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In biosensor devices, functionalization of the surface with covalent linkers is 

usually employed. However, it is difficult to avoid the loss of activity following the 

bioreceptor-analyte binding event, which limits the lifetime of the device. The goal of this 

project was to use phage display to biopan for inorganic binding peptides that are 

reversible upon application of an electric field. This technique could provide dynamic 

functionalization of surfaces, with applications such as reconfigurable and self-cleaning 

devices.  

In this study, biopanning was performed to select for phage with displayed 

peptides that bind strongly to indium zinc oxide (IZO), a transparent semiconducting 

oxide which is an attractive electrode for biosensor applications. IZO binding phage 

collected by two different chemical elution methods, low pH or high salt elution buffer, 

were identified. It was found that phage clones eluted with high salt buffer were more 

selective in their binding to IZO than the clones eluted by low pH buffer. An electro-

releasing device was then developed to select from those clones the ones that could be 

released upon application of an electric field.  
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In an alternative method, because a strong binding peptide may not be a 

reversible peptide, a new biopanning protocol was developed with an electro-elution 

process instead of the regular chemical elution. Using a small electronic device in the 

biopanning media, phage that desorb upon application of a field could be collected 

directly. Clones selected by electro-elution displayed a different composition of amino 

acids as compared to those from the chemical elution approach.  

Based on the studies of phage clones selected from chemical elution and electro-

elution biopanning processes, the amino acid sequences of the displayed peptides were 

then synthesized to further test the binding and release properties of the peptides in 

isolated form.  

The binding affinity of the synthetic IZO binding peptides was confirmed. It was 

found that both the charge character and the secondary structure of a peptide seemed 

to play a role in affecting the electroactive properties. In conclusion, my work 

demonstrates that phage display with a novel electro-elution step can select peptides 

that are more sensitive to an electric field. 
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CHAPTER 1 
INTRODUCTION 

1.1 Overview 

Molecular recognition is one of the central features of biological systems. It 

provides the molecular basis of biological processes and delivers the specificity and 

diversity in biochemical reactions. Well studied systems include the work on binding 

events with DNA and protein, or interactions between antibody and antigen, but more 

recently researchers have been focused on examining molecular recognition between 

organic and inorganic surfaces. To enhance cell attachment on biomaterial surfaces, 

growth factors, peptides, and proteins have been ionically or covalently attached to 

target surfaces. While proteins are difficult to purify, and degrade easily, small peptides 

exhibit higher stability with heat treatment and pH variations. Also, peptides have long-

term stability and are cost effective, which make them a better choice for interacting with 

materials for many applications [1]. In the last two decades, with the utilization of display 

techniques, some breakthroughs in understanding the interactions between proteins 

and inorganic surfaces have been achieved. Display techniques, which are based on 

acombinatorial approach, provide an easier way to obtain a specific protein or peptide 

sequence which has specific binding affinity to inorganic materials. This dissertation 

further explores the binding of peptides to inorganic materials by applying phage display 

to a new electronic material, Indium Zinc Oxide (IZO). In addition, it also develops a new 

and novel strategy for selecting inorganic binding peptides with electroactive properties.    

1.2 Display Techniques for Selecting Peptides Recognizing Specific Targets 

Bacteriophages are virus particles that infect bacteria. The term is commonly 

used in its shortened form, phage. Since the first introduction of phage display by G. 
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Smith in 1985 [2], display technologies have been confirmed to be a useful tool for 

biological and biotechnological applications. Study of protein-ligand interactions, 

characterization of antibody-binding and receptor-binding sites, and isolation and 

evolution of proteins or enzymes improve binding feature for their ligands [3]. Common 

display technologies are phage display, microbial cell surface display, ribosome display, 

and mRNA display, with phage display being the most utilized so far. 

Phage display and cell surface display are two approaches based on the link 

between phenotype and genotype, but are of different organisms. Phage display uses 

bacteriophages as vectors while cell surface display uses bacterium or yeast [4]. By 

genetic engineering of bacteriophage genomes or bacterium plasmids, a randomized 

gene region can be created to obtain a library [5]. And this random peptide sequence 

will be expressed on the surface of a phage coat protein or a bacterial flagella protein to 

achieve the display (Figure 1-1). In the case of phage display, by incubating the phage 

library with a specific target, washing away unbound or weak binders, and collecting the 

bound ones, several strong binding phage clones can be collected and amplified using 

their bacterium host.  Then the peptide sequences with high binding affinity can be 

identified by DNA sequencing of the selected phage clones. If one wishes to have high 

selectivity between different materials, the phage can be selected from a pool of strong 

binder clones, those that only bind to the specific target of interest (such as by using 

immunofluorescent screening on the different surfaces). 

Ribosome display and mRNA display are both in vitro selection techniques, and 

don’t require a transformation or cell growth. They both start with the transcription of the 

DNA library to produce mRNA. Ribosome display has a random peptide fold, and it 
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displays on the ribosome by fusing the DNA library to a C-terminal spacer region lacking 

a stop codon. Without a stop codon, RNA and peptide won’t be released, making a 

complex of protein–ribosome–mRNA (ARM). Once the complex interacts and binds with 

an immobilized target, mRNA can be dissociated; and by reverse transcription, the 

sequence of the peptide can be determined [6]. The main difference between ribosome 

display and mRNA display is that for mRNA display, a DNA spacer linker called 

puromycin is involved. It forms a covalent link between the RNA and polypeptide. Also 

the mRNA-polypeptide complex will be released from the ribosome for further screening 

steps (Figure 1-2) [7]. Ribosome display and mRNA display are believed to be the next 

generation of display technologies for antibody screening due to the fact that they have 

a larger library size (up to 1015), less expression bias, and a cell-free system [6].    

1.3 Screening Targets by Phage Display Technique 

Display techniques have been widely used to identify peptide binders for both 

organic and inorganic targets. Using phage display for selection of human antibodies is 

one of the most successful applications. It is used to isolate monoclonal antibodies from 

large collections of antibody fragments. Adalimumab, named Humira®, is a human IgG1 

specific for human tumor necrosis factor (TNF) [8], and has been approved by the Food 

and Drug Administration (FDA) for arthritis treatment, while there are many more 

antibodies in clinical trials now [9]. Phage display is also used to identify sequences for 

discovery of enzyme substrates [10, 11] and inhibitors [12, 13], to target cells, to identify 

protein-protein interactions [14, 15], to design vaccines [16], and to map epitopes of an 

antigen [17]. Some tissues have also  been screened for binding peptides [18], such as 

muscles [19], kidney tubules [20], bone marrow [21], and cartilage [22].     
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In addition to the biopolymer applications mentioned above, many research 

groups have used display techniques to identify peptide sequences that have strong 

binding affinity for various materials. Organic targets include, polyvinyl chloride, 

polystyrene [23], and poly(methyl methacrylate) [24]. Inorganic targets include carbon 

based material (carbon nanotubes [25]), noble metals (Au [26-28], Ag [29, 30], and Pt 

[31]), metal oxides (SiO2 [32], ZnO [33], Cu2O [33], TiO2 [34-37], Fe2O3 [38]), minerals 

(hydroxyapatite [39], calcite [40], sapphire [41]) and semiconductors (GaAs [42], ZnS 

[43], CdS [43]) [44]. The sequence of amino acids with specific binding is defined by 

Sarikaya’s group as a genetically engineered peptide for inorganics (GEPIs), because a 

directed evolution is used in the biopanning approach. The target substrate can be 

rough like powders, or well defined like a single crystal or a nanostructure [45]. Phage 

can be very selective in their recognition of different materials which would seemingly 

have similar surface properties. For example, Figure 1-3 shows fluorescently labeled 

GaAs clones on a patterned surface. The clones recognized GaAs surface specifically, 

but not the SiO2 surface. The clones were element specific that bind to GaAs but not 

AlGaAs [42]. In addition to solid surfaces, phage display can also be used to identify 

volatile compounds. For example, 2-4-6-trinitrotoluene (TNT) and 2,4-dinitrotoluene 

(DNT) have been screened by phage display for selective detection of explosives [46]. 

1.4 In Vivo versus in Vitro Display Techniques 

As mentioned in section 1.3, in vivo display techniques like phage display and 

cell surface display rely on the gene modification of vectors to create a library. One of 

the main disadvantages is the process in which phages or cells uptake naked DNA, 

resulting in a library which contains only up to 1013 varieties [3]. Another drawback is 

that phage display and cell surface display are more sensitive to bias. The fact that 
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phages need to infect host bacteria to amplify leads the possibility of poor infectivity or 

loss of some clones, even though they may have been strong binders to the target of 

interest. Also, some phages tend to yield a larger progeny than other phages, which 

causes some clones to be identified repeatedly. However, even though in vivo display 

techniques have several disadvantages, they don’t require as high a level of expertise 

as ribosome display and mRNA display. Therefore, commercialized phage display and 

cell surface display library kits make them the most commonly used display techniques 

[3].  

For screening of inorganic target materials, even though both phage display and 

cell surface display can be applied for most of the cases, the structure of the target 

material should be considered to select a suitable technique. For example, when 

biopanning on materials in powder form, a centrifuge step is required to separate the 

eluted phages and powders. Phage display would be a better choice since the flagella 

might be sheared off from the cell by centrifugal forces [3].  

1.5 Evaluation of Binding Characteristics 

Although peptides with specific binding have been identified for many different 

inorganic materials, how peptides recognize inorganic surfaces remains unclear. The 

mechanism of the specificity in binding may be either by chemical or structural 

recognition, or both, such as H-bonding, polarity, charge effects, or conformation of 

peptide versus structure and morphology of the inorganic [45]. To understand the nature 

of the binding event, characterization of the chemistry and structure of the binders and 

the inorganic surface properties have become important issues. When powders of 

various particle sizes and shapes are used for biopanning, the sequence is expected to 

be more diverse due to the variation of local surface structures. On the other hand, 
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materials of carefully controlled size, crystallography or morphology may select peptides 

with higher sequence homology [3]. There are many useful techniques to qualitatively 

and quantitatively rank the affinity and specificity for peptide attachment to surfaces. To 

qualitatively rank the binding, immunofluorescence (IF) analysis and enzyme linked 

immunosorbent assay (ELISA) are the most common methods to assess the affinity 

levels of individual phage clones. Scanning probe microscopy (SPM), like atomic force 

microscopy (AFM) [47] and scanning tunneling microscopy (STM), can also be utilized 

to investigate the peptide assembly. Surface plasmon resonance (SPR) and quartz 

crystal microbalance (QCM) are used to quantitatively characterize the peptide 

adsorption kinetics [48]. To develop an understanding of the organic-inorganic 

molecular recognition, liquid and solid-state nuclear magnetic resonance (NMR) 

spectroscopy can help to understand the molecular structure of the peptide in solution 

and as it interacts with the surface.  

Along with such experimental results, simulation is a useful tool for 

characterization the interface between peptide and inorganic surface. The conformation 

and orientation of peptides can be simulated for better understanding of the affinity and 

selectivity of identified peptides sequences based on the energy landscape [49]. A 

bioinformatics approach has also been developed to computationally design new 

peptides with higher binding efficiency to a target material based on the sequence 

similarities between a collected peptide pool. Sarikaya’s group has used a similarity 

matrix, which compares strong binders to weak binders, to randomly generate new 

quartz-binding sequences [32]. The beauty of the bioinformatics approach is that it can 
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possibly design a peptide with multifunctionality, and it can contribute to simulation 

studies.    

1.6 Application of Inorganic-Binding Peptides 

Inorganic binding peptides open a new chapter for controlling immobilization of 

organic compounds on inorganic surfaces. It provides the possibility of replacing self-

assembled monolayers (SAMs) to link nanocomponents onto solid substrates. So et al. 

tested the self-assembly property of a gold binding peptide (GBP) in a triplet-repeated 

form, 3rGBP1 (MHGKTQATSGTIQS)3, on a Au (111) substrate. Based on high-

resolution AFM images, it shows that 3rGBP1 forms a ~1.5 nm thick monolayer on the 

gold surface, from which the dimensions indicate that 3rGBP1 has its backbone laid 

down on the surface, enabling access of the functional groups in its side chains to 

interact with the surface. The six-fold symmetry observed from the 3rGBP monolayer 

also indicates that the peptide recognizes the gold surface lattice (Figure 1-4) [50]. The 

same group further tested a graphite binding peptide GrBP5, and the results show a 

transition between an amorphous phase of binding to an ordered phase within an hour, 

and then a complete ordered monolayer is formed within three hours (Figure 1-5) [51].  

With the self-assembly property and high specificity to target materials, inorganic 

binding peptides can be used for functionalization of surfaces, and even monitoring of 

defects at surfaces. Chemical composition defects at the m range can be detected by 

a fluorescently-tagged inorganic binding peptide using simple fluorescence microscopy 

[52]. Multilayer nanostructures can be achieved with layer-by-layer assembly. Sano et al. 

utilized a Ti-binding peptide, TBP-1 (RKLPNAPGMHTW), which is a bifunctional peptide 

that not only binds to Ti, Ag and Si, but also acts as a mediator for mineralization, to 



 

26 

create a layer-by-layer structure on substrates (Figure 1-6) [37]. Khatayevich et al. 

covalently bound poly(ethylene glycol) (PEG), a polymer that prevents cell adhesion, on 

gold and platinum substrates covered with gold- and platinum-binding peptides, 

respectively. On the other hand, to achieve a cell binding surface, they attached an 

arginine-glycine-aspartic acid (RGD) peptide, a cell adhesion motif, to quartz and 

titanium binding peptides, and had these bifunctional peptides self-assemble onto 

quartz and titanium surfaces, respectively. In a cell study, they found the PEG-peptide 

modified gold/platinum surface showed a bio-inert surface while RGD-peptide 

immobilized quartz/titanium resulted a bio-active surface (Figure 1-7) [53].  

Another application for inorganic binding peptides is in synthesis of materials. 

Taking gold as an example, Brown et al. first published the work of a dodecapeptide 

affecting gold crystal growth. By using gold binding peptides as additives, gold crystals 

formed in a thin, large, hexagonal shape, with expression of (111) faces, similar to gold 

formed by reducing AuCl3 (Figure 1-8) [54]. Slocik et al. later used a peptide motif A3 

(AYSSGAPPMPPF), which had been found to bind to silver and gold particles [55], to 

synthesize gold nanoparticles in a more simple way. When A3 dodecapeptide reacts 

with chloroauric acid (HAuCl4), gold nanoparticles formed in five minutes and could be 

suspended in solution for at least several days, while gold nanoparticles synthesized by 

using a nonspecific peptide tended to aggregate. Also, gold nanoparticles synthesized 

by A3 were round in shape, while the others were irregular (Figure 1-9) [56]. Kim et al. 

further proved that inorganic binding peptides can affect the shape and size of 

synthesized gold nanoparticles. By changing pH conditions and HAuCl4 concentration of 

the reaction solution, the same peptide formed gold nanoparticles with different 
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morphologies (Figure 1-10). Alternatively, by changing only one amino acid of a peptide 

sequence, under the same synthetic conditions, the nanostructure of gold nanoparticles 

was found to be different [57].         

1.7 Application of Inorganic Binding Peptides Fused to Proteins 

Instead of utilizing small peptides, some researchers have focused on using the 

whole bacteriophage body as a template to display inorganic binding peptides. The 

main idea of these researchers is that by genetically engineering the sequence of 

binding peptides onto a virus particle surface, the protein coat can then be 

functionalized and act as a linker for different applications. 

Modifying the phage body has been shown to control the morphology of cells. 

M13 phage, a filamentous phage, with RGD-peptides displayed on its major coat protein 

pVIII, has been used to interact with different cell lines. The Lee group first developed a 

shearing method to make aligned phage films with all the long rod-shaped phage bodies 

lying in the same direction. Hippocampal neural progenitor cells (NPCs) were seeded 

on the aligned films. The results showed that the aligned film can support cell 

proliferation and control cell behavior as the neurite extensions were parallel to the 

aligned phage bodies [58]. They later developed a pulling method from a phage 

containing solution to create a film with different phage self-templated structures (Figure 

1-11). Phages assembled with each other once they reached the air-liquid-solid phase. 

By controlling the pulling speed, concentration of phage solution, and properties of 

substrate surface, phages formed different orders of alignment and different optical 

properties, and further affected the cell growth [59]. These researchers have shown 

promising approaches for developing biomedical materials with controlled structures 

and optical properties.  
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 Layer-by-layer phage assembly provides a useful method for fabricating novel 

materials for different applications. Lee et al. fused a gold binding peptide into the pVIII 

protein of M13 phage. By reduction of Au3+ ions, this M13 phage was covered with gold 

nanoparticles (NPs) to form Au nanowires (NWs). Phage provides a template for 

synthesizing Au NWs in a uniform way, and the size can be well controlled. Au-Pt core-

shell NWs can be further synthesized, and make a promising material for ethanol fuel 

cells [60].    

Instead of genetically engineering only one protein of bacteriophage, some 

groups have developed phages with multiple binding sites. The most common one is a 

two binding site system, where the pIII coat proteins of M13 phage display one target 

binding peptide, and the major coat proteins pVIII display another target binder, in order 

to achieve the goal of connecting or carrying two different materials. Yoo et al. 

engineered a tetra-glutamate peptide into the pVIII coat protein, which made this E4 

phage have extra –COOH groups so that it was negatively charged and could bind with 

positively charged nanoparticles [61]. Lee et al. engineered peptides that bind to single-

walled carbon nanotubes (SWNTs) into the gene of the pIII coat protein. Silver NPs 

were formed on the E4 phage coat proteins, and amorphous iron phosphate (a-FePO4) 

was then synthesized onto it. This modified phage has higher electronic conductivity 

and makes SWNTs well dispersed [62]. The -FePO4 /SWNT hybrid electrode has been 

utilized to light up a green light-emitting diode (LED), and is definitely a success story 

for applying biological systems for development of novel fuel cell materials.   

Ghosh et al. fused pIII protein with a SPARC (Secreted Protein, Acidic and Rich 

in Cysteine) binding peptide onto E4 phage to make it multifunctional. SPARC is a 



 

29 

prototypic matricellular protein that is overexpressed in many cancers [63]. When in the 

presence of magnetic iron oxide nanoparticles (MNPs), this phage can carry around 26 

particles, and can be used as an image probe for magnetic resonance (MR) scanning. 

They confirmed that by injecting this SPARC targeted MNPs phage into mice, certain 

cancers can be targeted. They also found that with phage bodies as templates, the 

targeting and imaging ability is actually better than a complex of SPARC binding 

peptides and MNPs due to the size of the phage relative to peptides [63].  

Two peptide sequences for two different target materials can also be linked and 

fused to one gene of the phage for multifunctional applications. Nam et al. linked tetra-

glutamate and a Au binding peptide (LKAHLPPSRLPS) together into the pVIII coat 

protein of M13 phage to make the phage bind on oxide material, but also have specific 

binding to Au NPs. The Au-E4 phage can form Co3O4 NWs with Au NPs, and it was 

found that with different Co3O4 concentrations, the resulting NWs have different 

morphologies. Co3O4 NWs interact with each other and form a self-assembled 

monolayer that can be used as an anode for Li ion batteries [64]. Other than the 

literature I mentioned above, there are lots of different applications being explored, such 

as photocatalytic structures, sensors, surface structure discrimination, and separation of 

different materials. In fact, prior work in our group has shown that francolite mineral can 

be selectively floated from phosphate ore containing dolomite impurities, which is a 

system that is notoriously difficult for traditional surfactants to discriminate between due 

to the similar surface charge characteristics of the two minerals [65]. Recently, more 

genetically engineered sites of M13 phage have been studied [66]. The further 

exploitation of rationally designed virus particles should provide more possibilities for 
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applications incorporating biological systems into functional biomaterials. Many of these 

examples demonstrate that peptides can be used as linkers between particles and 

different material’s surfaces, described by Sarikaya as “molecular construction” kits.  

