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With increasing development in nanotechnology, approaches for synthesis of 

nanomaterials with control over dimensions, grain size and crystallinity for various 

device applications is highly demanded.  Biological building blocks such as amino acids 

direct assembly of intricate structures from nano- to macro-scale within the living system.  

Such ability of biological molecules have gained scientific interest to meet 

nanofabrication challenges and demands.  A 1 µm long, filamentous M13 bacteriophage, 

in particular, is a promising biological molecule for synthesis of one-dimensional 

inorganic nanostructures.  The genetic information can be easily manipulated to display 

specific peptide sequences on the M13 bacteriophage outer protein coats and has been 

involved in combinatorial phage display technology to identify inorganic specific peptide 

sequences.  Furthermore, various inorganic nanomaterials have been synthesized by the 

M13 bacteriophage and its protein components.  With our daily exposure to hazardous 
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gases such as H2S, H2, CO, and NH3, gas sensors with high sensitivity, low detection 

limit, low power consumption and miniature size for mobile and continuous monitoring 

are in demand.  Nanoscale chemiresistive gas sensors have a relatively simple 

configuration and can be used for sensitive monitoring of gas levels with low power 

consumption.  The large surface area to volume ratio provides increased adsorption sites 

for sensor-analyte interactions and the short diffusion length allows a rapid resistance 

change with exposure to low gas concentrations.  

In this work, a novel platform for metal-based H2S and H2 chemiresistive gas sensors 

has been designed based on a gold-binding bacteriophage template.  Continuous 

nanocrystalline gold chains assembled on the M13 bacteriophage backbone displayed 

high sensitivity and low lowest detection limit for H2S sensing.  The carboxyl and amine 

functional groups on the template with an affinity for sulfur added to device sensitivity.  

The same platform was also adapted for hybrid gold-palladium nanopeapod sensors for 

H2 sensing.  The sensor showed high response to low H2 concentrations at ambient 

conditions.  Moreover, bio-directed ZnO synthesis from M13 bacteriophage protein coats 

and peptide components were explored.  Materials characterization revealed peptide 

concentration dependent morphology, crystallinity, and optical property tuning.  This 

work demonstrates the promise of bio-directed nanofabrication for sensitive 

chemiresistive gas sensors. 
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Chapter 1. Introduction  

1.1 Motivation 

Molecules including DNA, amino acids, and monosaccharides are important 

building blocks of natural biological systems.  Especially in the field of 

biomineralization, amino acids are crucial in directing hierarchical assembly of inorganic 

materials.  These biological molecules collect and transport raw materials to fabricate 

highly organized nano- to macro-scale structures from the bottom-up.  Assembly of these 

building blocks is genetically controlled and can be manipulated through genetic 

modification.  In addition, biological molecules are very precise in their role and 

recognition for assembly.  Furthermore, amino acids in particular provide highly diverse 

combinations that are the basis for all the proteins and enzymes in the natural systems.  

Few amino acids make up a peptide sequence, and depending on the combination, the 

electrostatic, structural, and self-assembling properties can be altered.  Moreover, in the 

materials perspective, assembly and synthesis from biological components in aqueous 

condition, mild temperature, pressure, and ambient air are energetically beneficial. 

With the development of bionanotechnology, this innate ability of organisms has 

been utilized and redirected to synthesis of complex nanomaterials for non-biological 

application such as transistors, lasers, batteries, and sensors.  Use of biological molecules 

facilitates synthesis of intricate and hierarchical nanostructures for improved device 
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performances that are otherwise challenges using conventional methods.  Morphology, 

crystallinity, size, and arrangement of nanomaterials can greatly impact electrical, optical 

and sensing properties of nanodevices.  In this dissertation, M13 bacteriophage template 

and its protein components with affinity for specific target materials are used to direct 

assembly of metal and metal-oxide nanostructures for gas sensor applications.  The 

biological components are involved in different stages of gas sensor fabrication for 

enhanced gas sensor performances.  

 

1.2 Biomineralization and Bio-Assembly 

Biomineralization is a process by which living organisms mineralize inorganic 

materials in vivo.  Nacre of abalone is a well-known example of organic-inorganic 

composite formed by biomineralization.  It is known for the high mechanical strength as 

a result of hierarchical assembly of layers of calcium carbonate (CaCO3) crystal planes 

and proteins [1].  Biosilification, formation of amorphous silica (SiO2) in vivo, observed 

in diatoms is another example of biomineralization where complex assembly of SiO2 

nanostructures is controlled by proteins [2].  Other examples include magnetic iron oxide 

(Fe3O4) nanoparticles formed in magnetotactic bacteria [3] and woven rod of enamel 

hydroxyapatite crystallites found in human tooth [4].  Nature’s ability to form highly 

ordered materials at nano-, micro-, and macro-scales with application-fitted physical and 

mechanical properties has triggered much scientific interest.  
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Expanding from studies to understand and mimic biomineralization, extensive 

research on bio-assisted mineralization and bio-assembly has emerged.  Bio-assisted 

mineralization is synthesis of inorganic materials from chemical precursor ions, in most 

cases in aqueous conditions.  In comparison, bio-assembly refers to long range ordering 

of smaller pre-synthesized components or building blocks.  Complex macroscopic 

biological structures have been used as a template to mineralize unique structures from 

chemical precursor ions.  Some examples include, interwoven SnO2 from eggshell 

membrane [5], porous α-Fe2O3/C nanocomposites from pollen grains [6], AlO3 coating 

on butterfly wings [7], and porous TiO2 from wood [8].  In addition to complex 

structures, 1-D nanoscale biomolecules such as DNA [9], microtubule [10], peptide 

nanofiber [11], tobacco mosaic virus (TMV) [12], and M13 bacteriophage [13] have been 

employed as templates for one-dimensional (1-D) nanostructures.  These templates have 

successfully mediated assembly and mineralization of various inorganic materials from 

gold [13], silver [14], palladium [12], ZnO [15], SiO2 [16] and more.  One-dimensional 

nanoscale biomolecules listed above have also been adapted for bio-assembly, often to 

form linear arrays of metal [17-20] or semiconductor [15, 21] nanocrystals for device 

applications. 
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1.3 M13 Bacteriophage 

1.3.1 Background 

M13 bacteriophage is a virus that belongs in the filamentous bacteriophage family 

with fd and f1 viruses.  It is non-lethal to humans as it only infects and replicates in the 

Escherichia coli (E.coli) by specific recognition using its F-pilus.  The M13 

bacteriophage inserts its DNA into the E.coli and rapidly replicates using the host cell 

components in the non-lytic manner [22].  

The wild-type M13 bacteriophage is 930 nm in length and 6.5 nm in diameter and 

depicted in Figure 1-1.  A single-stranded circular DNA that encodes for protein 

sequences and length of the phage is enclosed by 5 structural proteins, pVIII, pIII, pVI, 

pVII and pIX, which are essential for phage structural stability.  As shown in Figure 1-2, 

the length of phage is composed of 2700 identical copies of the α-helical major coat 

protein, pVIII, assembled cylindrically at five-fold symmetry.  Two sets of protein coats, 

pIII and pVI at one end, and the pVII and pIX at the other, are present in 5 copies to cap 

the ends of the bacteriophage.  All five coat proteins have been studied for foreign 

peptide display, however the most widely studied are peptide display on the N-terminal 

ends on the pIII and the pVIII protein coats.  Phage library containing large pool of 

phages displaying random peptides on the protein coats have been used in combinatorial 

phage display technology.  This technology, also known as biopanning, has been applied 

to study protein-protein, protein-DNA, protein-inorganic material interactions as well as 

for antibody and enzyme selection [23].  
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Figure 1-1 Schematic diagram of M13 bacteriophage with five structural proteins 
pVIII, pIII, pVI, pVII, and pIX enclosing single-stranded DNA in center. 

 

 

Figure 1-2 Simplified Chimera image of (a) pIII (yellow) and pVIII (blue) coat 
proteins displayed on its location, (b) top-down view of pVIII protein arranged in five-
fold symmetry, and (c) single α-helical pVIII coat protein with amine (cyan) and 
carboxyl (red) side groups indicated [24].  

 



 6 

1.3.2 pIII Phage library and peptide selection 

The pIII protein coat displayed at one end of the virus is highly flexible and 

therefore susceptible to wide range of foreign peptides for display.  Naturally, it has been 

used most frequently for combinatorial phage display technique and pIII phage libraries 

displaying 7-mer, 12-mer, and looped peptide sequences are even commercially available 

by New England Biolabs Inc.  One major application of the pIII phage display library is 

selection of peptides with affinity for specific inorganic materials.  By performing several 

rounds of the standard biopanning process, the most recurrent peptide sequence is 

isolated for further study.  Peptides with affinity to metals (silver [14], gold [25], 

platinum [26]), semiconductors (GaAs [27], ZnS [21]), and metal-oxides (SiO2 [16], ZnO 

[28]) have been identified and confirmed using the pIII library.  Furthermore, peptides 

identified using the pIII phage library successfully directed crystal growth of 

nanomaterials including CdS [29], ZnS [30], ZnO [28, 31], to name a few, in solution or 

on planar substrates by acting as nucleation sites or capping agents.  

1.3.3 pVIII phage library and templated inorganic assembly 

As described above, the pVIII protein is highly packed and organized on the 

length of the M13 bacteriophage.  Unlike the pIII protein coat, the genetic display of 

foreign peptides on pVIII protein is constrained by length (6-8 amino acids) and 

electrostatic charge (negative to neutral) due to incompatible capsid assembly.  As a 

major coat protein, displayed in highest copy number, modification of the outside N-

terminus of the pVIII protein coat significantly affects the phage properties.  Selection of 
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chloroform resistant phage using the pVIII library is an example of such drastic property 

change [32].  In addition, the pVIII library is an ideal nanoscaffold for synthesis of 1D 

nanomaterials with uniform length.  Huang et al. identified gold-binding peptide on the 

pVIII coat protein and displayed binding of gold nanoparticles and progressive growth of 

continuous gold nanowire on the template [13].  Nam et al. and Zaman et al used 

electrostatic interactions of E4/E3 (-EEEE/-EEE) displaying negatively charged phage 

and metal ions to synthesize Co3O4 [20] and Cu1.8S [33] nanowires.  Furthermore, Lee et 

al. reported hybrid nanowires of Co and Pt from on Co2+ binding phage identified from 

the pVIII library [34].  Likewise, the peptide display on pVIII is essential for viral-

templated nanomaterial synthesis.  Hence, methods to overcome capsid assembly 

constraint to increase diversity of displayed peptides and express desired peptides at high 

density are of interest.  

 

1.4 Chemiresistive Gas Sensors 

1.4.1 Background 

Gas sensors are very intimately associated with our lives.  Nearly every 

household, industrial or commercial settings has at least one type of gas sensor 

monitoring the gas levels of either toxic or explosive gas, humidity or odor.  Gas sensors 

can be largely divided into three types: solid state sensors, mass sensitive sensors, and 

optical sensors [35].  Chemiresistive sensor is a type of solid state sensor that monitors 
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change in resistance as the gas analyte interacts with the sensor.  Amongst different types 

of sensors, chemiresistive sensor has a relatively simple configuration and reported for 

rapid response, recovery, and low cost.  Nanoscale metals and metal oxides have been 

used as sensor materials to effectively detect common hazardous gases: SO2, H2S, O3, H2, 

NOx, Cl2, CO, NH3.  In particular the increased surface-to-volume ratio in nanomaterials 

provide large interactive sites, accessibility to conductive pathways, short diffusion 

length for rapid, sensitive gas detection. 

There are several figures of merit for direct comparison and assessment of 

chemiresistive gas sensor performances: sensitivity, response and recovery time, 

detection limit, selectivity, dynamic range, and powder consumption. Out of these, 

sensitivity, response and recovery time, lowest detection limit are key parameters 

reported to quantify sensor performance in this work.  Figure 1-3 is an illustration of the 

time vs. sensing response plot as the sensor is exposed to analyte gas.  A stable baseline 

resistance is obtained during carrier gas flow and used as the reference to determine the 

response.  Response, plotted on the y-axis, is the change in resistance relative to the 

baseline resistance (R0): 

Response!=!∆R
R0

!=! R-R0
R0
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Figure 1-3 Schematic illustration of sensor response vs. time plot. Key parameters, 
response, response and recovery times, are labeled. 

As shown in Figure 1-3, sensor-analyte interaction which cause resistance increase (in 

this case) is directly displayed by the response increase when the gas is “on.” In reverse, 

when the gas is “off,” a gradual decrease in response to the baseline is observed with 

analyte removal.  The response and recovery times are defined as the time taken to reach 

90% of the maximum (gas “on”) and minimum (gas “off”), respectively.  These gas 

exposure and release periods are alternately tested for different analyte concentrations as 

well as for repeatability.  Although increasing response is presented here, depending on 

the sensor-analyte interaction, decreasing response can be obtained simply as the reverse 

of this plot.  A calibration curve of sensor response is shown in Figure 1-4, now 

displaying response relative to the analyte concentration.  Here, the linear region between 
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the lower and upper detection limit is defined as the dynamic range.  The linear slope 

within the dynamic range determines the sensitivity of the device: 

 

Sensitivity S != 
% Response

∆ Gas concentration
!=!
∆R

R0 ×!100
!∆ [Gas] 

=% ppm 

 

Finally, the lowest detection limit, defined as 3 times the signal-to-volume ratio, can be 

calculated from the monitored sensor responses.  Abovementioned parameters will be 

addressed in the following chapters and compared to other reported sensors.  

