specific functions of biology. 

One of the best examples in biology of these specific functions and hierarchical 

structures is the abalone shell [14,24]. The nacreous layer of abalone shell is mostly 

composed of calcium carbonate (CaCO3) and a small percentage of protein. Due to the 

protein, the nacres are three thousand times tougher than 100% monolithic aragonite 

(pseudo hexagonal packed structure of CaCO3) [24]. In the abalone shell, ~ 500 nm 

aragonite layers, which are separated by ~10 nm protein layers, are close-packed in 

interdigitated patterns. Each CaCO3 layer is a single crystal of aragonite. The role of the 

protein is not limited to increasing the shell toughness. Depending on their location in the 

shell, the proteins nucleate two different crystals, aragonite and calcite [24]. In vitro 

experiments showed that, when extracted from the aragonite and calcite layers, these 
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proteins only nucleate aragonite and calcite crystals, respectively, with high specificity 

[28,29]. Organic layers in the nacre control the direction of nucleation in the crystal 

phases with exact on and off control, resulting in the hierarchical nanometer- to 

micrometer-scaled structures [29]. Numerous cooperative interactions between the 

proteins and inorganic materials result in the self-templated, controlled, and highly tough 

hierarchical structures of abalone shells.  

Recently, efforts to fabricate nanostructures have been profoundly inspired by 

lessons from biology. Many recent approaches of fabricating nanosized components and 

patterns involve the use of self-assembly, self-template methods that are commonly 

known as “bottom up” [30] processes. These processes take advantage of the unique 

structures and specific functions of biological molecules. DNA recognition linkers have 

been successfully used to construct super molecular gold nanocrystal structures [22,23]. 

Pairs of complementary DNA sequences that are covalently connected to gold 

nanocrystals recognize each other to build pre-programmed super molecular structures. 

Ferritin and cowpea chlorotic mottle virus (CCMV) were templated to nucleate various 

inorganic materials such as gold, CdS, Fe2O3, etc. [29,33,36]. Due to their discrete and 

negatively charged inner protein cages, their inner cavities were replaced by metallic ions 
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and nucleated monodisperse nanoparticles. The outer surfaces of tobacco mosaic virus 

were also used to nucleate such materials. Unique monodisperse virus outer protein coats 

were used as templates to make wire-like and tube-like structures covered by CdS, ZnS, 

and PbS nanoparticles [31,35]. Bacterial S-layers were used as templates to organize 

semiconductor nanoparticles into hexagonally ordered patterns [26]. These examples 

show that bioorganisms are not only used to fabricate nanosized structures but can also 

organize them in periodic patterned structures.  

Combinations of the top-down and bottom-up methods have also been used to 

fabricate self-assembled nanosized patterns. Soft lithography, developed by the 

Whitesides group, involves the use of soft polymer (elastomeric polydimethylsiloxane) to 

cast the master patterns previously fabricated by photolithography [38-39]. After the cast 

patterns are wet with various materials including surfactants, polymers, and DNA 

molecules, stamping the materials transfers the patterns repeatedly to other substrates. 

The use of specific surfactants or DNA molecules with recognition moieties results in 

self-assembled monolayers to direct or organize nanostructure formation. These 

nano-stamping methods are not limited to soft materials. The Heath group used parallel 

nanosized-groove patterns, fabricated by selectively etching GaAs/GaAlAs epitaxy layers, 
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templates for Pt nanowire growth [39]. After the parallel Pt nanowires are deposited 

within the nanosized grooves, they are stamped and transferred to adhesive modified 

surfaces. Densely cross-stamped nanowire patterns have produced some of the smallest 

junction circuits with diameters and pitches (center-to-center distances) as small as 

8 nanometers and 16 nanometers, respectively. In addition, dip-pen lithography, 

developed by the Mirkin group, enables controlled nanometer-scale writing ability using 

AFM tips [40,41]. After DNA-modified thiol solution is deposited in self-assembled 

monolayer patterns by AFM tips on a gold surface, complementary DNA sequences that 

have been conjugated with various nanoparticles are specifically bound to the patterned 

surface. The advantage of using dip-pen lithography is that it can pattern any shape using 

a computerized cantilever without requiring previously fabricated patterns. 

 

1.3 Challenges in nanoscience 

Although recent research developments suggest a promising future for 

nanoscience, many challenges still exist for the use of bottom-up self-assembly 

techniques in manufacturing real circuit-like devices [57-59]. The first challenge is to 

expand the self-assembled domain to areas greater than many micrometers [57], because 
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most self-assembly methods result in multi-domain structures. Better control over the 

nucleation process would avoid the formation of multi-domain structures [59]. The 

second challenge is to characterize the chemical composition as well as the crystal 

structure of nanosized objects [58]. Most nanostructure characterization is too highly 

dependent on high resolution electron microscopy, which is oriented towards the 

characterization of inorganic materials. Despite the advancement of scanning probe 

microscopes, such as the chemical force microscope and near-field scanning optical 

microscope, collecting chemical information in the atomic range is still limited [60-62]. 

These two challenges must be overcome for expanded development of self-assembly 

methods in the fabrication of nanodevices. 

 

1. 4 Liquid Crystals 

Three different phases exist in nature: gas, liquid, and solid. Each is defined by 

temperature and pressure. However, certain compounds exhibit a thermodynamically 

stable phase between the solid crystal and isotropic liquid phases. This fourth state of 

matter, which has a more ordered structure than isotropic liquid but less ordered structure  
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(A)       (B) 

 

 

 

 

 

 

(C)       (D) 

 

 

 

 

 

 

Figure 1.1 Schematic diagrams of liquid crystalline structures. (A) isotropic, (B) nematic,  

(C) cholesteric, and (D) smectic liquid crystalline phases.  
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than solid crystal, is called liquid crystal. There are two kinds of liquid crystal materials 

[43]. Thermotropic liquid crystals have liquid crystalline properties that vary with 

temperature, and lyotropic liquid crystals have liquid crystalline properties that vary with 

concentration (e.g., surfactant suspensions or DNA suspensions). Liquid crystalline 

phases are also classified as nematic, cholesteric, and smectic by their molecular 

orientation and physical structure [42-45]. The nematic phase is a phase in which 

molecules have only orientational order (Fig. 1.1B). When the concentration of a 

lyotropic liquid crystalline suspension is increased, each particle begins to orient itself in 

a preferential direction. Within a certain concentration range, the nematic phase exhibits a 

Schlieren texture under polarized optical microscopy (POM). The cholesteric phase, 

which is often called chiral nematic, is a phase in which molecules have chirality and 

layers have nematic alignment (Fig. 1.1C) [45]. The layers composed of chiral molecules 

are twisted between two adjacent layer planes through the vertical axis of the plane 

normal. When the twisted plane rotates 360 degrees, fingerprint-like periodic patterns 

appear under polarized optical microscopy. These repeating patterns are called cholesteric 

pitches [46]. The smectic phase has both orientational order and positional order (Fig. 

1.1D). Smectic suspensions have a positional order parameter arising from the periodic 
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density variation along the molecular long axis. These structures have a sine wave-like 

density distribution. In contrast, no variations of periodic density exist in the nematic 

phase. When no other order parameter exists in the smectic phase, the smectic phase is 

considered as smectic A, which has the least order among the smectic phases. In the 

smectic B phase, the molecules are arranged in layers, with the molecular centers 

positioned in a hexagonally close-packed array, which has long-range ordered crystal-like 

structures (Fig. 1.2A) [43].  

 
(A)                                          (B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Schematic diagrams of smectic liquid crystalline structures. (A) smectic B and 
(B) smectic C structures. 
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The smectic C phase exhibits layer structures tilted with respect to the smectic layer 

normal. Therefore, the smectic C phase is similar to the bookshelf-like smectic A phase, 

but tilted. (Figure 1.2B). For the smectic C phase, another order parameter describes the 

tilted angle from the layer normal.  

  

1.5 Defect Structures in Liquid Crystals 

Defects are some of the most important characteristics of liquid crystals. Because 

liquid crystals are less ordered than crystals whose chemical compositions and phases are 

defined by lattice constants, liquid crystalline structures have degrees of both short and 

long range ordered structures. Most suspensions containing long rods like mesogen units 

satisfy a boundary condition in which molecular long axes are oriented parallel to the 

surface in the absence of any external field (magnetic or electric field) [42]. Because of 

this boundary condition, most liquid crystalline molecules are more ordered near the 

surface than in the bulk. The enhanced ordering near the surface can cause a phase 

transition from nematic to smectic [47]. Therefore, the thinner the liquid crystalline 

sample, the more ordered the liquid crystal [47,48]. The different ordering observed in 

liquid crystalline materials between the interface (air/liquid or liquid/solid) and the bulk 
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can cause many defects, such as dislocations and disclinations. A dislocation is a 

termination of the layer, and a disclination is a change of molecular orientation.  

 

1.6 Virus Liquid Crystals 

Various viruses (Fd, TMV, Ff, M13) have been studied in liquid crystal systems 

for over 50 years [47-54]. Although liquid crystals are known to be complex fluid 

systems, the unique monodisperse characteristics and conformations of viruses used as 

liquid crystalline particles (mesogens) simplify the complexity of the system for study. 

The viral particle is a semi-flexible, long rod-like mesogen, and all the particles of the 

liquid crystal systems are identical. In addition, these particles can be easily prepared 

using standard biological cloning techniques.  

Many groups have already achieved significant progress in viral liquid crystal 

research. Onsager established the particle-particle repulsion theory to explain the 

isotropic to nematic transition of TMV viral suspensions [50]. He proposed that the 

nematic phase transition observed among isotropic long rod particles arose from an 

entropic driving force. The Marvin group documented the formation of various liquid 

crystals using Fd viruses [51]. The Fraden group reported the well-controlled smectic and 
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cholesteric structures of Fd viruses [52,53]. The formation of such structures was found 

to be dependent upon solvent concentration, ionic strength of the solution, and an applied 

external magnetic field. The Marvin group additionally analyzed tilted smectic liquid 

crystalline structures of Fd viruses using x-ray diffraction [54]. They proposed that the 

close-packed virus layers had short-range ordered tilted smectic structures. Our group 

was the first to report strong evidence of chiral smectic C structures in virus-based films, 

a conformation arising from the helical structure of the viral building block, which is 

described in detail in Chapter 3 [47-49].  

 

1.7 M13 Bacteriophage as a Long Rod-Shaped Monodisperse Biopolymer 

The M13 bacteriophage (virus) is a long filamentous particle approximately 880 

nm in length and 6.6 nm in width [52]. The M13 virus is composed of a circular, 

single-stranded DNA molecule that is encased in a flexible cylinder composed of 

approximately 2,700 copies of the major coat protein, pVIII. Each subunit is composed of 

~ 50 amino acid residues and has a mass of ~ 5000 amu. The size of the pVIII subunits is 

7 nm in length and 1 nm in width [54]. The acidic residues are placed on the outer surface 

of the body, and the basic residues are placed on the inner surface of the protein shell to 
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neutralize the negative charge of the single-stranded DNA inside. There are five copies of 

a minor coat protein, pIII, at one end of the M13 phage [54].  

There are many similarities between M13 bacteriophage and the monodisperse 

biopolymer poly(α-benzyl-γ,L-glutamate) (PBLG), which is synthesized by bacterial 

methods [55]. These are summarized in Table 1.1. Analogous to the polymer, which is 

composed of monomer repeating units, the M13 bacteriophage is composed of twelve 

different types of subunits. At one end of the phage is the pIII protein, and at the other 

end are the pVII-pIX proteins [56]. In the same way, the end groups of PBLG are 

different from the repeating units, depending on the preparation method. The major coat 

protein, pVIII, is dominant and covers most of the surface of the M13 phage in helical 

patterns. Helical patterns are also generated by helical rods in PBLG [55]. Like the 

polymerization reaction, the assembly of viral subunits is carried out on supercoiled DNA 

helices and is exactly controlled by the DNA sequences. Both the M13 virus and PBLG 

exhibit lyotropic liquid crystalline properties. Both suspensions exhibit nematic, 

cholesteric, and smectic phases as their concentrations are increased, and their molecular 

long axes align parallel to the flux of external magnetic fields.  
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Table 1.1 Comparison of monodisperse PBLG polymer and M13 virus 

 Monodisperse PBLG  M13 bacteriophage (virus) 

Building unit Monomer 12 different subunits (pI – pXII) 

Molecular 

weight (MW) 

MW varies depending on 

chain length 

1.6 x 107 g/mol 

MW is fixed 

Length Varies depending on chain 

length controlled by gene 

expression 

Varies depending on the length of 

DNA (wild type: 880 x 6.6 nm) 

Assembly Polymerization  Assembly is controlled by E. coli. 

Liquid crystal 

(LC) properties 

Forms lyotropic LC Forms lyotropic LC 

Film structure Twisted grain boundary 

structures 

Chiral smectic C structures 

Driving force 

organization  

Covalent bond Van der Waals interaction between 

hydrophobic peptide 

Main chain PLG polymer Single-stranded DNA  

Main chain 

structures 

Alpha helix  Super coiled double helix of DNA 

Side chain Benzyl group 2,700 pVIII subunit 
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1.8 Dissertation Plan 

In this dissertation, the M13 virus, which has micrometer-scale length and 

nanometer-scale width, is exploited to build self-assembled nanostructures. One of the 

advantages of using the M13 virus system is the ability to precisely control their size and 

genetic information using standard biological techniques. Monodispersity in size and 

even in chemical and genetic information makes the viruses excellent basic building 

blocks for highly ordered self-assembled three-dimensional structures. Bacterial biology 

precisely allows millions of copies of the virus to be replicated within hours.  

In chapter 2, an approach for self-assembling ZnS nanocrystals into films using 

genetically engineered M13 viruses that specifically bind to and nucleate zinc sulfide 

(ZnS) is described. The characterization of this ZnS-specific M13 virus is discussed in 

the dissertation of Dr. Christine Flynn. Based on her research methods, the M13 virus 

was cloned and amplified up to gram scale amounts. The M13 virus was bound with ZnS 

nanocrystals at liquid crystalline concentrations, and the suspensions were characterized 

using various microscopic techniques such as polarized optical microscopy (POM), 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 

atomic force microscopy (AFM). The capillary force in the meniscus areas of the 
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suspensions was exploited to create self-supporting long-range ordered films that were 

characterized using the various microscopy techniques.  

In Chapter 3, a control film, which was composed of only M13 virus, was 

fabricated and characterized to verify the basic structure of virus films. Surface defects 

from twelve films fabricated from different initial concentrations were characterized 

using POM, AFM, and SEM. Optical diffraction patterns were recorded to measure the 

periodic structures and compared with microscopy results. The resulting chiral structure 

created by the chiral M13 virus building block was compared with the theoretical 

structure of chiral smectic C structures and the films made in Chapter 2.  

In Chapter 4, the modulation of nanomaterials is demonstrated by using an 

anti-streptavidin virus. Anti-streptavidin viruses were used as a universal tool for 

directing inorganic nanoparticles (10 nm gold nanocrystals), organic fluorescent materials 

(fluorescein), and biological fluorescent materials (R-phycoerythrin), which were all 

previously conjugated with streptavidin, into self-assembled viral films. A self-supporting 

gold-virus film was fabricated and characterized using POM, AFM, and SEM. Cast films 

of fluorescein and R-phycoerythrin were fabricated and characterized using fluorescence 

microscopy to verify the localization of the nanomaterials. 
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In Chapter 5, one-dimensional virus-based micro- and nanofiber fabrication 

methods are described. Virus fibers ~20 micrometers in diameter were fabricated using a 

wet-spinning process and capillary spinnerets. An electrospinning process was used to 

fabricate M13 virus fibers with nanometer scale diameters. In addition, the viruses were 

blended with highly soluble polyvinyl pyrolidone to enhance the processing ability and 

biocompatibility of the electrospun fibers. 

In Chapter 6, stable virus infectibility was demonstrated in the dry viral films, 

establishing viral film fabrication as a novel method for storing highly integrated DNA 

and genetic information. Viral film stability was measured as a function of time up to 150 

days. A film was made from the entire phage display library and resuspended for 

selection against a streptavidin-immobilized surface to prove that all the viruses were 

stored in the same way. After two rounds of biopanning, the selected phage clones began 

to show the sequence pattern His-Pro-Gln, which is known to be a specific binding 

peptide sequence motif for streptavidin. The ability to successfully select phage having 

this specificity showed that the phage library, originally containing 109 sequences, was 

well preserved in the phage film state. 
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Chapter 2. Ordering of Quantum Dots Using Genetically Engineered Virus2,3 

2.1. Introduction 

Building ordered and defect-free two- and three-dimensional structures on the 

nanometer scale is essential for the construction of next-generation optical, electronic 

and magnetic materials and devices [1-4]. Traditional assembly approaches have been 

based on hydrogen bonding, Coulomb interactions, and Van der Waals forces [1,4]. 