This nice feature of GEPIs forms the basis of the work here, which is targeted toward 

biopanning for peptides that can be used as linkers, but with the novel aspect that the 

linkers are reversible upon application of an electric field. 

1.8 Nucleic-acid Aptamers  

Other than peptides, another rapidly developing research area is aptamer-based 

molecular recognition. Ellington et al. and Tuerk et al. published the first paper 

demonstrating that RNA sequences can bind to target molecules in 1990 [67, 68]. DNA 

sequences have also been found by Ellington et al. in 1992 [69]. These oligonucleotides 

are named aptamers, meaning ‘fit’ in Latin. Aptamers are selected by a process called 

Systematic Evolution of Ligands by EXponential enrichment (SELEX). This SELEX 

process is similar to the biopanning process of display techniques. A random nucleic 

acid library contains 1013 to 1015 different sequences of ssDNA or RNA. The library is 

incubated with a target, followed by separation of the bound and unbound nucleotides. 

The bound sequence will then be eluted, collected, and amplified by polymerase chain 

reaction (PCR). Amplified sequences are then incubated with the target again to 

perform the next screening cycle. Generally, 6-20 cycles will be performed to get 

aptamers that have strong binding affinity to the target (Figure 1-12).  

Nucleic-acid aptamers have been identified to bind on many different targets, 

including small organic molecules [70, 71], proteins [72, 73], peptides [74], 

microorganisms [75], and cells [76]. In comparing to protein recognition, aptamers have 

many advantages. Aptamers have high affinity and high specificity to a target; it is 
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chemically stable and easy to synthesize and modify. There have been many 

developments using aptamer-based biosensors. Due to the fact that the conformation of 

an aptamer can change after binding to a molecule, it provides aptamers with many 

different sensing applications [77]. For example, Figure 1-13 shows an electrochemical 

detection method using a molecularly labeled aptamer. A redox-active methylene blue 

(MB) is attached to the aptamer, and this complex is immobilized on an electrode. After 

the thrombin and aptamer binding event, the aptamer changes its conformation and 

interrupts the electron-transfer of MB to achieve a signal-off state [78]. Label-free 

aptasensors have also been developed for many applications (Figure 1-14). 

Compared to peptides, one of the short comings of using aptamers in sensing 

applications is that it requires a further functionalization process for immobilization onto 

an inorganic surface. A thiol group is usually used to have the aptamer bind onto 

metallic surfaces [79], or a pH modified surface is needed. For instance, a titanium 

surface and aptamer are both negatively charged at neutral pH. But a titanium surface 

is positively charged in a pH 4 solution. A phosphate-labeled aptamer can then be 

adsorptively immobilized onto a titanium surface by electrostatic interactions [80]. Silane 

SAMs can also be used for immobilization of aptamers on silicon surfaces [79]. In 

conclusion, peptides are as flexible and stable as aptamers, but greater flexibility and 

multifunctionality can be achieved by including both a target binding site for surface 

immobilization, and a functional domain site at the other end, all in one synthesized 

peptide chain. We also believe that peptides, with 20 possible amino acids of variable 

polarity, which can to be used in various combinations, and the inherent conformation 
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and structures provided by proteins, makes peptides an exciting building block for many 

different materials applications. 
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Figure 1-1.  Principles of phage display and cell surface display techniques [3]. 
Reprinted from Sarikaya M, Tamerler C, Schwartz DT, Baneyx FO. Materials 
assembly and formation using engineered polypeptides. Annual Review of 
Materials Research. 2004;34:373-408. With permission from Annual Review. 
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Figure 1-2.  Principles of Ribosome display and mRNA display techniques. Blue wave 
indicates RNA; blue straight line indicates DNA; blue folding structure 
indicates peptide; brown circle indicates ribosome [7]. Reprinted from Current 
Opinion in Chemical Biology, 6, William J Dower,Larry C Mattheakis, In vitro 
selection as a powerful tool for the applied evolution of proteins and peptides, 
390-8, Copyright (2002), with permission from Elsevier.   
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Figure 1-3.  Images demonstrate the specificity of material recognition of inorganic 

binding phage. A) A substrate was patterned with 1 m GaAs lines and 4 m 
SiO2 spaces. Fluorescently labeled GaAs clone bound to GaAs but not SiO2. 
B) A diagram illustrating the selective binding of phage to the lanes of GaAs, 
which demonstrates that “molecular recognition”, as commonly utilized in 
biological systems, can also be achieved with inorganic materials. C) The 
GaAs clones were tagged with 20-nm gold particles. The nanoparticles were 
imaged by SEM and showed the recognition on GaAs layers but not AlGaAs 
layers. [42] Reprinted (adapted) with permission from Whaley SR, English DS, 
Hu EL, Barbara PF, Belcher AM. Selection of peptides with semiconductor 
binding specificity for directed nanocrystal assembly. Nature. 2000;405:665-8. 
Copyright 2000 Nature Publishing Group.  
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Figure 1-4.  AFM images of 3rGBP peptide self-assembled on Au. AFM scan over an 

area of 4 m2, showing the long range ordering of the peptide in both height 
(A, B) and amplitude (C) imaging mode. B) and C) are the higher 
magnification images of the region marked with a box in A). One can see the 
peptide monolayer exhibits a six-fold symmetry that correlates with the 
underlying Au [111] surface lattice. [50] Reprinted (adapted) with permission 
from So CR, Kulp JL, Oren EE, Zareie H, Tamerler C, Evans JS, et al. 
Molecular recognition and supramolecular self-assembly of a genetically 
engineered gold binding peptide on Au[81]. ACS Nano. 2009;3:1525-31. 
Copyright (2009) American Chemical Society. 
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Figure 1-5.  Time-lapse AFM images of GrBP5 assembly. A) AFM images for 10, 60, 
and 180 minutes binding time. The structural assembly begins with discrete 
peptide clusters (left); growth of both amorphous (AP) and ordered phases 
(OP) (middle); and complete OP monolayer (right). B) Schematic of peptide 
self-assembly process. [51] Reprinted with permission from So CR, Hayamizu 
Y, Yazici H, Gresswell C, Khatayevich D, Tamerler C, et al. Controlling Self-
Assembly of Engineered Peptides on Graphite by Rational Mutation. 2012. 
Copyright (2012) American Chemical Society 
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Figure 1-6.  Schematic showing the layer-by-layer assembly process of silica. The first 
monolayer is formed by minTBP-1 to Ti surface (i). A silica layer is deposited 
by mineralization mediated by minTBP-1 (ii). The second monolayer is 
deposited by the interaction between minTBP-1 and silica (iii). The next silica 
layer is deposited on the second minT1-LF layer (iv). And the process is 
repeated to form a third monolayer. Different types of minT1-LF containing 
different metal compounds (Fe@minT1-LF, CdSe@minT1-LF, and 
Co@minT1-LF) were used to construct multilayer nanostructures (i, iii, v) [37]. 
Reprinted with permission from Sano K, Sasaki H, Shiba K. Utilization of the 
pleiotropy of a peptidic aptamer to fabricate heterogeneous nanodot-
containing multilayer nanostructures. J Am Chem Soc. 2006;128:1717-22. 
Copyright (2006) American Chemical Society. 
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Figure 1-7.  PEG-peptide modified gold surface showed a bio-inert surface while RGD-
peptide immobilized quartz/titanium resulted in a bio-active surface. A) 
Number of adhered cells in serum free and 1% FBS on gold surface. B) SEM 
images of bare and 3GBP-PEG modified gold surfaces. C) Fluorescence 
microscope images of cells on differently modified surfaces. D) Number of 
adhered cells on differently modified surfaces [53]. Reprinted from 
Khatayevich D, Gungormus M, Yazici H, So C, Cetinel S, Ma H, et al. 
Biofunctionalization of materials for implants using engineered peptides. Acta 
Biomater. 2010;6:4634-41. With permission from Elsevier.  
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Figure 1-8.  With gold binding peptide additives, gold crystals formed with platy 

morphologies similar to gold formed by reducing AuCl3.  A and B) The 
formation of large, thin, hexagonal crystals were stimulated by RP1 and RP2 
peptides. C) Gold crystal formed by reducing AuCl3. [82] Reprinted from 
Brown S, Sarikaya M, Johnson E. A genetic analysis of crystal growth. J Mol 
Biol. 2000;299:725-35. Copyright (2000), with permission from Elsevier. 

 
 
 
 

 

Figure 1-9.  TEM images of gold nanoparticles synthesized with A3 dodecapeptide. A) 
With a scale bar of 100 nm. B and C) With a scale bar of 20 nm. [56] 
Reprinted from Slocik JM, Stone MO, Naik RR. Synthesis of Gold 
Nanoparticles Using Multifunctional Peptides. Small.1:1048-52. Copyright 
(2005), with permission from Wiley. 
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Figure 1-10.  One peptide can form gold nanoparticles with different morphologies by 
changing pH condition and HAuCl4 concentration of reaction solution. A) at 
pH 1.0. B) at pH 3.0. C) at pH 5.0. D and E) at pH 5.4. F) at pH 7.0. [57] 
Reprinted from Kim J, Rheem Y, Yoo B, Chong Y, Bozhilov KN, Kim D, et al. 
Peptide-mediated shape- and size-tunable synthesis of gold nanostructures. 
Acta Biomater. 2010;6:2681-9. With permission from Elsevier.   
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Figure 1-11.  Schematic of a pulling method to form a phage film of condensed and 
aligned phage. The polarized optical microscopy image shows iridescent 
colors from the liquid crystal phase. [59] Reprinted from Chung W-J, Oh J-W, 
Kwak K, Lee BY, Meyer J, Wang E, et al. Biomimetic self-templating 
supramolecular structures. Nature. 2011;478:364-8. Copyright (2011), with 
permission from Nature Publishing Group. 

 
 
 
 

 
Figure 1-12.  Schematic of the Systematic Evolution of Ligands by EXponential 

enrichment (SELEX) process. [83] Cass AEG, Zhang Y. Nucleic acid  
aptamers : ideal reagents for point-of-care diagnostics? Faraday Discuss. 
2011:49-61. 
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Figure 1-13.  Schematic of an electrochemical sensor using a molecularly labeled 
aptamer. A redox-active methylene blue (MB) is used to label the aptamer 
(green), and this complex is immobilized on an electrode. After a thrombin 
(which was screened for by the aptamer approach) binds to the aptamer, the 
aptamer changes its conformation, which interrupts the electron-transfer of 
MB to achieve a signal-off state. [77] Reprinted from Shiping Song LW, Jiang 
Li, Chunhai Fan, Jianlong Zhao. Aptamer-based biosensors. TrAC Trends in 
Analytical Chemistry. 2008;27:108–17. With permission from Elsevier. 

 
 
 
 

 

Figure 1-14.  Schematic of a label-free electrochemical aptasensor. In a SWCNT-FET 
sensor, a binding target (pink) with the aptamer (green) changes the 
conductance through the device to enable the detection of the target. [77] 
Reprinted from Shiping Song LW, Jiang Li, Chunhai Fan, Jianlong Zhao. 
Aptamer-based biosensors. TrAC Trends in Analytical Chemistry. 
2008;27:108–17. With permission from Elsevier. 
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CHAPTER 2 
SCREENING FOR INDIUM ZINC OXIDE BINDING PEPTIDES VIA PHAGE DISPLAY 

TECHNIQUE WITH STANDARD CHEMICAL ELUTION 

2.1 Overview 

Development of new approaches toward screening for inorganic binding peptides, 

and understanding how the chemical sequences influence their binding behavior, would 

accelerate the applications in material sciences and biotechnology. In this study, indium 

zinc oxide (IZO) was chosen as a target material for panning with a M13 phage library 

to screen for IZO-binding peptides. IZO is rising in popularity as a material among 

transparent conducting oxides (TCOs). IZO has high electron mobility and high 

transparency. IZO has the useful properties of chemical stability and thermal stability. 

These properties make IZO attractive for applications like thin film transistors (TFTs) 

and transparent electrodes in various optoelectronic devices and chemical sensors. IZO 

is also a promising candidate for the transducer element in a biosensor. On the other 

hand, while relative materials such as zinc oxide [84] and indium tin oxide (Sarikaya 

group, unpublished) have been screened for binding peptides, IZO has never been 

explored as a target for inorganic binding peptides. In this chapter, the focus is on 

selection of IZO binding peptides and testing the binding affinity of the selected clones.  

2.2 Background and Significance 

2.2.1 M13 Phage and M13 Phage Display 

Phage display involves the expression of peptide sequences within the proteins 

on the surface of the phage. The most common phages used in phage display are 

filamentous phage (M13 and fd phage), though T4, T7, and λ phage have also been 

used. The genome of a filamentous phage is inserted with DNA sequences of interest, 

and the encoded peptide sequence can then be “displayed” or expressed on the surface 
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of phage coat proteins [85]. One of the advantages of using phage display technique is 

that it is very convenient to purchase commercially available libraries, so researchers 

don’t need to construct their own libraries to display peptides for selection. Popular M13 

filamentous phage libraries include Ph.D.TM-7, Ph.D.TM-C7C, and Ph.D.TM-12 from New 

England Biolabs, and T7 phage library, such as T7Select®, from EMD Millipore. In this 

dissertation’s work, we used the Ph.D. TM-12 library, from New England Biolabs, for the 

reasons described below.  

M13 phage is a well understood and characterized strain which has a total of 11 

proteins, pI-XI, with five different structural protein regions (pIII, pVI, pVII, pVIII, and pIX) 

that display random exogenous peptides (Figure 2-1). A phage body is composed of 

around 2700 copies of the pVIII major coat protein, which comprises over 99% of a 

phage body. pVIII protein is an α-helical chain with three segments, and tilts at a 20 

degree angle around the phage body. pVIII protein mainly makes up the majority of the 

phage body, which is approximately 880 nm in length and 6.5 nm in diameter (Figure 2-

2) [86]. The pIII and pVI proteins are located at one end of M13 phage, and resemble 

“tails” of the organism. The pVII and pIX coat proteins are believed to be the first two 

coat proteins when phage secretion initiates [4, 87]. Although a phage body has 

thousands of copies of pVIII, there are only five copies each of the other four minor coat 

proteins.  

Generally, a phage display screening (biopanning) round includes the following 

steps (Figure 2-3): 1) a phage library is either purchased or is constructed by inserting 

the desired gene segment into the phage genome for displaying random peptides on 

the surface of the phages [6]; 2) phages are exposed to a target, which is the material 
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that binding is sought for; 3) the non-binding phages are removed by washing with 

buffer solution containing detergent; and 4) the bound phages are eluted (typically with 

a low pH or high salt solution), and infected into the host bacteria to amplify the number 

of phage [7]. These biopanning rounds are repeated three to six times to evolve phages 

with strong binding affinities. The DNA of the selected phages is sequenced to identify 

the peptide sequences presented on the phage coat protein that have the desirable high 

binding affinity to the target. 

For constructing an M13 library, all of the five coat proteins of M13 phages have 

been successfully utilized to display peptides in either C-terminal or N-terminal regions 

[88]. The most commonly used system is the pIII protein because it is commercially 

available, and there are fewer proteins (only 5 copies) at the tip of the filamentous 

phage. A randomly generated peptide can be expressed in either a linear or cyclic 

structure in the pIII protein, providing researchers more options in selecting a suitable 

library (Figure 2-4) [5]. The second most common approach uses the pVIII protein. The 

N-terminus of pVIII proteins is located on the outer surface of the whole phage body. In 

comparison, the pVIII protein has only 50 amino acids, while the pIII protein has 406 

amino acids, but only five copies. Also, because there are only five copies of pIII protein, 

it is actually more suitable for screening for a high affinity binder, as compared to 2700 

copies of pVIII, which due to the sheer number of combined interactions, may yield 

individual peptides that have a lower binding strength. In this study, we chose the 12-

mer linear M13 pIII system based on the reasoning that it is commercialized, and we 

believed that a 12-mer could provide us with more combinations of amino acid 
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sequences and conformations that may assist in the challenging task of finding a 

reversible peptide binder. 

The elution step is critical for phage display selection. In biopanning for inorganic 

binding peptides, the most common way to perform elution is by incubating the phage-

bound target with an extreme pH buffer, for example a pH 2.0 glycine solution, which 

was used in this study. High ionic strength, ultrasonication, and dithiothreitol can be 

utilized as well. These approaches are based on weakening the interaction between the 

target surface and phage to achieve a nonspecific elution [2]. Adding host bacteria, or 

using a polymerase chain reaction (PCR)-driven method to sequence binding phage 

directly, can also be used [89]. 

To perform the amplification step, it involves the life cycle of M13 phage. Details 

of the amplification process are described in Figure 2-5 [87, 90]. M13 phage is a 

nonlytic phage, which means that it doesn’t break apart the host bacteria when it is 

released. This nonlytic feature makes the amplification step of M13 phage display 

protocol much simpler as compared to a lytic phage, because there is no other bacterial 

membrane or DNA that needs to be worried about when separating phage from host 

bacteria. The first phage will be amplified in around ten minutes after infection, and one 

bacterium can secrete an average of 1000 M13 phages every hour. 

Blue and white screening is a cell culture technique used to isolate and collect 

the amplified M13 phage. The E. Coli host strain for the Ph.D.TM library is ER2738, 

which doesn’t have a lacZ gene in its DNA. When ssDNA of M13 phage, which contains 

lacZ, fuses into ER2738, the enzyme beta-galactosidase can be secreted in the 

presence of an inducer isopropyl β-D-1-thiogalactopyranoside (IPTG). Beta-
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galactosidase can decompose X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) 

to produce a blue product (5-bromo-4-chloroindole) [91]. X-gal and IPTG are premixed 

into an agar plate. Blue plaques on the agar plate indicate M13 phage from library kit, 

and white plaques might be some other bacterial contaminants from the environment.  

2.2.2 Indium Zinc Oxide 

Transparent conducting oxide (TCO) thin films are important for many 

optoelectronic applications. Features that require consideration for TCOs are their 

structural, optical, compositional, and electrical properties. Recently, many researchers 

have focused on IZO because it is a promising new material due to its high carrier 

mobility (10-50 cm2/Vs), high transparency, durability, thermal stability, smooth surface, 

ease of etching, ease of preparation at room temperature, and it has high resistance to 

H plasma [92-94]. Based on these properties, IZO is attractive for applications like thin 

film transistors (TFTs) and transparent electrodes in various optoelectronic devices and 

chemical sensors, and was therefore chosen as the target substrate for this study.  