 

Figure 1-4 Schematic illustration of sensor calibration curve displaying response vs. 
concentration of gas analyte.  Sensor dynamic range, lower detection limit (LDL), 
upper detection limit (UDL) and sensitivity are indicated according to the definition.  
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1.4.2 Metal-based Gas Sensor 

Metal nanostructures of different morphological forms have been reported for its 

use in chemiresistive sensors for their fast response and low operation temperatures.  The 

two metals discussed in this dissertation are gold (Au) and palladium (Pd).  These metals 

have been explored as sensitizers, conductive channels, or both in chemiresistive gas 

sensors.  Particularly, nanocrystalline metals have been reported to enhance sensor 

performance.  When incorporated in conductive platforms such as carbon nanostructures 

[36-39], semiconductor materials [40-42], and conductive polymers [43, 44], metal 

nanocrystals functioned as analyte affinity sites or as electron donors to enhance sensor 

response.  Furthermore, sensors based on metal nanocrystal arrays have also shown 

promises.  Unlike bulk or single crystalline metals, the charge transport across metal 

nanoparticles is dominated by activated electron hopping between nearest-neighboring 

particles.  Hence a large change in electrical conductivity is achieved even with small 

changes in activation energy (EA) as shown in the equation below, where σ is 

conductivity, k is Boltzmann constant, and T is temperature:  

 

σ  ≈  exp
-EA
kT

 

 

This exponential relationship is clearly represented in metal nanoparticle-based gas 

sensors to significantly improve response and sensitivity of the devices. 
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While Au is known for its catalytic role in sensing various hazardous gases, it’s 

particularly important as a sensitizer in hydrogen sulfide (H2S) sensing due to its high 

affinity for sulfur-containing compounds.  Evaporated nanocrystalline Au films [45], 

chains of glycine-stabilized Au nanoparticles [46], and clusters of randomly deposited 

citrate-coated Au nanoparticles [47] were reported as sensitive H2S sensors.  Increased 

resistance was observed for all these devices, in which charge transport between 

neighboring nanoparticles was impeded by H2S adsorption on the Au surfaces. 

Pd has been reported as an effective sensing material only for H2 gas due to its 

selective interaction with H2 to form palladium hydride (PdHx).  Upon contact with Pd, 

H2 gas adsorbs and dissociates to form H atoms, which then diffuse into the interstitial 

sites of Pd to form alpha-phase palladium hydride (α-PdHx) [48, 49].  At H2 

concentrations above 2%, PdHx undergoes a phase transformation from α-phase to β-

phase [48].  Based on these PdHx phases, two main chemiresistive H2 sensing approaches 

exist.  The first approach uses an increase in resistance with exposure to lower 

concentrations of H2 gas as Pd metal converts to more resistive PdHx for sensing.  The 

second approach uses the decrease in resistance caused by the closing of nanogaps due to 

the volumetric expansion accompanying β-PdHx formation with exposure to H2 gas 

above 2% for sensing.  Pd-based H2 sensing is heavily dependent on efficient H2 

diffusion and hence nanostructures that provide large surface area and short diffusion 

lengths are idea candidates.  Some examples of Pd-based sensors include thin films [49-

52], electrodeposited single nanowires [53-55], and nanoparticles [56, 57]. 
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1.4.3 ZnO-based Gas Sensor 

Zinc oxide (ZnO) is a self-doped n-type semiconductor that has been studied for 

various applications such as optoelectronic, electric, piezoelectric, phootcatalytic, and gas 

sensor applications.  It has a wide, direct band-gap (3.2-3.4 eV), high exciton binding 

energy (60 meV), and high electron mobility (150-350 cm2 V-1 s-1).  ZnO can form cubic 

zinc blende and hexagonal wurtzite crystal structures, however the latter is more stable 

and predominantly formed (Figure 1-5).  Reports have shown ZnO sensing against 

several reducing gases: NH3, NOx, CO, and H2S [58].  Like most semiconductor-based 

sensors, many ZnO-based sensors have great thermal stability and require high operation 

temperature for sensing, which increases energy consumption and cost [59, 60].  Hence, 

efforts to decrease the operation temperature by changing morphology, size, crystallinity, 

doping and addition of metal catalysts have been reported [61-63].  Additionally, sensors 

were exposed to UV or visible light that promote electron carrier generation for sensing 

at lower temperatures [64-66].  The large surface area provided by ZnO nanomaterials is 

critical for reducing gases to participate in oxidation/reduction reaction with chemisorped 

O2- or O- ion species.  When the reducing gas adsorbs on the ZnO surface, it reduces the 

ionized oxygen species and transfers electron carriers to decrease electrical resistance in 

sensor.  Furthermore, the Debye length, which is measure of electric field migration in 

semiconductors, is comparable to the grain or particle sizes in nanomaterials.  In return, a 

more significant change in charge transport can be obtained.  Wide range of ZnO 

nanowires [67], nanorods [64], nanopowder [68], as well as metal-decorated ZnO [42, 62, 

69] have been studied.  Moreover, enhanced sensing has been reported with additional 
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surface and sub-gap defects that act as adsorption sites and electron carrier donors [70, 

71] and for catalysis via visible light exposures [66].  

 

Figure 1-5 Zinc oxide (ZnO) (a) wurtzite and (b) zinc blende crystal structures 
displaying single unit cell (created by software VESTA) [72].  Zinc and oxygen atoms 
are colored in gray and red, respectively.  

 



 15 

1.5 Scope of Work 

This dissertation focuses on synthesis and assembly of inorganic nanomaterials 

from bio-directed technique for gas sensor applications.  Bottom-up assembly of 

inorganics from M13 bacteriophage and its protein/peptide components formed intricate 

nanoscale materials for added functionality and improvements in gas sensing 

performance.  

Chapter 2 discusses design and fabrication of viral-templated continuous gold 

nanoparticle chains for highly sensitive H2S gas senor.  Gold-specific M13 bacteriophage 

functioned as template and sensing material for detection of sub-ppb level H2S gas at 

room temperature.  Furthermore, in Chapter 3, gold-palladium peapod nanostructures are 

developed on the platform of gold nanoparticle chains-based devices. Here, H2 sensing 

dependence on Pd shell thickness is presented.  

The next chapters present development of ZnO synthesis methods on M13 

bacteriophage components for future gas sensor studies.  In Chapter 4, ZnO 

mineralization on pIII and pVIII protein coats each displaying previously reported 12-

mer peptide genetically and chemically, respectively, is presented.  Chapter 5, focuses on 

ZnO synthesis and characterization of M13 bacteriophage selected 8-mer peptide-

directed materials.  The peptide controlled morphological and optical characteristics, 

regulating sub-gap defect levels in the materials.  Photoluminescence and photocurrent 

measurements were made to assess the potential use of these ZnO nanomaterials for 

light-assisted gas sensing. 
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Chapter 2. Nanocrystalline Gold-

Based H2S Gas Sensor 

2.1 Introduction 

Hydrogen sulfide (H2S) is a toxic gas released in petroleum, mining, paper, and 

water treatment industries [73].  Although low concentrations of H2S, below 5 ppm, are 

innocuous, slightly higher concentrations, near 20 ppm, can cause eye and respiratory 

tract irritation.  Furthermore, H2S concentrations at or above 100 ppm are considered 

Immediately Dangerous to Life and Health (IDLH), and may cause paralysis and even 

death [74, 75].  To minimize occupational health hazards, H2S gas levels must be 

monitored continuously.  In particular, compact, low power consumption sensors with 

high sensitivity and low detection limit for personal exposure and mobile monitoring 

applications are highly desirable.   

Nanostructured materials with high surface area-to-volume ratios are good 

candidates for chemiresistive gas sensors that address these needs.  These materials 

facilitate interaction with analytes and support significant changes in electrical resistance 

due to analyte surface adsorption/desorption, with minimal power expenditure and a 

reduced device footprint.  H2S gas sensors have been assembled from a variety of 

nanostructured metals and metal oxides [46, 47, 58, 76, 77].  Gold has received specific 
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attention because its strong affinity for sulfur-containing compounds can be used to 

impart sensor selectivity [78-80].  Gold nanostructures, assembled with various methods, 

have been investigated both as sensitizers for other materials and as independent building 

blocks to fabricate H2S gas sensors.  For example, for H2S detection, electrochemical 

deposition has been used to attach gold nanoparticles to carbon [36, 37] and polyaniline 

nanotubes [43]; sputtering has also been used to create discontinuous nanoscale gold 

films on carbon nanotubes [38] and 1-pyrenesulfonic acid-coated templates have been 

used to synthesize gold nanoparticles and nanowires on the surface of carbon nanotubes 

[81].  Additionally, gold-based H2S sensors have been assembled directly from thermally 

evaporated nanocrystalline gold films [45], thick chains of electrophoretically-assembled 

glycine-stabilized gold nanoparticles [46], and clusters of randomly deposited citrate-

coated gold nanoparticles [47].  Moreover, some of these gold-based and gold-

functionalized devices report room temperature operation [37, 43, 46, 81] a condition  

which significantly reduces power consumption and is generally not feasible for metal 

oxide-based H2S sensors.  

Biological materials with nanoscale, hierarchical structures advantageous for gas 

sensing provide an alternative route to nanostructured material synthesis [6, 60, 82, 83].  

Fibrous matrices of eggshells [84], quasi-honeycomb structures of butterfly wings [85], 

and reticulated porous networks of wood [86] have been used to template solution-based 

synthesis of SnO2, α-Fe2O3, and ZnO, respectively.  Not readily attainable with 

conventional fabrication or synthesis methods, these novel architectures with high surface 

area-to-volume ratios were found to be useful for chemiresistive H2S gas sensors at 
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elevated operation temperatures following calcination to remove the biological template 

[84-86].  

In this chapter, viral-templated gold nanowire H2S gas sensors were 

demonstrated.  A gold-binding M13 filamentous bacteriophage, approximately 6-7 nm in 

diameter and 930 nm in length [13, 23], was used to template nanocrystalline gold.  The 

high aspect ratio M13 virus has been used successfully to template numerous inorganic 

nanowires and nanowires assemblies, as well as for the fabrication of a range of device 

architectures [87-89].  These one-dimensional biological structures were well-suited for 

nanowire-based H2S gas sensor formation.  Unlike previous bio-templated H2S sensors 

[84-86], the viral template was designed with specific affinity for the inorganic sensor 

material and the template was not removed prior to gas detection.  The 2700 copies of 

gold specific 8-mer peptide displayed on the length of the virus not only functioned as 

selective binding sites, but were also integral sensor components necessary for sensitive 

and effective H2S sensing at low ppb levels.  To our knowledge, this is the first report of 

bio-templated, room temperature H2S gas sensors in which the template contributes more 

than simple geometry to sensing performance.  These studies reveal the promise of 

biologically-directed synthesis for simple fabrication of highly sensitive, nanostructured 

gas sensors. 
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2.2 Experimental details 

2.2.1 Assembly of viral-templated gold nanowire gas sensors 

As depicted in Figure 2-1 (a-d), to form H2S gas sensors, bio-templated gold 

nanowires were assembled on electrodes fabricated on a Si/SiO2 substrate using a 

modification of a previously reported procedure [90, 91].  A gold-binding [13] M13 

bacteriophage was used as the template.  This particular clone displayed an 8-mer peptide 

(VSGSSPDS) with an affinity for gold on the N-terminus of each of 2700 copies of the 

pVIII major coat protein [13, 34].  The 300 nm thermal oxide layer electrically insulated 

the viral-templated nanowires from the underlying Si substrate.  The Ti/Au (20 nm/180 

nm) electrodes, which were 50 µm wide and separated by a 3 µm gap, were fabricated 

using standard photolithography, electron beam deposition, and lift-off techniques.  Prior 

to nanowire assembly, the substrates with patterned electrodes were solvent cleaned with 

ultrasonication in acetone, isopropanol, and deionized water and activated with O2 

plasma using a reactive ion etching (RIE, Surface Technology Systems) system at 100 W, 

100 mT for 30 sec.  This plasma treatment was critical for uniform and non-specific 

adhesion of the viral template to the patterned substrates.  The pre-patterned substrates 

were then incubated with gold-binding phage in tris-buffered saline (TBS, 50 mM Tris-

HCl, 150 mM NaCl, pH 7.5) for 10 min.  During this step, the gold-binding phages were 

adsorbed onto the substrate.  The substrate was then washed and rinsed in TBS with 0.7% 

Tween-20 (TBST) and deionized water.  To control the density of phage on the substrate 

surface, and ultimately the number of parallel electrical connections between the 
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electrodes, samples were made with three different phage concentrations: 1×108 pfu/µL, 

3×108 pfu/µL, and 5×108 pfu/µL.  Gold nanoparticles were selectively bound to the gold-

binding phage by submerging the substrate in a 5 nm diameter gold colloid solution of 

5x1013 particles/mL (BBI Solutions.) for 1 hr.  The substrate was rinsed 3 times with 

deionized water and gently dried with air.  The nanoparticles bound to the phages were 

used as seeds for electroless deposition of gold using Nanoprobes GoldEnhance™ LM 

solutions.  The electroless deposition time was varied from 3 to 12 min to control the 

nanoparticle size and electrical resistance of the gold nanowires formed.  The viral-

templated gold nanowire devices are hereafter referred to as “as-assembled” devices.  As-

assembled devices were treated with O2 plasma for 30 sec at 100 mT and 100 W using 

the RIE system, dipped in ethanol (Sigma-Aldrich) for 10 min, and gently blown dry with 

air.  This two-step process removed the viral template and surface organics, as well as 

Au2O3 which may have been generated by exposure to O2 plasma [92, 93].  These 

devices will hereafter be referred to as “ethanol-treated” devices and were used to 

evaluate the contribution of the viral-template to device resistance and sensing 

performance. 
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Figure 2-1 Schematic representation of the sensor fabrication process for as-assembled 
devices. (a) O2 plasma treatment of pre-patterned gold electrodes to enhance surface 
hydrophilicity. (b) Non-specific adsorption of gold-binding phage on the patterned 
substrate. (c) Specific binding of 5 nm gold nanoparticles to the pVIII coat protein of 
the gold-binding phages. (d) Nanocrystalline gold nanowires formed through seeded, 
electroless deposition. 