Although methods for synthesizing monodisperse polypeptides have been developed 

using genetically modified bacteria [5], it has been difficult to tune the layer spacing and 

structure of conventional synthetic polymers because of their polydisperse chain lengths 

[6]. Efforts have been directed toward the use of soft materials to organize inorganic 

materials at the nanoscale. Protein cages have been used as templates to synthesize 

nanocrystals in viral capsids [7]. DNA recognition linkers have been successfully used to 

construct gold nanocrystal structures by the Alivisatos and Mirkin groups [8,9]. Based on 

specific recognition between adenine-thymine and guanine-cytosine, a pair of 

                                                  
2 Reproduced in part with permission from Lee et al. Science, 296, 892-895 (2002). Copyright 

2002 American Association for the Advancement of Science.  
3 Reproduced in part with permission from Ni et al. Journal of Polymer Science Part B in 

press. Copyright 2003 Wiley. 
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complementary DNA linkers that were covalently connected to gold nanocrystals 

recognized each other to build supramolecular structures. Nanocrystals were also 

nucleated in a lyotropic liquid crystalline medium to make nanowires and nanocrystal 

superlattice structures through a surfactant assembly pathway [10]. Stupp and coworkers 

used a surfactant, oligoethylene oxide (10) oleyl ether, to form cylinder-shaped organic 

scaffolds at temperatures and concentrations that confined the number of metallic ions, 

such as Cd2+ or Zn2+, in the template scaffold. When counter ions such as S2- or Se2-were 

diffused in the template, nanocrystals were nucleated and formed consequent ordered 

super lattice structures. However, these methods have limitations with respect to the 

length scale and type of material that can be organized. The DNA self-assembly method 

cannot be extended to organize nanocrystals in micron-scale separated ordered structures.  

Surfactant scaffolds cannot be used for materials other than the II-VI semiconductors.  

The use of monodisperse biomaterials that have an anisotropic shape provides a 

promising means of building well-ordered structures. Liquid crystalline structures of wild 

type viruses (Fd, M13, TMV) are tunable by controlling the solution concentrations, the 

solution ionic strength, and the external magnetic fields applied to the solutions [11-14]. 

Whaley, et al. have shown that engineered viruses that can recognize specific 
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semiconductor surfaces can be selected by a combinatorial phage display method [15]. 

This screening method selects for peptides having specific affinities from a library of 

peptides displayed on the pIII minor coat protein, expressed at one end of the M13 virus. 

The virus has a filamentous shape (approximately 880 nm in length and 6.6 nm in 

diameter), with the peptide insert measuring 10 nm in length [11].  Phage selected after 

the fifth round of biopanning were found to specifically bind to the target surfaces. These 

phage were able to distinguish between crystallographic orientations and compositions of 

structurally similar materials.  

Using this method, Flynn, et al. identified peptide binding motifs with specific 

recognition to ZnS crystal surfaces [16,17]. The dominant binding motif that emerged 

after five rounds of selection was termed A7, with an amino acid insert sequence of 

CYS-ASN-ASN-PRO-MET-HIS-GLN-ASN-CYS, in which the two cysteine groups 

formed a disulfide bond, restricting the peptide structure to a constrained loop. The 

peptide expressed on the virus was tested and confirmed to have binding specificity to 

ZnS crystal surfaces. Additionally, it was shown that the A7 peptide could affect the 

specific nucleation of wurtzite ZnS nanocrystals. These specific recognition properties of 

the phage can be used to organize inorganic nanocrystals that form ordered arrays over 
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the length scale defined by liquid crystal formation. 

This chapter describes the first effort to build multi-length scale ordered quantum 

dot (QD) hybrid self-supporting bio-composite structures using genetically engineered 

M13 bacteriophage (viruses) with monodisperse size and shape (Fig. 2.1). The resulting 

QD hybrid film material was ordered on the nano- and micrometer scales into 72 µm 

domains. These domains repeated continuously over a centimeter length scale. 

Moreover, viral suspensions containing ZnS QDs were prepared in which the liquid 

crystalline phase behaviors of the hybrid material were controlled by both the solvent 

concentration and the use of an applied magnetic field. 
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Figure 2.1 A schematic diagram outlining the process utilized to generate nanocrystal 
alignment using phage display. 
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2.2. Materials and Methods 

Materials 

 A7 virus, an M13 bacteriophage (virus) that has specific binding and nucleation 

properties for zinc sulfide, was selected by Flynn, et al. using a phage display method 

[16].  100 µl of A7 virus (~107 pfu/µl) was obtained from Dr. Christine Flynn.  Zinc 

chloride and sodium sulfide were purchased from Aldrich (Milwaukee, WI). The virus 

was titered, amplified, and purified according to the instructions of the PhD-C7C Phage 

Display Library Kit (New England Biolab, MA) [21]. All media and solution recipes are 

reported in Appendix A.   

 

Cloning and amplification of the A7 virus 

The 107 pfu/µl A7 phage suspension was diluted to the 10-7 and titered. The 

individual clones were isolated from titer plates using toothpicks and amplified in 1 ml of 

a 1:100 diluted overnight culture of E. coli (K12-ER2738) in LB medium for 4.5 hours at 

37oC. Bacteria were then separated from the phage by centrifugation (10,000 RPM).  

The concentration of the first amplified suspension was 107~108 pfu/µl. 400 µl of the 

amplified suspension was further amplified in 50 ml of a 1:100 diluted overnight culture 
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of E. coli for 4.5 hours. The bacteria were removed by centrifugation, and 3.2 ml of 

supernatant containing phage (~10 8 pfu/µl) were further amplified in 400 ml of a 1:100 

diluted overnight culture of E. coli.  After a 4.5 hour incubation of the suspension at 

37oC, the bacteria were separated by centrifugation at 9000 RPM for 15 minutes.  66 ml 

of polyethylene glycol (PEG) solution were added to the supernatant, and the suspension 

was kept at 4oC overnight. The suspension was centrifuged at 9000 RPM for 20 minutes 

to pellet the M13 phage. After discarding the supernatant, 10 ml of TBS (pH 7.5) buffer 

were added to resuspend the phage pellet. Any remaining bacteria were further removed 

by centrifuging at 10,000 RPM for 10 minutes. The supernatant was mixed with 1.66 ml 

of PEG and kept at 4oC overnight. The suspension was centrifuged at 10,000 RPM for 10 

minutes, resulting in a ~30mg phage pellet.  

 

ZnS nucleation 

A7 viruses conjugated with ZnS nanocrystals (A7-ZnS) were prepared by a 

one-pot synthetic method.  The ~30 mg A7 phage pellet described above was suspended 

in 20 µl of zinc chloride solution (1 mM). After incubating the suspension for two hours, 

2 µl of sodium sulfide (1 mM) were added, and the mixture was immediately vortexed 
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for three minutes. An additional 2 µl aliquots of the sodium sulfide were added, followed 

by vortexing, until the total volume of the sodium sulfide was equal to that of the zinc 

chloride.  

A series of increasingly dilute A7-ZnS suspensions was prepared.  The highest 

concentration A7-ZnS suspension was mixed with TBS buffer at ratios of 19:1, 18:2, 17:3, 

16:4, 15:5, 14:6, 13:7, 12:8, 11:9, 10:10, 9:11, 8:12, 7,13, 6:14, 5:15, 4:16, 3:17, 2:18,  

and 1:19. The concentration of the liquid crystalline suspension of M13 virus conjugated 

with nanocrystals was measured using a UV-Vis spectrophotometer (Beckman Coulter, 

CA). A reference of 1 mg/ml M13 virus suspension with an optical density of 3.84 at 269 

nm was used [11]. These suspensions were transferred to 0.7 mm glass capillary tubes 

and glass slides and characterized using polarized optical microscopy (POM), as 

described in earlier works [11,12]. Phase changes of A7-ZnS suspensions in capillary 

tubes were observed after inserting the samples into a 7 Tesla magnetic chamber of 300 

MHz NMR (Varian Inc., CA).   

The structures of the A7-ZnS suspensions were also characterized using scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM).  For SEM 

sample preparation, smectic suspensions were dried on a mica surface using the critical 
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point drying (CPD) method [18].  The aqueous suspensions were dehydrated by a 

stepwise addition of ethanol (20%, 40%, 60%, 80 % and 100%), and the intermediate 

ethanol was exchanged with supercritical CO2 in the CPD chamber (Toushimis, Japan).  

For TEM sample preparation, one drop of dilute suspension was applied to a carbon film 

coated copper TEM grid (400 mesh; Ted Pella Inc., CA).  The grid was washed with 

distilled water and dried in air after distilled water was removed using filter paper. 

Stained samples were prepared using 2% uranyl acetate and compared with unstained 

samples.   

 

A7-ZnS film fabrication 

 A ~30 mg A7 virus pellet was homogeneously suspended in 400 µl of TBS 

buffer (pH 7.5).  After the suspension was rocked for three hours, 200 µl of zinc 

chloride (1 mM) was added, and the mixture was vortexed. Ten aliquots of 20 µl of 

sodium sulfide (1mM) were added to the suspension. The suspension was vortexed 

immediately for three minutes right after each addition of sodium sulfide. The final 

suspension was rocked for a day. The suspension was then placed in a dessicator and 

dried completely in a 1.5 ml centrifuge tube for two weeks, resulting in the formation of a 
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semi-transparent film that was removable by forceps. The film was characterized using 

POM, SEM, TEM, and AFM.  For SEM sample preparation, the film was cut and coated 

via vacuum deposition with 2 nm of chromium in an argon atmosphere.  For TEM 

samples, the film was embedded in epoxy resin (LR white) for one day and polymerized 

by adding 10 µl of accelerator.  After curing, the resin was thin sectioned using a Leica 

Ultramicrotome (Leica Mikrosysteme Gmbh, Austria). ~50 nm sections were floated on 

distilled water and picked up on blank gold grids.  The free surface orientation of the 

viral film was investigated using a NanoscopeIII atomic force microscope (Digital 

Instruments, Santa Barbara, CA).   

 

Cast film fabrication  

2 µl of M13 virus or A7-ZnS suspension (~12 mg/ml and ~30 mg/ml, 

respectively) were deposited and dried on the substrates and evaporated for three days at 

room temperature in dessicators.  The substrates used were Si (100) single crystal 

(University Wafer, MA); silicon wafers with a thermally grown oxide layer (2, 15, or 500 

nm thick; Fluoroware, MN); and indium tin oxide (ITO) substrate (Metavac, NY).  
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Polarized optical microscopy 

Polarized optical microscopy (POM) was used to determine the liquid crystalline 

properties of the suspensions and films of M13 virus conjugated with nanoparticles. An 

Olympus polarized optical microscope (Olympus, Japan) was used. Micrographs were 

taken using a SPOT digital camera (Diagnostic Inc., CA).  The optical activity of the 

samples was also observed by changing the angles between the polarizer and analyzer. 

 

Scanning electron microscopy  

An LEO1530 scanning electron microscope (Leo Electron Microscopy, NY) was 

used to observe the surface morphologies of the viral films. To enhance the contrast and 

to avoid surface charging effects under the electron beam, the viral films were coated 

with chromium (2 nm thick) using a plasma ion beam sputtering machine (Texas 

Materials Institute, TX). The thickness of the film sample was measured by tilting the 

sample holder ~80 degrees from the horizontal plane and mounting it to the SEM sample 

stage. 
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Transmission electron microscopy 

Transmission electron microscopy (TEM) techniques were used to visualize 

binding between the M13 virus and the nanoparticles and to observe the alignment of 

nanoparticles in the viral films. A Phillips 208 TEM was used for resolutions between 

several micrometers to tens of nanometers. A JEOL 2010F (JEOL, Japan) high resolution 

TEM was used to image a few angstroms to several nanometers of nanocrystals. In order 

to identify the inorganic materials, a lattice fringe imaging technique was used to measure 

the spacing between the specific crystal planes in the nanocrystals. A Gatan digital 

camera (Gatan Inc, CA) and Gatan Microscopy Suite software were used to analyze the 

digital image of high resolution micrographs. Selected areas of electron diffraction 

patterns were taken to identify the inorganic materials. 

 

Atomic force microscope 

An atomic force microscope (AFM) (Digital Instruments, CA) was used to study 

the surface morphologies of the viral film. The images were taken in air using tapping 

mode.  The AFM probes were etched silicon with 125 µm cantilevers and spring 

constants of 20-100 N/m driven near their resonant frequency of 250-350 kHz.  Scan 
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rates were on the order of 1-40 µm /s.   

 

2.3. Results and Discussion 

ZnS-virus suspension characterization 

Optical microscopy analysis of the A7-ZnS liquid crystalline suspension 

containing nanocrystals produced results that were consistent with earlier work 

performed with wild type viruses in the absence of nanocrystals [11,12]. In capillary 

tubes, A7-ZnS suspensions (127 mg/ml) exhibited iridescent color, indicating highly 

ordered liquid crystalline structures. When observed under the polarized optical 

microscope (POM), the A7-ZnS suspension (127 mg/ml) showed a smectic liquid 

crystalline phase structure (Fig. 2.2A). The suspension was visualized between two glass 

slides using a differential interference contrast (DIC) filter. The suspension exhibited ~ 1 

µm bright and dark striped patterns which corresponded to the smectic layers of M13 

virus conjugated with ZnS nanocrytals (Fig. 2.2B). Due to the smectic layer patterns 

shown in Fig. 2.2C, light transmitted through the suspension formed constructive and 

destructive interference patterns that corresponded to the smectic layers (Fig. 2.2D).  
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(A)                                        (B) 

    

 
(C)                                           (D) 
  
 
 
 
 
 
 
 
 
Figure 2.2 Smectic structures of A7-ZnS suspensions. (A) Polarized optical microscope 
(POM) image of a smectic suspension of A7-ZnS at a concentration of 127 mg/ml. (B) 
POM-DIC image of the A7-ZnS suspension on a glass slide. (C-D) Schematic diagrams 
of the smectic layers of A7-ZnS.  

100 µm
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A series of 19 successively dilute A7-ZnS suspensions were prepared by mixing 

the 127 mg/ml A7-ZnS suspension with TBS buffer (pH 7.5) (Table 2.1). The suspensions, 

having concentrations ranging from 76 mg/ml to 27 mg/ml, exhibited fingerprint textures 

(Fig. 2.3A-D) that were characteristic of the cholesteric phases. Their pitches decayed 

exponentially with respect to the increase of A7-ZnS concentration.  After being placed 

in a magnetic field of 7.0 Tesla for 45 minutes, the cholesteric phases (Fig. 2.4A) 

converted to smectic phases or nematic phases (Fig. 2.4B) depending on the 

concentration of the suspension, which is described in Table 2.1. The original phases 

were restored 18 hours after removal of the magnetic field (Fig. 2.4C). In spite of the 

attached ZnS nanocrystals, the liquid crystalline behavior of the suspensions was 

dominated by the 880 nm long rod-shaped phage. This indicated that the alignment of the 

nanocrystals that were attached at the end of the phage could be controlled by an applied 

magnetic field through the alignment of the phage, which have 2,700 diamagnetic major 

coat pVIII subunits [12].     

The long range ordered structure of the smectic A7-Zns suspension (127 mg/ml) 

was also observed by scanning electron microscopy (SEM) after critical point drying. 

Critical point drying prevented sample deformation from surface tension effects by 
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(A)                                  (B)                       

 

 
(C)                                   (D) 

 
Figure 2.3 Polarized optical micrographs of cholesteric phase A7-ZnS virus suspensions 
that show the characteristic fingerprint textures. (A) 43.2 mg/ml (cholesteric pitch:163.7 
µm), (B) 56.4 mg/ml (cholesteric pitch: 84.8 µm), (C) 71.2 mg/ml (cholesteric pitch: 51.6 
µm), and (D) 79.8 mg/ml (cholesteric pitch: 40.8 µm). 



 41

(A)                        (B)                          (C) 

 
Figure 2.4 Polarized optical micrographs that shows the effects of external magnetic 
fields (7 Tesla) applied to the cholesteric phase suspension. (A) Before magnetization, (B) 
45 minutes later inside the magnetic field, and (C) 18 hours after sample was removed 
from the magnetic field. 
 
 

replacing the sample solvent with carbon dioxide and drying at the critical point. Figure 

2.5 shows a series of increasing magnifications of typical SEM images of critical point 

dried samples. Some of the areas showed well-preserved structures without deformation 

of the original structures. The SEM image in Fig. 2.5D showed that individual viruses 

oriented in a preferred direction. Small particles (~ 20 nm) were found, which were 

roughly separated in periodic distances corresponding to the virus length scale (880 nm).  
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Table 2.1 Twenty different A7-ZnS suspensions and their corresponding pitches (only for 
the cholesteric phases) and phases before and after applying the 7T magnetic field.  