For TFTs, the films need to have a band gap, Eg, greater than 3 eV to be 

transparent under visible light, and also the film has to be conductive and amorphous 

when deposited at room temperature. Many conducting oxides are polycrystalline as 

deposited, such as ZnO. Amorphous In2O3 becomes polycrystalline when increasing the 

oxygen ratio. Indium tin oxide (ITO) has been demonstrated to be a material that can be 

readily prepared as an amorphous and transparent film. However, IZO is easier to etch 

and cheaper in price compared to ITO [95]. With all the advantages, IZO has been 

gaining attention among the various conducting oxides for TFT applications, and was 

therefore chosen for our studies.  
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There are many different ways to prepare a TCO thin film. It can be prepared by 

RF magnetron sputtering, molecular beam epitaxy (MBE), atomic layer epitaxy (ALE), 

pulsed laser deposition (PLD), electron beam evaporation (EBE), and low pressure 

metal organic chemical vapour deposition (MOCVD) [93]. Different preparation methods 

at different operating conditions lead to differing degrees of crystallinity of the thin films. 

For example, PLD deposited IZO thin film is amorphous when deposited at room 

temperature, but is polycrystalline when deposited at a temperature higher than 200°C 

[96]. For this study, an amorphous structure without grain boundaries or crystal defects 

was used because we felt it would provide a more homogeneous target surface. It has 

been reported that IZO films with amorphous surfaces can be obtained with high 

reproducibility at different deposition conditions by RF magnetron sputtering [97]. 

Therefore, RF magnetron sputtering was chosen to deposit amorphous IZO thin films on 

sapphire substrates and devices, to serve as our biopanning target. On the other hand, 

the optical and electrical properties of IZO thin films are highly reliant upon film 

thickness. A thicker IZO film has higher conductivity but poorer transparency, so the 

thickness needs to be well controlled for testing.  

2.3 Materials and Methods 

2.3.1 Materials 

All aqueous solutions were prepared using NANOpure DiamondTM RO deionize 

(DI) water with a resistivity at 18 MΩ cm (Barnstead).   

2.3.1.1Sapphire substrate  

Double-sided polished amorphous sapphire substrates from Saint Gobin were 

used as the solid substrates upon which an IZO thin film was deposited as the phage 

target. 
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2.3.1.2 IZO target for sputtering  

A four inch In2O3/ZnO sputtering target purchased from Kurt J. Lesker was used, 

provided by the Nanoscale Research Facility (NRF) at University of Florida. The ratio of 

In2O3 to ZnO is 90:10 by weight. 

2.3.1.3 Phage display peptide library kit 

A Ph.D.TM-12 phage display kit was purchased from New England Biolabs. It is 

based on an M13 phage vector modified for pentavalent display of linear twelve-mer 

peptides as N-terminal fusions to the minor coat protein pIII. The library contains 100 μl 

of 2 x 1013 pfu/ml (1.29 x 109 12-mer peptide sequences supplied in TBS with 50% 

glycerol). There is a short linker sequence Gly-Gly-Gly-Ser between the displayed 

peptide and pIII.  The E. Coli Er2738 host strain, F’ proA+B+ lacIq Δ(lacZ)M15 zzf::Tn10 

(TetR)/fhuA2 glnV thi Δ(lac-proAB) thi-1Δ(hsdMS-mcrB)5 (rk– mk– McrBC–), was also 

supplied in this kit as a 50% glycerol culture. 

2.3.1.4 Buffer solutions 

PC buffer. Three grams of KH2PO4 (Fisher), 1.90 g of Na2CO3 (Fisher), and 3.50 

g NaCl (Fisher) were dissolved in 400 ml distilled water to get 55 mM KH2PO4, 45 mM 

Na2CO3, and 200 mM NaCl. An appropriate amount of detergent was added from the 

detergent solution into the PC buffer according to the desired detergent concentration 

(e.g. 0.02%, 0.1%, 0.5%). PC buffers were sterilized by using a 0.2 μm single-use 

sterile syringe tip filter. 

Detergent solution. Two ml of Tween 20 (Enzyme grade, Fisher) and 2 ml of 

Tween 80 (for molecular biology, Sigma-Aldrich) were added into 6 ml DI water to get a 

20 w/v% Tween 20 : 20 w/v% Tween 80 solution. 
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PEG-NaCl. Twenty grams of Poly(ethylene glycol), (PEG) -8000 (Sigma), and 

14.61g NaCl (Fisher), were dissolved in distilled water up to 100 ml, and sterilized for 15 

minutes under 1.5 atm at 121°C. 

2.3.1.5 Elution solutions 

Low pH elution buffer solution. Based on the elution condition used by the 

Sarikaya group [31], three grams of glycine (Sigma-Aldrich) and 400 mg BSA (Sigma-

Aldrich) were dissolved in distilled water up to 200 ml to get 0.2 M glycine and 1 mg/ml 

BSA, and the pH was adjusted to 2.0. The solution was filtered by using a 0.2 μm 

single-use sterile syringe tip filter. 

High salt elution buffer solution.  Based on the elution condition used by the 

Sarikaya group, a 5M MgCl2 solution was prepared and filtered using a 0.2 μm single-

use sterile syringe tip filter. 

2.3.1.6 Culture medium 

Lauria-Bertani (LB) Lennox medium. Twenty grams LB Lennox (Fisher Brand) 

(trypton: yeast extraction: NaCl = 2:1:1) was dissolved in 1 liter of DI water and adjusted 

in pH to 7.0-7.5. The LB medium was sterilized for 15 minutes at 1.5 atm (121oC) in an 

autoclave (Tuttnauer 2540M). 

LB agar medium. Forty grams LB agar (Fisher brand) was dissolved in 1 liter DI 

water until the solution become transparent by heating. The pH was adjusted to 7.0-7.5, 

and the solution was sterilized for 15 minutes at 1.5 atm (121 oC) in an autoclave. 

Top agar medium. Twenty grams LB (Fisher brand) and 15 g agar were 

dissolved in 1 liter DI water by heating until the solution became transparent. The top 

agar medium was sterilized for 15 minutes at 1.5 atm (121 oC) in an autoclave. 
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10x Minimal salts (MS). Three grams Na2HPO4∙7H2O (Fisher brand), 1.5g 

KH2PO4 (Fisher brand), 0.25g NaCl (Fisher brand), and 0.5g NH4Cl (Fisher brand) were 

dissolved in 50 ml DI water. 

M9 Solid medium plate. Ten ml MS and 1.5 g agar (Fisher brand) were 

dissolved in 89 ml DI water by heating until the solution became transparent, and 

sterilized for 15 minutes at 1.5 atm (121 oC) in an autoclave. Sterilized 1M MgSO4∙6 H2O 

(Sigma-Aldrich), 1M CaCl2 (Fisher brand), and 40(w/v) % glucose (Fisher brand) were 

filtered by using 0.2 μm single-use sterile syringe tip filter. Then 0.2 ml sterilized 1M 

MgSO4∙6 H2O, 0.01 ml sterilized 1M CaCl2, and 0.5 ml sterilized 40 % (w/v) glucose 

were added into the agar/MS mixture. Finally, liquid M9 medium was poured onto a 90 

mm petri dish until solidification. 

2.3.1.7 Stock solution 

Tetracycline. Twenty mg/ml tetracycline hydrochloride (Sigma-Aldrich) was 

dissolved in 70% ethanol and stored at -20 oC. 

Xgal/ IPTG stock. Five gram IPTG (ultrapure grade, dioxane free, Molecul A) 

and 4g Xgal (Molecul A) were dissolved in 100 ml DMF (Sigma-Aldrich) and stored at -

20 oC. 

Glycerol stock solution. Eighty ml glycerol (Sigma-Aldrich) and 20ml DI water 

were mixed to make 80% (w/v) and sterilized for 15 minutes at 1.5 atm (121 oC) in an 

autoclave. 

2.3.2 Methods 

2.3.2.1 Fabrication of IZO thin films for biopanning targets 

Wafer cleaning process. Sapphire wafers were cut into 5 mm x 5 mm squares. 

Sapphire substrates were washed with trichloroethylene, acetone, and methanol in an 
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ultrasonic bath for 5 minutes, respectively, to remove contaminations from the sapphire 

surface, and then were dried by a nitrogen gas stream. 

Deposition of IZO thin films. IZO thin films were deposited on sapphire wafers 

in argon plasma using RF-magnetron sputtering at the Nanoscale Research Facilities 

(NRF) at UF. Before deposition, the sputter chamber was pumped down to less than 

5x10-6 Torr. In addition, a commercial 3-inch diameter IZO pellet was used as a target 

for producing IZO vapor by applying 125 W power under 5 mTorr working pressure. The 

sapphire substrate was turned over and the coating procedure repeated in order to coat 

both sides with IZO, to avoid exposure of sapphire to the phages when it is immersed in 

the biopanning media. There is, however, a small amount of sapphire surface remaining 

at the edges of the thin plate.  

2.3.2.2 Phage display protocol 

The standard phage display protocol and the other methods applied during the 

phage display procedure are discussed in detail as follows. All chemicals and labware 

were autoclaved, and the reactions performed in an Airclean® 600 PCR workstation 

laminar flow hood. DI water was obtained from ultrapure water system Nanopure 

Diamond D11931. 

Binding step. In this step, 10 μl phage library Ph.D.-12 in 990 μl PC buffer was 

exposed to an IZO-coated sapphire substrate in a 1.5 ml microfuge tube. IZO was 

coated on both the top and bottom of the sapphire plate, although thin edges of 

sapphire remain non-coated. The microfuge tube containing the IZO-phage solution was 

rotated by an rotisserie type agitator (LabQuake®, Barnstead Thermolyne) for 60 min in 

order to obtain sufficient time for phage-IZO interaction. 
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Washing step. After a 60 min rotation, several washing cycles were performed 

in order to remove the non-specific binding phage from IZO surface. These washing 

cycles were repeated for thirteen times for each biopanning round. The first supernatant 

was put into another microfuge tube for confirming the phage library, and the IZO sheet 

was washed with 1 ml PC buffer containing 0.1 % detergent. The washing steps were 

repeated 6 times with fresh buffer changes between each. From the seventh wash, 

detergent was incubated on an agitator for 30 min to remove unbound phage again. 

This step was repeated 7 more times, including one time for overnight washing. 

Elution step. After the washing steps, strongly bound phages were recovered 

from the IZO surface through elution. The strong interaction between phage and IZO 

surface was disrupted using a low pH buffer solution. The elution procedure is 

described as follows:  After the last washing step, 1 ml of low pH elution buffer solution 

was added into the IZO sheet with bound phages in a microfuge tube. The microfuge 

tube containing the IZO sheet with bound phages and low pH elution buffer was put the 

on an agitator for 8 minutes to elute the bound phages from IZO surface. The 

supernatant including eluted bound phages was transferred into a fresh microfuge tube. 

Then, 100 µl supernatant was transferred into E. coli ER2738 culture (LB Lennox 

medium: E. coli ER2738 overnight culture = 100:1) in preparation for the incubation 

step. The remaining 900 µl supernatant was neutralized by adding 40 μl of Tris, pH 9.1. 

Another 1 ml of low pH elution buffer was put into the microfuge tube and incubated for 

another 8 minutes, followed by the same neutralized step. These elution steps were 

repeated for four times.  
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Amplification and purification steps. Eluted phage samples were infected into 

the host strain E. coli ER2738 and amplified. Before the beginning of the amplification 

period, the E. coli host strain ER2738 was cultured to reach the OD600 ~ 0.5 (the best 

phage-host strain propagation period), and then eluted phage solutions were transferred 

to the bacteria culture. The incubation period was approximately 4.5 hours at 37ºC and 

phage- E. coli host strain solution was shaken at 250 rounds per minute (rpm) on a 

platform shaker (Max Q 2000, Barnstead Lab-Line). The E. coli host strain ER2738 

used in amplification is a robust F+ strain with a rapid growth rate and is particularly 

well-suited for M13 propagation. ER2738 is a recA+ strain and the F factor of ER2738 

contains a mini-transposon, which confers tetracycline resistance. After amplification, 

eluted phages were purified from host cells according to the following procedure:  First, 

E.coli-phage culture was transferred to 50 ml sterilized centrifuge tubes after 4.5 hours 

of the growth period. Samples were centrifuged at 8000 rpm for 10 min, and the 

supernatant was transferred to 50 ml sterilized centrifuge tubes. PEG/NaCl was added 

(1:6) into supernatant to precipitate phage overnight at 4℃. The next day, samples were 

centrifuged at 10,000 rpm for 20 min. Then, the supernatant was discarded, and a 

phage pellet was resuspended with 5 ml PC buffer by pipetting to remove any remaining 

E.coli ER2738. Next, samples were centrifuged at 10,000 rpm for 10 min. After that, the 

supernatant was transferred to 50 ml sterilized centrifuge tubes. PEG/NaCl was added 

(1:6) into the solution to precipitate phage, and the solution was left for 2 hours at 4℃. 

Samples were centrifuged at 10,000 rpm for 10 min. The supernatant was discarded 

and phage pellet was resuspended by pipetting with 1 ml PC buffer (no detergent) to 

remove E.coli ER2738. Samples were centrifuged at 10,000 rpm for 10 min and 
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supernatant was transferred to sterilized microfuge tubes. PEG/NaCl solution was 

added (1:6) into the microfuge tube to precipitate phage, sample was vortexed 5 sec, 

and left in this solution in the air for 10 min. Samples were centrifuged at 13,200 rpm for 

3 min to compact the phages. The supernatant was discarded and phage pellet was 

resuspended with 0.2 ml PC buffer (no detergent) by pipetting gently. Samples were 

centrifuged at 13,200 rpm for 3 min. The supernatant was transferred to sterilized 

microfuge tubes and stored at -20℃. 

2.3.2.3 Blue/White screen protocol and DNA sequencing 

This experiment was performed to estimate the phage titers at the end of each 

biopanning round. The blue-white screening experiment has three fundamental steps, 

namely, preparation of Xgal/IPTG plates, serial dilution of eluted phage samples, and 

estimation of phage titers for each round. 

Preparation of LB-Xgal/IPTG plates. 178 μl Xgal/IPTG was added into 150 ml 

warm liquid LB agar in a 150 ml glass medium flask, which was then poured into 60 mm 

plastic sterile petri dishes. Plates were wrapped with Parafilm® and Aluminum foil and 

stored at 4℃ in the dark.  

Serial dilution of phage samples. 198 µl PC buffer (no detergent) and 2 µl 

phage were added into the A1 well of a 96-well plate. 180 µl PC buffer (no detergent) 

was put into wells from A2 to A12. Ten-fold dilutions were made from A1 to A12 by 

taking 20 µl samples from each of the preceding wells (Figure 2-6) 

Calculation of Phage Titers. After serial dilutions, LB-Xgal/IPTG plates that 

were prepared previously and stored at 4 ºC were acclimated to room temperature. 

Three ml melt top agar was aliquotted into 15 ml cell culture tubes, and these tubes 
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were put in a 55℃ water bath to prevent the solidification until other processes were 

carried out. E. coli ER2738 from overnight culture were inoculated into 5 ml LB medium 

in 50 ml centrifuge tubes. The culture was incubated at 37ºC and 250 rpm until mid-log 

phase (OD600 ~ 0.5). After the incubation period, 200 μl E. coli ER2738 culture and 10 μl 

diluted phage sample were put into a 1.5 ml test tube. Phage - E. coli ER2738 mixture 

was added into 3 ml melt top agar and poured onto LB-Xgal/IPTG petri dishes. After the 

petri dishes solidified, they were kept up-side down and incubated at 37℃ overnight. 

After incubation, blue plaques were obtained (Figure 2-7).The plate with 30~100 

plaques from each eluted phage solution (E1-E4) were chosen to calculate the amount 

of phage using the equation as follows: (pfu: plaque forming unit) 

The amount of phage (pfu) =

The number of plaques

The volume of diluted phage 
solution (ml)

X Dilution factor

 

           (2-1) 

For example, consider a 10 µl diluted phage solution from A9 well was added into 

3 ml top agar. After vortexing, the mixed solution was poured onto a LB-Xgal/IPTG plate. 

After incubation overnight, 100 phage plaques were counted on this LB-Xgal/IPTG plate.  

The calculation of the amount of phage was as follows: A9 well represents 1010 dilution. 

(100 phage plaques/0.01 ml diluted phage solution) x 1010 = 1.00 x 1014 pfu/ml 

Saving phage clones for sequencing. Preparation procedure of saving clones 

for sequencing is described in the following subsections. First, 150 μl of 0.02 % PC 

buffer was put into each well of a 96-well plate. Each phage plaque from big plates was 

picked and put into different wells of a 96 well plate. Twenty-four plaques were picked 

per each elution step. At the end of the third round, 288 plaques were picked. Next, a 
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96-well plate containing phage clones was placed into the incubator at 60 ℃ for 45 min, 

and then the 96-well plate was left at 4 ℃ overnight. After that, 60 μl sterilized 80% 

glycerol solution was put into each well in two sets of 96 well plates (overall glycerol 

concentration was kept as 50% in stocks). Subsequently, 50 μl of each phage clone 

was added from storage plate to glycerol containing plates. Plates were covered and 

stored at –80 ℃. After saving clones, phages DNA were isolated for DNA sequencing. 

DNA isolation was performed using the QIAprep® Spin M13 kit (QIAGEN) procedure. 

The procedure is described in detail as follows. A 10 µl sample was taken from the 

glycerol stock of a single phage clone, and was added into the 3ml E. coli ER2738 

culture (LB medium: E. coli ER2738 overnight culture = 100:1), which was incubated 

until mid-log phase (OD600 ~ 0.5). After this step, the culture was incubated 4.5 hours for 

phage-E. coli ER2738 infection. Next, the culture was centrifuged at 5000 rpm for 15 

minutes at room temperature. The supernatant containing M13 bacteriophage was 

transferred to a fresh reaction tube. During transferring the supernatant, care was taken 

to not disturb the bacterial pellet. This step can be repeated twice. Buffer MP was added 

in 1/100 volume (i.e. 10 µl per 1 ml of phage supernatant) to the supernatant in reaction 

tube. It was mixed by vortexing and incubated at room temperature for at least 2 min. 

During this step, bacteriophage particles were precipitated from the culture medium. A 

QIAprep spin column was placed in a 2 ml microfuge tube and 0.7 ml of sample was 

applied to the QIAprep spin column. The reaction tube was centrifuged for 15 seconds 

at 8000 rpm and flow-through was discarded from the collection tube. During this step, 

intact bacteriophage was retained on the QIAprep silica-gel membrane. This centrifuge 

step was repeated until all supernatant passed through the QIAprep spin column. Then 
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0.7 ml MLB buffer was added for M13 lysis and binding of DNA to the QIAprep spin 

column, which was then centrifuged for 15 sec. at 8000 rpm. This step creates 

appropriate conditions for binding of the M13 DNA to the QIAprep silica-gel membrane. 

When bacteriophage lysis begins, another 0.7 ml MLB buffer was added to the QIAprep 

spin column, which was then incubated for 1 minute at room temperature to lyse 

bacteriophage completely. QIAprep spin column was then centrifuged for 15 second at 

8000 rpm. M13 single stranded DNA is released from bacteriophage particles and 

adsorbed to the QIAprep silica gel membrane.  0.7 ml buffer PE was added and 

centrifuged for 15 second at 8000 rpm to remove residual salt. Buffer PE was discarded 

from the collection tube, and the spin column was centrifuged again for 15 sec. at 8000 

rpm to remove residual buffer PE. It is important to dry the QIAprep membrane with a 

quick micro-centrifugation step. This prevents residual ethanol from being carried over 

into subsequent reactions. The QIAprep spin column was placed in a clean 1.5 ml 

microfuge tube. 100 µl EB buffer (10 mM Tris.Cl, pH 8.5) was added to the center of the 

column membrane to elute the DNA. Incubation of elution buffer in the QIAprep spin 

column significantly increases the recovery of single-stranded M13 DNA molecules, 

which adsorb tightly to the silica membrane. The DNA can also be eluted with water. 