 

2.2.2 Morphological characterization 

Scanning electron microscopy (SEM, Phillips XL30 FEG) was used to determine 

the morphology and spatial distribution of the gold nanowires on the substrate.  The 

number of seed particles per phage was quantified.  A short electroless deposition of 1 

min was used to slightly enlarge the gold nanoparticle seeds without merging them, 

making them easier to observe with SEM.  The particles on 15 individual templates were 

counted for range and average.  In addition, the areal fill factors of viral-templated gold 

nanowires on the Si/SiO2 substrate were determined for devices assembled with phage 

concentrations of 1x108 pfu/µL, 3x108 pfu/µL, and 5x108 pfu/µL.  For each 

concentration, a minimum of 10 locations were imaged and analyzed.  Furthermore, the 
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width of the gold nanocrystal components of the viral-templated nanowires was measured 

at various electroless deposition times.  Approximately 100 gold nanoparticles were 

analyzed for each electroless deposition time.  Transmission electron microscopy (TEM, 

Phillips Tecnai 12) was used to analyze the morphology and connection between the 

nanoparticles within the gold nanowires.  For TEM sample preparation, gold nanowires 

were fabricated on unpatterned SiO2 substrates and dispersed in deionized water by 

ultrasonication.  The dispersed nanowires were then loaded onto carbon-coated copper 

grids and dried in vacuum.  

2.2.3 Resistance measurements 

The room temperature resistance of each as-assembled viral-templated gold 

nanowire device was determined using two-terminal, current-voltage (I-V) measurements 

in which the current was recorded as the applied voltage was swept from -0.3 V to 0.3 V 

(Keithley 2636A sourcemeter) in 30 mV increments.  The same procedure was used to 

measure device resistance after ethanol treatment. 

2.2.4 Sensor performance analysis 

Devices selected for gas sensor measurements were wire-bonded (West-bond Inc. 

7499D) at room temperature to a copper printed circuit board (PCB) with 1% Si/Al wire 

before sensing analysis.  Wire-bonded sensors were placed in a flow cell chamber with a 

gas inlet and outlet.  A constant bias of 0.15 V was applied to each device and, after 

establishing a stable baseline resistance, sensing analysis was performed at ambient 
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temperature and pressure under a constant flow rate of 200 sccm.  The resistance change 

of each viral-templated gold nanowire sensor was measured with exposure to H2S gas.  

To vary analyte concentration, H2S gas was diluted using dry air as the carrier gas and 

each sensor was alternately exposed to H2S gas at the specified concentration and dry air 

for time intervals of 15 min and 30 min, respectively.  A mass flow controller with 

LabView interface was used to control the H2S concentration and exposure time.  A 

similar procedure was followed for selectivity analysis using NH3 and NO2 as the gas 

analytes. 

 

2.3 Results and discussion 

2.3.1 Morphological characteristics of nanocrystalline gold nanowires 

The morphology of the viral-templated gold nanowires which comprise the 

sensors was examined with SEM to study the effect of electroless deposition time and 

phage concentration on the as-assembled gold nanowires.  A representative image of a 

sensor assembled with a phage concentration of 1x108 pfu/µL and an electroless 

deposition time of 3 min is shown in Figure 2-2 (a).  Gold nanowires slightly less than 1 

micron in length, composed of well-defined nanoparticles were seen randomly distributed 

on the substrate in addition to a few individual gold nanoparticles.  The number of 

isolated nanoparticles was small in comparison to those incorporated in the nanowires.    

As shown in the high magnification SEM image in Figure 2-2 (b), the width and 
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connectivity varied along individual nanowires, as well as from nanowire to nanowire.   

Further SEM analysis revealed that the number of gold nanoparticle seeds per template 

ranged from 31 to 61 with an average of 42.  We, therefore, attributed the largest 

deviations in nanowire width and connectivity to differences in the density and 

arrangement of gold nanoparticle seeds along the gold-binding phage prior to electroless 

gold deposition.  The size and morphological changes, which accompanied increased 

electroless deposition time, can be seen in Figure 2-2 (b, c, d).  As the electroless 

deposition time increased from 3 to 12 min, the overall width and connectivity of the gold 

nanowires also increased.  The average width of the resulting nanocrystals on nanowires 

for 3, 7, and 12 min of gold deposition were 29±7 nm, 60±13 nm, and 82±16 nm, 

respectively.  No difference in the morphology, structure, or distribution of nanowires on 

the substrate surface was observed with SEM after template removal by ethanol treatment 

as shown in the Figure 2-3.  The TEM image in Figure 2-4 revealed the detailed structure 

of the nanowires. Mostly shorter fragments (< 200 nm) of nanowires were observed with 

TEM.  This is likely because the fragile nanowires were fractured during sample 

preparation. The nanoparticles within the nanowires were polydisperse.  Both single 

chain and multi-chain nanoparticle arrangements were observed.  At higher 

magnifications near-point-contact connections between nanoparticles that, in many cases, 

structurally and electrically held the viral-templated gold nanowires together were 

observed.  
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Figure 2-2 Morphology of viral-templated gold nanowires within fabricated devices 
assembled with a 1x108 pfu/µL phage concentration and a range of electroless 
deposition times.  (a) Low magnification SEM image that shows viral-templated gold 
nanowires with a 3 min electroless deposition time on 50 µm electrode and across 3 
µm gap.  Scale bar is 1 µm.  High magnification SEM images of viral-templated gold 
nanowires with electroless deposition times of (b) 3 min, (c) 7 min, and (d) 12 min.  
Gold nanoparticles are assembled in a bead-like nanowire form with increasing 
nanowire widths corresponding to increasing electroless deposition time.  Scale bars 
are 1 µm. 
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Figure 2-3 High magnification scanning electron microscopy (SEM) image of viral-
templated gold nanowires.  Viral-templated gold nanowires in an (a) as-assembled 
device in which the viral template was intact and (b) the same device and location 
following an ethanol treatment in which the template was removed.  Scale bars are 200 
nm. 

 

 

Figure 2-4 Morphology and connectivity of viral-templated gold nanowires.  TEM 
image shows a fragment of a viral-templated gold nanowire that was removed from 
the substrate with ultrasonication.  Scale bar is 100 nm.  High magnification TEM 
image (inset) shows fused, polydisperse gold nanoparticles within a different nanowire 
fragment.  Scale bar is 20 nm. 
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Figure 2-5 (a-c) show SEM images of the viral-templated gold nanowire sensors 

fabricated with increasing phage concentration and an electroless deposition time of 3 

min.  Phage concentrations of 1x108 pfu/µL, 3x108 pfu/µL, and 5x108 pfu/µL yielded 

devices with an average gold nanowire surface coverage of 16%, 39%, and 49%, 

respectively.  At a phage concentration of 1x108 pfu/µL both isolated and small clusters 

of nanowires were observed within the 3 µm gap between the electrodes.  At higher 

phage concentrations, 3x108 pfu/µL and 5x108 pfu/µL, gold nanowires formed a 

continuous, mesh-like structure between the electrodes.  Given the relative size of the 

gold nanowires and electrode gap, multiple nanowires were required to physically bridge 

the gap between the two electrodes.  As a result, a lower density of complete, physical 

connections was observed for the 1x108 pfu/µL phage concentration, as compared to the 

3x108 pfu/µL and 5x108 pfu/µL phage concentrations.   
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Figure 2-5 Dependence of gold nanowire surface coverage on phage template 
concentration.  SEM images of gold nanowire devices assembled with phage 
concentrations (a) 1x108 pfu/µL, (b) 3x108 pfu/µL, (c) 5x108 pfu/µL and a 3 min 
electroless deposition time.  Scale bars are 1 µm.  
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2.3.2 Electrical characteristics of viral-templated gold nanowire devices 

The effects of electroless deposition time and phage concentration on sensor 

resistance were studied.  Devices displayed Ohmic behavior within the -0.3 V and 0.3 V 

two-terminal measurement range at room temperature for all conditions investigated.  

Viral-templated sensor resistance is shown as a function of gold deposition time in Figure 

2-6 (a) along with the device yield for each condition.  Device yield is defined as the ratio 

of devices with measureable resistance (less than 10 GΩ) to the total number of devices 

fabricated.  The sensor resistance decreased as the electroless deposition time increased, 

which is consistent with a previous report [90].  As evidenced by SEM analysis, at longer 

times more gold was deposited on the nanoparticle seeds resulting in more continuous, 

thicker nanowires.  We attribute the increase in percentage yield to the increased physical 

continuity of the nanowires.  Furthermore, we ascribe the reduced device resistance to the 

increase in cross-sectional area of the nanowires, in addition to the enhanced continuity 

caused by deposition.  At all deposition times, the device-to-device resistance varies by 1 

to 4 orders of magnitude.  The large range of resistances observed at a given deposition 

time is attributed to the previously mentioned variations in nanowire thickness and 

connectivity associated with differences in density and arrangement of gold nanoparticle 

seeds along the gold-binding phage.   
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Figure 2-6 Dependence of electrical behavior of gold nanowire devices on electroless 
deposition time and phage concentration.  The device yield associated with each 
assembly condition is written above the relevant data. Median resistances of the 
devices with maximum and minimum values are shown as a function of (a) electroless 
deposition time and (b) phage concentration.  

 

As expected, the phage concentration also influenced sensor resistance.  The 

median resistances for devices assembled with phage concentrations of 1x108 pfu/µL, 

3x108 pfu/µL, and 5x108 pfu/µL and an electroless deposition of 3 min is shown in 

Figure 2-6 (b), in addition to the device yield at each concentration.  As the concentration 
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of phage increased, the median device resistance decreased.  As previously discussed, the 

morphology of the sensors varies greatly with phage concentration.  A low concentration 

of phage (1x108 pfu/µL) resulted in devices with nanowires that produced relatively few 

physical connections bridging the electrode gap and higher concentrations of phage 

(3x108 pfu/µL and 5x108 pfu/µL) produced a fairly dense and continuous network of gold 

nanowires across the entire gap.  As the gold nanowire density increased the number of 

available conductive pathways also increased, causing the overall sensor resistance to be 

reduced.  Furthermore, the reduced yield at the low concentration was attributed the low 

probability of creating a physical connection between the two electrodes.  To briefly 

evaluate the stability of the as-assembled devices the resistance was re-measured after 

storage under ambient conditions for 4-5 months.  The resistance of all re-measured 

devices increased, most by no more than a few percent but a handful by as much as an 

order of magnitude.  More studies are required to explore the cause of the resistance 

change and the source of device-to-device variations.   

To better understand the impact of the phage template and surface organics on 

sensor resistance, two-terminal measurements were also performed on ethanol-treated 

devices.  Resistance distributions of as-assembled and ethanol-treated sensors fabricated 

using a 3x108 pfu/µL phage concentration and 3 min electroless deposition are shown in 

Figure 2-7.  As previously discussed, a large distribution of resistances was observed in 

the as-assembled devices with the peak of the distribution between 108 and 109 Ω.  

Following ethanol treatment the distribution remained broad; however the peak resistance 

decreased to 10-100 Ω.  Nonconductive organic ligands act as energy barriers to charge 
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transport via electron hopping in metal nanoparticle films and chains, often resulting in 

highly resistive materials [17, 94, 95].  The large decrease in resistance observed in 

ethanol-treated sensors was attributed to the removal of organic components such as 

peptides and viral template from gold nanoparticle surfaces resulting in reduced 

nanoparticle-to-nanoparticle energy barriers and enhanced charge transport [95-97]. 

 

 

Figure 2-7 Histograms of resistances for as-assembled and ethanol-treated devices 
fabricated using a 3x108 pfu/µL phage concentration and 3 min electroless deposition. 
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2.3.3 Sensing performance of viral-templated gold nanowire devices 

A characteristic real-time sensing response, defined as the change in resistance 

relative to the baseline resistance (ΔR/R0), and a calibration curve with respect to gas 

concentration for as-assembled gold nanowire sensors are represented in Figure 2-8 (a) 

and (c).  These devices were assembled with a phage concentration of 3x108 pfu/µL and 

electroless deposition time of 3 min.  After exposure to dry air flow for 5 hrs with 

constant bias applied, a stable resistance baseline was established for each device.  

However, within the first minute the resistance dropped sharply and then continued to 

slowly decline; by 10 minutes of dry air flow, all devices were stable with less than 5% 

change in resistance over time.  Sensor resistance increased with exposure to H2S 

concentrations ranging from 0.025 ppm to 0.5 ppm.  This chemiresistive behavior was 

consistent with other reports of H2S sensors composed of gold NP chains [46, 47, 81], 

and films [45] in which charge transport between neighboring nanoparticles or 

nanocrystals is impeded by adsorption of H2S onto the gold surface causing resistance to 

increase.  The sensitivity, defined as the slope of the linear region on the calibration 

curve, was 654%/ppm, within the linear range from 0 to 0.025 ppm.  This sensitivity is 

more than an order of magnitude greater than other gold-based room temperature H2S 

sensors [37, 45, 46].  Saturation of sensor response was observed at concentrations above 

0.025 ppm.  The lowest detection limit, defined as the concentration at which the 

response is 3 times the signal-to-noise ratio, was 2 ppb.  This value is lower than that 

achieved by H2S sensors composed of electrophoretically-assembled glycine-stabilized 

gold nanoparticles [46] and gold nanoparticles on 1-pyrenesulfonic acid-coated carbon 
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nanotube templates [81], and comparable to the 3 ppb limit reported for sensors 

assembled from carbon nanotubes decorated with electrochemically deposited gold [37]. 