 
 

Concentration 
(mg/ml) 

Pitch 
( µm) 

Phase Phase 
after magnetization

127 N/A Smectic N/A 
93.2  N/A Smectic N/A 
76.5  29.5  Cholesteric Smectic 
76.3  31.9  Cholesteric Smectic 
83.7  38.4  Cholesteric Smectic 
79.8  40.8  Cholesteric Smectic 
71.2  51.6  Cholesteric Smectic 
56.4  84.8  Cholesteric Nematic 
50.5  102.0  Cholesteric Nematic 
43.2  163.7  Cholesteric Nematic 
37.0  176.1  Cholesteric Nematic 
31.9  172.6  Cholesteric Nematic 
27.5  259.7  Cholesteric Nematic 
27.8  247.3  Cholesteric  Nematic 
22.6    N/A Nematic N/A 
21.0    N/A Nematic N/A 
16.9    N/A Nematic N/A 
8.6    N/A Isotropic N/A 
7.2    N/A Isotropic N/A 
6.2   N/A Isotropic N/A 
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(A)                                    (B) 

 
(C)                                    (D) 

 

Figure 2.5 A series of SEM images with increasing magnification of critical point dried 
M13 virus conjugated with ZnS nanocrystals. 
 
 
Characterization of A7-ZnS suspension 

Both the crystal structures of ZnS nanocrystals and the individual shapes of 

A7-ZnS were determined using transmission electron microscopy (TEM).  In the 0.01 % 

diluted sample stained with 2% uranyl acetate, small aggregates composed of multiple 

ZnS nanocrystals conjugated with M13 viruses were observed (Fig. 2.6B).  The same 
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sample without staining showed that four or five nanoparticles were observed within a 

10-20 nm diameter boundary (Fig. 2.6C). The number of particles observed within the 

defined boundary suggested that each of the A7 phage recognized multiple nanocrystals 

and confined ZnS placement within the pIII subunit boundary. High resolution TEM 

lattice fringe imaging (Fig. 2.6D) revealed that most of the nanoparticles were 

well-crystallized wurtzite ZnS nanocrystals. Lattice spacings of the nanoparticles were 

0.22 nm, corresponding to the (102) plane of wurtzite ZnS. 

Micelle-like aggregations of A7-ZnS were observed at higher concentrations 

(0.1 % diluted sample of the smectic suspension). ~50 nm aggregates consisting of 

100-150 nanocrystals were frequently observed in unstained samples (Fig. 2.7A). Most of 

the particles had a well-defined shape and were highly crystalline structures with a 

particle size of 2.66 + 0.22 nm (Fig. 2.7B). High resolution TEM lattice fringe imaging 

revealed wurtzite ZnS nanocrystals with a d-spacing of 0.22 nm, corresponding to the 

(102) plane of wurtzite ZnS. Selected areas of electron diffraction patterns confirmed the 

nanocrystal structure in lattice fringe images (Fig. 2.7C). In the stained 0.1 % diluted 

sample, A7 phage micelle-like structures appeared to surround the 50 nm ZnS 

nanocrystal aggregates (Fig. 2.7D-F). This micelle-like arrangement (Fig. 2.7D) was  



 45

(A)                                     (B)   

                             
 
(C)                                      (D) 
 

     
Figure 2.6 TEM images of the dilute A7 phage-ZnS nanocrystal suspension. (A) A 
schematic diagram of the individual A7 phage and ZnS nanocrystals.  Neither pIII 
peptide units nor ZnS nanocrystals are drawn to scale. (B) TEM image of an individual 
A7 phage (880 nm in length) and ZnS nanocrystals, which were stained using 2 % uranyl 
acetate. (C) The same sample without staining, showing four or five nanoparticles in a 
defined diameter boundary. (D) High resolution TEM image showing the lattice fringe 
image of the ZnS nanocrystals.  
 

 

880 nm 

pIII unit 
ZnS: ●  

 

5 nm
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(A)                                   (B) 

            
 
(C)                                    (D) 

    

 

 

50 nm



 47

(E)                                   (F) 

      
 
Figure 2.7 TEM images of A7 phage-ZnS nanocrystal aggregation. (A) Low resolution 
and (B) high resolution TEM images of 0.1% dilute A7 phage-ZnS nanocrystal smectic 
suspension. (C) Selected area of an electron diffraction pattern showing nanoparticle 
aggregations. (D) Schematic diagram depicting the micelle-like aggregates of ZnS 
nanocrystals surrounded by A7 phage. (E) Low resolution and (F) high resolution TEM 
images of the sample of figure (A) after staining.  

 

most likely driven by a hybrid structure of the A7 phage-ZnS nanocrystal complex, with 

inorganic nanocrystals attached to organic phage. The individual phage bound to the ZnS 

nanocrystals may have formed these structures at the concentrations used for TEM 

preparation. At concentrations higher than 0.1 %, the phage and particles intertwined and 

formed thick aggregates on the TEM grid carbon film surface. 

 

500 nm 50 nm
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Cast film of A7-ZnS 

Anchoring phenomena and nucleation in the early stages of film formation of both 

the M13 control and the A7-ZnS films were observed using AFM on various substrates.  

Figures 2.8A and B show typical AFM images of the boundary area between a Si(100) 

substrate and the cast films of M13 and A7-ZnS. At the initial stage of film formation, 

M13 adsorbed onto the substrate and adhered to each other, forming a branch-pattern 

structure (Fig. 2.8A).  In contrast, A7-ZnS adsorbed onto the substrate but rarely 

adhered to each other (Fig. 2.8B), allowing for the enhanced orientational ordering of 

virus particles.  The wider diameters of the M13 branch patterns (Fig. 2.8A) strongly 

indicated that M13 adhered to each other more strongly than the A7-ZnS molecules did. 

The long axes of the virus particles in both samples were perpendicular to the nucleation 

front of the film (dotted line).  This indicated that the driving force for the orientational 

ordering of the particles was a flow force induced by solvent evaporation, which is 

commonly observed in long rod-shaped molecules. An orientational order parameter for 

each sample was calculated using the following equation [20]: 
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Figure 2.8 AFM images of the boundary areas of the M13 and A7-ZnS films. (A) M13 
film and (B) A7-ZnS films on Si(100) substrates. (Arrows: meniscus force directions, 
dotted line: nucleation front) 

 

Orientational order parameter: Q= ½<3cos2θ -1> 

         (θ: angle between the molecular long axis and flow force direction) 

When the long axes of all the molecules of a sample are oriented perfectly in one 

direction (perfect nematic phase structure), the value of the orientational order parameter 

is 1; the parameter value of a randomly oriented sample (isotropic phase structure) is 0.  

The A7-ZnS cast film had an orientational order parameter of 0.97 and was therefore 

close to having a perfectly nematic ordered structure.  The M13 film had a lower order 
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parameter of 0.84, with the orientational ordering suppressed by the adherence of the 

virus particles.  The AFM results suggested that the M13 virus had a higher affinity for 

other M13 particles than for the substrate.  The affinity was most likely due to Van der 

Waals interactions between the pVIII coat proteins. In contrast, A7-ZnS particles 

adsorbed on the substrate surface individually and then influenced the alignment of other 

viruses along the long axis of the adsorbed virus. The difference between M13 and 

A7-ZnS adsorption behavior may arise from different capillary effects both on the silicon 

substrates and each of these molecules. In the case of the A7-ZnS cast film, the ZnS 

inorganic nanocrystal region anchored onto the silicon substrate, driven by 

inorganic-inorganic interactions. After being anchored onto the substrate by the ZnS 

nanocrystal region, the virus bodies were aligned through the force of flow, resulting in a 

controlled orientation of the viral cast film on the silicon substrates. However, M13, 

which does not have inorganic-inorganic interactions with the substrate, anchored 

randomly on the surface under the force of flow. Anchored M13 have long active sites 

along the axis of the virus body that interact with the M13 viruses in suspension. The Van 

der Waals interactions along the two linear long axes of the M13 bodies most likely 

caused many sites of interaction and resulted in the branched patterns observed in the 
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M13 cast film.  Analysis by SEM and AFM revealed separate A7-ZnS nuclei in a very 

large area, typically extending to tens of micrometers (Figs. 2.9A and B).  These nuclei 

were aligned along the direction of the water flux and were the basis of a highly 

molecularly oriented A7-ZnS film. Because the molecular orientation does not reflect the 

crystalline features of that substrate, A7-ZnS nucleation did not result from molecular 

epitaxial growth on Si (100). 

 

Figure 2.9 SEM and AFM images of A7-ZnS cast films. (A) SEM and (B) AFM images 
of the A7-ZnS film cast on Si(100). The black arrow indicates the direction of water flux 
induced by evaporation. 

To determine whether molecularly oriented A7-ZnS nucleation would also occur 

on polycrystalline substrates, aqueous A7-ZnS solutions (~12 mg/ml and ~30 mg/ml) 

were cast on a Si(100) surface covered with a SiO2 layer 2, 15, or 500 nm thick. Figure 
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2.10 shows AFM images of A7-ZnS nuclei adsorbed on the SiO2 layers at both ~12 

mg/ml and ~30 mg/ml concentrations. The results are summarized in Table 2.2. From the 

liquid crystalline suspension experiment, the ~12 mg/ml solution showed an isotropic 

liquid crystalline phase, and the ~30 mg/ml solution showed a nematic phase. After 

evaporation, the molecular long axis of the A7-ZnS molecules from the ~12 mg/ml 

suspension orientated parallel to the direction of water flux on the 2 nm and 15 nm SiO2 

layers but not on the 500 nm layer. At ~30 mg/ml, the A7-ZnS molecules nucleated on 

the 500 nm SiO2 layer in molecular bundles 900 nm long and 40 nm wide; however, no 

ordered nuclei were observed on the 2 nm and 15 nm SiO2 layers.  

A close-packed arrangement of A7-ZnS particles was observed by AFM in a 

viral-cast film made from a ~ 30 mg/ml A7-ZnS suspension on an indium tin oxide (ITO) 

covered glass substrate (Fig. 2.11). The average center-to-center distance of A7-phage 

measured ~ 12 nm. The A7 phage particles stood at an angle on the ITO film surface. All 

of the phage within ~ 200 nm domains had the same orientational and positional long 

range ordered structure, strongly indicating a smectic B structure, in which molecules are 

arranged in layers with the molecular center positioned in a hexagonally close-packed 

array [19].  
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Figure 2.10 AFM images of the ZnS-M13 films cast on SiO2 layers. Thicknesses of SiO2 
layers are (A, D) 2 nm, (B, E) 15 nm, and (C, E) 500 nm.  (A-C) A7-ZnS films were 
fabricated using ~12 mg/ml ZnS-M13 suspensions and (D-F) ~ 30 mg/ml suspensions.  

Table 2.2 Effects of concentration and substrate on the nucleation of ZnS-M13 structures. 

Concentration    ~12 mg/ml       ~30 mg/ml  

Si(100)       form good oriented nucleation    form randomly oriented nucleation 

SiO2 (2 nm)   form good oriented nucleation    form randomly oriented nucleation 

SiO2 (15 nm)  form partially oriented nucleation  form randomly oriented nucleation 

SiO2 (500nm) form randomly oriented nucleation  form good oriented nucleation 
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Figure 2.11 AFM images of a cast film on ITO substrates using an A7 phage-ZnS 
suspension (~30 mg/ml).  

Self-supporting films of A7-ZnS 

Highly ordered A7 phage-ZnS nanocrystal self-supporting viral films (Fig. 2.12) 

were prepared from an isotropic phase of bacteriophage and ZnS precursor solutions. The 

viral nanocrystal hybrid film was transparent and easily manipulated with forceps. An 

isotropic liquid crystalline phase concentration (~5 mg/ml) was chosen for better ZnS 

nanocrystal mobility in the A7 phage suspension media, coupling, and self-assembly. The 

films were typically ~15 µm thick and several centimeters long. The surface 

morphologies of the film were smectic O, whereas the interior morphologies were 

smectic A and C. The ordered morphologies of the viral films were characterized by POM, 

SEM, TEM and AFM. 
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Figure 2.12 Photograph of A7-ZnS self-supporting composite film. 

Optical characterization revealed that the films were composed of ~72 µm 

periodic dark and bright band patterns (Fig. 2.13A). These periodic band patterns were 

optically active, with the intensity of the alternating dark and bright band patterns 

changing as the angles between the polarizers were rotated. Images of the film at high 

magnification showed striped patterns ~ 1 µm thick, which corresponded to the smectic 

layers of A7-ZnS.  These one micrometer striped patterns also showed minute 

alternating dark and bright patterns (Fig.2.13B). The 72 µm width of the patterns arose 

from the chiral smectic C structure in the bulk of the film, which is caused by the 

chirality of the individual viruses. This point is discussed in detail in Chapter 3.  
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(A)                                    (B)                                

  

Figure 2.13 POM images of A7-ZnS films. Images under (A) low magnification and (B) 
high magnification.  

 

Ordered A7-ZnS structures were observed within the fractured areas of the films using 

SEM. The films showed smectic-like lamellar morphologies between the ZnS 

nanocrystals and A7 phage layers (Fig. 2.14A-C). The periodic length (895 nm) 

corresponded to that of the bacteriophage (880 nm) attached to the nanocrystal aggregates 

(~20 nm). The average size of the nanocrystal aggregates in the film was ~20 nm as 

observed by TEM analysis of individual virus particles attached to nanocrystals.  

 

100 µm 10 µm 
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(A)                                  (B) 

 
(C)                                   (D) 

 

Figure 2.14 SEM images of A7-ZnS composite films in fractured areas.  (A-C) SEM 
images of various layered structures of A7-ZnS. (D) Schematic diagram of the A7-ZnS 
film. 

 

1 µm 



 58

 

To confirm that ZnS nanoparticles were separated by the length scale of the virus, the 

film was sectioned in ~50 nm thicknesses. TEM images observed from the sectioned 

films revealed two trends: 1) nanoparticles were aligned in linear patterns that were 

separated by a periodic length (Fig. 2.15A); and 2) nanoparticles were dispersed in all of 

the planes (Fig. 2.15B). A TEM image (Fig. 2.15A) of a microtomed 50 nm cross-section 

showed 2-3 nm sized nanocrystals that were aligned in a band approximately 20 nm in 

width and extended to more than 2 µm in length. The 2 µm by 20 nm bands formed in 

parallel and were separated by ~700 nm. This spacing was shorter than expected (M13 

phage length: 880 nm) but corresponded to the length scale imposed by phage formed in 

a tilted smectic alignment with respect to the layer normal. An electron diffraction image 

confirmed that the nanocrystals from the sectioned films were ZnS in composition. 

Fluorescent imaging (Fig. 2.16A) of the A7-ZnS film also supported the localization of 

fluorescent ZnS nanoparticles along A7 phage ends in smectic layer boundaries, which 

exhibited a pattern of ~1 µm fluorescent lines. In a control viral film made without ZnS 

crystals, no fluorescence was observed (Fig. 2.16B). 
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(A)                                   (B) 

 
(C) 

 

Figure 2.15 Low resolution TEM images of a cross-section of A7-ZnS film viewed in the  
x-z plane (A) and y-z plane (B). Schematic diagram (C).  

y 

x 

z 

100 nm

50 nm 
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Surface morphologies of the A7-ZnS film were studied using SEM and AFM. A 

low magnification SEM image (Fig. 2.17A) showed approximately one micrometer 

parallel groove patterns propagated throughout the A7-ZnS film surfaces. Dislocation 

point defects were sporadically observed where smectic layers started and ended. Higher 

magnification SEM images (Fig. 2.17B) showed regular zig-zag pattern disclination line 

defects where the molecular orientation of A7-ZnS periodically changed.  AFM images 

of the A7-ZnS nanocrystal film surface (Fig. 2.17C) clearly showed that the phage 

formed parallel smectic O herringbone patterns, as illustrated in Fig. 2.17D. Phage 

particles exhibited long range orientational ordering over several microns. Inorganic ZnS 

nanocrystals were confined at junction areas where two adjacent lamellar layers met. As 

measured by AFM, distances between two adjacent disclination lines varied between 

0.8~1.2 micrometers, whereas distances measured along the A7-ZnS molecular long axis 

varied between 1.1~1.5 micrometers. Because freely suspended liquid crystalline films 

form highly ordered structures on the free surface due to surface forces [20], smectic O 

herringbone patterns on the film surface might have a higher order than the smectic A or 

smectic C structure within the inner areas in this film. The observed smectic O  
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(A)                                    (B) 

 
Figure 2.16 Fluorescence micrographs of A7-ZnS and M13 films. (A) A7-ZnS film and 
(B) control M13 virus film without ZnS nanoparticles.  