When using water for elution, the pH of water should be in the range 7.0-8.5because 

the efficiency is dependent on pH, where the maximum elution efficiency is achieved 

within this pH range. 

DNA sequencing. The Interdisciplinary Center for Biotechnology Research 

(ICBR) in the UF provided service in PCR and DNA sequencing for single strain DNA of 

M13 phage clones. –96 gIII sequencing primer (5´- HOCCC TCA TAG TTA GCG TAA 
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CG –3´, 100 pmol, 1 pmol/μl) purchased from New England Biolabs containing in Ph.D.-

12™ Phage Display Peptide Library Kit was used in PCR. DNA samples were 

sequenced by using Genome Sequencer 20™ System (Roche Applied Science). 

Determination of expressed 12-mer peptides. The DNA codes of every M13 

phage in the library pool are the same except the 12-mer peptide-gIII fusion for each 

phage. In order to identify the 12-mer peptide gIII fusion, two segments of DNA 

sequences in the immediate vicinity of the gIII fusion domain were used and aligned 

with any DNA sequence of phage clones by using Nucleotide alignment in Basic Local 

Alignment Search Tool (BLAST) from National Center for Biotechnology Information 

(NCBI): http://blast.ncbi.nlm.nih.gov/. After obtaining the DNA sequence of the gIII 

fusion, DNA codes of gIII fusion can be translated into the desired 12-mer amino acid 

sequences. 

2.3.2.4 Enzyme-linked immunosorbent assay (ELISA) 

A phage single clone (109 pfu/ml) in 1 ml PC buffer was incubated with 5 mm x 5 

mm IZO, sapphire (0001), silicon (100), or silicon oxide (amorphous) sheet for 1 hour on 

an agitator. After incubation, supernatant was discarded and sheets washed with 1 ml 

PC buffer with a suitable concentration of detergent three times. Monoclonal anti 

M13:HRP (GE Health), which is the secondary antibody conjugated to horseradish 

peroxide (HRP) for M13 phage detection (anti M13:HRP : PC buffer = 1:2500), was 

incubated with inorganic sheets for 20 minutes. Subsequently, inorganic sheets were 

again washed with 1 ml PC with a suitable concentration of detergent three times to 

remove unbound anti M13:HRP. Inorganic sheets were then transferred to a fresh 

microfuge tube. The biochemical substrate for the development reaction for HRP-

conjugated secondary enzymes was prepared by dissolving one capsule of phosphate 

http://blast.ncbi.nlm.nih.gov/
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citrate buffer with sodium perborate (Sigma-Aldrich) in 100 ml distilled water (0.05 M 

phosphate citrate buffer pH5.0, 0.3% (w/v) sodium perborate). A 10 mg tablet of 3, 3’, 5, 

5’-tetramethylbenzidine (TMB) substrate (Sigma-Aldrich) was added to 10 ml of the 

buffer to give a final concentration of 1 mg/ml. 1 ml TMB substrate solution was added 

into the microfuge tube containing inorganic sheet and was developed for 20 minutes 

(Figure 2-8). The supernatant from each tube was transferred into a 96 well plate. The 

plate was read in an ELx 800UV plate reader (BioTek) at 630 nm. 

2.3.2.5 Immunofluorescence (IF) analysis 

At the beginning of the fluorescence microscopy experiment, a negative control 

experiment was carried out to decide on the right procedure during the fluorescence 

experiment. In the negative control experiment, IZO sheet was incubated with Anti-M13 

pIII monoclonal antibody (GE Lifescience) ( Anti-M13 monoclonal antibody: PC buffer = 

1: 2500), which is specific to the M13 pVIII protein, for 20 minutes on an agitator. After 

the primary antibody binding step, IZO thin film was washed by PC buffer with a suitable 

concentration of detergent (0.1 %, 0.3 %, and 0.5 % for phage clones from first, second, 

and third biopanning round, respectively). Subsequently, anti-mouse IgG-FITC as 

secondary (Sigma-Aldrich) antibody (anti-mouse IgG-FITC : PC buffer = 1 : 500) was 

incubated with IZO in 1 ml PC buffer for 20 minutes on an agitator. After 20 minutes 

incubation, the IZO thin film was washed by PC buffer with a suitable concentration of 

detergent three times. IZO was visualized at 20X magnification and 2 sec exposure time 

with a fluorescence microscope (Nikon-Eclipse E600).         

For the detection of phage binding, IZO was incubated with a single phage clone 

(109 pfu/ml) in 1 ml PC buffer on an agitator for 1 hour, followed by washing steps to 

remove unbound phage. Anti M13 pIII monoclonal antibody and anti-mouse IgG-FITC 
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were applied as primary and secondary antibody, as in the same procedure mentioned 

for the negative control. These complexes were visualized at 20X magnification and 2 

sec exposure time by fluorescence microscopy. Figure 2-9 shows a schematic of the IF 

analysis steps. 

2.3.2.6 Calculation of surface coverage of phage clones   

Image processing software, Image J, was used to measure the surface coverage 

of phage clones on the various substrates. A fluorescence image of each phage clone 

adsorbed onto the IZO sheet was converted to a 32 bit black and white image. The ratio 

of black-to-white area, which indicates the existence of phage, to the whole picture area 

was measured using Image J. This ratio represents surface coverage of phage clones 

on the substrate sheets. 

2.4 Results and Discussions 

In this study, indium zinc oxide (IZO) was chosen as a target material to select 

phage clones with 12-mer expressed peptides showing binding affinity to IZO. The 

target material IZO was first analyzed. When sputtering at room temperature, the IZO 

coating was confirmed to be amorphous since it displayed no Bragg peaks in an x-ray 

diffraction scan (Figure 2-10). An AFM was used to measure the roughness of the 

deposited IZO thin film over a 5 m x 5 m area, which appeared to be fairly uniform 

(Figure 2-11). The IZO thin film was determined to have a root-mean-square (RMS) 

roughness value of 0.552 nm. In a 200 nm thick film, we obtained an electron mobility of 

10 cm2V-1s-1 by Hall measurement. Amorphous IZO is anticipated to provide a more 

homogeneous surface than a crystalline one because it should not have grain 

boundaries and crystal defects which might affect the binding of phage. This has been 
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proposed as a reason that inorganic materials do not always converge to a consensus 

sequence as readily as organic molecules [49]. 

After each biopanning round of the phage display protocol, a concentration of 

eluted phages was calculated by the blue and white screen protocol. Table 2-1 shows 

the result of phage titers when using a low pH elution buffer. Based on the results, the 

level of phage concentration was over 1011 pfu/ml. This indicates that amplification 

efficiency of phages within E.Coli host bacterial ER2738 strain was promising. And 

based on the concentration of eluted phages, the volume of each elution solution can be 

determined to make an equal contribution of phage amount to the next round’s phage 

pool.  

After phage titer measurements, some phage clones were picked for DNA 

sequencing to deduce the IZO binding peptide sequences. We performed three phage 

display biopanning rounds. Biopanning rounds should not be repeated more than four 

times because too many rounds of selection tend to collect phage that elute or amplify 

better rather than the strong binders [98]. Figure 2-12 shows the expressed 12-mer 

peptide sequences translated from the DNA of phage clones selected from IZO thin 

films. From the amino acid sequences shown in Figure 2-12, most of the peptide 

sequences contained a block of hydrophobic amino acids, and one or two charged 

amino acids. In addition, approximately 4 to 5 polar amino acids were separately 

distributed within the 12-mer expressed peptides. Also, in comparing the clones 

collected from second and third biopanning rounds, we found one consensus sequence. 

Although inorganic surfaces don’t always evolve to a consensus sequence [49], the 

amorphous nature of the IZO may have provided a very uniform surface.  
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It is important to note that a collected phage clone does not necessary mean that 

it is a strong binder to a target material. A collected sequence could represent an 

expressed peptide from the most enriched phage clones after many amplification steps 

during different rounds, if it somehow biases the amplification process. Thus, 

immunofluorescence (IF) analysis and enzyme linked immunosorbent assay (ELISA) 

were used to evaluate the properties of phage clones with respect to both binding 

affinity and specificity to the target material.  

The specificity of various clones to the IZO surface as well as three inorganic 

substrates were compared, sapphire (0001) face, silicon (Si) (100) face, and amorphous 

silicon dioxide (SiO2). Sapphire was chosen because it was present on the side edges 

of the IZO coated substrates; Si and SiO2 are commonly used materials in electronics 

devices. In order to visualize the phage binding on inorganic substrates, immuno-

fluorescence analysis (IF) was used with a fluorescence tag (FITC) conjugated to anti-

mouse IgG, to indicate the location of M13 phage on the inorganic substrate surface. 

However, Anti-mouse IgG-FITC may have a binding affinity to some inorganic 

substrates directly. Thus, it was necessary to test anti-mouse IgG-FITC to see if it has 

the ability to bind onto IZO, sapphire, Si, and SiO2 in the absence of M13 phage and 

anti-M13 primary antibody. Figure 2-13 shows that anti-mouse IgG-FITC did not tend to 

bind onto those inorganic substrates because no green spots were observed under 

fluorescence light without loading M13 phage and anti-M13 primary antibody. Binding 

affinity of phage M13KE was also examined by IF analysis. M13KE is the Ph.D. library 

cloning vector, and was used as a control in this study. Figure 2-14 shows a 
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fluorescence image of M13KE phage on IZO thin film, which confirmed that the M13KE 

phage has no specific binding affinity to IZO.  

In IF analysis, phage clone TKNMLSLPVGPG had high binding affinity to IZO, 

but showed minor binding affinity to the other materials (Figure 2-15). For the phage 

clone: MNRPSPPLPLWV, it showed preferential binding affinity to sapphire, rather than 

IZO (Figure 2-16). Program Image J was utilized to calculate the surface coverage of 

each clone on IZO thin films from the corresponding fluorescence images. We 

qualitatively defined their coverage between 80-100% as a strong binder, 60-80% as a 

moderate binder, and lower than 60% as a weak binder (Table 3 and Figure 2-17).  

In ELISA testing, a secondary antibody conjugated with horseradish peroxide 

(HRP), anti M13:HRP, was used to quantitatively measure M13 phages absorbed onto 

the surface of the inorganic substrates. When HRP catalyzes the enzymatic reaction of 

3, 3’, 5, 5’-tetramethylbenzidine (TMB) substrate, the oxidized product of TMB has a 

deep blue color. A deep blue color indicates a higher density of phages on those 

substrates. The degree of blue color can be quantified by absorbance measurement at 

630 nm. Figure 2-18(a) and (b) show images of ELISA plates of seven representative 

phage clones eluted by the low pH buffer solution. Figure 2-19 shows the absorbance 

value at 630 nm of the enzymatic substrate solution extracted from the wells of the 

representative plates (Figure 2-18). Based on UV absorbance measurements (Figure 2-

19) and IF analysis (Figure 2-15), one can see that the phage clone with displayed 

amino acid sequence TKNMLSLPVGPG was strongly bound strongly to IZO, but also 

displayed a moderately high binding affinity to sapphire. With respect to another phage 

clone with displayed amino acid sequence MNRPSPPLPLWV, it tended to bind much 
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more strongly onto sapphire, even though IZO was the chosen target material (Figure 2-

16). The reason might be that IZO was sputtered onto the top and bottom surfaces of a 

sapphire plate, which left some edges of the sapphire plate exposed to the phage library 

during the biopanning process. This might cause a few of the clones to be selected from 

this region of the substrate, which apparently had a strong binding affinity to sapphire. 

As judging from Figure 2-19, it seems that sapphire (α-Al2O3) may have a surface 

chemistry that is simply favorable for peptide adsorption. In addition, other phage clones 

with different types of expressed 12-mer peptides were also explored for their binding 

affinity to IZO in ELISA, the results of which are shown in Figure 2-19. In one interesting 

comparison Figure 2-12 shows the polarity of the amino acids by color coding, where it 

can be seen that peptide ASQITHFPRPPW (6th row of Second Round) contained more 

polar amino acid residues (with two positive charges and 3 polar) than peptide 

TKNMLSLPVGPG (5th row of Third Round, with one positive charge and 3 polar AAs), 

yet they have similar properties regarding binding affinity to the IZO material (Figure 2-

19).  

It was discovered, after repeating the elution steps for four times with low pH 

elution buffer, that the IZO thin films were becoming etched (Figure 2-20). Some phages 

with binding affinity to IZO were released because of the etching. This might not be a 

benefit for the development of an electro-active peptide linker due to the excessively 

strong binding of these clones, which are only removed along with the dissolution of 

substrate. Thus, alternative approaches, such as either a high pH or high salt elution 

buffer, were considered for future use in the elution step to avoid this potential problem.  

http://en.wikipedia.org/wiki/Aluminium
http://en.wikipedia.org/wiki/Oxygen
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A high salt elution buffer, 5M MgCl2 solution, was chosen for elution steps for a 

different approach to avoid the extreme pH buffer. We first made sure that the high salt 

elution buffer would not etch the IZO thin films. Using high salt elution, similar amounts 

of phage were eluted as compared to the phage amount eluted by a low pH buffer 

solution (Table 2-2). This indicated that the high salt elution buffer could also provide 

enough diversity of eluted phage clones for subsequent biopanning.   

Some expressed 12-mer peptide sequences eluted from high salt elution buffer 

are shown in Figure 2-21. The high salt elution evolved four consensus peptide 

sequences between the second and third biopanning rounds: AGFPWSTHSSWL, 

SHAPDSTWFALF, TNSSSQFVVAIP, and ALDDLRARFLPP. It was found that most of 

the peptide sequences obtained by high salt elution were comprised of a block of 

hydrophobic amino acids (2-5 residues), which also appeared in peptide sequences 

obtained by the low pH elution. In addition, a block of hydrophilic amino acids (3-5 

residues) were usually followed by a block of hydrophobic amino acids. Interestingly, 

the amino acids histidine, serine, threonine and proline frequently appeared in most IZO 

binding peptide sequences from both low pH and high salt elution methods. Some 

metalloproteins have been shown to coordinate to zinc cations through basic amino acid 

residues such as histidine [84, 99]. Thus, it may be that the residue histidine in our IZO 

binding peptides may function by interacting with the zinc components within IZO 

through some similar type of coordination binding. 

An evaluation of representative phage binding affinities panned with the high salt 

elution, as measured through ELISA, is shown in Figure 2-22.  Most of the 

representative 12-mer expressed peptide sequences display significantly higher 
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preferential binding to IZO compared to other materials, except for the consensus 

peptide sequences AGFPWSTHSSWL and ALDDLRARFLPP.  AGFPWSTHSSWL 

shows a similar binding affinity to IZO and sapphire, while ALDDLRARFLPP tends to 

bind to IZO, sapphire, and Si wafer. Clones SHAPDSTWFALF and TLMYAQPHQSKT 

show a distinct binding affinity to IZO as compared to other materials. IF analysis was 

also performed to evaluate the binding affinity of each clone. Figure 2-23 shows the 

binding of clone TLMYAQPHQSKT, which showed the highest ELISA signal, also 

displays a relatively bright fluorescence image with IF analysis on IZO substrate.  

However, the SHAPDSTWFALF appeared to have a little more fluorescence intensity, 

and was therefore examined for specificity. Figure 2-24 shows that the phage clone 

SHAPDSTWFALF displayed a high preferential binding affinity to IZO, which matches 

the result obtained by the ELISA test.  

To summarize, peptide sequences with strong and specific binding affinity to IZO 

have been identified by the phage display technique. With two different elution 

approaches, we found that the binding affinity of phage clones eluted from high salt 

elution was more selective to IZO than the clones collected by low pH elution. This 

indicates that the high salt elution approach possibly avoided the selection of phage 

clones with strong binding affinity to many different inorganic substrates.  
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Table 2-1.  Phage titers for the IZO target system, eluted with low pH buffer  

Elution 

First round Second round Third round 

Cum-p 

(pfu/ml) 

Cam-p 

(pfu/ml) 

Vtotal 

(μl) 

Cum-p 

(pfu/ml) 

Cam-p 

(pfu/ml) 

Vtotal 

(μl) 

Cum-p 

(pfu/ml) 

Cam-p 

(pfu/ml) 

E1 

(1st elution) 
2.7x105 3.3x1014 37.5 1.0x105 2.0x1017 1 8.0x104 3.4x1014 

E2 

(2nd elution) 
1.9x104 3.8x1016 1 1.0x104 7.0x1013 150 1.5x104 7.1x1014 

E3 

(3nd elution) 
2.0x104 1.2x1015 12.5 5.0x104 1.0x1013 175 4.5x102 1.8x1011 

E4 

(4nd elution) 
1.0x104 2.2x1015 75 1.1x104 1.0x1014 150 2.0x102 8.2x1011 

Total   126   476   

Cum-p: The concentration of unamplified phages 
Cam-p: The concentration of amplified phages 
Vtotal: The total taken volume of eluted phages 

 

 

 

 

Table 2-2.  Phage titers for the IZO target system, eluted with high salt solution 

Elution 

First round Second round Third round 

Cum-p 

(pfu/ml) 

Cam-p 

(pfu/ml) 

Vtotal 

(μl) 

Cum-p 

(pfu/ml) 

Cam-p 

(pfu/ml) 

Vtotal 

(μl) 

Cum-p 

(pfu/ml) 

Cam-p 

(pfu/ml) 

E1 

(1st elution) 
1.2x105 1.8x1018 1 2.1x105 1.3x1013 75 8.2x104 1.0x1013 

E2 

(2nd elution) 
2.3x104 3.9x1018 1 6.1x104 6.7x1012 150 3.3x104 8.4x1012 

E3 

(3nd elution) 
4.0x104 1.2x1017 10 5.6x104 1.6x1016 1 1.2x104 8.1x1012 

E4 

(4nd elution) 
1.0x104 1.4x1015 100 1.3x104 1.2x1015 1 1.1x104 5.2x1012 

Total   112   227   

Cum-p: The concentration of unamplified phages 
Cam-p: The concentration of amplified phages 
Vtotal: The total taken volume of eluted phages 
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Table 2-3.  The amino acid sequence of 12-mer peptide regions displayed by IZO 
binding phage eluted with low pH buffer, and their binding affinity 

Sequence Binding % Affinity 

TFKYSHELESRG 99 S 

FNGRHGTTDHPT 96 S 

TEAHRQSMTLTW 94 S 

STTLNNTTWRLT 94 S 

GLGSNMTAPKLE 92 S 

ASQITHFPRPPW 91 S 

NMTMSFPTYPIA 90 S 

SVSLSTMLPIPQ 89 S 

GNHSTTNMHPPL 86 S 

QTGHWNAEWHTR 85 S 

TKNMLSLPVGPG 83.7 S 

TNPLSSWTFPTY 68 M 

ILTSSKTYTISA 66.4 M 

TPLLFSMTAARG 62 M 

VDGLTPHRGLKL 36 W 

 Affinity:  S = strong binding, M = moderate binding, W = weak binding 
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Figure 2-1.  Schematic of an M13 phage showing the 5 different structural protein 
regions (not to scale) [88]. The pIII proteins were used for peptide display in 
the present work. Reprinted from Sidhu SS. Engineering M13 for phage 
display. Biomol. Eng. 2001;18:57-63, with permission from Elsevier. 