The response and recovery times, which are defined as the time to reach 95% of 

saturation resistance and the time for resistance to recover to 10% above the baseline 

resistance, were greater than 15 min and 30 min, respectively.  Seventy percent recovery 

was observed within 30 min for all as-assembled devices, indicating desorption of the gas 

analytes from the surface.  Faster recovery was observed with exposure to lower analyte 

concentrations such that devices exposed to 0.025 ppm H2S experienced up to 70% 

recovery within 9 min.  The sensors exhibited some cross-sensitivity to NH3 and NO2, 

toxic gases which are also frequently present in water treatment and mining industries.  

Figure 2-9 shows the response of the devices to 0.5 ppm of H2S, NH3 and NO2.    
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Figure 2-8 Representative room temperature H2S sensing behavior of (a) as-assembled 
and (b) ethanol-treated viral-templated gold nanowire devices.  Sensors were 
alternately exposed to H2S and dry air for intervals of 15 and 30 min, respectively.  
Dashed line indicates the H2S concentration to which the sensors were exposed at each 
time.  Calibration curve of (c) as-assembled and (d) ethanol-treated sensors showing 
sensor response to H2S concentrations between 0 and 0.5 ppm.  Inset in (d) shows 
calibration curve of ethanol-treated devices for H2S concentrations between 0 and 40 
ppm.  
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Figure 2-9 Sensing response of viral-templated gold nanowire sensors to exposure to 
0.5 ppm of H2S, NH3, and NO2 gases. 

 

To highlight the importance of the gold-binding peptides and viral template on 

device behavior, the sensing performance of ethanol-treated devices, in which organics 

were removed, was also analyzed.  A characteristic real-time sensing response and a 

calibration curve for ethanol-treated gold nanowire sensors are shown in Figure 2-8 (b) 

and (d).  Ethanol-treated devices increased in resistance with exposure to H2S 

concentrations ranging from 0.025 ppm to 40 ppm.  These sensors maintained a linear 

response up to 0.5 ppm with a sensitivity of 6%/ppm, and a 6 ppb lower limit of 

detection.  Like the as-assembled sensors, response times were greater than 15 min; 

however, a considerably slower initial response rate was observed for the ethanol-treated 

than for the as-assembled devices.  No recovery was observed in these sensors.  This 

irreversible behavior suggests the continued presence of analyte on the gold nanowire 

sensor surface.  Similar behaviors have been reported at room temperature for H2S 
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sensors based on ligand-free gold thin films [45] and citrate-coated gold nanoparticles 

[47, 81], due to strong Au-S affinity.  Recovery was only attained in these devices at 

temperatures >140°C.  Table 2-1 summarizes the sensing performance of these viral-

templated nanowire devices and provides a comparison to other gold nanoparticle-based 

chemiresistive H2S sensors.  

The sensing behaviors of as-assembled and ethanol-treated sensors were notably 

different.  As-assembled devices, in which the viral template and gold-binding peptides 

were intact, exhibited a slightly decreased lower detection limit (3x), decreased dynamic 

range (20x), and a substantial sensitivity increase (100x) compared to ethanol-treated 

devices.  Moreover, the analyte adsorption and desorption rates of the as-assembled 

sensors were markedly faster than the ethanol-treated sensors.  This behavior suggests 

that, although the viral template with the gold-binding peptide was intended primarily for 

structural assembly of nanowires, it also played an active role in device-analyte 

interaction.  

Biological molecules incorporate a range of chemical moieties which enable 

extraordinary diversity and specificity for in vivo processes.  These same attributes have 

proven useful in discrete sensor and electronic nose applications.  Biological molecules 

including proteins [98, 99], peptides [100-102], antibodies [103], and DNA [104] have 

been successfully integrated into gas or vapor phase sensors to impart analyte specificity.  

Of particular relevance to these studies is the use of peptides.  For example, piezoelectric-

based sensors have utilized molecular modeling in conjunction with oligopeptide mimics 

of human olfactory [99] and dioxin [100] receptors to detect vapor phase acetic acid [99], 
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ammonia [99], and dioxin [100].  The same oligopeptides have also been used to sensitize 

silicon nanowire-based chemiresistive sensors [102].  Furthermore, peptides identified 

with a combinatorial phage display library [105], in a process very similar to that used to 

select the gold-binding peptide found in these studies, have been used for detection of 

trinitrotoluene (TNT) with both fluorescence quenching [106] and conductance-based 

field effect transistor (FET) [107] device platforms.  In the former, the entire virus with 

high copy peptide fusions was incorporated into the device [106].  Indirect evidence 

exists that, indeed, the gold-binding peptide may have an affinity for sulfur found in H2S 

gas.  Specifically, the pVIII major coat protein of the unmodified or wild-type M13 virus 

has been recently reported to display an affinity for sulfur [108].  The carboxyl groups 

associated with acidic amino acids such as aspartate (D) and glutamate (E) found within 

the wild-type pVIII coat donate electrons to sulfur, creating S-O and C-S bonds [108].  

Like the wild-type M13, the gold-binding phage template displays acidic amino acid 

(aspartate, D) on its pVIII coat and may, therefore, share this attraction to the H2S 

analyte, potentially increasing device sensitivity and response rate.  In addition, amine 

groups have demonstrated an affinity for H2S [109-111].  Each of 2700 copies of the 

pVIII protein found along the length of the viral template is terminated with an amine 

group, which may again cause increased sensitivity and enhanced response rate.  

Moreover, very rapid initial response rates were observed in H2S sensors fabricated from 

glycine-stabilized gold nanoparticles on which amine groups were also displayed [46].   

Alternatively, the gold-binding peptide fusion and/or phage template may interact 

with the H2S analyte or its decomposed, adsorbed products without exhibiting a specific 
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affinity.  The gold-binding phage template displays an 8-mer peptide known to 

preferentially bind to and reduce gold in solution [13].  Specifically, hydroxyl-containing 

amino acids such as serine (S) can act as anchoring sites for peptide adsorption to Au 

surfaces [13, 112, 113].  The presence of the high affinity gold-binding peptide, rich in 

serine (S), on the surface of the as-assembled devices, may sterically hinder or decrease 

available adsorption sites and weaken analyte binding to the gold surface resulting in 

reduced dynamic range and enabling device recovery.  As described here, a few potential 

mechanisms, which may act alone or in combination, could account for the active role of 

the viral template within the H2S sensor.  Yet, further studies are necessary to fully 

understand the function of the viral-template and gold-binding peptides in sensor 

performance, as well as in adsorption and desorption kinetics.  
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Table 2-1 Chart to compare sensor performance of gold nanoparticle-based H2S chemiresistive sensors. Work described in 
this chapter in bold. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Device 
Lowest 

detection limit 
(ppb) 

Sensitivity 
(%/ppm) 

Response time 
at lowest conc. 

(min) 

Recovery time 
(min) Reference 

Gold nanoparticle  
on SWNT 3 70 6-8 10 [37] 

Viral-templated  
nanocrystalline gold 2 654 > 15 > 30 [114] 

Gold nanoparticles  
on PANI 0.1 13780 2 5 [43] 

Gold nanoparticles  
On SWNT 50 - > 5 No recovery [81] 

Thin gold film 120 - 10 No recovery [45] 

Dielectrophoresis  
gold nanoparticles 250 29.84 25 sec 2.5 [46] 
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2.4 Conclusion 

We have demonstrated viral-directed assembly of very sensitive, nanocrystalline 

gold H2S gas sensors which operate at room temperature.  The M13 bacteriophage 

template enabled facile control over device morphology, creating discrete nanowires 

from chains of gold nanoparticles.  Electroless deposition time and phage concentration 

were used to adjust individual nanowire width and connectivity, as well as to manipulate 

the nanowire surface coverage of the device.  Increased nanowire width, connectivity, 

and surface coverage decreased sensor resistance.  As-assembled viral-templated gold 

nanowire sensors with template and binding peptides intact, exhibited high sensitivity 

near 650 %/ppm, a very low limit of detection of 2 ppb, and 70% recovery within 9 min 

for 0.025 ppm H2S.  Upon removal of the viral template and binding peptides using O2 

plasma treatment and an ethanol dip, sensor resistance dropped by several orders of 

magnitude, the limit of detection increased, and sensitivity fell by more than a factor of 

100.  Furthermore, the initial rate of sensor response to H2S exposure was substantially 

reduced and recovery was lost.  The presence of the bacteriophage template and gold-

binding peptide clearly plays a sizeable role in device resistance and is critical to H2S 

sensing.  Bio-templated materials not only have the potential to generate high surface 

area-to-volume nanostructured architectures desirable for gas sensing, but may exhibit 

additional functionality which facilitates and even enhances device performance. 
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Chapter 3. Gold-Palladium 

Nanopeapod H2 Sensor 

3.1 Introduction 

Hydrogen (H2), a zero-emission energy source, has long been recognized as a 

promising alternative to fossil fuels, yet technological hurdles remain.  This colorless and 

odorless gas is extremely reactive with oxygen and explosive in air above 4 vol. %, 

necessitating specialized safety consideration.  Specifically, to diminish risk aboard 

vehicles and in home or industrial settings, early leak detection is critical.  For safe and 

effective use of H2 as a fuel, highly sensitive sensors that rapidly detect low 

concentrations of H2 gas are in demand. 

Nanostructured, palladium (Pd)-based chemiresistive H2 sensors are a sensitive 

and selective sensing option.  Pd thin films [49-52], electrodeposited single nanowires 

[53, 55, 115], nanotubes [56], and nanoparticles [57, 116] are some examples of 

nanomaterials which have been used in this capacity.  H2 gas adsorbs to the surface and 

grain boundaries of Pd, dissociates, and diffuses into the lattice to form palladium 

hydride (PdHx).  The presence of hydrogen (H) within the lattice increases electron 

scattering sites, increasing bulk electrical resistivity.  Additionally, H decreases the work 

function of Pd, which can impede electrical transport between Pd grains and across 
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junctions with other materials [48, 49].  Furthermore, as H is incorporated within the Pd 

lattice, a volume expansion occurs which is amplified at high H content by a transition 

from α- to β-phase [48].  Consequently, two H2 sensing schemes are common: (1) a 

resistance increase caused by resistivity or work function change, typically used for low 

H2 concentrations and (2) a resistance decrease induced by material expansion and 

subsequent nanogap closure, most often used for high H2 concentrations.  In both 

approaches, nanostructured Pd materials increase device sensitivity and speed over bulk 

through increased surface-to-volume ratios.  Despite previous reports of Pd-based H2 

sensors, further performance enhancements are needed. 

Here, chemiresistive sensors were fabricated from bio-templated gold-palladium 

(Au-Pd) nanopeapods and low concentration H2 gas detection was demonstrated in air.  

Sensor performance was dictated by Pd thickness and overall Au-Pd nanopeapod 

morphology.  Devices assembled from peapods with thin Pd layers, on the order of a few 

nanometers, exhibited highly sensitive H2 sensing below 2000 ppmv or 0.2 vol. %. 

 

3.2 Experimental details 

3.2.1 Au-Pd nanopeapod assembly on substrate 

A previously reported M13 viral-templating method was adapted to assemble H2 

sensors composed of Au-Pd nanopeapods [90, 114].  The M13 virus has been reported as 

a versatile nanoscaffold for inorganic nanowire assembly due to its filamentous structure 
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with diameter of 6.5 nm and length of 930 nm [12, 13, 23, 33, 117] and was 

advantageous in establishing the desired peapod-like geometry.  The assembly scheme 

and a final device schematic are depicted in Figure 3-1.  Standard microfabrication 

techniques were used to pattern pairs of 50 µm wide gold electrodes separated by a 3 µm 

gap on Si/SiO2 substrates.  Gold-binding M13 bacteriophage, displaying VSGSSPDS 

gold-binding peptides [13], were adsorbed onto these pre-patterned substrates and used to 

template strings of gold nanoparticles which were subsequently enlarged via a 1 min 

electroless deposition.  Each substrate was then placed in 3 mM H2PdCl4 and ascorbic 

acid was slowly added over a 30 min period to a final molar ratio of 1:8 while stirring 

constantly.  For thick deposition, the procedure was completed twice followed by a 10 

min incubation.  For thin deposition, the procedure was completed once followed by a 12 

min incubation. 

 

 

Figure 3-1 Schematics of viral templated Au-Pd nanopeapod assembly and 
chemiresistor geometry.  (a) A gold-binding M13 virus was used to bind Au 
nanoparticles which were used as seeds for Pd deposition.  (b) A chemiresistor 
composed of a random network of Au-Pd nanopeapods bridging two electrodes.  
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3.2.2 Morphological and materials characterization 

Scanning electron microscopy (SEM, Phillips XL30 FEG) was used to determine 

morphology and distribution of gold nanoparticle chains and Au-Pd nanopeapod 

structures.  Energy dispersive x-ray spectroscopy (EDS) on the SEM was used for 

elemental analysis and mapping of the fabricated nanopeapod devices.  

3.2.3 Electrical and sensor characterization 

Electrical resistance of the devices was determined by two-terminal current-

voltage measurements.  The voltage was swept from -0.3 V to 0.3 V using the Keithley 

2636A sourcemeter while recording the current change on the custom Labview program.  