50 µm 
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(A)                                    (B) 

 
(C)                                    (D)  

    

Figure 2.17 Surface morphologies of A7-ZnS films. SEM images of A7-ZnS surface 
under low-magnification (A) and high magnification (B) showing the zig-zag 
morphology. (C) AFM image showing zig-zag orientation of individual particle. (D) 
Schematic diagram of interdigitated zig-zag patterns of A7-ZnS film surface. 

1.2~ 1.5 µm

10 µm 1 µm 

1 µm 
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morphology of the A7-ZnS film is similar to that of the high ratio rod-coil (frod-coil >0.96) 

block copolymers, which favor the bilayered and interdigitated morphologies [6]. This 

similarity to the A7-ZnS structure (fphage-nanocrystals: ~0.98) strongly suggests that the 

A7-ZnS might have an interdigitated morphology in which the director (bacteriophage 

axis) is rotated by 180° between adjacent A7-ZnS particles in the film. The spacing 

measured along the molecular long axis of A7-ZnS was longer than the length of the A7 

phage (880 nm), strongly indicating that the A7-ZnS films had interdigitated structures. 

In addition, the interdigitated structure might be the most stable structure with the lowest 

packing free energy for particles that have large heads (20 nm nanocrystal aggregates) 

and extremely long tails (Fig. 2.6A and B).  

 

Conclusion 

Three-dimensional multi-length scale long-range ordered ZnS nanocrystal and 

M13 virus composite films were fabricated using genetically engineered viruses. ZnS 

nanocrystals conjugated to the ends of A7 viruses were self-assembled to form 

smectic-like lamellar structures. ZnS nanocrystal layers were separated by the length 
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scale of the virus (880 nm). The composite films formed chiral smectic C structures in the 

bulk and zig-zag ordered structures on the surfaces. 20 nm head-shaped inorganic 

nanocrystals that were bound to long rod-shaped organic viruses formed interdigitated 

structures. Two-dimensional cast films of ZnS nanocrystals conjugated with M13 virus 

were also fabricated on the various substrates. The driving force for the molecular 

orientation of the virus long axis was the force of flow of the evaporating solvent during 

the drying process. Although virus films did not grow in an epitaxial way to transcribe 

the crystallographic pattern of substrates, previously anchored virus layers were observed 

to affect additional virus anchoring behavior.  The viruses stacked together and resulted 

in smectic B structured films on ITO substrates.  

This approach to use genetically engineered viruses to assemble nanocrystals has 

several advantages. Using molecular cloning techniques, monodisperse biopolymers of 

specified lengths (A7-phage) can be easily prepared. By genetic selection of a peptide 

recognition moiety, one can easily modulate and align different types of inorganic 

nanocrystals in three-dimensional layered structures. Although this liquid crystal system 

has only incorporated ZnS at present, our group has already selected phage that have 

specific peptide recognition to and nucleation control of many materials including II-VI 
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semiconductor crystal surfaces (CdS, PbS, CdSe, ZnSe) and magnetic materials. 

Therefore, liquid crystal systems using these and other materials are possible and 

currently being investigated. Additionally, the viral films can be stored at room 

temperature with little loss of titer for at least seven months. This point is discussed in 

detail in Chapter 6. The results of Chapter 6 will show that the fabrication of viral films is 

a reversible process. Moreover, we believe that film fabrication is a new process for 

storage of high density engineered DNA. We anticipate that our approach of using 

recognition as well as liquid crystalline self-ordering systems of engineered viruses may 

provide new pathways to organizing electronic, optical and magnetic materials.  
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Chapter 3. Chiral Smectic C Structures of Virus-Based Films4 

3.1. Introduction 

Chirality plays an important role in the molecular orientation of liquid crystalline 

structures [1].  Molecular chirality in nematic liquid crystals causes tilting between 

adjacent plane-layers. When these tilted plane-layers are rotated 360 degrees about the 

layer normal, they appear as fingerprint textures under crossed polars. The fingerprint 

texture is characteristic of chiral nematic phases, which are also called cholesteric phases. 

Smectic liquid crystals also have various chiral substructures [2]. Smectic C structures 

that are composed of chiral molecules form twisted layers with respect to the molecular 

long axis and are specified as having a chiral smectic C phase (Figure 3.1A). In this phase, 

each molecule has the same tilted structure as the smectic C phase, but, in addition, each 

tilted layer is rotated by a small angle (called the azimuthal angle) through the direction 

of the layer normal. When the azimuthal angle is 360 degrees, the structure exhibits 

periodic patterns called a helical pitch. The helical pitch exhibits a periodic texture 

similar to that of the cholesteric phase under crossed polars.

                                                  
4 Reproduced in part with permission from Lee et al. Langmuir, 19, 1592-1598 (2003). 
Copyright 2003 American Chemical Society. 
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(A)                                      (B) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic diagrams of chiral smectic C structures of the viral film in the bulk 
and surfaces. (A) A schematic diagram of the M13 virus film structure in the bulk, which 
has a chiral smectic C ordering structure [z: director (molecular long axis); n: layer 
normal; θ: tilted angle; φ: azimuthal rotation angle]. (B) A schematic diagram of the 
surface morphology of the M13 virus film. The helical ordered structure is unwound and 
forms a zig-zag pattern due to surface effects. Dotted lines represent disclination lines, 
and the spacing between two neighboring disclination lines corresponds to a half pitch 
(½P) of the chiral smectic C helical pattern. 

z 

θ φ 

n 
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As described in Chapter 2, the self-assembly of long rod-shaped M13 viruses 

conjugated with ZnS nanocrystals results in 72 micrometer periodic ordered structures. 

The dark and bright bands of these structures observed by POM strongly suggest that the 

resulting liquid crystalline films might have chiral structures. In this chapter, the effects 

of the chirality of the M13 virus in virus-based films are described. Dechiralization 

surface defects provide strong evidence that these virus-based films are organized into 

chiral smectic C structures. Films fabricated at different virus concentrations provide 

various textures depending on the thickness of the films. In addition, the chirality of viral 

films formed from M13 viruses alone are compared with that of films formed from M13 

conjugated with ZnS nanocrystals.  

Viral films are the first example of a long range ordered lyotropic liquid 

crystalline chiral smectic C film. Their structure supports Meyer’s theoretical suggestion 

that all smectic C structures formed from chiral molecules should have chiral smectic C 

structures [3].  Although several microscopy techniques have been used to visualize 

ordered liquid crystalline materials, a complete understanding of the molecular 

orientation of liquid crystalline ordered structure has been limited by the small size and 

softness of the mesogen units of conventional liquid crystalline materials [4-7]. However, 
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by using micrometer scale biomolecules (viruses), surface defects of chiral smectic C 

structures are easily characterized. Moreover, to fabricate defect-free, well-ordered 

complex architectures for applications using the semiconductor nanocrystal hybrid virus 

films, a basic understanding of the surface and bulk structures of these materials is 

essential.  

 

3.2. Materials and Methods 

Viral film preparation 

M13 phage were amplified and purified as described in Chapter 2. Twelve 

different concentrations of M13 phage (800 µl each) were prepared as shown in Table 3.1. 

The suspensions were placed in 1.5 ml polypropylene microcentrifuge tubes (1 cm in 

diameter and 4 cm in length; Eppendorf, Brinkman Co., Westbury, NY) and allowed to 

dry in a dessicator for three weeks (weight loss in the drying process: ~ 100 mg per day). 

Cast films were formed on the walls of the tubes as the solvent evaporated (Figure 3.2).  
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Figure 3.2 Schematic diagram of viral film formation. 
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Polarized optical microscopy 

POM images were obtained using an Olympus polarized optical microscope. 

Micrographs were taken using a SPOT digital camera (Diagnostic Inc.). Optical activity 

was observed by changing the angles between the polarizer and analyzer.  The polarized 

optical microscope was used to measure the chiral smectic C spacing patterns.  

 

Scanning electron microscopy  

A scanning electron microscope (LEO1530) was used to observe the surface 

morphologies of the viral films. To enhance the contrast and avoid surface charging 

effects under the electron beam, the viral films were coated with chromium using a 

plasma ion beam sputtering machine. The thickness of the film sample was measured by 

tilting the sample holder ~80 degrees from the horizontal plane and mounting it to the 

SEM sample stage. 

 

Atomic force microscope 

An atomic force microscope (AFM) (Digital Instruments, CA) was used to study 

the surface morphologies of the viral film. The images were taken in air using tapping 
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mode. The AFM probes were etched silicon with 125 µm cantilevers and spring constants 

of 20-100 N/m driven near their resonant frequency of 250-350 kHz. Scan rates were on 

the order of 1-40 µm /s.  

 

Laser light diffraction   

Laser beam diffraction (He-Ni laser: 632.8 nm) was used to measure the chiral 

smectic C pitch of the viral film, which is illustrated in Figure 3.8. The distance between 

the screen and sample was 200 cm.  Diffraction patterns were recorded by a Sony 

Mavica digital camera (Sony Co., Japan). Spacing was calculated by measuring the first 

order Bragg diffraction spot.  

 

3.3. Results and Discussion 

Film formation and thickness 

Cast films fabricated from 1.79-9.93 mg/ml virus suspensions were 

self-supporting and could be manipulated with forceps (Figure 3.3). Viral films fabricated 

from concentrations under ~1 mg/ml were too thin to be self-supporting when removed 

from the substrates. The film thicknesses were measured using SEM and are shown in 
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Table 3.1. The thickness was proportional to the initial concentration of the bulk 

suspension.  

 

Figure 3.3 Photograph of M13 virus film. 

 

Table 3.1 Thicknesses of the viral films and their initial bulk concentrations. 

Sample 
number 

1 2 3 4 5 6 7 8 9 10 11 12 

Conc. (mg/ml) 9.93 9.70 8.63 7.60 6.88 6.38 5.09 4.39 3.36 2.59 1.79 1.05

Thickness 
(µm) 

12.90 12.80 7.55 6.11 5.29 6.53 4.34 3.45 2.16 2.91 1.60 N/A

 

Chiral smectic C ordered films  

POM images of the viral film formed from the 9.93 mg/ml virus suspension 

(sample 1) revealed optically active dark and bright band patterns (Figure 3.4). The 

b
a 

c 
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periodic spacing between these patterns was 36.79 + 0.95 µm, and the patterns were 

continued over a centimeter scale. When the focus level through the optic axis was 

changed to a higher magnification, parallel band patterns smaller than 1 µm were also 

observed using optical microscopy. These fine band patterns corresponded to the smectic 

layer structure of the M13 virus molecules. The film was determined to be optically 

active as evident by the change in intensity of the alternating dark and bright band pattern 

as the angles between the polarizers were rotated (Figure 3.5).  

   

Figure 3.4 Chiral smectic C structure of the viral film from sample 1 (9.93 mg/ml). POM 
image showing the dark and bright stripe patterns (36.8 µm). [cross represents the 
direction of analyzer (A) and polarizer (P)].  

 

A 

P 

100 µm
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These optically active dark and bright band patterns are consistent with a chiral 

smectic C structure for the viral films. In chiral smectic C structures, the molecular long 

axis (director: n) have tilted angles (θ) with respect to layer normal (z). These tilted 

layers form a helical rotation (azimuth angle:φ) from one layer to the next (Figure 3.1A) 

[8]. Therefore, the continuous helical change of the orientational orders through the tilted 

smectic layers causes different interactions with plane polarized light, resulting in 

optically active band patterns. Reflected polarized optical microscopy (RPOM) of the 

viral film gave similar optically active dark and bright band patterns depending on the 

angles between the polarizer and analyzer. These RPOM images indicate the presence of 

dechiralization line defects on the surface [8,9]. The dechiralization line defects arose 

from the interaction between helically ordered bulk structures and surface effects. Due to 

the surface effects, the helicoidal ordered chiral smectic C structures were unwound near 

the surface and resulted in bright and dark band patterns, which corresponded to the 

periodic pitch of the chiral smectic C structures.  

The dechiralization line defects of the viral film were characterized using 

scanning electron microscope (SEM) (Figure 3.6). Zig-zag patterned long-range ordered 

structures were observed, which corresponded to the dark and bright band patterns in  
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(A)  80°        (B) 100° 

 

(C) 60°         (D) 120° 

 

(E) 45°        (F) 135° 

 

Figure 3.5 Polarized optical micrographs that show optical activity of the viral film 
depending on the angles between the polarizer and analyzer. Angles between polarizer 
and analyzer are (A) 80°, (B) 100°, (C) 60°, (D) 120°, (E) 45°, and (F) 135°. 
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RPOM. The alternating zig-zag band patterns (~37 µm) showed periodic +45 degree 

changes with respect to the layer normal. The periodic spacing of the zig-zag patterns  

was consistent with the periodic POM and RPOM patterns. The zig-zag type 

morphologies of the viral film might be induced from surface defects of the chiral 

smectic C structure. The chiral smectic C structure has two ordering parameters, a tilted 

angle (θ) with respect to the layer normal and an azimuth angle (φ) with respect to a 

layered plane [8].  If the helicoidal pitch direction of the chiral smectic C layer is 

parallel with respect to the layer plane, the azimuth angle (φ) of the director can be 

projected to the layered plane [10]. Due to additional higher ordering properties on the 

surface, the tilted angle (θ) on the surface might have higher angles than the sum of the 

tilted angles and the projected azimuth angle [11]. Therefore, the 180 degree phase 

difference of the azimuth angle (φ) is projected into the long-range periodic zig-zag 

patterns (Figure 3.1A and B). 
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(A)                                    (B)     

 

Figure 3.6 Long-range zig-zag surface morphologies of the viral film observed using 
SEM. (A), (B) SEM images of viral film showing long range ordered zig-zag pattern 
dechiralization defects on the surface. 

Tilted smectic C morphologies on the free surface of the viral films were 

characterized using AFM (Figure 3.7). The M13 virus particles formed a tilted layer 

structure that had an average spacing of 620+27 nm. The molecular long axis of the virus 

particles were tilted ~45 degrees with respect to the layer normal (n) (Figure 3.7D). The 

distance measured through the director (z) between the adjacent two layers (886+36 nm) 

corresponded with the length scale of the M13 phage particles (880 nm) [12,13]. Based 

on the average layer spacing from the AFM image and chiral smectic C pitch from the 

POM image, the number of layers in a chiral smectic C pitch was estimated to be 59.3  

50 µm 
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(A)                                   (B) 

 

(C)                                   (D) 

 
Figure 3.7 Smectic C surface morphologies of the viral film observed using AFM. AFM 
images (A), (B), (C) show smectic C structures with increasing magnification. (D) 
Schematic diagram of the arrangement of virus molecules [z: director (molecular long 
axis); n: layer normal; θ: tilted angle].  

 

1 µm 

1 µm 
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layers. Because the azimuth angle changes 360 degrees in a pitch, the angle can be 

estimated from the number of the layers in a pitch (59.3 layers). The azimuth angle (φ) 

from the sample 1 viral film was ~6 degrees. 

 The helical periodic pitch of the viral film was also measured using laser light 

scattering. Clear diffraction patterns of the film (Figure 3.8) gave a 35.8 µm pitch, which 

was consistent with the periodic pattern observed by POM and SEM.  

 
 

 

Figure 3.8 Schematic diagram of optical diffraction from the viral film and the actual 
diffraction pattern from sample 1.  

 

 

Height: 

Viral film 

Distance:200 cm
He/Ni laser 

 

Wavelength of laser: 632.8 nm 
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Distortion of the chiral smectic C ordered films 

In certain regions of the film, locally distorted textures were observed (Figure 

3.9A). In these disordered regions, the band patterns were parallel to the ordered band 

patterns described previously. The spacing in these regions was observed to be irregular 

and varied. On the bottom part of the film (c area in Figure 3.3), grey band patterns 

emerged (Figure 3.9B) which were similar to the chiral smectic A texture reported 

previously [14]. AFM analysis revealed twisted deformations of smectic A structures on 

these distorted band texture areas. AFM images (Figure 3.9C) showed that smectic layers 

were twisted and formed the disclination line that showed the discontinuity of the 

orientation. The chiral smectic A textures revealed by POM and the twisted smectic layer 

morphologies suggested that the chiral smectic C structure might have transitioned to a 

twisted grain boundary (TGB) structure that is known to form between chiral smectic C 

and isotropic phases [14]. AFM images collected from the grey POM region (Figure 

3.9B) showed irregular distorted smectic C domains. However, when a differential 

interference contrast (DIC) filter was applied to this grey area, periodic band patterns that 

were similar to chiral smectic C periodic patterns were observed. These periodic DIC  
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(A)                                   (B) 

 

 (C)                                 (D) 

 

Figure 3.9 POM and AFM images showing distortion of the smectic structures and phase 
transitions from sample 1. (A) POM image showing the distorted dark and bright stripe 
patterns. (B) POM image showing the phase transition. (C) and (D) AFM images 
corresponding to POM images (A) and (B), respectively.  