 
 
 
 

 

Figure 2-2.  Schematic of the pVIII protein of M13 phage. A) M13 phage is about 880 
nm in length and ~6.6 nm in diameter B) Side view and C) cross-section view 
of pVIII coat protein. D) pVIII tilts about 20 degrees from the long axis of the 
phage body [86]. Reprinted from Lee BY, Zhang J, Zueger C, Chung W-J, 
Yoo SY, Wang E, et al. Virus-based piezoelectric energy generation. Nature 
Nanotechnology. 2012;7:351-6. With permission from Nature Publishing 
Group. 
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Figure 2-3.  Phage display protocol used in the present study for the traditional chemical 
elution. 
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Figure 2-4.  Different potential structures that can be used for a peptide insert into pIII 
proteins, where randomly generated peptides are expressed within either a 
linear or cyclic conformation. 
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Figure 2-5.  Life cycle of the non-lytic M13 phage [90]. M13 phage infect the host 
bacteria Escherichia coli. (E. Coli) through the F pilus. The pIII protein is 
responsible for the attachment to the F pilus. The pilus retracts after phage 
have bound onto it, which allows the pIII to attach to TolA, an E. Coli 
membrane protein. Once pIII attach to TolA, single-stranded DNA (ssDNA) of 
the phage enters into the host cell, and the phage body disassembles. ssDNA 
then converts to double-stranded DNA (dsDNA), and starts to synthesize 
proteins defined by the M13 genome. Coat proteins of M13 phages will be 
synthesized and await assembly in the inner membrane of bacteria. Once the 
synthesized pV reach a certain amount, ssDNA stops converting to dsDNA, 
which makes the phage packaging start. When assembly starts, pV on 
ssDNA is stripped off. pVII and pIX are located at either end of the newly 
forming phage, while pVIII is assembled and elongates the phage body. 
When reaching the end of ssDNA, pIII and pVI are added on. The pIII is 
involved with the releasing of phage from the bacterial host membrane. 
Reprinted with permission from Kehoe JW, Kay BK. Filamentous phage 
display in the new millennium. Chem Rev. 2005;105:4056-72. Copyright 2005 
American Chemical Society. 
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Figure 2-6.  Serial dilution of phage samples, as done in a 96-well plate. 

 
 
 
 
 

 
Figure 2-7.  Blue plaques displayed on an agar plate during the blue and white 

experiment for identifying bacterial plaques obtained from selected and 
amplified phage clones.  
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Figure 2-8.  Schematic of enzyme linked immunosorbent assay (ELISA). Commercially 
available antibodies with attached enzyme (HRP) were used to recognize and 
bind to M13 phage. The reaction product of the enzyme with a particular 
substrate (TMB) produces a blue color from which the absorbance can be 
measured at a wavelength of 630 nm. 

 
 
 
 

 

Figure 2-9.  Schematic of immunofluorescence (IF) analysis. An antibody raised against 
the phage was used to selectively bind to M13 phage. The antibody contains 
a docking domain for attachment of a secondary antibody that contains a 
fluorescent tag (FITC). Fluorescence analysis can be done qualitatively on a 
fluorescence microscope to compare binding to select substrates, or 
quantified on an overall surface using image analysis software. 
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Figure 2-10. XRD data of the IZO coated glass. A) Glass was used rather than sapphire, 

to avoid XRD peaks from the underlying crystalline substrate. The lack of 
peaks indicates that IZO was amorphous, as anticipated. B) XRD pattern of 
crystalline IZO [100]. Reprinted from Jiansheng Jie GW, Xinhai Han, 
Qingxuan Yu, Yuan Liao, Gongpu Li, J.G. Hou. Indium-doped zinc oxide 
nanobelts. Chemical Physics Letters. 2004;387:466–70., with permission from 
Elsevier. 

 
 
 
 

 

Figure 2-11.  AFM image of a representative IZO thin film. The root mean square (RMS) 

roughness of the IZO thin film was determined to be 0.552 nm over a 5 m x 

5 m area. 
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Figure 2-12.  12-mer amino acid sequences of peptides displayed on pIII proteins of IZO 
binding phages selected by phage display using low pH elution buffer. 
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Figure 2-13.  Images of the immunofluorescence analysis for the negative control 
experiment. Only monoclonal anti-M13 antibody and monoclonal anti-mouse 
IgG-FITC were incubated with IZO, sapphire, Si, and SIO2 respectively. No 
fluorescence was observed from these inorganic substrates. Scale bars: 100 
μm. 

 
 
 
 

 

Figure 2-14.  IF image of M13KE. It is a negative control for non-binding phage. Scale 
bar: 200 μm 
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Figure 2-15.  IF analysis for the phage clone-TKNMLSLPVGPG. It showed binding 
affinity to the both of IZO and sapphire. However, this phage clone 
preferentially bound to IZO because the intensity of fluorescence from IZO is 
markedly stronger than sapphire. Scale bar: 200 μm   
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Figure 2-16.  IF analysis of the phage clone-MNRPSPPLPLWV. It showed preferential 
binding affinity to sapphire, rather than IZO. This suggests that this phage 
clone might have been selected from the exposed sapphire edges without 
IZO coating. Scale bar: 100 μm 
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Figure 2-17.  Surface coverage percentage of IZO binding clones panned with low pH 
buffer elution. Coverage was determined by Image J. A fluorescence image 
was converted to a 32 bit black and white image, and the ratio of black area 
to the whole picture was measured. 
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Figure 2-18.  Images of ELISA plates containing phage clones eluted from IZO with low 
pH elution buffer, with the corresponding substrates indicated for each row, 
and the 12-mer peptide indicated for each column. A) Image of ELISA plate 
containing 4 phage clones from the third biopanning round, after 20 minute 
development time. B) Image of ELISA plate containing 3 phage clones from 
the second biopanning with low pH buffer elution after 20 minute development 
time. 
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Figure 2-19.  Absorbance of the enzymatic TMB substrate solution from ELISA plates of 
IZO binding clones obtained by low pH elution buffer, as shown in Figure 2-12. 
By two-way ANOVA with different materials and clones as factor, P<0.05. 

 
 
 
 

 

Figure 2-20.  Photograph of the etched IZO that was caused by using the low pH elution 
buffer. The color of IZO at an initial thickness of 200 nm is normally light 
brown.   
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Figure 2-21.  12-mer amino acid sequences of peptides displayed on pIII proteins of IZO 
binding phages selected by phage display using high salt elution. 

 
 
 
 

 

Figure 2-22.  Absorbance of the enzymatic TMB substrate solutions from ELISA plates 
of IZO binding clones obtained by high salt elution. By two-way ANOVA with 
different materials and clones as factor, P<0.05. 
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Figure 2-23.  IF images for the phage clone-TLMYAQPHQSKT from high salt elution. 

Scale bar: 100 µm. 

 
 
 
 

 
Figure 2-24.  IF images for the phage clone-SHAPDSTWFALF from high salt elution. 

Scale bar: 250 µm. 
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CHAPTER 3 
SCREENING FOR INDIUM ZINC OXIDE BINDING PEPTIDES WITH 

ELECTROACTIVE PROPERTIES USING A NOVEL ELECTRO-ELUTION APPROACH 
TO PHAGE DISPLAY  

3.1 Overview 

For biosensor devices, functionalizing the surface with covalent linkers is usually 

employed. However, covalent bonds are permanent, which makes the functionalized 

surface permanent. This may not always be desirable. For example, in biosensors, it is 

difficult to avoid the loss of activity following the bioreceptor-analyte binding event, 

which limits the lifetime of the device. The goal of this chapter is to use phage display to 

biopan for inorganic binding peptides that can serve as non-covalent linkers that are 

reversible upon application of an electric field. This can provide dynamic 

functionalization of microelectronic surfaces, with applications such as self-cleaning 

devices, dynamic patterning and micro-transport. For example, in biosensors, when the 

bioreceptor becomes clogged, the peptide linker may be released by triggering an 

electric field to generate a non-binding state for release and removal of the clogged 

bioreceptor. A fresh surface of bioreceptors could then be applied via a flow through 

setup (Figure 3-1). Peptides that bind strongly to IZO have been obtained, as described 

in the previous chapter. In this chapter, because a strong-binding peptide might not 

necessarily be a reversible peptide, a novel phage display biopanning protocol was 

developed where an electro-elution process replaces the regular chemical elution step, 

in order to directly obtain an electroactive IZO binding peptide.   
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3.2 Background and Significance 

3.2.1 Biosensors 

Biosensors are analytical devices that can specifically, rapidly, and continuously 

convert a biological/chemical response into a readable signal. Since the first biosensor 

reported in 1962 by Leyland C. Clark, biosensors are becoming increasingly important 

in many applications such as medicine, food science, environmental monitoring and 

basic research. Figure 3-2 shows the market of biosensors in millions of US dollars in 

the past twenty years, and the predicted value in the future [101]. In general, a 

biosensor device consists of a sensing component chemically or physically immobilized 

onto the transducer element, which converts the biological, chemical, or biochemical 

signal to an optical or electrical signal (Figure 3-3). Due to the size and expense of 

optical components, there is a distinct advantage to preparing electronic biosensors, as 

long as a means for signal transduction can obtained. 

Biosensors can be classified by the type of receptor or the type of transducer. 

Bioreceptors can be enzymes, antibody or antigen, cells, nucleic acids, and biomimetic 

molecules. Metabolism sensors are devices where the signal is measured by the 

difference of product concentration after a chemical reaction produced by the analyte 

and receptor binding event. Catalytic sensors detect the signal of converting an auxiliary 

substrate without changing the analyte chemically [102]. Affinity sensors are focused on 

detection of the binding event, and immunosensors are antibody-based sensors. 

Immobilization methods for bioreceptors onto the transducer surface are covalent 

binding, crosslinking, or simply adsorption through secondary interactions. Many 

different ways can be used to achieve transduction. It can be an electrochemical 

detection, optical detection or a mass detection method [102, 103]. To date, one of the 
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challenges of current biosensors is the lack of continuous detection. It is difficult to avoid 

the loss of activity following a bioreceptor-analyte binding event, which limits the lifetime 

of the device. On the other hand, some of the biosensor devices are disposable, one-

time detection devices, if they can be made cheaply. Also, with the increasing demand 

for sensors, and the variation between batch-to-batch, which can generate false-positive 

or false-negative responses, high quality reusable biosensors are being explored.  

Hence, in this study, we bring up a new idea to achieve the goal of a self-cleaning 

device by releasing and restoring the immobilized bioreceptors. And another possible 

application of electroactive peptides is the possibility of a dynamically patterned surface. 

By spatial control on a microelectronic device, electroactive peptides could act as a 

cargo to carry linked receptors or other components to a target location. A temporal and 

spatial control could be achieved by electrically activating specific areas, or pixels, for 

binding and releasing the peptide linkers with their attached cargo (Figure 3-4). 

3.2.2 Monolayers used for Sensing Devices 

Self-assembled monolayers (SAMs) have been widely used to functionalize a 

transducer surface of biosensors with various attached organic molecules or receptors. 

This is based on the idea of making organic thin films. SAMs are easily prepared by 

immersing a substrate into a solution of organic molecules, which can self-assemble to 

form a very dense film by the chemisorption between the headgroup of organic 

molecule and the substrate [104]. For example, the most commonly used SAMs are on 

gold and silica substrates, where thiol has been found to preferentially attach to noble 

metals, and silane has been found to attach to oxides [105, 106]. Thiol linked SAMs 

have high stability on Au surfaces due to the S-Au bond, and the multitude of secondary 

van der Waals interactions between the aligned hydrocarbon tails, which cause them to 
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form an ordered and densely-packed monolayer structure. In an oxide free surface, thiol 

can also bind to many different materials, such as Ag, Cu, Pt, GaAs, and InP [107]. 

Silane SAMs are more complex than thiol SAMs. Silane SAMs attach to silica and glass 

by covalent bonding to hydroxyl groups at the surface [108].  By modifying the free, 

solution facing end-group of these organic molecules with a probe protein, or a 

functional group for some desired chemistry, functionalized surfaces can be achieved 

(Figure 3-5).  

Langmuir-Blodgett films are another method to link a biomolecule to material 

surface. First, a Langmuir film is created at the air-water interface, which is based on 

the use of amphiphilic molecules where the hydrophobic endgroups oriented towards 

the air, while the hydrophilic headgroups face down into the solution, or water phase. 

Langmuir-Blodgett films are created by transferring Langmuir films to a solid substrate 

that is slowly dipped through the interface containing the Langmuir film (Figure 3-6) 

[109]. However, compared to SAMs, SAMs have better stability and have more choices 

of substrate materials, which make SAMs a preferred method for many different 

applications [104]. SAMs have been utilized in many sensing devices, including 

biosensors, such as dopamine sensors and glucose sensors, pH sensors, and chemical 

sensors, such as detection of electrochemical reactions [110-112]. SAMs have also 

been combined with molecules to enhance many surface characterization techniques, 

like SPR, QCM, and AFM [112]. 

Even though SAMs provide a stable way to create modified and functionalized 

surfaces, there are some significant shortcomings. First of all, SAMs cannot be 

specifically bound to certain materials. For example, thiols cannot tell Au and Pt apart. 



 

91 

Secondly, SAMs are rigid, narrow and one-dimensional. Also, attachment of endgroups 

can only be linked chemically, and cannot be modified genetically. SAMs are formed in 

a nonbiological environment, and most of the SAMs are toxic, which also limits their use 

for in vivo applications [3, 44]. Inorganic binding peptides can avoid some of these 

disadvantages and provide a more specific linker for possible biosensor applications, 

where one can connect a biological probe to new target materials due to the high 

material specificity and affinity of the peptides. One could even have multiple 

components immobilized onto patterned surfaces of differing inorganics, as nicely 

demonstrated by the ‘molecular construction’ approach of Sarikaya’s group and others 

[45].  

3.2.3 Electrodesorption  

Some reports mention the use of electric fields to release a bound organic, where 

‘electrodesorption’ has been of interest for anti-biofouling surfaces. Tang et al. [113] 

found that electrical stimulation could remove a triblock copolymer of co(propylene 

sulfide-block-ethylene glycol) (PPS-PEG) from ITO surfaces (Figure 3-7). These 

copolymers have been studied as protein resistant coatings because the PPS 

component has originally been found to chemisorb onto gold surfaces, while the PEG 

component prevents protein adsorption. This group applied an ascending anodic 

electrical stimulus to the surface of the modified samples, and found that the copolymer 

was steadily removed, with the complete loss of a polymeric monolayer at a potential of 

2000 mV (Figure 3-8). However, the mechanism of the electro-desorption was unknown. 

Yeh. et al. have also demonstrated an electric field desorption of the protein 

bovine serum albumin (BSA) from a lead zirconate titanate substrate, which is a 

piezoelectric transducer (PZT), coated with either fired silver or titanium (Figure 3-9). 
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Through modeling, they believed that the applied electric potential was the major 

contributor in reducing the adhesive force between protein and surface, where the 

desorbed protein was then removed by an acoustic streaming shear stress. They also 

described a mechanism where charge polarity of the PZT would be the same as that of 

the adsorbed proteins, leading to repulsive forces between surface and protein [114]. 

These reports demonstrate that the electrodesorption principle is feasible, and 

compared to either synthetic copolymer or protein, we anticipate that peptides with a 

smaller size should be desorbed more quickly and completely, and might even be 

desorbed at a lower potential. In this chapter, we developed a novel phage display 

approach using electro-elution biopanning to select clones that are more sensitive to an 

electric field, and further examined the electroactive properties by using an 

electroreleasing test to test individual phage clones.   

3.3 Materials and Methods 

3.3.1 Materials 

3.3.1.1 Phage display peptide library and E.coli.  

Phage display related materials are the same as mentioned in Chapter 2. 

3.3.1.2 Power supply 

Keithley Series 2400 SourceMeter was used for current-voltage measurement. 

3.3.1.3 Polydimethylsiloxane (PDMS) 

Sylgard® 184 silicone elastomer kit was purchased from Dow Corning.  
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3.3.2 Methods 

3.3.2.1 Fabrication of IZO device 

To perform the electro-elution biopanning, we designed an IZO coated device. 

This device was composed of a two electrode system separated by a block of PDMS to 

seal in the solution (Figure 3-11). 

Devices coated with IZO for electro-elution biopanning. A SiO2 / Si wafer was 

cut into 25 mm x 25 mm squares. Wafers were cleaned in an ultrasonic bath for 5 

minutes each in trichloroethylene, acetone, and methanol, and were blown dry by 

nitrogen gas to remove organic or inorganic contamination. Ti and Au thin films were 

deposited by KJL CMS-18 Multi-source sputtering system. Ti was deposited with 10 nm 

and Au was deposited with 80 nm thickness. Ti layer was for Au adhesion. Final metal 

layers were Ti / Au / Ti. After metal deposition, photoresist (PR) S1813 was used to 

block an area to later connect gold wire to apply the potential. IZO was deposited last, 

on top of the conducting metal layers. 

Fabrication of gold electrode. A SiO2 / Si wafer was cut into 25 mm x 25 mm 

squares. Wafers were cleaned in an ultrasonic bath for 5 minutes each in 

trichloroethylene, acetone, and methanol, and were blown dry by nitrogen gas to 

remove organic or inorganic contamination. Ti and Au thin films were deposited by KJL 

CMS-18 Multi-source sputtering system. Ti was deposited with 10 nm and Au was 

deposited with 80 nm thickness. Gold surface was then blocked, and an area of Ti was 

deposited for connecting a gold wire later.  

Devices coated with IZO for electro-releasing experiments. In the fabrication 

of the IZO devices, glass slides 25 mm x 25 mm in size were used as substrates. 

Substrates were cleaned in an ultrasonic bath for 5 minutes each in trichloroethylene, 
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acetone, and methanol, and were blown dry by nitrogen gas to remove organic or 

inorganic contamination. Substrates were heated in an oven at 105oC for 10 minutes to 

remove moisture on the substrate surface. S1813 positive photoresist (PR) (Shipley) 

was coated onto the substrate by a spinner (Headway) at 5000 rpm for 50 seconds. 

Subsequently, PR coated substrates were baked at 100oC for 90 seconds on a hot 

plate. Then, PR-covered substrates were exposed to light with wavelength in 365 nm for 

15 seconds by Karl Suss MA-6 Contact aligner system with hard contact mode under 

exposure intensity in 8 m W/cm2. To develop the photoresist after exposure, AZ-300 

developer was used. We developed for 50 seconds and washed for 2 minutes in 

deionized (DI) water. After the developing process, we used the sputtering system to 

make metal electrodes. Ti and Au thin films were deposited by KJL CMS-18 Multi-

source sputtering system. Ti was deposited with 10 nm and Au was deposited with 80 

nm thickness. Final metal layers were Ti / Au / Ti. After metal deposition, a circular 

pattern was made with the PR (S1813) to connect gold wires later, which would then be 

removed after the IZO film deposition.  

PDMS block. Silicone elastomer base and silicone elastomer curing agent 

Sylgard® 184 were mixed in a 10 to 1 radio. Mix was poured into a mold, and cured at 

60 degree Celsius for overnight. 