Selected devices were wire-bonded to a copper printed circuit board (PCB), and 

then placed in a flow cell chamber with gas inlet and outlet [114].  The resistance of the 

devices was recorded while applying a constant bias of 0.15 V.  A stable baseline 

resistance was established by flowing dry air for 5 hrs.  The sensor was then alternately 

exposed to a known concentration of H2 and dry air for 15 min and 30 min, respectively, 

at a flow rate of 200 sccm.  H2 gas was diluted to concentrations from 50 ppmv to 2000 

ppmv using dry air as the carrier gas before introduction to the flow cell chamber.  A 

custom Labview program was used to measure resistance, in addition to control gas 

concentration and exposure times.  
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3.3 Results and discussion 

Scanning electron microscope (SEM) images of Au nanoparticle seeds and Au-Pd 

nanopeapod structures are shown in Figure 3-2.  The 19 ± 4 nm diameter Au seeds were 

arranged in discontinuous chains along the viral templates which were randomly 

dispersed between electrodes.  The Pd deposition selectively deposited on and enlarged 

the Au nanoparticles, creating an extended network of peapod structures.  Two Pd 

deposition steps produced relatively thick nanopeapods with an average diameter of 50 ± 

11 nm and an estimated shell thickness of 15.5 ± 6 nm, whereas a single Pd deposition 

step produced thinner nanopeapods with an average diameter of 29 ± 8 nm and an 

estimated shell thickness of 5 ± 4.5 nm.  Consequently, the morphology of the 

nanomaterials was dissimilar.  Despite thickness variations, thick Pd deposition yielded 

structures in which Au nanoparticles were completely encapsulated.  In contrast, thin Pd 

deposition resulted in meager, perhaps even incomplete coating of Au seeds at some 

locations. Energy dispersive spectroscopy (EDS) spectra and elemental mapping of thick 

(Figure 3-3, Figure 3-4) and thin (Figure 3-5, Figure 3-6) Au-Pd nanopeapods showed 

presence of Pd and Au along the nanopeapod structures [118]. 
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Figure 3-2 High magnification scanning electron microscope (SEM) images of (a) Au 
nanoparticle seeds and Au-Pd nanopeapods assembled with (b) thick and (c) thin Pd 
deposition.  Scale bar is 200 nm.  
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Figure 3-3 Energy dispersive spectroscopy spectrum of thick Au-Pd nanopeapods.  Au 
and Pd were present in addition to Si and O from the substrate and Ag from the silver 
paste for grounding.   
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Figure 3-4 (a) Scanning electron microscopy image and (b-d) energy dispersive 
spectroscopy elemental mapping of thick Au-Pd nanopeapods with an average 
diameter of 50 ± 11 nm on a Si/SiO2 substrate.  SEM image is overlapped with 
elemental mapping of (b) both Au and Pd, (c) Au only, and (c) Pd only.  Yellow and 
magenta are used to indicate the presence of Au and Pd, respectively.   
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Figure 3-5 Energy dispersive spectroscopy spectrum of thin Au-Pd nanopeapods.  Au 
and Pd were present in addition to Si and O from the substrate and Ag from the silver 
paste for grounding. 
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Figure 3-6 (a) Scanning electron microscopy image and (b-d) energy dispersive 
spectroscopy elemental mapping of thin Au-Pd nanopeapods with an average diameter 
of 29 ± 8 nm on a Si/SiO2 substrate.  SEM image is overlapped with elemental 
mapping of (b) both Au and Pd, (c) Au only, and (c) Pd only.  Yellow and magenta are 
used to indicate the presence of Au and Pd, respectively. 
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The electrical resistance of the fabricated devices was measured at room 

temperature from -0.3 V to 0.3 V.  Prior to Pd deposition there was no measurable current 

flow, thus confirming the electrical isolation of the Au nanoparticle seeds.  Following Pd 

deposition, Ohmic behavior was observed within this voltage range for all devices.  

Current-voltage (I-V) characteristics for devices with thick and thin Pd layers are shown 

in Figure 3-7 (a) and (b), respectively.  The median resistance of the devices with a 

thicker Pd layer was 4.7 kΩ, six to seven orders of magnitude lower than that of the 

devices with a thinner Pd layer.  This disparate electrical behavior was well-correlated 

with differences in peapod morphology.  Nanopeapods produced with two sequential Pd 

depositions were larger in cross-sectional area and less granular in appearance than those 

produced with a single Pd deposition.  The complete encapsulation of the Au 

nanoparticles allowed significant conduction through the Pd coating, as well as through 

the seeds.  The same was not true for the sparse Pd coverage created by a single 

deposition.  Rather, the nearly incomplete Pd layer created a more bead-like morphology 

with tenuous connections between Pd-coated Au nanoparticles.  This chain-like geometry 

hindered conduction between neighboring Pd shells strongly favoring electron hopping 

charge transport and substantially increasing resistance [94, 96, 119].  
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Figure 3-7 Representative I-V curves for Au-Pd nanopeapod devices with (a) thick 
and (b) thin Pd deposition shown with median resistance values for each fabrication 
condition. 

 

The sensing performance of Au-Pd nanopeapod devices was evaluated in air at 

ambient temperature and pressure.  The real-time sensing response of thick Au-Pd 

nanopeapod devices is presented in Figure 3-8 (a).  Sensor response is defined as the 

change in resistance relative to the baseline resistance of the device, R-R0/R0 x 100, 

where R is resistance and R0 is baseline resistance.  A stable baseline resistance was 

obtained after 5 h of dry air flow.  The expected increase in resistance associated with 

PdHx formation was not observed with introduction of H2 gas.  Instead, the thick 

nanopeapod devices decreased in resistance with each H2 gas exposure without recovery 

to the baseline during dry air purge.  A similar decrease in resistance was reported for 

electrochemically-deposited and lithographically-patterned Pd nanowires [120, 121], Pd 

nanoparticle layers [57] and PdO thin films [122].  This behavior was attributed to the 

reduction of chemisorbed or incorporated oxygen caused by H2 gas exposure, yielding Pd 
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metal and irreversibly reduced resistance [57, 122].  We believe that during Pd electroless 

deposition and exposure to ambient air, oxygen species were incorporated into the Pd 

coating of the thick nanopeapods either as part of the bulk material or within the network 

of grain boundaries which extended throughout the layer.  To test this hypothesis, the 

thick nanopeapod devices were conditioned through exposure to 2000 ppmv H2 for 3 h to 

remove residual oxygen species.  The sensing response was then evaluated by alternating 

exposure to dry air and 2000 ppmv H2 gas.  As shown in Figure 3-8 (b), during the 

conditioning period the device resistance decreased continually, rapidly at first and then 

more slowly.  The time needed to fully reduce Pd-based nanomaterials is highly 

dependent on factors such material geometry, oxygen content, H2 concentration, and gas 

flow.  Reported times vary widely from 300 s to over 14 h [120, 121], therefore it is 

perhaps not surprising that a 3 h H2 exposure was insufficient for complete removal of 

oxygen species and device resistance stabilization.  Nonetheless, despite a slow, 

persistent decrease in resistance with each H2 exposure due to continued reduction of 

oxygen species within the thick Pd layer, a rapid resistance increase and decrease 

corresponding to each H2 exposure and dry air purge were observed following 

conditioning.  Sensing responses ranging from 0.04% to 2.6%, calculated using the 

instantaneous resistance change and resistance just prior to H2 exposure, were found for 

2000 ppmv H2.  Even though air was used as a carrier gas which was shown to lessen 

device response and increase lowest detection limit (LDL) compared to N2 for some 

sensors [57, 115] the higher responses were comparable to those recorded for pure 

nanocrystalline 10-200 nm diameter Pd nanowire [55, 115] and nanoparticle [57] sensors. 
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Figure 3-8 Representative real-time sensing behavior of thick Au-Pd nanopeapod 
sensors.  (a) Sensors were exposed to H2 for 15 min followed by dry air for 30 min. 
Corresponding H2 concentrations, ranging from 100 to 2000 ppmv, are shown with 
dashed lines.  (b) Sensors were conditioned by exposure to 2000 ppmv H2 gas for 3 
hours.  Subsequently, sensors were alternately exposed to dry air for 30 min followed 
by 2000 ppmv H2 for 15 min.  H2 gas on and off points are shown with dashed lines. 
Inset displays sensor response throughout entire conditioning and H2/air alternating 
exposure sequence. 
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Figure 3-9 (a) shows the real-time sensing response of thin Au-Pd nanopeapod 

devices.  For this morphology, even without conditioning, only a small decline in 

baseline resistance due to H2 reduction of oxygen species was detected within the initial 

exposure cycles.  The comparatively fast reduction of Pd was credited to the reduced 

volume of oxygen species present and the rapid diffusion possible within the thin layer.  

A well-defined increase in resistance with H2 exposure was seen clearly, as well as a 

partial recovery to baseline resistance during dry air purge.  A small, gradual decrease in 

baseline resistance was also observed throughout initial H2 exposure cycles.  Similar to 

thick Au-Pd nanowires, this drift was attributed to the removal of oxygen chemisorbed 

onto the Pd surface.  The calibration curve for thin Au-Pd nanopeapod sensors is found in 

Figure 3-9 (b).  The average response to H2 in air ranged from 2% at 100 ppmv to 177% 

at 2000 ppmv.  Specifically, at 1000 ppmv H2, an average response of 84% was recorded 

for thin Au-Pd nanopeapod sensors.  These responses are among the highest reported for 

continuous, Pd nanowire-based sensors at low H2 concentrations [55, 56, 115, 123].  With 

the exception of a nearly 1000% response in air achieved by Lim et al. [56] for a device 

composed of vertical Pd nanotubes, other reports for the same H2 concentration in N2 are 

typically in the range of only a few percent.  For example, Yang et al. [115] reported a 1-

3% response with electrodeposited nanowires 10-100 nm in diameter; Zeng et al. [124] 

attained a 1-2% response with a network of sputtered Pd nanowires; and Offermans et al. 

[121] noted a 1.5% response with microfabricated Pd nanowires.  The average LDL, 

defined as the concentration at which the response is 3 times the signal-to-noise ratio, 

was 25 ppmv for the thin Au-Pd nanopeapod sensors.  This LDL was lower than most of 
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those measured in air and matched the detection limit of those measured in N2 [52, 57, 

115].  The relatively high response and low LDL are attributed to the combination of high 

surface-to-volume ratio of the viral-templated nanopeapods and the limited conduction 

path through numerous tenuous Au-Pd and Pd-Pd junctions.  The large surface area 

facilitated H2 adsorption, dissociation, and diffusion; and the thin Pd shell, estimated as 5 

± 4.5 nm, constrained the maximum diffusion length necessary for H incorporation into 

the Pd lattice to a fraction of the peapod width.  Due to sparse Pd deposition and the 

resulting bead-like morphology of the Pd-coated Au nanoparticles, electron conduction 

was likely dominated by activated hopping transport between Pd shells.  Under these 

circumstances, the material conductivity decreases exponentially with bead-to-bead 

barrier height [125, 126].  The formation of even a small amount of high resistivity 

material, such as PdHx, within these fragile connections can substantially increase 

material resistance, resulting in high sensitivity gas detection.  Similar behavior has been 

reported for other nanoparticle-based chemiresistive sensors [57, 114, 116].  

The response time, defined as the time it takes for the resistance to reach 90% of 

its saturation value, for thin Pd devices was greater than 15 min at all H2 concentrations, 

but 70% response was obtained within 1 min.  Unlike the unconditioned thick Pd layer 

devices, at least partial recovery was observed at all H2 concentrations for thin Pd 

devices.  The recovery of resistance varied among devices and ranged from 53% to 89% 

within the 30 min time span.  Moreover, all devices exhibited a minimum of 50% 

recovery within 4 min at all H2 concentrations.  The range in recovery times was 

attributed to differences in H desorption time from the Au-Pd nanopeapods.  Despite low 
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Pd thickness which characteristically accelerates sensing behavior [115], these response 

and recovery times were sluggish compared to other nanostructured Pd H2 sensors [57, 

115].  One possible explanation for the high response time is slow H2 dissociation on the 

Pd surface caused by H2O contamination from oxygen species [57, 127].  Further studies 

are necessary to more fully understand limitations of sensor speed and performance.  

 

Figure 3-9 (a) Representative real-time sensing behavior and (b) average calibration 
curve of thin Au-Pd nanopeapod sensors.  Sensors were exposed to H2 for 15 min 
followed by dry air for 30 min.  Corresponding H2 concentrations, ranging from 50 to 
2000 ppmv, are shown with dashed lines.  
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These results were comparable or higher compared to previously reported work, 

as summarized in Table 3-1.  An average response of 84% at 1000 ppmv was notably 

high particularly at ambient air where O2 and H2 gases compete for adsorption to Pd 

surfaces. 
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Table 3-1 Chart to compare sensor performance of nanoscale Pd-based H2 chemiresistive gas sensors.  Work in this chapter 
in bold. 

 

 

 

 

 

Device 
Lowest 

detection limit 
(ppm) 

Response 
to 1000% 

Response time at 
lowest conc. 