100 µm 100 µm

1 µm 1 µm 
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images and distorted AFM morphologies indicated that the grey areas might have chiral 

smectic C structures in the bulk and the distortion localized on the surface. 

Viral films fabricated from 6.38-9.70 mg/ml virus suspensions (samples 2~7), 

had characteristics similar to those fabricated from 9.93mg/ml (sample 1). The pitch 

length gradually decreased from sample 1 to sample 4 and then increased to sample 7. At 

5.09 mg/ml, the smectic C structure made a transition to a smectic A structure. A similar 

expansion of the pitch near the transition point was also observed from the cholesteric 

phase transition to the smectic phase [13]. Therefore, the chiral smectic C spacing 

expansion might be involved in a pre-transition phenomena. All of the films showed clear 

diffraction patterns that were consistent with the periodic patterns observed by POM 

(Table. 3.2). 

 
Table 3.2 Chiral smectic C pitches measured by polarized optical microscopy (POM) and 
laser light diffraction. 

Sample number 1 2 3 4 5 6 7 

POM (µm)  36.79 31.63 30.30 27.37 36.46 41.03 41.04 

Laser (µm) 35.76 32.34 31.54 29.28 35.41 42.05 N/A 
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Structure transition 

Different POM band patterns (upper part of Figure 3.10A) were observed from 

the viral film fabricated from the 5.09 mg/ml virus supsension (sample 7). POM images 

of sample 7 exhibited periodic vertical bright band patterns that were divided by 

Schlieren stripe lines when the dark lines were parallel with respect to the polarizers. 

When the analyzer angle changed by ~5 degrees, the POM texture intensified, resulting 

in slightly darker and brighter stripe patterns similar to those of the chiral smectic C viral 

film. The film also exhibited zig-zag patterned lines through the band patterns. The 

periodicity of these vertical periodic patterns was 97.43 + 2.92 µm. When the samples 

were rotated through the optical axis, bright band patterns were changed to alternating 

dark and bright stripe patterns. The dependence of the intensity on both the change of 

angles between polarizers and the rotation of the sample strongly indicated that there was 

a periodic change of the orientation on the film surface. 

Gradual changes of the POM textures (bottom part of Figure 3.10A and upper 

part of Figure 3.10B) were observed in the middle part (b area in Figure 3.3) of the 

sample surface (5.09 mg/ml). The vertical stripe patterns gradually transitioned to parallel 



 86

(A)                                   (B)  

 

Figure 3.10 Structural change of viral film observed using POM. POM images of sample 
7 showed texture changes from vertical stripe patterns (A) to horizontal stripe patterns 
(B).  

dark and bright stripe patterns (bottom part of Figure 3.10B) in samples 1-6. The parallel 

stripe patterns had a 41.04 + 2.18 µm periodicity. Unwinding defects of the chiral smectic 

C structure were observed where the vertical stripes met the parallel stripes. A Schlieren 

line texture was propagated parallel to the direction of the meniscus force. Sample areas 

near the bottom part of the film exhibited the grey textures that were observed in sample 

1.  

 

100 µm 100 µm



 87

Smectic A ordered films  

POM images of samples 8-10 (4.39-2.59 mg/ml) exhibited the same vertical 

bright band patterns (Figure 3.11A) observed in sample 7. However, spacing between the 

two vertical dark lines varied, as showed in Tables 3.2 and 3.3. The long-range periodic 

zig-zag patterns on the surface were also characterized using SEM. 

 

Table 3.3 Periodic zig-zag smectic A patterns measured by POM. 

Sample number 7 8 9 10 

POM (µm) 97.43 93.87 N/A 62.38 

 

The low magnification SEM image (Figure 3.11C) of sample 10 showed that the 

film had regularly occurring periodic chevron-like cracked patterns. The higher 

magnification SEM image (Figure 3.11D) of these cracked patterns showed that their 

directions were parallel to the orientation of the directors. Between the interfaces of the 

zig-zag patterns, the disclination lines corresponded to the dark vertical Schlieren line 

patterns in the POM images (Figure 3.11A). AFM analysis revealed smectic A ordered 

structures in the same region (Figure 3.11B). The viral particles formed ~980 x 800 nm 
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domain blocks. In the smectic domains, the virus particle packing pattern was similar to 

that of the smectic B structure, in which molecules are arranged in layers with the 

molecular center positioned in a hexagonal close-packed array [2]. These domain blocks 

formed the parallel-aligned and bookshelf-like smectic A structures on the surface. The 

average spacing between the two layers was 977 +25 nm, which is slightly larger than the 

length of the M13 virus (880 nm).  
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(A)                                  (B) 

 
 (C)                                  (D) 

   

Figure 3.11 Long-range zig-zag ordered smectic A morphologies of the viral films. (A) 
POM image showing the vertical stripe patterns (62.4 µm). (B) AFM image of the viral 
film surface showing the smectic A alignment. (C) SEM images of viral film surface 
showing the chevron-like cracked patterns. (D) High-resolution SEM image.  

100 µm 1 µm 
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Nematic ordered films 

The POM image of sample 11 showed disordered Schlieren texture lines (Figure 

3.12A). Crooked black brush line patterns were propagated irregularly within 20~30 

micrometer domains. The dark and bright patterns were divided by the crooked black 

brush lines. Both the dark brush lines and the brightness of the patterns were changed by 

rotating the film, indicating that the brush lines were disclination lines. SEM analysis of 

the viral film revealed that these crooked black brush lines appeared as sporadic rippling 

patterns throughout the sample (Figure 3.12B). AFM images of these areas showed the 

nematic ordered structures of smectic A bundle-like domains (~980 nm x 200 nm)(Figure 

3.12C). Each smectic A domain formed nematic-like ordered structures (Figure 3.12D).  

Chirality consideration 

The chiral smectic C structure was first suggested by Meyer [3]. He predicted 

that if smectic C structures were formed from chiral molecules, the resulting structure 

should be a chiral smectic C structure. Many chiral thermotropic liquid crystalline 

materials have been synthesized that have chiral smectic C structures [8,10,15,16]. 

However, due to the non-uniform orientation of the lyotropic liquid crystals, it has been  
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(A)                                  (B) 

 
 
 (C)                                  (D) 

 

Figure 3.12 Nematic morphologies of the viral film (sample 11). (A) POM image 
showing the crooked Schlieren dark brush patterns. (B) SEM image showing the 
rippling-like patterns on the viral film surface. (C) AFM images of the viral film surface 
showing the nematic ordering of the smectic domains. (D) Schematic diagram of nematic 
ordering of smectic domains.  

100 µm

1 µm 
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challenging to study chirality effects of lyotropic smectic structures compared with those  

of thermotropic liquid crystals. Chirality of the lyotropic smectic liquid crystals has been 

reported [12,17,18]. A twisted grain boundary phase of the Fd virus was observed [12]. 

Although optical microscopy evidence of the chiral smectic phase (SmC*, SmI*, SmF*) 

of filamentous actin (F-actin) was reported, long-range ordering of the chiral smectic C 

structure of F-actin could not be observed due to the polydisperse nature of F-actin [19]. 

Moreover, making a long-range ordered lyotropic liquid crystalline structure without an 

external field was difficult. Long-range ordered samples, such as viral fibers and 

suspensions, can be prepared by applying external fields [20,21]. However, these samples 

lose their chiral properties in response to the external fields. Viral films fabricated from 

the monodisperse M13 phage in this study exploited the meniscus force in order to make 

the long-range ordered chiral smectic C structure up to several centimeters in length 

without external fields. POM images of the viral film showed optically active dark and 

bright stripe patterns. SEM images showed the dechiralization defects of chiral smectic C 

structures, and AFM images showed the tilted smectic C ordered structures. Based on this 
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microscopic evidence, the viral films were determined to have the chiral smectic C 

structure. 

Thickness effects on the chiral smectic C structure of the viral film were also 

observed. When the thickness of the films decreased to ~ 4.3 µm, which spanned ~ 360 

viral particle layers (particle to particle distance: 12 nm), the surface effect seemed to be 

dominant throughout the bulk film. Therefore, the chiral smectic C structure made a 

transition to a smectic A-like ordered structure. The orientation of the molecular 

long-axis was almost perpendicular to the smectic layers. The formation of the vertical 

zig-zag patterns, however, in samples 7-10 might have resulted from both the helical 

structure of the bulk and the thickness of the film. Due to the thickness effects, relatively 

thin viral films (2-4 micrometer in thickness) aligned in smectic A patterns, similar to the 

thin nematic films that have smectic-like ordered structures [11]. The intrinsic chiral 

properties of the virus, which forms layers, might stabilize the zig-zag patterned smectic 

A structure instead of the bookshelf-like smectic A patterned structure. 

The nematic ordered structures, which showed the disordered smectic A domains, 

strongly suggested the formation of bundle-like domains in solution prior to film 
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formation. The isotropic phase of the viral suspension in the meniscus areas slowly 

transitioned to the nematic phase. However, viral particles that had the same orientational 

order began to make bundle-like domain structures. These domain structures were still 

flexible to modification of their packing structure. These domains initially became the 

basic building units of the layered structures. After forming layers, these smectic A 

domains became close-packed as the solvent evaporated. Complete evaporation of the 

solvent caused the formation of the bulk structures of the viral film. The thickness of the 

virus film had a critical effect on both the bulk and surface structures. Surface forces 

dominated the formation of the thin virus films and forced the bundle-like domains to be 

aligned in smectic A patterns. However, in the thick viral films (more than 360 layers of 

the viral layer), surface morphologies were affected by both surface forces and the bulk 

chiral structure. Therefore, the smectic C patterns were dominant compared with the 

smectic A morphologies in the thin samples. Our group and others also observed the 

bundle-formation phenomena in experiments involving cast films of liquid crystals 

[Chapter 2,21-24]. In M13 viral films formed on mica, SiO2, and silicon substrates, the 

M13 bundles were frequently observed at the initiation of film formation and thought to 

act as nucleation centers for oriented deposition of viruses on these substrates.  
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In Chapter 2, the morphologies of the ZnS nanocrystal virus hybrid films were 

described. The ZnS nanocrystal hybrid viral films displayed the optically active ~72 µm 

periodic dark and bright stripe POM patterns observed in 100% M13 virus films. 

However, the surface morphologies of the ZnS nanocrystal hybrid viral films had 

anti-smectic C structures (smectic O), which appeared in zig-zag patterns that had ~1.0 

µm spacing through the layer normal direction. Based on the POM pitch and AFM 

zig-zag layer spacing, the ZnS nanocrystal hybrid viral films had ~72 layers in a pitch 

and a ~5 degree azimuth angle. Based on the morphologies of the 100% M13 virus 

control film and the ZnS nanocrystal hybrid viral films, the ZnS nanocrystal hybrid viral 

films appeared to have chiral smectic C structures that were composed of interdigitated 

domains of M13 viruses bound to 20 nm ZnS nanocrystal aggregates. The interdigitated 

domains reduced the packing energies of the large head shape of the ZnS nanocrystal 

hybrid viral films. The anti-smectic C structure was only observed on the surface of the 

film and is believed to be a surface effect. 

The observed morphologies of the M13 viral films and ZnS nanocrystal hybrid 

viral films were very similar to those of the rod-like polymer poly(γ-benzyl 
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α,L-glutamate) (PBLG) and rod-coil block-copolymers, which are approximately a 

thousand times smaller than the virus [25-27]. Monodisperse rod-like polymers have been 

known to form smectic film structures [26]. The high ratio rod-coil (frod-coil > 0.96) 

block-copolymers favor the bilayered and interdigitated morphologies, which exhibit 

smectic C and O structures [25]. A TGB structures of a PBLG film made of 

monodisperse PBLG was reported to have a chiral smectic structure [27]. The same film 

formed using our technique may yield a chiral smectic C structure and therefore also 

supports Meyer’s prediction.  

The building of defect-free, well-ordered miniaturized electronic devices using 

films made from genetically engineered viruses hybridized with semiconductor or 

magnetic nanocrystals may be aided by the use of an external force such as a magnetic or 

electric field. Thin films made from viruses hybridized by homeotropic-aligned magnetic 

nanocrystals might be used to make self-supporting, flexible, and highly integrated 

magnetic memory devices in the future.  

 

 



 97

Reference 

1. Kitzerow, H., Bahr, C. Chirality in liquid crystals, Springer, New York (2001). 
2. Gray, G. W. and Goodby, J.W. G. Smectic Liquid Crystals, Heyden & Son, Inc. PA, , 

pp. 23-44 (1984). 
3. Meyer, R. B., Leibert, L., Strzelecki, L., Keller, P. J. Phys. (Paris) Lett. 36, 1 

(1975). 
4. Patrick, D. L., Cee, V. J., Morse, M. D., Beebe, T. P. J. of Phys. Chem. B 103, 

8328 (1999). 
5. Walba, D. M., Stevens, F., Clark, N. A., Parks, D. C. Acc. Chem. Res. 29, 591 

(1996). 
6. Maeda, H., Maeda, Y. Langmuir 12, 1446 (1996). 
7. Wetter, C. Biologie in unserer Zeit 3, 81 (1985). 
8. Clark, N. A. Ferroelectric Liquid Crystals: Principles, Properties, and 

Applications;Gordon and Breach Science Pub. Philadelphia, PA 1991.  
9. Glogarova, M., Lejek, L., Pavel, J., Janovec, U., Fousek, F. Mol. Cryst. Liq. Cryst. 

91, 309 (1983) 
10. Clark, N. A., Rieker, T. P. Phys. Rev. A, 37, 1053 (1988).  
11. Sonin, A. A., Clark, N. A., Freely Suspended Liquid Crystalline Films; John 

Wiley & Sons, Ltd, New York, 1998, pp. 25-43 and pp. 75-78. 
12. Baus, M., Rull, L. F., Ryckaert, J. Observation, prediction and simulation of 

phase transitions in complex fluids; Kluwer Academic Pub. Boston: 1995 
(113-164). 

13. Dogic, Z., Fraden, S. Langmuir 16, 7820 (2000). 
14. Goodby, J. W., Waugh, M. A., Stein, S. M., Chin, E., Pindak, R., Patel, J. S. J. Am. 

Chem. Soc. 111, 8119 (1989).  
15. Fukuda, A., Takanishi, Y., Isozaki, T., Ishikawa, K., Takezoe, H. J. Mater. Chem. 4, 

997 (1994). 
16. Zheng, W.Y., Albalak, R.J., Hammond, P. T. Macromolecules 31, 2686 (1998). 
17. Das, P., Xu, J, Roy. J; Chakrabarti, N. J. Chem. Phys. 111, 8240 (1999). 
18. Kamien, Randall D., Lubensky, T. C. J. de Physique II 7, 157 (1997). 
19. Das, P., Xu, J, Roy. J; Chakrabarti, N. J. Chem. Phys. 111, 8240 (1999). 
20. Welsh, L.C., Simmons, Nave, C., Perham, R. N., Marseglia, E. A., Marvin D. A. 

Macromolecules 29, 7025 (1996).  



 98

21. Booy, F. P., Fowler, A. G. Int. J. Biol. Macromol. 7, 327 (1985). 
22. Ni, J., Lee, S.-W., White, M. J., Belcher, A. M. (J. Poly. Sci. (B), 2003 in print).  
23. Maeda, H., Maeda, Y. Langmuir 12, 1446 (1996). 
24. Maeda, Y., Hachisu, S. Collids Surf. 6, 1 (1983).  
25. Chen, J. T., Thomas, E. L., Ober, C. K., Mao, G.-P. Science 273, 343 (1996). 
26. Yu, S. M., Conticello, V. P., Zhang, G., Kayser, C., Fournier, M. J., Mason. T. L., 

Tirrell, D. A. Nature 389, 167 (1997). 
27. He, S.-J., Lee, C., Gido, S. P., Yu. S. M., Tirrell, D. A. Macromolecules 31, 9387 

(1998). 

 

 

  



 99

Chapter 4. Virus-Based Alignment of Inorganic, Organic,  

and Biological Nanosized Materials5 

 

4.1. Introduction 

Functionalized liquid crystalline materials may provide various pathways to 

building well-ordered and well-controlled two- and three-dimensional structures for the 

construction of next generation optical, electronic and magnetic materials and devices 

[1-3]. It has been demonstrated that several types of rod-shaped viruses form 

well-controlled liquid crystalline phases [4,5]. In Chapter 2, a self-assembled ordered 

nanocrystal film fabrication method using nanocrystal-functionalized M13 viruses is 

described [3]. Through the utilization of genetic engineering techniques, one end of the 

M13 virus was functionalized to nucleate or bind to a desired semiconductor material. 