3.3.2.2 Phage display protocol with electro-elution 

Phage display protocol and the other methods applied during the phage display 

procedure are discussed in detail as follows. All chemicals and labware were 

autoclaved, and the reactions performed in an Airclean® 600 PCR workstation laminar 

flow hood. 
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Binding step. In this step, a 10 μl phage library Ph.D.-12 in 990 μl PC buffer was 

exposed to an IZO coated device by placing the solution within a PDMS rubber ring 

which could be sealed to the surface of the device in order to hold the phage solution 

during incubation. The IZO coated device was shaken by a platform shaker (New 

Brunswick Scientific) for 60 min in order to obtain sufficient time for phage-IZO 

interaction. 

Washing step. Washing steps are the same as mentioned in Chapter 2. 

Elution step. After the washing steps, strongly bound phages were recovered 

from the IZO surface through electro-elution. A power supply was used for eluting 

bound phage. During application of an electric field, a micropipette was used to create a 

gentle flow across the surface of the IZO device, and to collect the solution containing 

the eluted phage. The solution containing electro-eluted phages was transferred into a 

fresh microfuge tube. Then, 100 µl supernatant was transferred into E. coli ER2738 

culture (LB Lennox medium: E. coli ER2738 overnight culture = 100:1), and it was 

incubated for 4.5 hours at 37ºC and 250 rpm. These electro-elution steps were repeated 

for four times.  

Amplification and purification steps. These steps are the same as the 

description in Chapter 2.  

3.3.2.3 Zeta potential measurement on IZO thin film 

Paar Physica Electro Kinetic Analyzer in the Particle Engineering Research 

Center at UF was used to measure the zeta potential of a representative IZO thin film. 

The IZO thin film was fabricated by sputtering IZO onto the top of a 20 mm x 40 mm 

silicon wafer. A 1.0 mM KCl solution was used as the electrolyte solution (as required 
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for these measurements), and the pH was adjusted from pH 2.0-11.0 with 0.1N HCl or 

0.1N NaOH. 

3.3.2.4 Electro-releasing test by immunofluorescence (IF) analysis 

An IZO coated electro-releasing device was incubated with a single phage clone 

(109 pfu/ml) in 1 ml PC buffer on a shaker for 1 hour, followed by washing steps to 

remove unbound phage. Anti-M13 pIII monoclonal antibody and anti-mouse IgG-FITC 

were applied as primary and secondary antibodies, respectively, according to the same 

procedure described in Chapter 2. These complexes were visualized at 20X 

magnification and 2 sec exposure time with a fluorescence microscope (Nikon). After 

taking fluorescence images, an electric field was applied to the device with flow through 

created by the micropipette. Washing steps was performed and the device was 

visualized again by the fluorescence microscope.  

3.4 Results and Discussion 

In this chapter, we utilized a novel phage display protocol to select clones that 

directly release from simple electronic device when an electric field is applied during the 

elution step of biopanning; we therefore have called this an electro-elution biopanning 

method. In the traditional approach, in order to collect phages that bind onto the target 

in a biopanning round, a number of treatments can be applied to elute the bound phage, 

as previously described, such as lowering or increasing pH, or eluting with a high salt 

solution. Because a strong-binding peptide might not necessarily be a reversible peptide, 

an electro-elution process was used to replace the regular chemical elution step, in 

order to directly obtain an electroactive IZO binding peptide. For the electro-elution 

approach we developed, an electric field was applied across an IZO coated device to 

achieve the elution step. In other words, after washing away unbound phage in the first 
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phage display step, the device was then activated to apply an electric field to release 

the tightly bound phage.  The ones that release were collected and amplified for further 

study (Figure 3-10).  

To perform the electro-elution biopanning, we designed an IZO coated device. 

This device was composed of a two electrode system separated by a block of PDMS to 

seal phage in the solution. One electrode was coated with IZO to adsorb the phage, and 

the other electrode was coated with a Au layer only, to provide a difference of electric 

potential (Figure 3-11). These two parallel electrode plates can provide a direct electric 

field across the solution, and therefore across the adsorbed phage, from the positive to 

negative potential electrodes. The electric field was calculated to be around 103 Vm-1 at 

a distance of 1 mm between two parallel electrodes.  

After the electro-elution step, phage clones were picked for DNA sequencing to 

deduce the IZO binding peptide sequences that provided this electroactive property. We 

performed the phage display biopanning for two rounds. After the electro-elution step of 

each round, a chemical elution with low pH buffer was performed to confirm the phage 

library and amplification by E.Coli. host bacterial ER2738 strain was still working 

properly (i.e., the phage were not damaged by the electric field). Figure 3-12 shows the 

expressed 12-mer peptide sequences translated from the DNA of phage clones 

collected by first and second round electro-elution biopanning. Encoded colors indicate 

the different chemical properties of the individual amino acid residues.  

To examine binding affinities of each of the selected clones, an ELISA test was 

performed. In the ELISA test, a secondary antibody conjugated with horseradish 

peroxide (HRP), anti-M13:HRP, was used to quantitatively measure M13 phages 
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absorbed onto the surface of inorganic substrates. When HRP catalyzes the enzymatic 

reaction of 3, 3’, 5, 5’-tetramethylbenzidine (TMB) substrate, the oxidized product of 

TMB has a deep blue color. A deep blue color indicates a higher density of phages on 

those substrates. The degree of blue color can be quantified by absorbance 

measurement at 630 nm. Figures 3-13 and 3-14 show the absorbance value at 630 nm 

of the enzymatic substrate solution from representative clones selected from first and 

second biopanning rounds. M13KE is the Ph.D. library cloning vector, and was used as 

a control in this study. The specificity of various clones to the IZO surface as compared 

to two inorganic substrates, Si (100), and SiO2 (amorphous), was compared. A higher 

absorbance value means the peptide had a higher binding affinity as it was incubated 

on the indicated target. Even though IZO binding peptides obtained by electro-elution 

biopanning didn’t show a high selectivity between IZO, SiO2 and Si, all the clones show 

a high binding affinity to IZO as compared to M13KE. In order to visualize the phage 

binding on inorganic substrates, immunofluorescence analysis (IF) was used by utilizing 

a fluorescent tag (FITC) conjugated with anti-mouse IgG to indicate the location of M13 

phage on the inorganic substrate surface, as viewed under fluorescence microscopy. 

Figure 3-15 shows that clone SPRLILQMLNRI, from the first biopanning round, has a 

preferential binding affinity to IZO and Si, but not SiO2.  

Interestingly, it was observed that there is a high prevalence of repeated 

arginines in clones seleced by electro-elution biopanning, as has also been seen in the 

literature, where many ZnO binding peptides show arginine-arginine (RR) in sequence 

[115]. Also serine and leucine were observed frequently with electro-elution approach, 

and they were also found in ZnO binding peptides in the literature using chemical 
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elution [116]. Proline and threonine frequently appeared, which was the same as the 

peptides selected by chemical elution. Another interesting result was that based on 

calculation of the AAs composition of all the peptides, we found that the sequences of 

peptides collected by electro-elution biopanning displayed quite a different composition 

of amino acid residues: histidine, isoleucine, lysine, leucine, methionine, asparagine, 

proline, glutamine, arginine, serine, and threonine (Figure 3-16), as compared to the 

chemical elution clones (Figure 3-17). For chemical elution clones, 19 out of 20 amino 

acids were expressed, except cysteine. It might be because cysteine in the random 

peptide sequence interferes with phage infectivity of the bacterial host, resulting in the 

low frequency observed in the Ph.D-12 library [98]. 

Comparing phage clones collected by electro-elution biopanning and traditional 

chemical elution biopanning discussed in Chapter 2, we found the clones were different. 

We found that there were fewer hydrophobic residues, where the chemically eluted 

phage tended to have sequences of green colored AAs (see Figures 2-12 and 2-21).  

Table 3-1, 3-2 and 3-3 show the number of charged amino acid residues found in both 

approaches, and all of the electro-elution clones have positive charged residues and 

lack of negative charged residues, while this is not found on all chemical elution clones. 

Our hypothesis is that charged clones might play an important role for peptide release 

by an electric field. However, this result also indicates that electrostatic interactions 

might be one of the reasons for the initial peptide to binding on IZO, but that the degree 

and type of charge groups differs significantly when the phage are electro-eluted.  

To explore the electrostatic interactions between IZO and peptide binders, the 

charge character of the peptides and the inorganic surface needs to be confirmed. The 
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collected IZO-binding peptide sequences were calculated using computation programs 

on http://expasy.org. (Table 3-1, 3-2, and 3-3.)  For the charged character of IZO, zeta 

potential was used to determine the surface charge in different pH conditions. We used 

Paar Physica Electro Kinetic Analyzer in the Particle Engineering Research Center at 

UF to measure the zeta potential profile of our deposited IZO thin film, as shown in 

Figure 3-18. The point of zero charge of IZO is around pH 4.0, and at around pH 7.7 

(the biopanning pH), the zeta potential is around -20.0 mV. Combining the results from 

the zeta potential and the property of the collected clones, we believe that electrostatic 

interactions play an important role for the IZO binding peptides, where the positive 

charge of the numerous basic residues may be attracted to the negatively charged IZO. 

And based on literature, sapphire has a similar zeta potential profile, which might be the 

reason some IZO binders tend to bind to the sapphire surface as well [117].  

To test the releasing property of clones selected by electro-elution, we first 

utilized IF analysis with the devices we designed for performing an electro-elution step 

(Figure 3-11). A scratch was made in the middle of IZO coated electrode to make sure 

we were taking images at the same spot, because phage tend to be trapped by defects 

in the structure. Figure 3-19 shows an electro-releasing test for consensus electro-

elution clone: MLPIIRNLIHTT. The first image was taken following the primary and 

secondary anti-body binding step before application of a voltage on the device (Figure 

3-19(a)). After applying 1V for 30 seconds, an image was taken again (Figure 3-19(b)). 

The bright line in both Figure 3-19 (a) and (b) indicates the scratch which trapped many 

phage clones just due to the structure. As judging from visual inspection of the images 

before and after the voltage was applied, it appears that the electro-releasing of clones 

http://expasy.org/


 

101 

was fairly effective. And based on the remaining green line of the scratch, it was 

confirmed that the fluorescent dye was not photobleached during the time of the 

procedure (which was approximately 15 minutes).  

After the preliminary tests, we designed a device with two regions on the surface, 

with one having an current passing through it, next to a region that is similarly prepared, 

but not connected to the electrodes, so it would not produce an electric field, so that 

when we imaged with fluorescence, we could image both regions at the same time, to 

demonstrate selective release in the region with the field. This was to avoid issues 

associated with fluorescence, such as variability in contrast, which can vary with the 

setup conditions, and photobleaching.  Figure 3-20 is a schematic of the device. This 

device was built on a glass substrate instead of Si wafer to avoid any current at the 

bottom; a non-conductive region, around 150 m in width, was used to separate the two 

deposited sides. By utilizing IF analysis on the device, Figure 3-21 (b) and (c) shows an 

electro-release experiment of phage clone displaying peptide sequence: MLPIIRNLIHTT. 

Note, the separation region between the two sides appears green was from the 

autofluoresence of petri dish from the bottom of the device, visualized through glass 

substrate of the device. This green region provided a more clear view of two separated 

regions. On the left region, which had an electric field applied, there was a large 

reduction in fluorescence, suggesting good release. However, there also seemed to be 

some release on the right side, which we believe may have been due to carryover of 

electric field since the separation distance was not that large. It seemed to stop about 

100 microns from the separation gap. This result demonstrated the releasing of phage 

clones selected by the electro-elution biopanning approach. The same electro-releasing 
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test was performed on phage clones selected by the chemical elution approach. Figure 

3-22 (a) and (b) shows an electro-releasing experiment of phage clone displaying 

peptide sequence: TKNMLSLPVGPG before and after applying an electric field on the 

left side of the device. However, no releasing was observed. To sum up, in this chapter, 

we demonstrated the feasibility of a novel phage display protocol with an electro-elution 

process. And by utilizing this protocol, IZO binding peptides with electroactive properties 

were obtained.  
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Table 3-1.  Number of charged amino acid residues of peptide sequences selected by 
low pH elution biopanning  

 

 

 

 

 

 

 

 

 

 

 

       

*: indicates consensus sequence from second and third biopanning round 

 

 

Table 3-2.  Number of charged amino acid residues of peptide sequences selected by 
high salt elution biopanning  

Chemical elution (high salt buffer)  Number of charged amino acid 

12-mer amino acid sequence positive negative 

SHAPDSTWFALF* 1 1 

TNSSSQFVVAIP* 0 0 

ALDDLRARFLPP* 2 2 

HPKPSLDAARLV 3 1 

TLMYAQPHGSKT 2 0 

AGFPWSTHSSWL* 1 0 

*: indicates consensus sequence from second and third biopanning round 
 

 

 

Chemical elution (low pH buffer)  Number of charged amino acid 

12-mer amino acid sequence positive negative 

TEAHRQSMTLTW 2 1 

GNHSTTNMHPPL 2 0 

FNGRHGTTDHPT 3 1 

TNPLSSWTFPTY 0 0 

GLGSNMTAPKLE 1 1 

ASQITHFPRPPW 2 0 

SVSLSTMLPIPQ 0 0 

TPLLFSMTAARG* 1 0 

HQSGKGWTIHYE 3 1 

STTLNNTTWRLY 1 0 

VDGLTPHRGLKL 3 1 

TFKYSHELESRG 3 2 

TKNMLSLPVGPG 1 0 

ILTSSKTYTISA 1 0 

NMTMSFPTYPIA 0 0 

QTGHWNAEWHTR 3 1 

MNRPSPPLPLWV 1 0 
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Table 3-3.  Number of charged amino acid residues of peptide sequences selected by 
electro-elution biopanning. 

Electro-elution  Number of charged amino acid 

12-mer amino acid sequence positive negative 

MLPIIRNLIHTT* 2 0 

KNTRRIPSHPTI 
   

4 0 

RPLHHRRRHHSP 8 0 

LRMKPLRTTRRQ 5 0 

RRIHTLQIRRRS 6 0 

RISQPNLRIKTP 3 0 

SRRLILQMLNRI 3 0 

RMNRKTLQRRP 5 0 

HKPRPPTISIIL 3 0 

RNTKKMRLSKRQ 6 0 

NRSRIPLIHRII 4 0 

RIRNHILQTIRS 4 0 

                    ITLRHPRRRLIR 
 

6 0 

*: indicates consensus sequence from first and second biopanning round
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Figure 3-1.  Schematic of self-cleaning, renewable biosensor. The red linker peptide is 
derived from the phage display approach by screening for inorganic binding 
peptides identified as being electroactive, which can be reversibly bound to 
the target surface. 

 
 
 
 

 

Figure 3-2.  Graph of the value of biosensor market in US$ millions [101]. Turner APF. 
Biosensors: sense and sensibility. Chemical Society Review. 2013;42:3175-
648. 
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Figure 3-3.  Schematic of biosensor components.  

 

 

Figure 3-4.  Schematic of a dynamic patterning surface.  The concept is that a peptide 
linker (with its attached cargo) can be moved to different locations on a 
pixelated device, where the electroactive properties can be selectively 
activated by electronic processing. It may be desirable to have an antifouling 
compound, such as polyethylene glycol (PEG) in the remaining areas to avoid 
non-specific adsorption, where it may have the opposite activation properties 
to bind in locations where the cargo is released.  
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Figure 3-5.  Schematic of SAMs. Headgroups bind to the substrate while endgroups can 
be different chemistries to achieve a chemically functionalized monolayer 
surface. 

 
 
 
 

 

Figure 3-6.  Schematic of different methods for preparation of organic monolayer films 
[109] Reprinted from Schreiber F. Structure and growth of self-assembling 
monolayers. 2000;65:151–257. With permission from Elsevier. 
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Figure 3-7.  Schematic of the surface functionalization and releasing of PPS-PEG from 
an ITO surface. (a) A 100 nm thick ITO coating deposited on a silicon wafer. 
(b) An adlayer of PPS-PEG block copolymer chemisorbed onto the ITO 
surface. (c) After applying a direct current voltage, PPS-PEG is removed from 
the surface. [113] Reprinted from Tang C, Feller L, Rossbach P, Keller B, 
Voros J, Tosatti S, et al. Adsorption and electrically stimulated desorption of 
the triblock copolymer poly(propylene sulfide-bl-ethylene glycol) (PPS-PEG) 
from indium tin oxide (ITO) surfaces. Surface Science. 2006;600:1510-7. With 
permission from Elsevier. 

 
 
 
 

 

Figure 3-8.  A plot of the thickness of the PPS-PEG adlayer at different applied 
potentials measured by spectroscopic ellipsmetry. [113] Reprinted from Tang 
C, Feller L, Rossbach P, Keller B, Voros J, Tosatti S, et al. Adsorption and 
electrically stimulated desorption of the triblock copolymer poly(propylene 
sulfide-bl-ethylene glycol) (PPS-PEG) from indium tin oxide (ITO) surfaces. 
Surface Science. 2006;600:1510-7. With permission from Elsevier. 



 

109 

 

Figure 3-9.  Schematic of electrodesorption of proteins. Adsorbed proteins can be 
desorbed by an electric field and then removed by acoustic streaming 
generated by vibration. [114] Reprinted from Yeh PYJ, Kizhakkedathu JN, 
Madden JD, Chiao M. Electric field and Vibration-assisted nanomolecule 
desorption and anti-biofouling for biosensor applications. Colloids and 
Surfaces B-Biointerfaces. 2007;59:67-73. With permission from Elsevier. 
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Figure 3-10.  Schematic of our newly developed phage display technique with an 
electro-elution biopanning step that replaces the commonly used chemical 
elution, which is enabled using an electroreleasing device as the target 
substrate, in order to screen for peptides with electroactive properties. 
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Figure 3-11.  Schematic of our design of an IZO coated electro-elution device. The 
green ‘particles’ represent the filamentous phage binding to IZO through their 
peptide inserted pIII proteins (not drawn to scale). The dimension of the liquid 
cell spacing between two electrodes is 1 mm. 
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Figure 3-12.  The amino acid sequences of 12-mer IZO binding peptides selected by 
two rounds of electro-elution biopanning. 



 

113 

 

Figure 3-13.  Quantification of the amount of phage clones with the indicated peptide 
inserts, bound to three inorganic surfaces, as determined by absorbance of 
the enzymatic substrate solution from ELISA plates of clones selected from 
the first electro-elution biopanning round. M13KE, which is phage that does 
not contain inserted peptide, was used as a negative control, to make sure it 
does not inherently have good binding characteristics. By two-way ANOVA 
with different materials and clones as factor, P<0.05. 
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Figure 3-14.  Quantification of the amount of phage clones with the indicated peptide 
inserts, bound to three inorganic surfaces, as determined by absorbance of 
the enzymatic substrate solution form ELISA plates of clones selected from 
the second electro-elution biopanning round. M13KE, which is phage that 
does not contain inserted peptide, was used as a negative control, to make 
sure it does not inherently have good binding characteristics. By two-way 
ANOVA with different materials and clones as factor, P<0.05. 