(min) 

Recovery 
time (min) 

Carrier 
gas Reference 

Viral-templated 
Au-Pd peapod 25 84 >15 >30 Air [128] 

Ultrathin Pd film 25 12 40 sec 10 sec N2 [52] 

Electrodeposited 
single Pd nanowire 1000-2000 1-3 13 0.1-30 Air [115] 

Network of ultrasmall 
Pd nanowires 100 1-2 1.7 1.7 N2 [124] 

Microfabricated Pd 
nanowire 10 1.5 45 sec 40 sec N2 [121] 

Lithographically 
patterned single Pd 

nanowire 
20 1 10 sec 3-80 N2 [55] 
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3.4 Conclusion 

In summary, we have fabricated highly sensitive H2 sensors from Au-Pd 

nanopeapods that detect low concentrations of H2 gas in air.  Facile assembly of peapod 

structures was achieved with the M13 bacteriophage, a high aspect ratio bio-template.  Pd  

shell thickness and the resulting Au-Pd nanopeapod morphology were critical factors 

affecting the electrical resistance and sensing performance of these devices.  Thick Au-Pd 

nanopeapod devices with low electrical resistances displayed a rapid, irreversible 

decrease in resistance with initial H2 exposure due to oxygen removal from the Pd layer, 

resulting in unsatisfactory sensing behavior.  However, moderate sensing responses from 

0.04% to 2.6% at 2000 ppmv were achieved from these same devices after the removal of 

oxides by extended H2 exposure for 3 h.  In comparison, thin Au-Pd nanopeapod devices 

with high electrical resistances and more bead-like morphologies showed only a minimal 

resistance drop with initial H2 exposure, and demonstrated very high sensitivity with a 

117% response at 2000 ppmv H2 and a lowest detection limit of 25 ppmv.  Au-Pd 

nanopeapod sensors represent a promising device platform for room-temperature, highly 

sensitive chemiresistive detection of H2 gas. 
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Chapter 4. ZnO Nucleation on Viral-

Scaffold 

4.1 Introduction 

ZnO is a direct, wide-bandgap (3.2-3.4 eV) semiconductor which has proven 

useful for many electronic and optoelectronic applications in both bulk and 

nanocrystalline forms.  It has been reported for applications in sensors, light emitting 

diodes, dye-sensitized solar cells, and photocatalytic devices [129, 130].  Bio-directed 

synthesis of ZnO is a promising technique capable of morphological control under 

generally mild, low temperature conditions.  Biological molecules from small building 

blocks such as peptides and DNA, as well as larger structures such as bacteria, wood, and 

butterfly wings, have been reported to influence or direct ZnO nucleation [60, 86, 131].  

Combinatorial phage display technology using the pIII library has been employed to 

discover number of different peptides with affinity to ZnO [28, 31, 132, 133].  Few of 

them have been further investigated for biomineralization purposes to form ZnO 

nanocrystals [132], nanoflowers [28, 134], and nanoplatelet [31] structures.  However, 

such studies have focused on free peptides or peptides arranged on a planar surface.  

M13 bacteriophage is a filamentous virus that is used in combinatorial phage 

display technique.  It is composed of a pVIII major coat protein along the length of the 
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virus, pIII and pVI minor coat proteins at one end, and two other minor coat proteins 

pVII and pIX at the other end of the virus Figure 1-1.  These five coat proteins enclose a 

circular single stranded DNA inside, which encodes for the coat protein sequence and 

length of the virus.  M13 bacteriophage has been reported as a promising scaffold for 

inorganic nanoamaterial assembly by displaying specific peptide sequences or molecules 

on its protein coat.  Genetically modified phages have successfully template 

nanostructures of gold, silver, ZnS, and more [13, 21, 30, 135].  However, the tightly 

packed nature of pVIII coat protein limits the length (6-8 mer) and charge (negative at pH 

7) of the peptides that can be displayed.  Therefore, chemical conjugation methods used 

linker molecules have been employed for display of RGD cell affinity sequence [136] 

and poly(ethylene glycol) molecules [136], which will be adapted for display of highly 

positively charged, 12-mer ZnO-binding peptide.   

Here we report the biomineralization of ZnO on a M13 bacteriophage biological 

scaffold.  A reported peptide sequence (EAHVMHKVAPRP, Figure 4-1) with high 

affinity for ZnO [28] was displayed on each pIII and pVIII protein coats of the M13 

bacteriophage to mineralize ZnO nanoparticles.  For ZnO nucleation on the pVIII protein 

coat, a crosslinker molecule, sulfosuccinimidyl 4-[N -maleimidomethyl]cyclohexane-1-

carboxylate (sulfo-SMCC) was used to covalently bind and display the reported peptide  

at controlled densities.  The density of peptide coverage was controlled, confirmed, and 

mineralization of ZnO was performed.  These studies explore ZnO biomineralization on 

the various structural proteins of the M13 bacteriophage at ambient conditions.  
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Figure 4-1 Ball-and-stick model of ZnO-binding sequence, EAHVMHKVAPRP, built 
using Chimera software [24]. 

 

4.2 Experimental details 

4.2.1 Genetic insertion of ZnO-binding peptide in pIII 

The previously published ZnO-binding peptide (EAHVMHKVAPRPGGGSC) 

[28] was genetically fused on the pIII coat protein of the M13 bacteriophage.  An 

oligonucleotide 5’-CAT GTT TCG GCC GAA CAA GAA CCT CCG CCA GGA CGT 

GGT GCA ACT TTG TGC ATA ACA TGA GCT TCA GAG TGA GAA TAG AAA 

GGT ACC CGG G-3’ (Integrated DNA Technologies, IDT) encoding for the 17-mer 

ZnO-binding peptide sequence was polymerase chain reaction (PCR) amplified and 

digested with Acc65I and EagI restriction enzymes.  The M13 bacteriophage vector, 

M13KE, was digested using the same restriction enzymes, then the oligonucleotide and 

vector was ligated to form a circular vector DNA with insertion in gIII region.  The 

vector was transfected into the XL1-Blue electroporation competent cells through 

electroporation and titered.  The display of ZnO-binding peptide on the pIII minor coat 
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protein was confirmed through DNA sequencing (Applied Biosystems 3730xl DNA 

Sequencer).  Once confirmed, the phage was amplified using ER2738 strain E. coli and 

following the standard M13 amplification procedure.  

4.2.2 Chemical conjugation of peptide with sulfo-SMCC linker 

A crosslinker molecule, sulfosuccinimidyl 4-[N -maleimidomethyl]cyclohexane-

1-carboxylate (sulfo-SMCC, Thermo Scientific) was used to covalently conjugate the 

ZnO-binding peptide (EAHVMHKVAPRPGGGSC, Biomatik) to the M13 bacteriophage 

pVIII protein coat using a two-step procedure.  Sulfo-SMCC and pVIII protein coats are 

shown in Figure 4-2.  First, the sulfo-SMCC chemical crosslinker (10 mg/mL) and M13 

bacteriophage (1.86 x 1013 pfu total, 0.238 mM available amine group) were co-incubated 

in phosphate buffered saline (PBS, 100 mM sodium phosphate, 150 mM sodium chloride, 

pH 7.2) at room temperature for 30 min for covalent binding of the linker molecule on 

available amine groups.  Free unbound crosslinker molecules were then removed using 

the Zeba desalt spin column (Thermo Scientific) according to the manufacturer protocol.  

In the second step, the collected sulfo-SMCC conjugated M13 bacteriophage was 

immediately aliquot into 100 µL volumes and peptide concentrations equal to 0.5 (0.012 

mM) to 4 (0.95 mM) molar excess to available amine groups (0.238 mM) were added.  

The reaction was left at room temperature for another 30 min to result ZnO-binding 

peptide conjugated M13 bacteriophage. 

Quantitative analysis to determine conjugated peptides on viral-template was 

performed with Ellman’s reagent (5,5'-dithio-bis-(2-nitrobenzoic acid), Thermo 
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Scientific), which is a colorimetric indicator of free sulfhydryl groups in solution.  A 

mixture of 1 mL phosphate buffer (PB, 0.1 M sodium phosphate, pH 8.0, 1 mM EDTA), 

20 µL Ellman’s reagent (4 mg/mL in PB), and 100 µL of conjugated sample was 

prepared and left at room temperature for 15 min.  The absorbance of the mixture was 

measured at 412 nm to determine free sulfhydryl group.  A standard curve was obtained 

first with peptide concentrations from 0 to 1.5 mM in place of 100 µL of conjugated 

sample, which was used to correlate absorbance at 412 nm to unbound peptide molarity.  

The percent coverage on the phage was found by subtracting the free, unbound sulfhydryl 

groups from the initial peptides added: molar peptide added in mixture – molar free 

sulfhydryl in solution determined from Ellman’s reaction.  

 

Figure 4-2 (a) Chemical structure of sulfo-SMCC and (b) Chimera image of pVIII coat 
protein [24].  The amine groups present in pVIII coat protein are indicated in green, 
and the sulfo-SMCC linker molecule can conjugate to the n-terminus and lysine 
residue. 

4.2.3 Matrix-assisted laser desorption/ionization (MALDI) analysis 

Covalent conjugation of ZnO-binding peptide on M13 pVIII protein coat was 

confirmed by matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy 

(MALDI-TOF MS, QSTAR XL oMALDI MS/MS).  The pVIII coat proteins were 

N-terminus 
Lysin
e 

C-terminus Sulfo-SMCC 

(a) (b) 



 

 67 

obtained by incubating 100 µL of 2.66 x 1010 pfu/µL of peptide conjugated phage with 25 

µL of 6 M guanidine hydrochloride at room temperature for 5 min for denaturation.  

Smaller fragments, molecules, and salt were removed using a molecular weight cut-off 

filter (Vivaspin 500 MWCO 300, Vivaproducts).  The purified, denature protein sample 

was mix with acetonitrile, trifluoroacetic acid, and α-cyano-4-hydroxycinnamic acid 

matrix and spotted on the matrix plate for analysis. 

4.2.4 ZnO nanocrystal synthesis on M13 bacteriophage protein coat 

A previously reported procedure for free peptide-assisted ZnO biomineralization, 

was adapted for ZnO mineralization on the M13 pIII minor coat protein [28].  Briefly, 

equal volumes of 10 mM zinc nitrate hexahydrate (Zn(NO3)2!6H2O, > 99.0%, Acros 

Organics) and 20 mM potassium hydroxide (KOH, Fisher Scientific) were mixed to form 

zinc hydroxide (Zn(OH)2).  The formed Zn(OH)2 was washed with deionized water and 

the concentration was adjusted to 10 mM Zn(OH)2.  Different concentrations of Zn(OH)2 

were prepared similarly by starting with the appropriate concentrations of Zn(NO3)2 and 

KOH.  M13 bacteriophage were added to the Zn(OH)2 solution to a final concentration of 

2x109 pfu/µL and 2x108 pfu/µL for pIII modified and pVIII conjugated ZnO-binidng 

phages, respectively, and the samples were left to mineralize at room temperature without 

agitation.  
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4.2.5 Morphological characterization 

Transmission electron microscopy (TEM, FEI-Phillips CM300 and FEI Tecnai12) 

was used to examine the nanocrystal diameter and size distribution of mineralized 

material.  TEM samples were prepared by placing 5 µL of the reaction on a carbon-

coated copper grid (Ted Pella, Inc), allowing 5 minutes for adsorption, and rinsing the 

grid twice in deionized water for 5 minutes.  Selected samples were negatively stained 

with 5 µL of 2% uranyl acetate, followed by removal of excess liquid by wicking off with 

filter paper.  Nanoparticle diameters and particle size distributions were determined using 

these images. Energy dispersive x-ray spectroscopy (EDS) was performed on the TEM 

(FEI-Phillips CM300) for elemental analysis of the nucleated materials.  

 

4.3 Results and discussion 

A genetically modified M13 bacteriophage displaying a previously report ZnO-

binding peptide, EAHVMHKVAPRPGGGSC, on its pIII coat protein was used to form 

ZnO nanoparticles.  Figure 4-3 shows the formation of ZnO nanoparticles on the M13 

virus after incubation with the Zn(OH)2 precursor solution for 10 h.  The viral capsid 

appears structurally intact indicating insensitivity to the precursor solution.  The location 

of the nanoparticles, at the tip of the filamentous virus suggests that ZnO was directly 

mineralized on the pIII coat protein due to the ZnO-binding peptide fusion.  Notably, a 

ZnO nanoparticle cannot be found on all viruses.  Further studies are needed to 
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understand the low incidence of mineralization.  The particle size distribution determined 

from TEM images is shown in Figure 4-4.  A broad size distribution with an average 

particle diameter of 53 nm was found.  The observed distribution is similar to that 

reported for the ZnO-mineralizing peptide, GAMHLPWHMGTL [132].  In contrast to 

the ZnO-binding peptide used in our experiments, the ZnO-mineralizing peptide was 

selected for catalytic activity rather than binding affinity.  It is curious that both peptides 

exhibit the lack of control over polydispersity which has been reported for other peptides 

and other materials [30, 137].  No nanoparticles were seen in a control sample without 

bacteriophage, reinforcing the conclusion that the ZnO-binding peptide was responsible 

for nanoparticle formation.  Unlike, previous reports of nanoparticles [28, 31, 130] 

mineralized with free ZnO-binding peptides, the nanoparticles attached to the tip of the 

virus remained as individual nanoparticles rather than forming larger clumps of ZnO.  

  

Figure 4-3 Transmission electron microscopy (TEM) images of ZnO nanoparticles 
formed on the pIII genetically modified M13 bacteriophage after 10 h of incubation.  
(a) A single M13 bacteriophage with nanoparticle attached at one end and (b) shows 
polydispersity of nanoparticles formed. TEM images were negatively stained with 2% 
uranyl acetate.  

200nm  200nm 

(a) (b) 



 

 70 

 

Figure 4-4 Histogram to show distribution of ZnO nanoparticle diameters obtained 
from 10 mM Zn(OH)2 after 10 h incubation. 