These nanocrystal-functionalized viral liquid crystalline building blocks were grown into 

ordered hybrid self-supporting films. The resulting nanocrystal hybrid film was ordered 

at the nano- and micrometer scales into 72 µm periodic striped pattern domains. In the 

                                                  
5 Reproduced in part with permission from Lee et al. Advanced Materials, 15, 689-692 (2003). 

Copyright 2003 Wiley-VCH Verlag GmbH & Co. 
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previous system, zinc sulfide nanocrystals (II-VI semiconductor) were easily nucleated 

and aligned using a one-pot synthetic route. To align other materials, including metals 

and electro-optical materials, biological selection of viruses with specificity to each 

material is required prior to alignment.  In this chapter, a novel nanoparticle alignment 

method is demonstrated using anti-streptavidin viruses, which were first selected to bind 

to streptavidin.  The specificity of the virus for streptavidin allows it to act as a universal 

handle for picking up any material that has been covalently conjugated to streptavidin. 

The self-assembling nature of this anti-streptavidin virus can then be exploited to make 

organized hybrid materials.  The organized hybrid materials presented here are liquid 

crystalline films of gold nanoparticles, fluorescent molecules (fluorescein), and large 

fluorescent proteins (phycoerythrin).  

 

4.2. Materials and Methods  

Materials 

The anti-streptavidin virus was selected by a phage display method using an M13 

bacteriophage library (New England Biolabs). The virus was amplified in a large volume 

(400 ml scale, 7x 107 pfu/µl). The virus suspension was precipitated into a pellet.  20 mg 
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of the virus pellet were resuspended in 1.0 ml of 10 nm gold nanoparticles (Abs: 2.5 at 

520 nm) conjugated to a streptavidin colloidal suspension (Sigma Co., MO) and agitated 

using a rocker for one day.  The viruses conjugated with gold nanoparticles (Au-virus) 

were centrifuged after being mixed with 167 µl of poly(ethylene glycol) solution.  The 

red-colored pellet was suspended using ~20 µl of tris-buffered saline (pH 7.5) to form a 

Au-virus liquid crystalline suspension (virus concentration: 83.2 mg/ml).  To fabricate 

the Au-virus film, the Au-virus suspension was diluted to ~ 6 mg/ml (400 µl) and dried in 

a dessicator for two weeks.  

 

Fluorescein-virus cast film fabrication 

20 µl of virus suspension (1.9 x10-7M in Tris-HCl saline buffered solution, pH 

7.5) were mixed with 20 µl of 0.01 mg/ml (1.9 x10-7 M, MW: 53,200) 

fluorescein-streptavidin suspension. 1 µl of suspension was cast and dried on a glass 

substrate (VWR Co., PA). The molarity of the virus suspension was measured by UV-Vis 

spectrophotometry (extinction coefficient: 1.2 x 108 M-1cm-1at 268 nm) [13].  
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Phycoerythrin-virus cast film fabrication  

20 µl of virus suspension (~ 6 mg/ml, 1.9 x10-7M, Tris-HCl saline buffered 

solution, pH 7.5) were mixed with 20 µl of 0.05 mg/ml (1.7 x10-7 M in Tris-HCl saline 

buffered solution, pH 7.5, with 5 % sucrose, MW: 292,800) R-phycoerythrin-streptavidin. 

1 µl of suspension was cast and dried on a glass substrate (VWR Co., PA).  

 

Microscopy  

POM images were obtained using an Olympus polarized optical microscope. 

Micrographs were taken using a SPOT Digital camera (Diagnostic Inc.).  Fluorescence 

images were obtained using a Leica TCS 4D scanning laser microscope  and SEM 

images were obtained using an LEO1530 scanning electron microscope, operating at an 

accelerating voltage of 1 kV.  TEM images were obtained using a Philips 208 

transmission electron microscope at an accelerating voltage of 80 kV and a JEOL 2010F 

transmission electron microscope at 200 kV. AFM images (Digital Instruments) were 

taken in air using tapping mode.  The AFM probes were etched silicon with 125 µm 

cantilevers and spring constants of 20-100 N/m driven near their resonant frequency of 

250-350 kHz.  Scan rates were on the order of 1-40 µm /s.   
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4.3. Results and Discussions 

The anti-streptavidin M13 viruses having specific binding moieties for 

streptavidin were isolated through the screening of a phage display library (Figure 4.1) 

[6,7]. The His-Pro-Gln is known to specifically bind to streptavidin [6]. His-Pro-Gln 

sequences were obtained after the second round of biopanning against the streptavidin 

target. The His-Pro-Gln binding motif was included in 100 % of the pIII inserts after the 

fourth round of biopanning. The dominant binding sequence after the fourth round was 

TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN. This anti-streptavidin 

M13 virus was amplified to a high concentration (~1012 pfu/µl) and was reacted 

separately with 10 nm gold nanocrystals (Figure 4.2A), fluorescein, and phycoerythrin, 

which were previously conjugated with streptavidin. These highly concentrated 

suspensions exhibited liquid crystalline properties.   
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Figure 4.1 A schematic diagram illustrating alignment of nanomaterials using an 
anti-streptavidin M13 virus and a streptavidin linker. 
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Figure 4.2 Photographs of virus pellet (i), suspension of streptavidin-conjugated gold 
nanoparticles (ii), and suspension of gold nanoparticle-conjugated viruses (Au-virus) (iii). 

 

The highly concentrated Au-virus liquid crystalline suspension (~83 mg/ml) 

exhibited an iridescent birefringence texture when analyzed using polarized optical 

microscopy (POM) (Figure 4.3A). This iridescent birefringence texture corresponded to a 

smectic liquid crystalline phase structure.  The cholesteric fingerprint textures (76~20 

mg/ml) (Figure 4.3B and C) and nematic textures (14 mg/ml) (Figure 4.3D) were 

observed when the suspensions were systematically diluted. 



 106

(A)              (B) 

 (C)                                  (D)    

Figure 4.3 Polarized optical microscopy images of Au-virus suspensions. (A) smectic 
(83.2 mg/ml),  (B) cholesteric (52.3 mg/ml), (C) cholesteric (20.7 mg/ml), and (D) 
nematic (14.5 mg/ml) phases. 
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The individual mesogen units of viruses bound to 10 nm gold nanoparticles 

bound were visualized using transmission electron microscopy (TEM) prior to staining 

with 2 % uranyl acetate. These individual Au-virus complexes (Au-virus) were isolated 

from a 0.01 % dilution of the smectic phase suspension (Figure 4.4A). In this 0.1% 

dilution, aggregation of the Au-virus complex was observed (Figure 4.4B). Most 

mesogen units observed had one virus bound to one 10 nm Au particle at the pIII end of 

the virus.  However, both unbound gold nanoparticles and unbound viruses were 

observed in less than 20 % of the mesogen units. In addition, two gold nanoparticles 

bound with one virus and one gold nanoparticle bound with two viruses were also 

observed (less than ~5% of total cases). These undesired binding behaviors between the 

viruses and streptavidin-gold nanoparticles were caused by a mismatch in the numbers of 

recognition groups between the viruses and streptavidin. The M13 virus has five pIII 

streptavidin-recognition units at the end of each virus, and the streptavidin is known to 

have four binding sites for biotin [8]. Due to empirical stoichiometric control and steric 

effects, mesogen units could be constructed in which the majority of the population 

contained one virus with one Au nanoparticle. 
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         (A)                       B) 

          
(C)                                  (D) 

 
Figure 4.4 TEM images of anti-streptavidin virus conjugated with 10 nm gold 
nanoparticles. (A) TEM image of a virus bound to a 10 nm gold nanoparticle. (B) 
TEM image of Au-virus aggregations. (C) Lattice fringe image and (D) fast 
Fourier transformation image of gold nanoparticle from the same TEM grid.  

100 nm 
500 nm

5 nm 
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Smectic ordered self-supporting Au-virus films (Figure 4.5A) were prepared 

from a dilute Au-virus solution (~6 mg/ml).  The viruses and nanocrystals were agitated 

for one week prior to the fabrication of the film.  The suspension was dried in a 

dessicator for two weeks.  The viral nanocrystal hybrid film was slightly pink in color 

and transparent. The ordered morphologies of the viral film were characterized by POM, 

scanning electron microscopy (SEM), and atomic force microscopy (AFM).  The 

thickness of the film was 5.68 + 0.65 µm. 

Optical characterization revealed that the films were composed of ~10 µm dark 

grey periodic horizontal striped patterns (Figure 4.5B).  These stripes were optically 

active and changed their bright and dark patterns depending on the angles between the 

polarizer and analyzer. These striped patterned POM characteristics were similar to those 

of the smectic virus films previously reported by our group [9].  

Surface morphologies of these striped patterns were characterized using SEM. 

SEM images (Figure 4.5C) showed that the Au-virus hybrid film had long range ordered 

zig-zag periodic morphologies that were composed of ten to twelve smectic layers in a 

periodic pattern. The average spacing of the zig-zag periodic bands, which corresponded 
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(A)                    (B) 

 (C)              (D) 

 Figure 4.5 Characterization of Au-virus film. (A) Photograph of Au-virus film. (B) POM 
image of Au-virus film. (C) SEM image of the Au-virus film surface morphology that 
shows the long range zig-zag patterns. (D) AFM image of the Au-virus film. 

20 µm 

5 µm 1 µm 
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to one chiral smectic C pitch of the typical virus film [9], was 9.34 + 0.78 µm. AFM 

images (Figure 4.5D) showed that the hybrid film had a smectic C structure.  The 

average layer spacing between two adjacent layers was 833 + 12 nm. Layer spacing 

measured through the molecular long axis was 977 + 65 nm.  The average tilted angle 

was ~54 degrees with respect to the layer normal. The length of the M13 virus is 880 nm. 

This ~100 nm longer spacing observed through the molecular long axis is strong 

evidence to support an interdigitated structure [10]. The mesogen unit, which consisted of 

a large head (inorganic gold nanoparticle) with a long tail (organic M13 virus), might 

have lower packing free energy by forming interdigitated structures. Additionally, the ~10 

µm periodic zig-zag patterns observed by POM and SEM strongly indicated that the 

Au-virus hybrid films also had a chiral smectic C structure in the bulk and dechiralization 

defects on the surface of the hybrid films.  

Two kinds of organic materials were also fabricated into the virus films. The 

organic materials were chosen to show that this technique is versatile.  In addition, these 

materials were fluoresecent, allowing easy visualization of the approximately one 

micrometer periodic long ranged ordering. Thin cast films of virus bound fluorescein and 

phycoerythrin were fabricated using streptavidin and anti-streptavidin M13 viruses. Due 
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to the enhanced ordered properties of liquid crystalline materials near the surface and the 

capillary driving force during the drying process, the smectic layer structure was easily 

observed from drop-cast thin films of fluorescein-virus complexes (F-virus) and 

phycoerythrin-virus complexes (P-virus) (Figure 4.6A). The ordering of these liquid 

crystalline hybrid materials were enhanced by casting thin films of these materials. 

Nematic liquid crystalline materials formed surface stabilized smectic phases due to the 

surface effects [11], and chiral smectic C structures transitioned into smectic A structures 

[9] in thin films. Scanning laser microscopy was used to optically section the F-virus thin 

films (Figure 4.6B). These thin films showed weak stripe patterns that corresponded to a 

smectic structure. Very clear one micrometer stripe patterns were observed in the thin 

film of fluorescent P-viruses (Figure 4.6C). These one micrometer fluorescence patterns 

indicated that the fluorescent molecules (fluorescein and phycoerythrin) were bound to 

the viruses by the linkage of streptavidin and then formed the smectic layer structures. 

Because the fluorescent materials were bound to the end of the virus, their position was 

localized between the smectic layer interface boundaries.
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(A)       (B)                       (C)   

 
Figure 4.6 Cast films that show one micrometer fluorescent striped patterns using 
anti-strepatividin viruses conjugated with nanomaterials. (A) DIC image of 
fluorescein-virus (F-virus) cast film. Fluorescence images of cast films made from virus 
conjugated with (B) fluorescein (F-virus) and (C) phycoerythrin (P-virus), showing one 
micrometer fluorescent striped patterns. 
 

In this chapter, anti-streptavidin M13 viruses were used to self-assemble various 

nanosized materials. We believe the anti-streptavidin M13 viruses provide a convenient 

method for organizing a variety of nanosized materials into self-assembled ordered 

structures. Because the modification of the DNA insert allows for controlled modification 

of the virus length, the spacing in the smectic layer can be genetically controlled [12].  

By conjugating other nanosized materials (e.g., magnetic nanoparticles, II-VI 

10 µm 10 µm 10 µm 
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semiconductor nanoparticles, functional chemicals) with streptavidin, we believe that this 

anti-streptavidin method can be used to align various nanosized materials at desired 

length scales, which are defined by the smectic layers.   
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Chapter 5. Virus-Based Fabrication of Micro- and Nanofibers 

Using Electrospinning6 

 

5.1. Introduction 

Efforts to mimic the unique structures and specific functions of natural systems 

have provided various useful tools and materials in nanoscience [1-14]. Biosystems 

produce highly programmed, self-assembled, self-templated structures [6-11]. For 

example, a small percentage of protein in abalone shell nucleates a CaCO3 protein 

composite that is 3000 times tougher than pure CaCO3 [1]. By mimicking the 

biomineralization process in nature, our group has shown that protein sequences, selected 

through fast evolution of a genetically engineered virus library on the bench top, could 

specifically bind to and nucleate desired materials [3-7]. The one-pot synthetic route 

provided by these genetically programmed virus results in self-assembled, highly ordered 

nanocrystal composite materials [4]. The unique properties of biological materials are not 

limited to their structures and functions. Silk spiders and silk worms spin highly 

                                                  
6  Reproduced in part from Lee et al. Nano Letters, submitted for publication (2003). 

Unpublished work copyright 2003 American Chemical Society. 
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engineered continuous fibers by passing aqueous liquid crystalline protein (fibroin) 

solution through their spinneret [15-18]. Once the fibroin solution is released to the air, it 

hardens into a flexible and highly oriented semicrystalline fiber that is stronger than any 

other polymer fiber spun [17]. Here we report two methods of fabricating virus-based 

micro- and nanometer scale fibers that mimic the spinning process of silk spiders. Wet 

spinning and electrospinning were used to fabricate virus- based micro- and nanofibers, 

respectively, which are illustrated in Figure 5.1. The resulting fibers showed nematic  

 

 
Figure 5.1. A schematic diagram illustrating virus fiber fabrication process using 
wet-spinning and electrospinning.  

 

 
10-20 µm 

37% 

glutaraldehyde 

880 nm 
Electrode 

High voltage 

20-30 kV 

High electric field 

100-200 nm 

 

Fiber mats 

Wet-spinning process 

Electrospinning process 

 
 

Virus conjugated 

with nanomaterials 

Blend 

with PVP 

Virus-PVP 

nanofiber 

Liquid 

crystal 

formation

Viruses are parallel 

to fiber long axis. 



 118

ordered morphologies due to flowing forces. In addition, the virus was blended with 

polyvinyl pyrolidone (PVP) to improve its processing ability. The resulting virus blended  

PVP fibers were continuous and could be formed into non-woven mats that retained their 

ability to infect bacterial hosts.  

Recently, much research has been focused on producing nanosized one- 

dimensional materials such as nanorods, nanowires, and nanofibers [19-24]. Among them, 

nanofiber fabrication using electrospinning has been an efficient means of generating 

high surface-to-volume ratios of materials that may possibly be used as highly sensitive 

sensors and functional membranes. Electrospinning is a process of using high electric 

fields to make narrow fibers with diameters ranging from tens of nanometers to 

micrometers [23-27]. When a viscous suspension is extruded through a narrow spinneret 

into the air, it forms hemispherical surfaces due to surface tension. When an electric filed 

is applied to the suspension, the hemispherical surface at the tip of the spinneret is 

elongated and forms a conical surface known as Taylor cone [27]. As the electric field is 

increased to a critical value, the suspension is violently ejected from the conical surface 

to the grounded collecting plates. The ejected fibers randomly separate and quickly dry to 

form narrow diameter fibers. Depending on parameters, such as the electric field applied, 
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distance between tip and collector, and viscosity and conductivity of the suspension, 

micro- or nanometer scale fibers are fabricated. The distance between the tip and 

grounded collecting plate is roughly inversely proportional to the diameter of the fibers 

because greater chances of fiber separation exist during flight [28,29]. Concentration, 

which directly affects the viscosity of the suspension, plays a key role in electrospinning. 

Below a critical concentration, suspensions are electrosprayed and not electrospun, 

resulting in deposited droplets of suspension. As the critical concentration is approached, 

bead and string shaped fibers are formed [29,30]. Increasing the concentration results in 

the formation of continuous fibers. However, above an upper concentration limit, the 

solution becomes too viscous to be pulled by electrostatic forces. The continuous fibers 

can be easily converted into non-woven fabrics, which may be useful for synthesizing 

novel membranes due to their high surface-to-volume ratios.   