 
 
 
 

 

Figure 3-15.  IF analysis of electro-elution clone SRRLILQMLNRI incubated on IZO, 
SiO2, and Si surfaces. Scale bar: 200 µm. 
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Figure 3-16.  Composition percentage of each amino acid of IZO binding peptides from 

phage selected by electro-elution biopanning. A strong preference for R, 
arginine, is seen, as well as several showing pronounced lysines, L, and 
histidine, H. 

 
Figure 3-17. Composition percentage of each amino acid of IZO binding peptides from 

phage selected by chemical elution biopanning. 
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Figure 3-18.  Measurement of the zeta potential pH profile of an IZO thin film deposited 
on wafer. At pH 7, which is the pH of the biopanning buffer, the zeta potential 
of IZO is around -20 mV. 

 
 
 
 

 

Figure 3-19.  Fluorescence images of electro-eluted phage clone with displayed peptide 
MLPIIRNLIHTT before (a) and after (b) applying an electric field of 1000 mV 
for 30 seconds. Scare bar: 100 µm. 
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Figure 3-20.  Schematic of an electro-releasing device designed to have a non-
conductive spacer to separate the areas for applying an electric field on only 

one side. The separation gap is about 150 m. 
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Figure 3-21.  Electro-releasing test using electro-eluted phage clone with displayed 

peptide MLPIIRNLIHTT. Fluorescence images taken before (A) and after (B 
and C) applying an electric field of 1000 mV for 30 seconds on the left side of 
the device. (C) Image was taken at a lower magnification to show a larger 
region, where phage are still adsorbed further away from the separation gap, 
but apparently some release occurred near the gap since there seems to be a 
zone just to the right that did release the phage. Scale bar: 100 µm for images 
in A, B, and C. 
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Figure 3-22.  Electro-releasing test using chemical elution phage clone with displayed 

peptide: TKNMLSLPVGPG. Fluorescence images taken before (A) and after 
(B) applying an electric field of 1000 mV for 30 seconds on the left side of the 
device. Scale bar: 100 µm 
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CHAPTER 4 
CHARACTERIZATION OF SYNTHETIC INDIUM ZINC OXIDE BINDING PEPTIDES  

4.1 Overview 

In previous chapters, IZO binding phage clones have been screened by two 

phage display approaches. The 12-mer amino acid sequences displayed by the pIII tail 

proteins on M13 phage have been identified by DNA sequencing, and the binding 

affinity of each sequence displayed by the clones has been tested by IF and ELISA. In 

comparison between chemical elution versus electrical elution biopanning, a difference 

between the types of amino acids within the sequences obtained by the two approaches 

has been revealed. However, since a whole phage particle is much larger than the 12-

mer displayed peptide, the results of binding analysis of M13 phages does not provide 

direct evidence of a binding affinity of the peptide alone. Also, the specificity of a peptide 

for an inorganic surface is likely to be rooted in its molecular structure, which may be 

impacted by the surrounding pIII protein sequence and conformation. Therefore, the 

binding and electro-releasing properties of the isolated peptides also need to be 

examined, because it is the peptides alone that are intended to serve as linkers to 

bioreceptors or other various bionanotechnology applications.  In this case, one might 

anticipate that a short peptide might be easier to release from a surface than the much 

larger phage body, which could have multiple attachment sites, or could lay flat on the 

surface and simply bind through non-specific reduction in surface energy. In this chapter, 

we will confirm the binding affinity of the peptide sequences obtained from the previous 

chapters by examining synthetic peptides, and also test the electroactive properties of 

the peptides that appear most promising.  
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4.2 Background and Significance 

Since the first finding of RGD (arginine-glycine-aspartic acid) peptide in 1984 by 

Pierschbacher et al [118], cell recognition peptides have drawn the attention of the 

bioengineering community. Scientists from different fields such as biology, chemistry, 

biochemistry, pharmacy, material science, and surface engineering have studied the 

interactions between proteins or peptides with cell or material surfaces. They first 

focused on protein interactions. Laminin, fibronectin, and collagen are widely used cell 

adhesive proteins [1]. However, because of the natural properties of proteins, they have 

many disadvantages. First, proteins need to be isolated and purified from some 

organism, which is challenging and has the risk of immune response for any in vivo 

applications. Second, proteins are easy to denature or degrade. Therefore, long-time 

usage of proteins will often require replenishment with fresh ones. Also, only certain 

domains of proteins have the adhesion function, which leaves many possible varieties 

of adhesion on other domains. Proteins can change orientations or conformations within 

different environmental conditions [18]. Considering these disadvantages, peptide 

mimics have become a promising way to functionalize a surface.  Peptides can 

sometimes mimic the active domain of a protein to provide the same functionality, yet 

while being smaller and less sensitive to the environment. Peptides can be made with 

well-developed synthetic techniques, without requiring development of recombinant 

protocols necessary for full proteins.  

The RGD peptide motif has been widely used for enhancing cell adhesion. 

Different combinations of RGD containing peptides were tested for different cell lines. 

For example, it has been shown that RGD containing peptides can promote cell 

attachment and differentiation on cartilage  [119, 120], bone [121, 122], neural  [123], 
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and endothelial tissues [124]. In addition to RGD containing peptides, there are many 

other peptide sequences that have been selected from natural proteins and proven 

functional. For example, YIGSR and IKVAV, derived from laminin, have been proven to 

increase human foreskin fibroblast adhesion and neurite extension respectively [125, 

126]. FHRRIKA and KRSR, derived from heparin-binding domains, have been proven to 

increase osteoblast adhesion and mineralization [127, 128]. REDV, derived from 

fibronection, has been proven to increase endothelial cell adhesion [129]. Even though 

peptides selected from protein domains can be used to functional surfaces, phage 

display provides a de novo route which can provide more combinations of sequences 

for selecting and designing functional peptides. 

At present, the effect of the primary and secondary peptide structure on peptide-

material interactions is not well understood, but some researchers have indicated that 

the molecular conformations and architectures have a major effect on the binding 

behavior [130]. For many types of peptides, circular dichroism (CD) has been used to 

study the global effect of different peptide conformations on nanoparticle binding and 

adsorption characteristics [131]. CD is an excellent tool for determining the secondary 

structure of peptides and proteins. Briefly, CD is the differential absorption of left- and 

right-handed circularly polarized light. The effect will occur when a light wave interacts 

with asymmetric molecules. In the far-UV region (190- 250 nm), a CD spectrum can be 

used to analyze the secondary structure of a protein or peptide. In the near UV region 

(260- 320 nm), the CD signal provides the tertiary structure of the protein [132, 133]. In 

this study, we were only focused on the far-UV regain, which can reveal secondary 
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structures, such as alpha-helix, beta-sheet, or random coil, of our peptides, in order to 

elucidate if there are any structural effects influencing the binding affinity. 

4.3 Material and Methods 

4.3.1 Materials 

4.3.1.1 Inorganic binding peptide  

Peptides were synthesized by ChinaPeptides Co. The N-terminal region of each 

peptide was tagged with 5-fluorescein isothiocyanate (5-FITC) for fluorescence studies.  

4.3.1.2 Surface plasmon resonance measurement  

Biacore system. A Biacore 3000 instrument, available in the Proteomics 

Division of the Interdisciplinary Center for Biotechnology Research (ICBR) at UF, was 

used.  

Sensor chip. A Biacore SIA Kit Au was purchased from GE Healthcare Life 

Sciences.   

Buffers. PC buffer (55 mM KH2PO4, 45 mM Na2CO3, and 200 mM NaCl) was 

utilized as the running buffer.  PC buffer with 0.5% Tween20 was prepared as the 

regeneration buffer. 

4.3.1.3 Circular dichroism (CD) spectrometer 

A circular dichroism spectrometer, AVIV model 202 was used for measurements 

of peptide conformation. The CD spectrometer was kindly made available in Dr.Hagen’s 

lab in the Department of Physics at UF. 

4.3.1.4 Plate reader for fluorescence analysis 

A BioTek Synergy H1 plate reader was used to read the fluorescent intensity of 

the adsorbed peptides, kindly made available in the lab of Dr. Josephine Allen at the UF. 
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4.3.1.5 Dicing saw  

ADT 7100 series was used to cut substrate into 3mm x 3mm squares at the NRF 

at UF. 

4.3.1.6 Fluorescence microscopy of bound peptides 

Olympus microscope BX60 was used to visualize bound peptides. 

4.3.2 Methods 

4.3.2.1 Surface plasmon resonance (SPR) measurement 

Sensor chip preparation. Gold sensors need to be stored at 4 oC. Before IZO 

deposition, the sensor packet was warmed to room temperature for 30 minutes to allow 

the sensor surfaces to be released from the gel, and to prevent condensation on the 

sensor surfaces. The packet was opened in a cleanroom right before the deposition 

step to minimize dust on the surface.  IZO thin films were deposited on the gold side of 

the sensor surface in argon plasma using RF-magnetron sputtering at the NRF at UF. A 

sensor chip was placed on a sensor chip support to have the adhesive strip put on top. 

The IZO coated gold sensor was then adhered to the sensor chip. The glass side of the 

sensor surface was cleaned by a lint-free cloth if necessary. The sensor chip with 

mounted sensor was then inserted into a protective sheath.  

SPR measurement. A PC buffer was made fresh, filtered and degassed. The 

peptide being examined was dissolved with the degassed PC buffer at a certain 

concentration. When docking the sensor chip, the degassed PC buffer was connected 

to the Biacore system as a running buffer. Whenever docking a new sensor, the system 

was primed with running buffer, so that it would then be cleared and ready to run a new 

SPR measurement. 
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4.3.2.2 Circular dichroism (CD) measurement 

 For CD measurements, a quartz cuvette with a 1 mm pathlength was used. The 

peptide was dissolved in 10 mM phosphate buffer at a concentration of 0.2 mg/ml. The 

CD system was purged with N2 for 30 minutes before turning on. Spectra were recoded 

over the wavelength range of 190 to 250 nm. Four scans were averaged, using one nm 

bandwidth at a scan rate 0.5 nm/s. Temperature was set at 25 oC. Each peptide and 

buffer background were measured three times. Upon finishing the measurements, N2 

was purged into the system for 5 more minutes after tuning the instrument off.  

4.3.2.3 Fluorescence intensity measurement 

The peptides being examined were each dissolved in PC buffer at 0.1 mg/ml 

concentration. Substrates were cut into 3 mm x 3 mm squares with a dicing saw at the 

NRF at UF. To remove contamination from the surface, substrates were washed with 

trichloroethylene, acetone, and methanol in an ultrasonic bath for 5 minutes each, 

respectively, and then were dried by a nitrogen gas stream. The substrate was 

incubated with the peptide solution for an hour with an agitator (Labqueake®, 

Barnestend Thermolyne). After incubation, the substrate was rinsed three times with PC 

buffer containing 0.1% detergent to remove unbound ones, and then was dried by a 

nitrogen gas. The dried substrate was placed in a black 96-well plate. An excitation and 

emission wavelength of 488/ 528 nm, respectively, were used to obtain the fluorescence 

intensity of each representative well. 

4.3.2.4 Fluorescence imaging of peptide binding to substrates 

Substrates coated with IZO were washed with trichloroethylene, acetone, and 

methanol in an ultrasonic bath for 5 minutes each, respectively, for removing 

contamination from surface, and then were dried by a nitrogen gas stream. The cleaned 
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substrates were incubated with each peptide solution at a concentration of 0.1mg/ml for 

an hour. After incubation, the substrates were rinsed three times with PC buffer 

containing 0.1% detergent to remove non-binding peptide. Substrates were then 

visualized at 20x magnification and 2 sec exposure time by a fluorescence microscope.  

4.3.2.5 Electro-releasing test by fluorescence microscopy  

The IZO coated electro-releasing device was incubated with the peptide solution 

(0.1mg/ml) in PC buffer on a shaker for 1 hour, followed by washing steps to remove 

unbound peptide. These complexes were visualized at 20X magnification and 2 sec 

exposure time by a fluorescence microscope. After taking fluorescence images, an 

electric field was applied to the electrodes of the device (see Figure 3-11) with flow 

through created by a micropipette. Washing steps were performed as before, and the 

device was visualized again by fluorescence microscopy. 

4.4 Results and Discussion 

In this chapter, we first focused on the binding properties of IZO binding peptides 

selected by chemical and electro-elution phage display biopanning described in the 

previous chapters. Table 4-1 shows synthetic peptide sequences and whether it was 

selected by a low pH elution buffer, a high salt elution buffer, or by the electro-elution 

biopanning approach. These peptide sequences were chosen for their strong binding 

properties based on IF analysis and ELISA tests of phage clones that showed strong 

affinity for the IZO surface. For describing the results more easily, we named the 

peptides by elution method and numbers, such as IZOLpH# stands for low pH elution, 

IZOHSE# stands for high salt, and IZOEE# stands for electro-elution.  

To analyze the adsorption of the synthesized peptides on an IZO surface, 

surface plasmon resonance (SPR) was utilized. SPR detects adsorption via changes in 
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the refractive index of the interface. The reflected light intensity from the interface 

between metal and the glass substrate at a specific incident angle is measured as a 

result of the optical excitation of surface plasmon waves. As molecules bind to the 

surface, a shift in the wavelength occurs, which increases as the molecular binding 

accumulates on the metal surface of the SPR chip, allowing the monitoring of molecular 

adsorption to, or desorption from, the surface. However, not every material is capable of 

generating surface plasmon effects, gold surface is mostly used. Other materials, even 

the noble metals Pt or Pd, have poor plasmonic properties. Seker et at. demonstrated 

that with a 2 nm ultrathin Pt coating, a SPR sensor chip can still provide the SPR signal 

from the underlying gold layer [134]. This provides the design principle for the coating of 

an additional ultrathin layer of target material onto the gold chip. In this study, we 

deposited an ultrathin IZO layer on the gold SPR sensor chip and detected the binding 

of the synthetic peptides using a Biacore SPR system.  

A 10 nm thick IZO coating was deposited on a commercially purchased 50 nm 

thick gold sensor chip to perform the binding test. Figure 4-1 shows a schematic of the 

designed sensor. Atomic force microscopy (AFM) was used to characterize the IZO 

coated sensor chip because it is important to make sure a uniform coverage was 

achieved in this extremely thin layer. AFM height image and 3D image with 

corresponding surface profile are shown in Figure 4-2. The root mean square (RMS) 

roughness value of the film was determined to be 0.687 nm, and the whole surface 

appeared to be uniformly covered by IZO.     

In the Biacore SPR system, there are four flow cells (Fc1-Fc4) on each sensor. 

To first verify that IZO coated sensor chips can obtain an SPR signal, a sucrose solution 
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with known refractive index was first injected into all the flow cells. An approximately 

20,000 increase in resonance units (RU) was observed in the SPR sensograms of all 

four cells after the sucrose injection, as shown in Figure 4-3. One resonance unit (RU) 

corresponds to 10-6 refractive index units (RIU), and is commonly assumed to 

correspond to 1 pg of bimolecular per mm2 binding [135]. A 20,000 RU increase 

matches the predicted difference of refractive index between sucrose solution and 

water, which was running through the system as a baseline. The same response of RU 

between all four flow cells also proved that the different surface coatings with IZO all 

provided the same signal responses. 

We first injected a peptide, IZOLpH4, at four different concentrations (from 0.1 to 

0.4 mM) for 600 seconds at a 2 µl per second injection rate to study the effect of 

different concentrations (Figure 4-4). The results showed that with increasing peptide 

concentration, the response rate of RU increased, which means that more peptide 

became bound to the IZO surface, and at a faster rate. It also indicated that there was a 

two-phase binding event, a quick binding at the first 250 seconds, and a reduced 

binding rate afterward, for this specific peptide. And even at the different concentrations, 

the same peptide had a similar binding pattern, but at higher levels. 

For studying the individual peptide’s binding behavior, we reported data in two 

groups based on the elution method of the phage display biopanning (chemical versus 

electro-elution). The injection amount and time was set at 600 seconds at a 2 µl per 

second injection rate, and each peptide was prepared at a 0.1 mM concentration, which 

was found in the first study to yield a sufficient signal that lies in the desirable range.  

Figure 4-5 shows the binding response of peptides selected by low pH elution buffer 



 

129 

(IZOLpH1 to IZOLpH4) and high salt elution buffer (IZOHSE1 to IZOHSE4). Based on 

the RU response, IZOLpH1, IZOLpH2, IZOLpH3, and IZOHSE1 had a rapid binding 

response in the first couple seconds, but then IZOLpH2 and IZOLpH3 started to level off 

to a plateu, with a much reduced rate of binding. In contrast, IZOLpH4 showed a 

relatively steady binding rate over the whole injection process, with a slight decline (as 

described for this same peptide in Figure 4-4). IZOHSE3 seemed to start very slowly, 

but strangely showed an increasing rate of binding after around 180 seconds of 

injection. For IZOHSE2, even though it had a small response in the beginning, with 

continuous injection, the binding decreased, and it seemed the peptide was washed 

away as the RU dropped close to 0, which seems to indicate that the IZOHSE2 binding 

to IZO was very weak.  

After each peptide injection, a buffer solution without peptide was injected 

continuously to examine the desorption. Injection rate started from 2 µl per second to 20 

µl per second. Some peptides that didn’t strongly bind to the surface were washed 

away, which makes the RU response decrease. After the desorption process, if the RU 

response reaches a plateau, this indicates the retention of that amount of peptide on the 

IZO sensor surface. This data provides the final binding amount of each peptide. 

Response RU in Figure 4-6 indicates the final amount of peptide bound onto the IZO 

surface after the desorption process. However, with careful examination of the amino 

acid composition and charge character of each peptide, we didn’t obtain a relationship 

between the binding affinity and the final binding amount to the properties of the peptide 

sequence.  
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For peptides selected by the electro-elution approach, Figure 4-7 shows the SPR 

binding profile of each peptide. In this group, IZOEE5 bound to the IZO surface at a 

relatively steady rate, which was quite high, so it reached the highest binding RU 

response among all the peptides. It was also observed that IZOEE3 and IZOEE4 were 

very similar in their binding behavior, with a rapid initial increase, followed by leveling off 

to a high plateau level. IZOEE1 and IZOEE2 shared a similar pattern as well, but with a 

lower plateau, at about half the RU level. In this set of electro-eluted peptides, there 

does seem to be a consistent trend. A possible reason that IZOEE5 exhibited such a 

rapid and high rate of binding might be that it has 8 charged amino acids in its 

sequence, which is the highest among all the peptides, while IZOEE3 and IZOEE4 have 

5 and 6 positively charged amino acids, respectively, and IZOEE1 and IZOEE2 have 

only 2 and 3 positively charged amino acids, respectively. This suggests that after the 

initial binding in the first 10s of seconds (where the trend with charge does not hold), 

peptides with more charged amino acids ultimately have a higher adsorption affinity to 

the IZO surface. However, this trend didn’t apply to the peptide group selected from 

chemical elution biopanning. Also, regarding the final peptide binding amount after 

desorption, the trend did not fully hold, although two of the peptides with the highest 

(IZOEE5) and second highest charge (IZOEE3), did remain at the highest level. The 

IZOEE4 peptide was lower (Figure 4-8), even though it had nearly identical binding 

behavior as IZOEE3 during adsorption (Figure 4-7).  