 

The effect of precursor concentration and incubation time on the diameter of the 

biomineralized ZnO nanoparticles is shown in Figure 4-5.  TEM images were used to 

determine the diameters of nanoparticles formed in 1 mM and 10 mM of Zn(OH)2 

precursor solution at different incubation times.  All studied mineralization conditions 

resulted in highly polydisperse nanoparticles.  The standard deviation in particle diameter 

was typically ± 34% of the average diameter.  Average nanoparticle diameters ranged 

from 51 to 77 nm.  In addition, given the particle size distribution, there was no 

significant dependence of the nanoparticle diameters on precursor concentration or 

incubation time.  The ZnO-binding peptide displayed on the M13 bacteriophage acted as 

a ZnO nucleation site, mineralizing polydisperse nanoparticles at wide range of 

conditions.  
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Figure 4-5 The average diameter of ZnO nanoparticles at different precursor and 
incubation times.  

 

With successful nucleation of ZnO nanoparticles on the pIII coat protein, a 

chemical modification method was used to display the same ZnO-binidng peptide 

EAHVMHKVAPRPGGGSC on the pVIII protein coat for ZnO nucleation on a 1D 

scaffold.  A bi-functional crosslinker, sulfo-SMCC was covalently conjugated on the 

amine groups on the n-terminus and lysine side group close to the n-terminus.  Then, the 

sulfur on the cysteine side group was conjugated on the other end of the crosslinker for 

bioconjugation of the peptide.  The % coverage of peptide on the phage with different 

peptide concentration added was monitored using the Ellman’s reagent, which determines 

the amount of sulfhydryl groups left in solution, and shown in Figure 4-6.  A saturation of 

the curve was expected close to 100%, however a continuously increasing curve was 
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obtained up to 315% coverage.  We attribute this to possible disulfide bond formation 

between the peptides within the solution to reduce sulfhydryl groups, resulting greater 

coverage above 100%.  Although saturation was not obtained, a slight decrease in slope 

was observed at 0.5 molar excess (0.119 mM) of ZnO-binding peptide to available sites 

(0.238 mM).  

 

 

Figure 4-6 Percent coverage of ZnO-binding peptide on phage with 0.238 mM 
available sites with respect to concentration of peptides added in reaction. 

 

Conjugation of ZnO-binding peptide on the M13 bacteriophage coat protein was 

confirmed by matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) 

analysis.  Figure 4-7 displays the spectra obtained from the conjugation sample prepared 

with equal amounts of available binding sites and ZnO-binding peptides.  The MALDI-

TOF MS spectra displayed 4 major peaks at m/z 1733, 5238, 7189, and 9240.  These 
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peaks correlated well with different proteins that could exist in the sample: free ZnO-

binding peptide (1733 Da), unmodified pVII coat protein (5238 Da), pVIII coat protein 

with one ZnO-binding peptide conjugated (7189 Da), and pVIII coat protein with two 

ZnO-binding peptide conjugated (9104 Da).  This analysis showed conjugation of ZnO-

binding peptide on the pVIII coat protein of the M13 bacteriophage.  At 1 molar excess 

of peptide, 100% coverage of two ZnO-binding peptides on each pVIII protein was not 

possible.  Although further study is necessary, fully understand the capability, 100% 

coverage may be difficult to obtain due to steric hindrances in the tightly packed pVIII 

coat proteins.  

 

Figure 4-7 MALDI-TOF MS spectra of pVIII coat protein with sulfo-SMCC and ZnO-
binding peptide conjugation.  

 

The ZnO-binding peptide conjugated phages were flocculated when observed 

under the TEM as shown in Figure 4-8 (a).  Conjugation of highly positively charged 
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ZnO-binding peptide increased the theoretical isoelectric point of the pVIII protein from 

3.92 to 6.03.  Therefore, a significant reduction in electrostatic repulsion between the 

phages at pH 8 buffer occurred, resulted large agglomerates phages.  A similar nucleation 

condition to pIII ZnO nucleation was used for mineralization on the ZnO-binding 

peptide-conjugated phages.  Instead of nanocrystal formation, a film of inorganic 

materials was obtained from the flocculated phages as shown in Figure 4-8 (b).  

Elemental analysis using energy dispersive x-ray spectroscopy (EDS) clearly indicated 

presence of Zn and O (Figure 4-8 (c)), however, amorphous rings were obtained with 

electron diffraction analysis (data not shown).  The ZnO-binding peptide was 

successfully displayed on the pVIII coat protein of the M13 bacteriophage nanoscaffold.  

Challenges of phage flocculation and amorphous material synthesis still need to be 

resolved, however this study displays promise of M13 bacteriophage as a solid scaffold 

for directed ZnO mineralization.  
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Figure 4-8 Transmission electron microscopy (TEM) images of flocculated ZnO-
binding peptide-conjugated phages (a) after uranyl acetate staining and (b) after ZnO 
nucleation at room temperature in film-like form. (c) Energy dispersive x-ray 
spectrum (EDS) of nucleated material on flocculated ZnO-binding peptide-conjugated 
phages shown in (b). Copper and carbon peaks likely originate from carbon-coated 
copper grid used. 

 

4.4 Conclusion 

In this chapter, we demonstrated ZnO nucleation and growth on the M13 pIII and 

pVIII coat proteins using a previously reported ZnO-binding peptide [28].  The ZnO 

nanocrystal formation on the genetically displayed pIII protein was independent of 

precursor concentration and incubation time, resulting polydisperse nanoparticles.  While 
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100% coverage was not obtained, M13 bacteriophage template with chemically 

conjugated ZnO-binding peptides were obtained and confirmed.  Amorphous ZnO 

materials film was formed on the flocculated ZnO-binding peptide-conjugated phages.  

These studies are initial steps towards bottom-up synthesis of ZnO on M13 nanoscaffold 

that offer long range order that affect ZnO morphology and properties. 
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Chapter 5. Peptide-Assisted ZnO 

Nanomaterial Synthesis 

5.1 Introduction 

Zinc oxide (ZnO) is a wide bandgap semiconductor (3.2-3.4 eV), with high 

exciton binding energy (60 meV).  Its unique electrical and optical properties have led to 

its widespread use in optoelectronic, piezoelectric, gas sensing, and photocatalytic 

devices, among others [138].  Morphology, particle size, crystallinity, and point defects 

must be modified to provide specialized physical properties required for each application.  

While single crystal, defect-free materials are typically essential for optoelectronic and 

piezoelectric applications, polycrystalline materials are largely acceptable for gas sensing 

and photocatalytic applications.  Moreover, gas sensor performance can be enhanced by 

the accumulation of some defects which act as donors or preferential binding sites [70, 

139].  In addition, the presence of sub-bandgap defect levels can improve sensitivity by 

acting as additional analyte adsorption sites and carrier donors in chemiresistive sensor 

applications [70, 71, 140].  In order to effectively tune ZnO properties, a range of 

synthesis methods including chemical vapor deposition, sol-gel processing, and aqueous-

based chemistry have been reported [138].  
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More recently, synthesis assisted by biological molecules such as collagen [141], 

proteins [142] and peptides [28, 31, 132, 143, 144] has been introduced as a promising 

alternative ZnO growth strategy.  Biomolecules allow formation of crystalline ZnO under 

environmentally benign conditions, which include mild temperature, atmospheric 

pressure, and aqueous solution.  Amongst biomolecules, peptides have been studied 

extensively due to the specificity and chemical diversity made possible by their amino 

acid building blocks, and the ease of discovery afforded by combinatorial display 

techniques.  Umetsu et al. first reported a 12-mer ZnO-binding peptide sequence 

discovered through pIII phage display technique and synthesized nanoflower ZnO [28].  

Thereon, there have been several other peptides with high affinity for ZnO that have been 

identified using phage- or bacteria surface- display [31, 132, 133, 145, 146].  Like many 

naturally occurring zinc-binding proteins, the majority of the reported peptides have been 

net basic peptides (pI > pH 7), rich in arginine (R), histidine (H), or lysine (K) residues.  

In addition to binding capability, a handful of the identified peptides have demonstrated 

an ability to influence crystal growth by serving as either capping agents [31, 147] or 

nucleation sites [143] to form characteristic nanoparticles [132], nanorods [31, 143], 

nanoplatelets [31, 147], and nanoflowers [28].  Despite strong interest in material 

formation mechanisms, crystallinity, and morphology, optical and electrical behavior of 

the resulting bio-directed materials has been largely neglected.  

In this chapter, an 8-mer M13 bacteriophage pVIII library was used to identify 

peptides with an affinity for ZnO.  Because viral protein packing restricts the size and 

electrostatic charge of pVIII peptide fusions, net basic fusions tend to inhibit efficient 
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capsid assembly and have low frequency within this library, allowing exclusive discovery 

and study of neutral to acidic peptides.  In this work, an acidic peptide sequence 

(VPGAAEHT) with an affinity for ZnO was found and used to as an additive during ZnO 

synthesis.  The resulting nanoscale ZnO materials were characterized, including 

photoluminescence measurements as a function of peptide concentration.  In addition, 

resistance, sensing, and photocurrent measurements on a film of 0.1 mM structures were 

made.  During synthesis, this acidic, hydrophobic peptide modified ZnO crystallinity, 

morphology, and defect level emission, suggesting potential for use in photocatalytic and 

gas sensing material formation. 

 

5.2 Experimental details 

5.2.1 Combinatorial phage display technology using the pVIII library 

Peptides with affinity for ZnO were identified using combinatorial phage display 

technology, also known as biopanning [27].  A M13 phage display library with a random 

8-mer peptide fused to the N-terminus of the pVIII coat protein was constructed with a 

previously reported method [34].  Figure 5-1 shows one single round of combinatorial 

phage display screening using the pVIII library.  Similarly, the library, with a diversity of 

3.65x107 clones, was added to 1 mg/mL ZnO powder (Sigma-Aldrich) dispersed in Tris-

buffered saline with 0.1% Tween-20 (TBST, 50 mM Tris-Cl, 150 mM NaCl, pH 7.5) and 

incubated at room temperature for 1 h to allow phages to bind.  Unbound and weakly 
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bound phages were removed from the ZnO powder by repeated washing in 0.1% TBST.  

Bound phages were physically eluted from the powder surface by sonication in 0.7% 

TBST for 1 min [148].  The eluate was amplified by infecting the ER2738 strain E.coli 

and collected for use in the next selection round.  This biopanning procedure was 

repeated to increase stringency.  After five screening passes, DNA from the eluted phages 

was sequenced (Applied Biosystems 3730xl DNA Sequencer) to identify binding 

peptides.  The most recurrent phage and associated 8-mer ZnO-binding peptide were 

chosen for further study. 

 

Figure 5-1 Schematic diagram of one complete round of combinatorial phage display 
technique (biopanning) from pVIII phage display library. 
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5.2.2 Binding test against ZnO 

Phage binding strength was determined by incubating 1x1011 pfu of phages with a 

polycrystalline thin film of ZnO grown by molecular beam epitaxy (MBE) on a (100) Si 

substrate (ZnO/Si) in 0.1% TBST for 1 h.  Following multiple washes with 0.5% TBST, 

the bound phages were physically eluted by sonication of the ZnO/Si substrate in 0.7% 

TBST for 1 min.  The phage concentration of the eluate or binding strength was 

determined by titering.  The binding strengths of the recurrent ZnO-binding and wild-

type phages were each measured four times.  Average values were reported.  The same 

procedure was also completed for both phages with a (100) Si substrate.  To isolate the 

binding strength associated with ZnO, the average binding strength for (100) Si was 

subtracted from that of ZnO/Si.  

5.2.3 Nucleation with ZnO-binding phage 

The ZnO-binding phage was co-incubated with ZnO precursors to direct 

mineralization.  For zinc nitrate hydrate (Zn(NO3)2!H2O, 99.999%, Sigma-Aldrich) and 

hexamethylenetetramine (HMTA, Sigma-Aldrich) condition, the two precursors were 

added at same molarity and volume.  For zinc nitrate hydrate (Zn(NO3)2!H2O, 99.999%, 

Sigma-Aldrich) and potassium hydroxide (KOH, Fisher) condition, zinc hydroxide 

(Zn(OH)2) sol was made first by mixing the precursors at 1:2 ratio.  The Zn(OH)2 sol was 

washed 5 times with deionized water and adjusted to desired concentration before the 

addition of the ZnO-binding phage.  Nucleation in solution with phage and precursors 

were performed according the Table 5-3 and phage concentrations were all 2x109 pfu/µL. 
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5.2.4 ZnO synthesis with specific peptide additives 

The ZnO-binding peptide was synthesized with a GGGSC linker (Biomatik) and 

suspended in TBS.  Equimolar zinc nitrate hydrate (Zn(NO3)2!H2O, 99.999%, Sigma-

Aldrich) and hexamethylenetetramine (HMTA, Sigma-Aldrich) precursors were mixed to 

50 mM in 300 µL of deionized water.  ZnO-binding peptides from 0 to 0.6 mM were 

added to the precursors and incubated in 65°C oven for 24 h.  Precipitates were washed 

twice with deionized water and collected through centrifugation.  

5.2.5 Morphology and crystallinity characterization 

Transmission electron microscopy (TEM) samples were prepared by drop casting 

washed precipitates onto carbon-coated copper grids followed by two water washes and 

gentle air dry.  Elemental composition and crystal structure was determined by energy 

dispersive x-ray spectroscopy (EDS) and electron diffraction analysis using TEM (FEI 

CM300) at 300 kV.  Scanning electron microscopy (SEM) samples were prepared by 

drop casting and drying the precipitates on clean Si wafers.  The morphology of the 

synthesized materials was observed with SEM (Phillips XL30 FEG) at 10 kV and the 

aspect ratio (length/diameter) of the structures was measured.  