 

5.2. Materials and Methods    

Materials 

Anti-streptavidin M13 bacteriophage (virus) was used to fabricate the micro- and 

nanoscale fibers. This virus possessed an engineered peptide sequence, N'-TRP ASP PRO 



 120

TYR SER HIS LEU LEU GLN HIS PRO GLN-C', in its pIII coat protein and was 

selected from the PhD-12 phage library (New England Biolabs, Inc., Beverly, MA) for its 

affinity to streptavidin [5]. The virus was amplified and purified according to phage 

library manufacturer instructions and suspended in tris buffered saline (TBS; 50 mM Tris, 

150 mM NaCl, pH 7.5). The virus was coupled with streptavidin-conjugated 

R-phycoerythrin through the inserted anti-streptavidin moieties on its pIII coat protein by 

methods previously described [Chapter 4]. Polyvinyl pyrolidone (PVP; M.W.: 1,300,000) 

was obtained from Alfa Aesar (Johnson Matthey Co, MA). 

Microfiber fabrication by wet spinning 

Capillary tubes (0.5 cm in diameter) having a ~20 micrometer opening at one 

end, prepared using a capillary pulling device (P-2000; Sutter Instrument Co, CA), were 

filled with the virus suspension (~100 mg/ml in TBS). The suspension was then ejected 

from the tubes by a pipette pump (Glassmaster; Rainin, CA) into a cross-linking solution 

(37.3% aqueous glutaraldehyde) and air-dried.  

 

Nanofiber fabrication by electrospinning 

A schematic diagram and photograph of the instrumental setup for 
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electrospinning are shown in Figs. 5.2A and B. Capillary tubes (20 ul volume, ~0.5 mm 

in diameter, 6.5 cm long, Drummond Scientific Co., PA) were filled with virus 

suspension (~100 mg/ml in TBS), and a graphite rod (0.5 mm in diameter) was inserted 

into one end of the capillary tube by a syringe pump (Harvard Apparatus, Inc.,  

(A) 

 
(B) 

 

Figure 5.2. Schematic illustration of electrospinning setup (A) and its photograph (B). 



 122

 

MA) at a feeding rate of 3-6 ul/min. A 20-30 kV potential was applied by a high voltage 

source between the capillary tube and the collecting plate (Glassman High Voltage, NJ). 

Electrospun fibers were collected onto a metal plate (10 cm in diameter) grounded and 

covered by aluminum foil. The distance between the capillary and the collector was 

10-15 centimeters. Glass slides and silicon (100) substrates were used to collect the 

electrospun fibers.   

 

Characterization 

Diameters and morphologies of the spun fibers were characterized using an 

Olympus IX51 polarized optical microscope (POM; Olympus, Japan) with fluorescence 

imaging equipment, a JEOL 6320 FEGSEM field emission scanning electron microscope 

(FE-SEM; JEOL, Japan), a JEOL 200CX transmission electron microscope (TEM), and a 

Nanoscope VI atomic force microscope (AFM; Digital Instruments Inc., CA). SEM 

samples were coated with ~ 10 nm Au/Pd using a thermal coater (Denton Vacuum, NJ).    
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5.3. Results and Discussion 

Virus microfibers  

A viscous smectic M13 virus suspension (~100 mg/ml) was wetspun and 

cross-linked in 37.3% aqueous glutaraldehyde. The resulting fibers exhibited 

birefringence when analyzed by POM under crossed polars, indicating the presence of 

highly ordered crystalline structures (Fig. 5.3A). Analysis by SEM showed that the fibers 

were ~ 20 micrometers in diameter and composed of several bundle-like strands running 

parallel to the fiber long axis (Figs. 5.2 B and C). Between these bundles, irregular 

groove like patterns were observed on the surfaces. These grooves may have possibly 

resulted from sample contraction during air-drying. Sheet-like layers were observed from 

fractured areas in the sample (Fig. 5.3D), indicating that the bulk structure of the fibers 

had morphology different from that of the surfaces, which were cross-linked immediately. 

AFM analysis also confirmed that the orientation of the long axes of the close-packed 

M13 building block strands was parallel to that of the fibers (Fig. 5.3E). Although a 

smectic suspension was used to fabricate the virus fibers, bookshelf-like smectic 

morphologies were not observed by AFM. Due to the flow of the suspension during 

processing, the original smectic order of the suspension was disrupted, and a smectic to  
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(A)                       (B)                         (C) 

 

(D)                                 (E) 

Figure 5.3. Characterization of wet-spun virus fibers. (A) Polarized optical micrograph 
image, (B-D) SEM images, and (E) AFM image and schematic diagram inset of nematic 
oriented morphology of virus fiber. 
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nematic transition occurred. Immediate cross-linking of the fibers after release from the  

capillaries preserved the nematic order of the fibers. Florescent viral microfibers were 

fabricated by conjugating the virus to R-phycoerythrin. A POM image (Fig. 5.4A) of 

these fibers showed birefringence, indicating a nematic liquid crystalline ordered 

structure. Uniform fluorescence (Fig. 5.4B) throughout the fibers supports the nematic 

ordering observed by POM and AFM, which showed orientational ordered structures 

without positional orders.  

   
 
 
 
 

 
Figure 5.4. Polarized optical micrograph (A) and fluorescence micrograph (B) of 
wet-spun virus conjugated with R-phycoerythrin fibers. 
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Electrospun virus fibers 

Aqueous M13 virus suspensions could not be electrospun due to their low 

viscosities. In addition, the surface tension of water in the virus suspensions perturbed the 

elongation of the fibers by electrostatic forces. However, M13 viruses suspended in a 

volatile organic solvent could be electrospun. Various organic solvents were tested for 

their utility as spinning solvents. Most of the electrospinning solvents tested, such as 

methanol, ethanol, DMF, acetone, and trifluoroethanol, formed undesirable slurry-like 

aggregations when added to the virus. Hexafluoroisopropanol (HFP) was the only solvent  

(A)                                   (B) 

  
 
Figure 5.5. Optical micrograph of electrospun virus fibers (A) and polarized optical 
micrograph of area drawn in dotted box (B). 

100 µm
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(A)                                   (B) 

 

      (C)  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. SEM images of electrospun virus fibers and the distribution of the diameters 
measured using SEM.  
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that formed a homogenous suspension when mixed with the virus. A virus suspension in 

HFP (~92 mg/ml) was electrospun (Fig. 5.5A), resulting in continuous fibers that were 

highly birefringent under the cross polars of POM (Fig. 5.5B). The birefringence 

indicated the presence of highly ordered crystalline structures in the fibers. The diameters 

of the electrospun fibers were measured using SEM, and the distribution of the diameters 

ranged from tens of nanometers to a few micrometers (Fig. 5.6C). Most of the fibers 

consisted of larger fiber bundles branching into smaller fibers (Figs. 5.6A and B). Due to 

the toxicity of HFP to the M13 virus, the M13 virus in the HFP solution no longer 

showed infectibility. Because intact virus structures were rarely observed by TEM, virus 

fibers spun using HFP could be composed of virus fragments and subunits. 

Virus and PVP blended fibers 

To improve the processing ability in water and preserve the virus structure during 

the spinning process, a highly water-soluble polymer, polyvinyl pyrolidone (PVP), was 

blended with the virus to enhance the viscosity of the viral suspension. The virus 

suspension (~100 mg/ml in TBS) and PVP (25 % (w/w) in water) were mixed in 1:1, 1:2, 

1:3, and 1:4 ratios. Due to their low viscosities and high surface tensions, the 1:1 and 1:2 

suspensions could not be electrospun into fibers but instead were deposited as droplets. 
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The 1:3 suspension also formed many droplets when electrospun but, in addition, formed 

bead and string type fibers. Continuous fibers could be electrospun from the 1:4 

suspension. When the 1:4 suspension was electrospun through a mask inscribed with the 

word “NANO”, the resulting fibers transformed to the shape of the mask (Fig. 5.7), 

showing that this method could be used to process the viruses into a non-woven material, 

a finding also reported by others [33]. SEM analysis revealed that the resulting fibers 

were continuous and homogeneous round rope shapes (Figs. 5.8A-C). Due to the lack of  

 

 

Figure 5.7. Photograph of eletrospun fibers of virus blended with PVP, which showed that 
the non-woven fibers could be transformed to any shape. 
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any driving force that would orient the fibers, such as rotating mandrels or an electric 

field, a preferred orientation of the fibers was rarely observed throughout the samples. 

The distribution of the diameters of the PVP-virus fibers was relatively narrow (Fig. 

5.8D). Most of the diameters ranged between 100-200 nanometers, although a few fibers 

with diameters greater than a micrometer were still observed. The electrospun fibers 

exhibited nematic-like birefringence under POM (Fig. 5.9A). The fibers showed 

maximum brightness when oriented ~45 degrees to the cross polars and were extinct 

when oriented parallel with the cross polars. When the fibers were conjugated with 

R-phycoerythrin, fluorescent images could be observed using a fluorescence microscope 

(Fig. 5.9B). Additionally, upon dissolving the electrospun fibers in TBS, the resuspended 

viruses were still able to infect ER2738 E. coli. The ability of the M13 virus fibers 

blended with PVP to infect its bacterial host may prove to be useful in biomedical 

applications and tissue engineering.  
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(A)                                   (B) 

 

(C)                                    (D) 
 

Figure 5.8. Series of SEM images of virus blended with PVP (A-C) and their diameter 
distribution (D). 
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(A)                                    (B) 

 
Figure 5.9. Optical micrographs of fibers made from PVP-blended anti-streptavidin virus 
conjugated with phycoerythrin. A polarized optical micrograph (A) and fluorescence 
micrograph (B). 
 

 

Conclusion   

Virus-based micro- and nanofibers were fabricated. M13 virus fibers having ~20 

micrometer diameters were formed using a wet spinning method. The viruses in these 

fibers were aligned parallel to the fiber long axis. Electrospun M13 fibers were also 

fabricated by suspending the M13 viruses in HFP. Although the viral structures were 

disrupted by the organic solvent, the successful formation of fibers composed of virus 

fragments and subunits indicated the possibility of building filaments with controlled 
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diameters, ranging from hundreds of nanometer to a few micrometers, that are 

programmed to nucleate and bind desired materials on the surfaces of the filaments. 

Uniform fibers having nanometer-scale diameters were also fabricated by electrospinning 

M13 virus blended with PVP. Virus fibers spun in both the presence and absence of PVP 

displayed liquid crystalline ordered structures. To our knowledge, these virus-based 

micro- and nanofibers are the first examples of the use of the electrospinning process on 

an organism. The large surface-to-volume ratios of these virus-based electrospun fibers 

may provide useful biological and highly sensitive catalytic functions in future 

biomedical applications and sensors.  
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Chapter 6. A New Method of Storing Phage Libraries by Film Fabrication 

 

6.1. Introduction 

Biofilms are defined as communities of microorganisms attached to a surface 

[1-5]. Biofilm growth depends on the age of the cultures, the build-up of toxic 

metabolites, and the consumption of nutrients [2]. Although biofilms have been 

extensively studied in various experimental conditions, viral films have been rarely 

discussed. Bacteriophage (viruses) are one type of natural biopolymer whose size and 

composition can be exactly controlled by genetic engineering [Chapter 1.7]. In previous 

chapters (Chapters 2-4), viruses were used to fabricate ordered film structures [6-9]. To 

our knowledge, these are the first film structures to use viral organisms. Here, we further 

characterize the stability of the virus film to determine their utility in storing high 

densities of DNA and protein information. To investigate the stability of the film, the time 

dependent infecting ability of resuspended phage film was studied. In addition, 

resuspended phage films made from the entire phage library were used in biopanning 

experiments against streptavidin to prove that the entire library was stored with the same 

stability.  
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6.2. Materials and Methods 

Mass amplification of phage library 

The phage library (Ph. D. 12; New England Biolab, MA) was amplified in large 

volume. 70 µl of the phage library was amplified in 20 ml of a 1:100 diluted overnight 

culture of E. coli (K12-ER2738) for 4.5 hours at 37oC. The bacteria were removed by 

centrifugation, and 3.2 ml of the supernatant containing phage (~10 8 pfu/µl) were added 

to 400 ml of a 1:100 diluted overnight culture of E. coli in LB medium.  After a 4.5 hour 

incubation of the suspension, the bacteria were separated by centrifugation at 9000 RPM 

for 15 minutes.  66 ml of polyethylene glycol (PEG) solution were added to the 

supernatant, and the suspension was kept at 4oC overnight. The suspension was 

centrifuged at 9000 RPM for 20 minutes to pellet the M13 phage, and 10 ml of TBS (pH 

7.5) buffer was used to resuspend the phage pellet. Any remaining bacteria were further 

removed by centrifuging at 10,000 RPM for 10 minutes. The supernatant was mixed with 

1.66 ml of PEG and kept at 4oC overnight. The suspension was then centrifuged at 10,000 

RPM for 10 minutes, resulting in a ~30 mg phage pellet.  
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Library film fabrication 

 The ~30 mg of library phage pellet described above was homogeneously 

suspended in 500 µl of TBS buffer (pH 7.5) in a 1.5 ml centrifuge tube.  The suspension 

was rocked for one day and then placed in a dessicator for one week to form a 

semi-transparent film that was removable with forceps. 

Biopanning for streptavidin target 

The phage film was fractured into ~ 4 mm x 4 mm pieces and suspended in 1 ml 

TBS with rocking for one day.  The suspension (1.1 x 107 pfu/µl) was used for 

biopanning against streptavidin immobilized to a Petri dish according to instructions in 

the Ph. D 12TM Phage Display Peptide Library Kit [10].  

Time dependent infecting ability of dried phage in the film state 

1µl of the amplified library suspension (5.1 x 109 pfu/µl) was deposited into ten 

sterilized 1.5 ml centrifuge tubes, and the pipette tips used to deposit the suspensions 

were cut off and added to the tubes. The 1µl suspensions were dried in a dessicator for 

one day. The caps of the tubes were then closed, and the dried samples were stored at 

room temperature. To resuspend the phage, 1 ml of tris buffered saline (TBS; pH 7.5) was 
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added to the tubes.  The suspensions were vortexed for one minute and further rocked 

for ~6 hours. The resuspended film suspensions were then titered to count the number of 

active phage that could infect the bacterial hosts.   

 

6.3. Results and Discussion 

To test the preservation of the entire phage library in the viral films, biopanning 

against a streptavidin target was performed with the resuspended phage films. Protein 

sequences with binding motifs specific to streptavidin have been previously determined 

[11]. Randomly selected bacterial plaques before the biopanning exhibitied no consensus 

sequences (Table 6.1).  