To study the effect of sequence length on surface binding, doubly repeated 

peptides of IZOEE1 and IZOEE4 were synthesized, named 2r IZOEE1 and 2r IZOEE4, 

respectively (Table 4-2). Peptides were injected at the same concentration of 0.1 mM. 
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SPR sensograms showed a significant increase in the RU response for the double 

repeat peptides (Figure 4-9). For IZOEE1, the binding affinity pattern changed with the 

repeat, with a continual increase with no plateau for the double peptide, 2r IZOEE1. The 

IZOEE4 and 2r IZOEE4 system showed a similar binding pattern, with a plateau, but at 

a higher level for the double peptide, 2r IZOEE4. Both 2r IZOEE1 and 2r IZOEE4 had 

around a 5 fold increase in the binding amount after desorption (Figure 4-10), which 

indicates that by repeating an inorganic binding peptide, the binding property can be 

enhanced. In literature, So et al. found that a triply repeat gold binding peptide can have 

a two-fold increase in binding by a SPR study [136]. 

 Based on the results of different SPR adsorption patterns for different peptides, 

we were interested in seeing if there was a structural factor of the synthetic peptide that 

might influence the binding on IZO. Circular dichroism (CD) in the far-UV region (190- 

250 nm) was utilized to analyze if there is any secondary structure in the synthetic 

peptides. For peptides collected by chemical elution (IZOLpH and IZOHSE), all of the 

CD spectra exhibited a negative band near 200 nm and low ellipticity above 210 nm, 

which represents a random coil structure. As an example, figure 4-11 shows a CD 

spectrum of IZOLpH3. These peptides were intrinsically disordered in aqueous 

conditions, which is common to other inorganic binding peptides [31, 137, 138].  This is 

perhaps not surprising given the relatively short length of the peptides, which may not 

have a sufficiently long hydrophobic domain to cause folding, as occurs in proteins.  

Among peptides collected by electro-elution, the CD spectrum of IZOEE1 shows a 

different band position, which indicates that there was some partial helical or beta-sheet 

structure (Figure 4-12). When further comparing the CD spectra of one repeat (IZOEE1 
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and IZOEE4) versus double repeat peptides (2r IZOEE1 and 2r IZOEE4), 2r IZOEE4 

exhibited a negative band around 200 nm, which was the same as IZOEE4. However, 

2r IZOEE1 had broad negative bands close to 208 nm and 222 nm, and a positive band 

at 193 nm, which indicates significant α-helical structure (Figure 4-13) [139]. Combining 

the information from the CD spectra and SPR sensograms, the change in structure 

might be the reason for the change of binding kinetics between IZOEE1 and 2r IZOEE1. 

To further examine the different peptide’s binding behavior on IZO surfaces, each 

peptide was synthesized with a FITC tag at the N-terminus. A FITC molecular probe by 

itself was first tested to confirm that FITC doesn’t have nonspecific binding affinity to 

IZO surfaces. To obtain a sufficient time for the peptide to be detected under 

fluorescence on the IZO surface, we first did a fluorescence intensity measurement 

tested at different time points of incubation. Figure 4-14 shows the fluorescence 

intensity reading of peptides as they adsorb to an IZO thin film from five minutes to an 

hour. Even though the intensity reached a plateau in five minutes, based on literature 

reports, it could take up to an hour for peptides to form a uniform layer on a surface of 

material, thus we decided to incubate the peptides with the substrates for an hour to be 

on the safe side. The peptides were seen to fully coat the IZO surface, as seen by the 

green fluorescence. Figure 4-15 shows fluorescence images of an IZO coated wafer 

after incubating with IZOEE4 for one hour. Figure 4-16 shows images of an IZO coated 

wafer after incubating with IZOHSE2 for one hour, which didn’t reveal binding, matching 

the result from the corresponding SPR sensogram (Figure 4-6). However, the peptide 

seems to bind on the edge of the Si wafer due to the structure. 
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We also did some electro-releasing tests on synthetic peptides by examining with 

the fluorescence microscope. In Figure 4-17(a), two devices coated with IZO were 

incubated with IZOEE4, an electro-elution derived peptide, and images were taken side 

by side. After applying an electric potential on the left side of the device, the 

fluorescence image was taken again to identify if there was any release of the bound 

peptide. In Figure 4-17(b), the left side of the image revealed some release of IZOEE4 

after applying an electric field. But by utilizing the same approach, two devices coated 

with IZOLpH4, a chemical elution derived peptide, showed less change after applying 

an electric potential to the left side of the device (Figure 4-18), although there appear to 

be some regions where the peptide coating was thinner that became dark upon release. 

This result suggests that IZO binding peptides selected by the electro-elution 

biopanning approach might be more readily released from the surface. We believe that 

with a device designed to be smaller, which can be fit into a well plate, it might provide a 

more precise method to study the release by fluorescent intensity readings.      
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Table 4-1.  Amino acid sequence of synthetic IZO binding peptides. 

Amino acid sequence of synthetic peptide Biopanning method Name 

STTLNNTTWRLY low pH elution IZOLpH1 

ASQITHFPRPPW low pH elution IZOLpH2 

TKNMLSLPVGPG low pH elution IZOLpH3 

TFKYSHELESRG low pH elution IZOLpH4 

SHAPDSTWFALF high salt elution IZOHSE1 

TNSSSQFVVAIP high salt elution IZOHSE2 

TLMYAQPHQSKT high salt elution IZOHSE3 

MLPIIRNLIHTT electro-elution IZOEE1 

RIRNHILQTIRS electro-elution IZOEE2 

LRMKPLRTTRRQ electro-elution IZOEE3 

ITLRHPRRRLIR electro-elution IZOEE4 

RPLHHRRRHHSP electro-elution IZOEE5 

 
 
 
 
Table 4-2.  Sequence of synthetic IZO binding peptides with their double repeat 

analogue. 

Amino acid sequence of synthetic peptide Name 

MLPIIRNLIHTT IZOEE1 

MLPIIRNLIHTTMLPIIRNLIHTT 2r IZOEE1 

ITLRHPRRRLIR IZOEE4 

ITLRHPRRRLIRITLRHPRRRLIR 2r IZOEE4 
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Figure 4-1.  Schematic of an IZO coated SPR sensor chip. When the chip is inserted 
into the instrument, there are four flow cells attached on top of the sensor.    
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Figure 4-2.  Atomic force microscopy images on the IZO coated SPR sensor chip 
surface. AFM height image (A) and topology image (B) on 1.0 µm x 1.0 µm 
square, and corresponding line scan surface profile (C). 
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Figure 4-3.  SPR sensograms of a 15% sucrose solution flowed across all four flow cells 

(FC1-FC4). RU stands for response units, which corresponds to 10-6 
refractive index units (RIU). A 20,000 RU increase matches the predicted 
difference of refractive index between sucrose solution and water, which was 
running through the system as a baseline. The same response of RU 
between all four flow cells also proved that the different surface area coatings 
with IZO all provided the same signal responses. 
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Figure 4-4.  SPR sensogram of IZOLpH4 at different concentrations. The results 
showed that with increasing peptide concentration, the response rate of RU 
increased, which means that more peptide became bound to the IZO surface, 
and at a faster rate. And even at the different concentrations, the same 
peptide had a similar binding pattern, but at higher levels. 
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Figure 4-5.  SPR sensograms of peptides selected by chemical elution biopanning. 
Based on the RU response, IZOLpH1, IZOLpH2, IZOLpH3, and IZOHSE1 
had a rapid binding response in the first couple seconds, but then IZOLpH2 
and IZOLpH3 started to level off to a plateau. In contrast, IZOLpH4 showed a 
relatively steady binding rate over the whole injection process. IZOHSE3 
seemed to start very slowly, but strangely showed an increasing rate of 
binding after around 180 seconds of injection. IZOHSE2 seemed to bind to 
IZO very weakly. 
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Figure 4-6.  Binding response after peptide desorption for chemical elution peptides. 
This data provides the final binding amount of each peptide after running 
buffer is run through the system to remove weak binders, until a steady state 
value is obtained. 
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Figure 4-7.  SPR sensograms of peptides selected by electro-elution biopanning. 
IZOEE5 bound to the IZO surface at a relatively steady rate, which was quite 
high, so it reached the highest binding RU response among all the peptides. It 
was also observed that IZOEE3 and IZOEE4 were very similar in their binding 
behavior, with a rapid initial increase, followed by leveling off to a high plateau 
level. IZOEE1 and IZOEE2 shared a similar pattern as well, but with a lower 
plateau. 
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Figure 4-8.  Binding response after peptide desorption for electro-elution peptides. This 
data provides the final binding amount of each peptide after running buffer is 
run through the system to remove weak binders, until a steady state value is 
obtained.  
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Figure 4-9.  SPR sensograms of single repeat and double repeat peptides. The IZOEE4 
and 2r IZOEE4 system showed a similar binding pattern, with a plateau, but 
at a higher level for the double peptide, 2r IZOEE4.  In contrast, tor IZOEE1, 
the binding affinity pattern changed with the repeat, with a continual increase 
with no plateau for the double peptide, 2r IZOEE1.  
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Figure 4-10.  Binding response after peptide desorption for single and double repeat 
electro-eluted peptides IZOEE1, 2r IZOEE1, IZOEE4, and 2r IZOEE4. Both 2r 
IZOEE1 and 2r IZOEE4 had around a 5 fold increase in the amount of binding 
after desorption, which indicates that by repeating an inorganic binding 
peptide, the binding property can be enhanced. 

 
 
 
 

 

Figure 4-11.  Representative CD spectra of IZOLpH3, which showed a random coil 
conformation, as was the case for all the peptides derived by chemical elution. 
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Figure 4-12.  CD spectra of peptides selected by electro-elution biopanning. Most of the 
peptides showed a random coil conformation except IZOEE1, whcih shows a 
different band position that indicates that there was some partial helical or 
beta-sheet structure. 
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Figure 4-13.  CD spectra of single repeat and double repeat peptides derived from 
electro-elution biopanning. The 2r IZOEE4 peptide exhibited a negative band 
at around 200 nm, which was the same as IZOEE4. However, 2r IZOEE1 had 
broad negative bands close to 208 nm and 222 nm, and a positive band at 
193 nm, which indicates significant α-helical structure when the peptide was 
doubled in length, which was not seen in the singlet peptide. 
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Figure 4-14.  Fluorescence intensity of IZOEE1 and IZOEE4 bound to the IZO surface 
measured at different time points.  

 
 
 
 

 

Figure 4-15.  Fluorescence images of two regions of IZOEE4 bound to an IZO coated 
wafer. (A) with a scale bar: 200 µm. (B) with a scale bar: 100 µm. 
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Figure 4-16.  Fluorescence image of IZOHSE2 incubated with an IZO coated wafer, 
showing very little binding, except at the edge of the Si wafer due to structure.  
Scale bars: 100 µm. (A) in white light. (B) in fluorescent light. 

 
 
 
 

 

Figure 4-17.  Electro-releasing test by comparing fluorescence images before and after 
application of the electric field. Fluorescence image taken after incubating the 
device with IZOEE4, which coated both sides of the device (A), and after 
applying an electric field to the left side of the device. (B). Scale bar: 200 µm. 
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Figure 4-18.  Electro-releasing test by comparing fluorescence images before and after 
application of the electric field. Fluorescence image taken after incubating the 
device with IZOLpH4, which coated both sides of the device (A), and after 
applying an electric field to the left side of the device (B). Scale bar: 200 µm. 
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CHAPTER 5 
CONCLUSIONS 

In this dissertation, phage display techniques were utilized for selection of 

inorganic binding peptides for biosensor applications. A traditional phage display 

protocol was used to select peptides that have binding affinity to indium zinc oxide (IZO). 

To select a peptide that is more sensitive to an electric field, a novel phage display 

protocol with an electro-elution process was developed. IZO binding peptides derived 

from phage clones with good binding affinity were synthesized to examine the binding 

and electroactive properties of the isolated peptides. 

In the first part of this study, an amorphous IZO was chosen as the target 

material to select inorganic binding peptides. Among many different display techniques, 

M13 phage library Ph.D.-12 was chosen because it is suitable for biopanning with 

inorganic materials. It is commercially available and has longer displayed peptide 

sequences (12-mers) as compared to other phage display libraries on the market. 

Amorphous IZO was anticipated to provide a more homogeneous surface than a 

crystalline material because it should not have grain boundaries and crystal defects 

which might affect the binding of phage. Indeed, the amorphous surface might have 

contributed to the consensus peptide sequences we obtained from both low pH and 

high salt elution biopanning, because inorganic materials do not always converge to a 

consensus sequence.  

During the phage display process, our first approach was to use the traditional 

chemical elution, where either a low pH buffer or high salt elution buffer were used for 

eluting phages from IZO surface. Based on the sequence of selected peptides, it was 

found that IZO binding peptides obtained by the chemical elution approach tend to have 
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blocks of hydrophobic amino acids, and blocks of hydrophilic amino acids. Histidine, 

serine, threonine, and leucine frequently appeared in these IZO binding peptides. It was 

found that binding affinity of phage clones eluted from high salt elution buffer was more 

selective to IZO than the clones collected by the low pH elution buffer.  

In the second part of this study, a novel phage display biopanning protocol was 

developed where an electro-elution process replaces the regular chemical elution step. 

A device comprised of two parallel electrodes was fabricated to test the phage display 

protocol with an electro-elution step. By two rounds of biopanning, one consensus 

sequence was obtained. It was found that IZO binding peptides collected by applying an 

electric field share some of the same frequently appearing amino acids, like serine and 

leucine, as compared to the peptides selected by traditional chemical elution phage 

display. Peptides selected by electro-elution had connected sequences of arginines, 

and all of the clones had several positively charged amino acid sequences, and no 

negatively charged amino acids. This led to the hypothesis that positively charged 

peptides might play an important role for enabling peptides to be released by an electric 

field.  Also, we found that all the sequences were composed of only a specific set of 11 

amino acids.  

Even though IZO binding peptides obtained by electro-elution biopanning didn’t 

show a high selectivity between IZO, SiO2 and Si, all the clones had a moderate to 

strong binding affinity to IZO. By characterization of zeta potential of IZO, we believe 

that electrostatic interactions played an important role for the peptide binding ability on 

IZO surfaces. An electro-releasing device with two separate areas was designed to test 
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the releasing of phages. By using immunofluorescence (IF) analysis, a release of 

phages displaying the peptide sequence: MLPIIRNLIHTT was visualized.   

After identification of good IZO binding phage, the corresponding peptide 

sequences were synthesized for further characterization. SPR sensor chips coated with 

an ultrathin layer of IZO was used to examine the binding affinity behavior. With time-

dependent SPR sensograms, it was found that even though a peptide displayed by a 

phage might have a strong binding affinity to IZO, the peptide by itself might not exhibit 

the same good binding affinity. Nevertheless, many of the phage derived peptides did 

show good binding affinity to IZO. For one peptide system, it was found that the same 

peptide at different concentrations led to a similarly shaped profile in the SPR 

sensogram. However, in comparing different peptides, there was considerable diversity 

in the shapes of their binding kinetics curves. By doubling the peptide sequence, it was 

found that the binding affinity can be markedly enhanced. Combining SPR sensograms 

and circular dichroism (CD) spectra, it was found that the secondary structure of a 

peptide might be playing a role in affecting the binding properties. Peptide sequence: 

ITLRHPRRRLIR (IZOEE4), obtained by electro-elution, was visualized with 

fluorescence microscopy using an electro-releasing device, and was found to show 

some release after applying an electric field. There may have been a small amount of 

release for the chemical elution derived peptide TFKYSHELESRG (IZOLpH4), but it 

was less obvious. 

In summary, IZO binding peptides were identified by two different approaches. 

Chemical elution phage display provides a large number of IZO binders and many (5) 

consensus sequences, which can contribute to future bioinformatics study, as discussed 
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below. This work demonstrated the feasibility of a novel electro-elution approach for 

selecting binding peptides more sensitive to an electric field. We also demonstrated that 

by coating an ultrathin layer of IZO onto an SPR sensor chip, the SPR signal can still be 

utilized for affinity testing of inorganic binding peptides. Even though this work was 

focused on selection of peptides with binding and electroactive properties, the releasing 

mechanism of peptides is still not resolved. We believe that by designing a device that 

can apply an electrical stimulus combined with sensitive surface characterization 

techniques, the electroactive properties of peptides can be further studied. 

Future Work 

To continue this study, a bioinformatics approach would be valuable. Binding 

affinity of each peptide displayed by the phage to an IZO surface has been examined. 

Based on surface coverage, a strong binder, a moderate binder or a weak binder can 

be identified. This result can be used as input data for defining of a set of scoring 

matrices which include similarities within strong binding sequences and the differences 

between strong and weak binders. Although most of the IZO binding peptides had a 

preferential binding affinity to our target, there were still some minor binding affinities to 

other inorganic materials. By using a bioinformatics approach with scoring matrices to 

computationally design peptide sequences, one can potentially eliminate binding to 

other inorganic materials, such that the affinity and specificity of the IZO binding peptide 

could be improved.     

With our IZO modified SPR sensor chip, time-dependent binding affinity can be 

obtained. This sensor chip can be used not only on testing binding behavior of peptides, 

but also to examine binding of the whole phages that display the peptides.  However, 

the concentration of injected phages and the injection rate need to be well defined. This 
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is because, even though the phage has a higher molecular weight to generate a larger 

SPR response, the long filamentous shape of M13 phage can make the phage rotate 

slowly. The pIII coat protein of M13 phage which displays the binding peptide might 

require a slower injection of running buffer to allow sufficient time for the phage to rotate 

and bind onto the surface. For synthetic peptides, the surface coverage can be obtained 

with an AFM study. With the data of surface coverage, SPR data can be fit to a 

Langmuir adsorption model to calculate the adsorption and desorption rate using a least 

square curve fitting algorithm.  

To characterize the binding peptide as is done for SAMs, and to examine the 

electro-releasing property of inorganic binding peptides quantitatively, some surface 

characterization techniques should be applied. The thickness of the binding peptide can 

be measured by spectroscopic ellipsometry. The initial thickness of peptide adsorption 

can be measured, and the releasing behavior of the peptide can be studied with 

reduction of thickness over time. A study of the release characteristics with variations in 

applied electric field would be interesting. X-ray photoelectron spectroscopy (XPS) can 

also be used to detect the different chemical states of elements on the surface. These 

sensitive surface studies can provide more insight into the electroactive properties and 

the mechanism behind achieving them.  

After careful studies of IZO electro-releasing peptides obtained by one or a 

combination of many experiments mentioned above, peptide sequences with strong 

binding potential can be modified to identify the key amino acids, analogous to site 

directed mutagenesis. Single amino acids or connected amino acids can be replaced to 

test if the replacement changes any of the peptide’s properties. Repetition of sequences 
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can also be utilized, as the secondary structure might change in accordance with the 

length of a peptide chain, as demonstrated in our study of the double repeats.   

Last but not least, a functionalized binding peptide would definitely be the next 

step toward biosensor applications if these electroactive peptides are to serve as linkers. 

Connecting peptides with other functional groups or amino acids would be a reasonable 

start, such as the arginine-glycine-aspartic acid (RGD) peptide. With RGD peptide, cells 

could possibly attach more preferentially to targeted surfaces, and then be triggered for 

release. How attached biomolecules affect the electroactive properties also need to be 

studied. By all these studies, a peptide with reversible binding and releasing 

characteristics can be achieved and applied for biosensor applications. The mechanism 

behind the binding and electroactive properties can also be further clarified. 
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