Table 6.1: Sequencing results before biopanning  

  

Pos 

1 

Pos 

2 

Pos 

3 

Pos 

4 

Pos 

5 

Pos 

6 

Pos 

7 

Pos 

8 

Pos 

9 

Pos 

10 

Pos 

11 

Pos 

12 

LS0- 1 TRP GLN SER GLU LEU --- --- ALA SER ASN LEU PRO 

LS0-2 ALA GLU ALA THR GLU ALA ARG PRO TYP LEU ARG ALA 

LS0-3 ALA TYR HIS ASN SER GLY LYS THR LYS THR GLU THR 

LS0-4 SER PRO IIE THR PRO PRO LEU PRO PRO LEU PRO GLU 

LS0-5 GLU THR ASN LEU GLY PRO GLN PRO TYR PRO VAL ARG 

LS0-6 SER GLN LYS TYR ASN THR PRO PRO GLN TYR ALA VAL 

--- failed sequences 
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After the second round of biopanning, the randomly selected plaques began to 

show the sequence pattern His-Pro-Gln (Table 6.2). Four out of nine sequences exhibited 

His-Pro-Gln sequences at the end of C terminal. Four other sequences also displayed 

His-Pro sequences. After the third round of biopanning, nine out of eleven sequences 

showed His-Pro-Gln sequences at the end of the C terminus. From the fourth round of 

biopanning, a dominant binding sequence, TRP ASP PRO TYR SER HIS LEU LEU 

GLN HIS PRO GLN, appeared in six out of eight sequences. Similar dominant binding 

sequences (SER LEU LEU ALA HIS PRO GLN) against streptavidin were reported using 

the 7-mer constrained phage library [10]. These biopanning results indicated that most of 

the phage library information, containing different 109 sequences, was preserved in the 

phage film state.  
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Table 6.2 DNA sequences from  2nd round biopanning against streptavidin 

  

Pos 

1 

Pos 

2 

Pos 

3 

Pos 

4 

Pos 

5 

Pos 

6 

Pos 

7 

Pos 

8 

Pos 

9 

Pos 

10 

Pos 

11 

Pos 

12 

LSB-1 THR GLY HIS HIS ILE HIS LEU GLN ALA HIS PRO ILE 

LSB-2 VAL PRO GLN ILE PRO ASN LEU ILE SER HIS PRO MET 

LSB-3 TRP GLU LEU PRO TRP ILE ASP SER ASN HIS PRO GLN 

LSB-4 ILE GLN THR SER THR PHE THR LEU HIS PRO TRP VAL 

LSB-5 LYS ALA PRO TYR LEU PHE LEU GLN PRO ASN TYR GLY 

LSB-6 MET ASN GLY HIS VAL HIS LEU PRO ALA HIS PRO GLN 

LSB-8 GLU TYR THR HIS PRO LEU LEU LEU ALA HIS PRO ILE 

LSB-9 LEU PRO VAL ASN ALA TRP LEU VAL SER HIS PRO GLN 

LSW-10 TRP ASP PRO TYR SER HIS TRP ARG GLN HIS PRO GLN 

 

DNA sequences from 3rd round biopanning against streptavidin 

  

Pos 

1 

Pos 

2 

Pos 

3 

Pos 

4 

Pos 

5 

Pos 

6 

Pos 

7 

Pos 

8 

Pos 

9 

Pos 

10 

Pos 

11 

Pos 

12 

LSB-11 TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSB-12 ILE GLY SER ARG ALA GLU THR MET PRO TRP PRO ARG 

LSB-13 LEU PRO VAL ASN ALA TRP LEU VAL SER HIS PRO GLN 

LSB-14 GLN PRO SER TRP SER LEU LEU LEU GLU HIS PRO HIS 

LSB-15 GLN PRO SER TRP SER LEU LEU LEU GLU HIS PRO HIS 

LSB-16 GLN PRO SER TRP SER LEU LEU LEU GLU HIS PRO HIS 

LSB-18* TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSB-19 ALA ALA LYS ALA THR LEU SER GLY THR ALA SER VAL 

Lsa-1 VAL PRO GLN ILE PRO ASN TRP ILE SER HIS PRO MET 

Lsa-2 TRP ASP PRO GLN SER HIS LEU LEU GLN HIS PRO GLN 

Lsa-10 TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

 



 142

DNA sequences from 4th round biopanning against streptavidin 

  

Pos 

1 

Pos 

2 

Pos 

3 

Pos 

4 

Pos 

5 

Pos 

6 

Pos 

7 

Pos 

8 

Pos 

9 

Pos 

10 

Pos 

11 

Pos 

12 

LSA-22*  TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSA-24  THR THR --- PHE PRO TRP LEU GLN THR HIS PRO GLN 

LSA-25  GLN ASN TRP THR TRP SER LEU PRO HIS HIS PRO GLN 

LSA-26* TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSA-27  TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSA-28* TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSA-29* TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

LSA-30* TRP ASP PRO TYR SER HIS LEU LEU GLN HIS PRO GLN 

* dominant binding sequence. 

--- failed sequence. 
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To test the time-dependent infecting ability of the phage from the dried film state, 

the phage films (originally containing 1 µl phage solution) were resuspended in 1 ml of 

TBS and titered at different days after the films were fabricated. Little change was 

observed in the order of the titer numbers between 0-7 weeks after film fabrication (Table 

6.3 and Fig. 6.1). The small reduction of titer might come from phage aggregate 

formation. These results indicate that the fabrication of phage films is a reversible and a 

novel process for storing high density engineered DNA information.  

 

Table 6.3 Stability of the viral film over time 

Titering date Days PFU/µL 
9/26/01 0 5.1 x 109 
9/27/01 1 2.3 x 109 
9/29/01 3 2.2 x 109 
10/1/01 5 4.7 x 109 
10/5/01 9 2.3 x 109 
10/11/01 15 1.4 x 109 
11/6/01 40 1.0 x 109 
11/15/01 49 1.6 x 109 
3/7/02 160 2.4 x 108 

 



 144

Figure 6.1 Relationship between titer number and days after film fabrication 
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Chapter 7. Conclusions and Future Work7 

7.1 Summary and Conclusions 

Genetically engineered M13 bacteriophage (viruses) were used to self-assemble 

various nanomaterials (ZnS, Au, fluorescein, and phycoerythrin) into films and fibers. 

The monodisperse viruses, which were the basic building blocks of the self-ordering 

system, were selected through phage display for their specific recognition moieties for 

desired materials surfaces. One-dimensional (1D) viruses functionalized with zero- 

dimensional (0D) nanomaterials, such as zinc sulfide, gold inorganic nanoparticles, 

fluorescein organic dye, and R-phycoerythrin biomolecules, were used to build 1D fiber 

structures, two-dimensional (2D) cast films, and three-dimensional (3D) self-supporting 

films (Fig. 7.1).  

 

One-dimensional fibers 

Long rod-shaped viruses were used to form 1D fiber structures through a process 

similar to that of silk spinning by spiders. In a similar way, liquid crystalline viral 

                                                  
7 Reproduced in part from Flynn et al. Acta Materialia, 51, 5867-5880 (2003). Copyright 2003 

Elsevier. 
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suspensions were extruded through micrometer diameter capillary tubes into a 

glutaraldehyde cross-linking solution. As soon as the suspension was exposed to the  

 

 

Figure 7.1  Schematic diagram of possible 1D, 2D, and 3D structures using M13 
viruses functionalized with quantum dots. 

 

3D-viral structure 

Basic building block: viruses

2D-viral cast thin 

1D-viral wire 
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glutaraldehyde, the viruses cross-linked and formed fibrous structures. The flow of the 

suspension during processing nematically oriented the long axes of the viruses parallel to 

the direction of flow. The resulting fibers were tens of micrometers in diameter, 

depending on the inner diameter of the capillary tip. AFM images verified that the 

molecular long axes of the viruses were parallel to the fiber long axis. The M13 virus was 

successfully suspended in organic solvents and electrospun to fabricate nanometer scale 

diameter fibers. However, in these solvents, the biological function of the virus was 

dramatically reduced. Blending the viruses with highly soluble polymers such as poly 

vinyl pyrolidone (PVP) improved the processing ability and bio-functionality of the 

nanometer-sized electrically drawn fibers. 

 

Two-dimensional cast film of virus 

2D ordered self-assembled films were fabricated by casting suspensions of viruses 

conjugated with nanomaterials onto various substrates. Because the viruses were oriented 

parallel to the surface to satisfy the boundary condition of the liquid crystal, ordered 

structures of the virus film near the surface were enhanced. Additional meniscus forces 

aligned the virus long-axis in a direction parallel to the direction of flow. Due to the 
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boundary condition and capillary driving forces, cast films of well-oriented viruses 

conjugated with ZnS nanocrystals were easily fabricated. Although virus films did not 

grow in an epitaxial way, previously anchored virus layers were observed to affect 

additional virus anchoring behavior.  The viruses stacked together and resulted in the 

controlled orientation of the virus cast film. Close packed smectic B ordered virus-ZnS 

structures were fabricated using ITO substrates. 

 

Three-dimensional virus-ZnS structures in suspension 

Long rod-shaped M13 viruses conjugated with ZnS nanocrystals exhibited liquid 

crystalline properties. At a low concentration, virus particles were randomly oriented and 

distributed throughout the suspensions. As the concentration was increased, the randomly 

oriented viruses began to possess orientational order. Due to the surface helicity of the 

viruses, chiral nematic structures began to appear, which exhibited finger print textures 

under the crossed polars. At higher concentrations, nematic ordered M13 viruses packed 

closely together and transitioned to a smectic phase. Well-ordered solid virus films were 

prepared by slowly drying isotropic suspensions using meniscus forces. The meniscus 

force aligned the long rod-shaped viruses parallel to the direction of the force. The size of 
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the long-ranged ordered viral film structures that can be made using this method is 

unlimited and depends on the shape of the container used to cast the film.    

 

Chiral smectic C structure of virus film 

The viral films fabricated using the meniscus force possessed chiral smectic C 

structures. Chiral smectic C structures showed ~36 µm periodic dark and bright band 

patterns. These periodic patterns continued over centimeter scale distances. The dark and 

bright patterns were optically active in that the intensity of the alternating dark and bright 

band pattern changed as the angles between the polarizers were rotated. Dechiralization 

line defects were observed on the viral film surface. These defects arose from the 

interaction between the helically ordered bulk structures and surface effects. Due to the 

surface effects, the helical ordered chiral smectic C structures were unwound near the 

surface and resulted in bright and dark band patterns that corresponded to the periodic 

pitch of the chiral smectic C structures. AFM characterization of the surface 

morphologies verified that the viral film had a tilted smectic C structure on the surface. 

The M13 virus particles formed a tilted layer structure that had an average spacing of 

620+27 nm. The molecular long axis of the virus particles were tilted ~45 degrees with 
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respect to the layer normal (z). The distance measured through the director (n) between 

the adjacent two layers (886+36 nm) corresponded with the length scale of the M13 

phage particles (880 nm). Based on the average layer spacing from the AFM image and 

the chiral smectic C pitch from the POM image, the number of layers in one chiral 

smectic C pitch could be estimated to be 59.3 layers, and the azimuth angle (φ) from the 

viral film was ~6 degrees.  

 

Alignment of zero-dimensional materials 

The A7 virus was used to self-assemble ZnS nanocrystals in multilength scale 

ordered composite films. Through the one-pot synthetic route, M13 virus was bound at 

one end with ZnS nanocrystals. These ZnS-functionalized viral building blocks 

spontaneously assembled into a self-supporting hybrid film material. The film was 

ordered at the nano- and micrometer scales into ~72 micrometer domains, which were 

continuous over centimeter scale lengths. Optical characterization revealed that the films 

were composed of ~72 µm periodic dark and bright band patterns that corresponded to 

the chiral smectic C structures. The spacing of periodic layers of both the phage and ZnS 

nanocrystals were observed using high-resolution SEM. The films showed smectic-like 
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lamellar morphologies between the ZnS nanocrystals and the M13 virus layers. The 

periodic length (895 nm) corresponded to that of the M13 virus (880 nm) attached to the 

nanocrystal aggregates (~20 nm). Due to the inorganic head group and long rod shape of 

the virus conjugated with the ZnS quantum dots (fphage-nanocrystals: ~0.98), the surface 

morphology of the virus film exhibited zig-zag chiral smectic O patterns. The layer 

spacing measured through the molecular long axis (1.1- 1.5 µm) was longer than the 

length of the virus (880 nm), indicating that the ZnS-bound virus particles formed 

interdigitated structures.  

 

Anti-streptavidin virus as a universal handle for nanomaterials 

An anti-streptavidin virus was used as a universal handle for self-assembling 

various nanomaterials into the virus-based films. A few weeks are required to determine 

dominant binding sequences for target materials using phage display, and even more time 

is required to verify the specific binding properties of the sequences and their nucleation 

ability. To avoid such problems, streptavidin linker units were introduced. An M13 virus 

that specifically recognized the streptavidin linker unit was selected through four rounds 
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of biopanning against streptavidin-immobilized surfaces. Using the anti-streptavidin 

viruses, 10 nm inorganic gold nanoparticles, organic fluorescent dye (fluorescein), and a 

biological molecule (R-phycoerythrin) were aligned into the self-assembled films by the 

same method used to construct the ZnS virus films. This approach can be used to align 

any nanomaterials that have been conjugated with streptavidin into self-assembled 

ordered film structures.  

 

Conclusion 

Genetically engineered M13 viruses functionalized with nanomaterials are used to 

self-assemble one-dimensional fibers, two-dimensional cast films, and three-dimensional 

self-supporting films. One end of the viruses is functionalized with peptides that can 

specifically bind to or nucleate desired materials. These peptides are identified using 

phage display. The approach to organizing various nanomaterials into fibers and films 

using genetically engineered viruses has several advantages. Using molecular cloning 

techniques, monodisperse biopolymers of specified lengths can be easily prepared. By 

genetic selection of a peptide recognition moiety, one can easily modulate and align 

different types of inorganic nanocrystals in 3D layered structures [1-4]. Our group has 
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already selected phage with specific peptide recognition to and nucleation control of 

many materials including II-VI semiconductor crystal surfaces (CdS, PbS, CdSe, ZnSe) 

and magnetic materials [5-8]. In addition, the anti-streptavidin virus can organize any 

nanomaterials without genetic selection. We anticipate that our approach of using peptide 

recognition as well as a liquid crystalline self-ordering system of engineered viruses may 

provide new pathways to organizing electronic, optical, and magnetic materials.  
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7. 2 Future Work 

Functionalized M13 viruses as basic building blocks 

The novel method of functionalizing one-dimensional M13 viruses with 

zero-dimensional nanomaterials can be expanded by genetically modifying the M13 

building blocks in various ways [1-3]. The M13 virus can be functionalized at 1) the five 

copies of pIII at one end of the virus[7], 2) the five copies of pXI at the other end of the 

virus [9], and/or 3) the 2,700 copies of the pVIII major coat protein [6]. The possible 

ways of functionalizing the M13 virus are depicted in Figure 7.2.   

In addition, one-dimensional M13 viruses that specifically bind to desired 

materials can be conjugated with other dimensional materials, although viruses 

conjugated with zero-dimensional materials (ZnS nanocrystals and Au nanocrystals) have 

been described in this dissertation (Figure 7.1). Viruses can be conjugated with 

one-dimensional nanowires/nanotubes, two-dimensional nanometer-thick plates, and 

micro-scaled bulk cubics (or devices) depicted in Figure 7.3. When one-dimensional 

materials such as nanotubes or nanowires are attached to the pIII end of M13 viruses, 

they may form phase separated lamellar structures consisting of inorganic nanotube or 

nanowire layers and phage building block layers. Two-dimensional nanometer thick plate 
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electrodes can be organized. These alternative cathode and anode structures may be 

useful for future nanosized biofuel cells. When M13 viruses with specific affinities are 

combined with micrometer-sized objects, periodic organization of these 

micro-dimensional objects is also possible. The role of the M13 virus here will be as an 

adhesive for self-assembling two different objects in periodic patterns [1-4]. 

 

 

Figure 7.2  Schematic diagrams of possible functionalizations of the M13 virus by 
modifying pIII, pXI, and pVIII protein subunits. 

Basic building block:M13  virus

pIII   
x 5 

880 nm       

6.6. nm 

pVIII   
x 2700 

pIX  
x 5 

 

pIII engineering 

pIII + pXI engineering 

pVIII engineering 

pIII + pVIII engineering 

pIII + pVIII +pXI engineering 



 157

Figure 7.3 Schematic diagrams of various self-assembled structures using one- 
dimensional viruses conjugated with zero-dimensional quantum dots (QD), one- 
dimensional nanowires/nanotubes, two-dimensional platelets, and three-dimensional 
components.   
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Appendix A: Media Recipes 

Media recipes were used as defined in the instruction manual of the Phage Display 

Peptide Library Kits provided by New England Biolabs. 

 

LB Medium: 

Per Liter: 10 g Bacto-Tryptone, 5 g yeast extract, 5 g NaCl. Autoclave, store at 

room temperature. 

LB/IPTG/Xgal Plates: 

LB medium + 15 g/L agar. Autoclave, cool to < 70 oC, add 1 ml IPTG/Xgal and 

pour. Store plates at 4 oC in the dark. 

Agarose Top: 

LB medium + 1 g MgCl2·6H2O/L, 7 g agarose/L. Autoclave, dispense in 50 ml 

aliquots. Store solid at room temperature, melt in microwave as needed. 

Tetracycline Stock:  

20 mg/ml in Ethanol. Sotre at -20 oC in the dark. Vortex before using. 

TBS buffer:  

50 mM Tris-HCl (pH 7.5), 150 mM NaCl. Autoclave, store at room termperature. 
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Appendix B: Abbreviation 
 
 
 
AFM   atomic force microscope 
CCMV   cowpea chlorotic mottle virus 
CPD   critical point drying 
DIC   differential interference contrast 
DNA   deribooxy nucleic acid 
FE-SEM  field emission scanning electron microscope 
HFP   hexafluoroisopropanol  
ITO   indium tin oxide 
LC   liquid crystal 
MW   molecular weight 
PBLG   poly(α-benzyl-γ,L-glutamate) 
PEG   polyethylene glycol 
PFU   plaque forming unit 
PMMA   poly(methyl methacrylate) 
POM   polarized optical microscope 
PVP   polyvinyl pyrolidone  
QD   quantum dots  
RPM   rotation per second 
RPOM   reflected polarized optical microscopy 
SEM   scanning electron microscope 
SET   single electron transistor 
TBS   tris HCl buffered saline 
TEM   transmission electron maicroscope 
TGB   twisted grain boundary 
TMV   tobacco mosaic virus 
UV   ultraviolet 
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