5.2.6 Optical characterization 

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700 Thermo Scientific) 

analysis from 1300 to 1800 cm-1 was performed on vacuum dried precipitates in 

powdered form.  Photoluminescence (PL, Horiba Jobin-Yvon Spex Fluorolog) 
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measurements of drop cast ZnO materials were made at room temperature using 320 nm 

excitation and spectra were normalized to either the band-edge or near band-edge 

emission peak. 

5.2.7 Device fabrication and photoresponse measurement 

Gold electrodes (20 nm Ti/150 nm Au) with 200 µm gap was deposited on 

Si/SiO2 substrate using shadow mask and electron-beam evaporation.  The chips were 

cleaved and washed with acetone, isopropanol, and water prior to use.  Similar deposition 

process was used as described in chapter 2 and 3.  The washed chips were O2 plasma 

treated for 30 sec, then submerged in solution of washed ZnO precipitates that is 3 times 

more concentrated than the as-synthesized solution.  The chip was incubated in ZnO 

nanomaterial solution for 1 h, then gently washed in water, and dried with air.  

Electrical resistance was determined by current-voltage measurement on the 

probe station.  The change in current was recorded while the voltage was swept from - 

0.3 V to 0.3 V using the sourcemeter (Keithley 2636A).  Selected devices on the chip 

were wire-bonded to the copper printed circuit board (PCB) using a 1% Si/Al wire.  

The wire-bonded devices were each placed in a separate close cell chamber with 

527 nm light emitting diode (LED, CREE, C503B-GAS/GAN) placed within 2 cm 

distance above the device.  The resistance was recorded while a constant bias of 0.15 V 

was applied to the ZnO devices using a custom Labview program.  A stable baseline was 

obtained in dark for 90 min, then the light was turned on and off alternating every 5 min.  

The LEDs were connected serially and 8 V was applied.   In addition, gas sensing 
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analysis was performed against NH3 concentrations from 0.5 ppm to 100 pm at room 

temperature in a flow cell as described in Chapter 2. 

 

5.3 Results and discussion 

Combinatorial phage display screening using the M13 pVIII library identified 

several peptide sequences (Table 5-1) with affinity for ZnO, all of which were acidic in 

nature (pI < pH 7).  One peptide, VPGAAEHT, was displayed on 7 out of the 23 phages 

sequenced and stood out as the strongest ZnO binder.  This peptide sequence, depicted in 

Figure 5-2 (a), was selected for further study and will hereafter be referred to as the ZnO-

binding peptide [24].  It included the charged amino acid residues histidine (H) and 

glutamate (E), and was rich in hydrophobic residues.  Statistical analysis of the peptide 

sequences obtained after the fifth round of biopanning against ZnO is listed in Table 5-2.  

The peptide sequences contained high percentage of hydrophobic residues, alanine, 

valine, and glycine, which together made up 40% of total amino acids obtained.  The 

frequency of each amino acid occurrence in the pVIII library is also indicated on the last 

column for comparison.  
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Table 5-1 List of peptide sequences obtained after 5 rounds of biopanning.  The 
isoelectric point of each peptide was calculated using peptide property calculator by 
Innovagen AB (http://PepCalc.com).  Of the 23 phages analyzed, 6 different peptides 
were isolated and 11 phages were found to be unmodified. 
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Table 5-2 Statistical analysis of peptides obtained after 5 rounds of biopanning.  The 
frequency of each amino acid occurrence at each position and within all resulting 
sequences was calculated.  The amino acids are presented in single letter form and 
color coded according to its chemical moieties.  Data associated with the 11 
unmodified phage were not included in this analysis. 

 

 

  

Amino 
Acid 

Percentage of frequency at each position in peptide (%) Frequency of 
occurrence (%) 

1 2 3 4 5 6 7 8 against 
ZnO 

in 
library 

F 0 0 0 0 0 0 0 0 0 0.3 
W 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 0 0 0 0 3.8 
P 0 75 8 8 8 0 17 0 14.6 11.5 
H 0 0 0 0 0 0 58 0 7.3 0.7 
K 0 0 0 0 0 0 0 0 0 0.7 
R 0 0 17 0 0 0 0 0 2.1 1.7 
N 0 0 0 0 8 0 0 0 1.0 2.8 
Q 0 8 8 8 0 8 0 0 4.2 3.8 
E 0 0 0 0 0 83 0 8 11.5 11.1 
D 17 0 0 0 8 0 0 0 3.1 8.0 
V 83 0 0 0 0 0 8 8 12.5 6.3 
G 0 0 58 8 0 0 0 0 8.3 9.7 
A 0 0 8 67 67 8 8 0 19.8 12.8 
I 0 0 0 0 0 0 8 0 1.0 0.7 
L 0 0 0 0 8 0 0 0 1.0 6.6 
Y 0 17 0 8 0 0 0 75 12.5 8.7 
S 0 0 0 0 0 0 0 8 1.0 10.8 
T 0 0 0 0 0 0 0 0 0 0 
C 0 0 0 0 0 0 0 0 0 0 
           
 
 V P G A A E H T Consensus 
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Although not exactly identical, hydrophobic (V, G, A, I, L) and negatively charged (E, D) 

amino acids were observed at similar high frequency in both biopanning results and the 

pVIII library.  This is largely affected by the characteristic of the pVIII protein coat 

which assembles readily when displaying hydrophobic and negatively charged residues.  

Notably, high percentage of histidine (H), 10-fold greater than in the pVIII library was 

obtained, consistent to other reports emphasizing histidine’s role in ZnO affinity.  The 

consensus sequence, determined by ordering the most frequent residue in each position, 

was concurred with the recurrent peptide sequence (VPGAAEHT). 

The affinity of the ZnO-binding phage was evaluated via binding study.  Figure 

5-2 (b) shows the average binding strength of the ZnO-binding and wild-type phages for 

ZnO, respectively.  The ZnO-binding phage was found to have an affinity for ZnO which 

was 228 times larger than that of the wild-type phage.  Moreover, as depicted in Figure 

5-2 (b) (inset), immediate agglomeration was observed when the ZnO-binding phages 

were added to a nanoparticle suspension.  It is notable that the affinity of the identified 

ZnO-binding phage was robust, demonstrating binding capability for three different forms 

of ZnO: powder, nanoparticles, and thin film. 
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Figure 5-2 (a) Ball-and-stick model of identified ZnO-binding peptide sequence, 
VPGAAEHT. (b) The binding strength of the ZnO-binding and the wild-type phages 
for ZnO. Inset shows optical images of ZnO nanoparticle dispersion (left) with and 
(right) without the addition of the ZnO-binding phage. 

 

The ability of ZnO-binding phage to template mineralization of 1D ZnO 

nanomaterials was studied.  Table 5-3 summarizes the different precursor, temperature, 

and incubation times researched.  At low temperature conditions, non-crystalline 

materials were obtained rather than crystalline ZnO materials as desired.  In contrast high 

temperature conditions, resulted in large micron-sized crystalline material, where viral-

templated synthesis was difficult to determine.  Linear chains of nanocrystalline material 
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was obtained with 100 mM Zn(OH)2 at 40°C in PCR machine, however similar 

morphologies were obtained even without the ZnO-binding phage, eliminating the phage 

directed mineralization. 

 

Table 5-3 Summary of nucleation conditioned using ZnO-binding phage in solution. 

Precursor Concentration Temperature Morphology 

Zn(NO3)2!H2O 10 mM, 4 days RT 
- Small particles not associated with phage 
- Non-crystalline material on phage 
agglomerate 

Zn(NO3)2!H2O 10 mM, 3 weeks RT 
- Non-crystalline material and particles on 
phage agglomerate 

- Few particles without clear phage association 

Zn(NO3)2!H2O  10 mM, 6 weeks RT 
- Non-crystalline material and particles on 
phage agglomerate 

- More than 3 weeks sample 
 

Zn(NO3)2!H2O 
+ HMTA 

10 mM, 3 days RT - Non-crystalline material and particles on 
phage agglomerate 

100 mM, 3 days RT 
- Non-crystalline material and particles on 
phage agglomerate 

- Few dense particles 

1 mM, 24h + 72h RT + 65°C - Few peanut-like crystals (~4 µm) 
- Agglomerate of short hexagonal rods (~2 µm) 

10 mM, 24h + 2h RT + 65°C - Spindles-like structures (few µm) 
10 mM, 24h + 24h RT + 65°C - Hexagonal pointy rods (> 10 µm) 
10 mM, 24h + 72h RT + 65°C - Hexagonal pointy rods (> 10 µm) 
50 mM, 24h + 2h RT + 65°C - Hexagonal rods (2-5 µm) 

50 mM, 24h + 24h RT + 65°C - Hexagonal rods (3-10 µm) 
50 mM, 24h + 72h RT + 65°C - Hexagonal rods (5-10 µm) 

1 mM, 24h 65°C - Peanut-like structures (few µm) 
10 mM, 1h 65°C - Spindles (~1-3 µm) 
10 mM, 6h 65°C - Elongated spindles (2-5 µm) 

10 mM, 24h 65°C - Hexagonal rods (3-6 µm) 
 

Zn(NO3)2!H2O 
+ KOH 

1 mM/2 mM, 95h RT - Dense non-crystalline material and particles 
on phage agglomerate 

10 mM/20 mM, 95h RT 
- Dense non-crystalline material and particles 
on phage agglomerate 

- Few dense particles on agglomerate 
100 mM/200 mM, 

5m 40°C - Agglomerate of nanocrystal chains (~10 nm) 
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Figure 5-3 Transmission electron microscopy (TEM) images (inset, scale bar: 0.5 µm) 
and corresponding electron diffraction patterns of ZnO nanostructures synthesized 
with varied peptide concentrations. 

 

To study the effects on ZnO formation with free peptides, the ZnO-binding 

peptide with functional linker (-GGGSC) [28] was added during ZnO synthesis.  

Zn(NO3)2 and HMTA precursor concentrations were held constant at 50 mM, while the 

peptide concentration was varied from 0 to 0.6 mM.  Figure 5-3 shows electron 

diffraction patterns and TEM images (inset) of the resulting nanostructured material for 

each synthesis condition.  Although diverse particle morphologies were observed, a 

diffraction pattern consistent with wurtzite ZnO was obtained for all samples [149].  A 

transition from single- to poly-crystalline material was apparent for peptide 

concentrations ≥ 0.1 mM.  Elemental analysis of all samples using EDS revealed Zn and 
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O peaks in addition to grid-related Cu, C, and O peaks.  Representative EDS spectra of 

structures formed with the addition of 0 mM and 0.6 mM peptide are shown in Figure 

5-4. 

 

 

Figure 5-4 Representative energy dispersive x-ray spectra (EDS) of peptide-assisted 
structures synthesized with (a) no peptide and (b) 0.6 mM ZnO-binding peptide on 
carbon-coated copper TEM grid. 
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Figure 5-5 Scanning electron microscopy (SEM) images of ZnO nanostructures 
synthesized with the addition of varied peptide concentrations (scale bar: 2 µm). 

 

SEM images of the ZnO materials are shown in Figure 5-5. Material synthesized 

without peptides had a hexagonal needle-like structure [31, 150].  With the addition of 

peptides, this morphology changed to flat-ended rods and, at high peptide concentrations, 

to microspheres.  At or below 0.05 mM, the observed ZnO structures retained hexagonal 

facets but decreased in aspect ratio from 11 to 1.6 with increasing peptide concentration, 

as shown in Figure 5-6.  A similar morphological change has also been observed in 

synthesis aided by a handful of previously-reported, basic peptides with ZnO affinity [31, 

151].  These peptides displayed preferential binding on (0001) planes which inhibited or 

slowed c-axis growth, causing for the formation of plates.  Interestingly, for one of these 

peptides, the use of the –GGGC linker increased binding selectivity for the (0001) places 
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and further reduced aspect ratio [147].  Although histidine and cysteine are known to 

complex with Zn2+, particularly in zinc finger proteins, histidine or cysteine monomers do 

not induce a needle to rod transition [144, 150].  Moreover, only a handful of histidine-

containing dipeptides, composed of only two amino acids, have been shown to cause 

such a change [150].  As such, the single histidine residue within the VPGAAEHT 

sequence or the cysteine residue within the linker were not likely alone responsible for 

the morphological change observed here, but rather the combination of amino acids 

within the discovered ZnO-binding peptide influenced crystal growth collectively.  

Above 0.05 mM, layered (0.1 mM, 0.16 mM), yarn-like (0.31 mM), and microsphere (0.6 

mM) morphologies composed of smaller, hierarchically arranged particles were found.  

This morphological observation corroborated the increased polycrystallinity in the 

electron diffraction data.  The assembly of smaller ZnO nanoparticles into larger 

structures such as flowers [28] and olives [134] has also been observed under different 

bio-assisted synthesis conditions.  In addition to the capping effect mentioned previously, 

the rise of peptide-peptide interactions at higher peptide concentrations likely promoted 

this kind of long-range organization [152, 153].  
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Figure 5-6 Aspect ratio (Length/Diameter) of ZnO structures synthesized with the 
addition of peptide concentrations from 0 to 0.05 mM. 

 

It is notable that the morphological changes seen with the 8-mer acidic peptide 

were more significant than those recorded for 12-mer basic peptides [31, 147].  Under 

similar peptide concentrations and synthesis conditions, highly investigated basic 

peptides supported an aspect ratio change from needle to plate, whereas the 8-mer acidic 

peptide moved beyond a simple difference in height-width relationship forming more 

complex structures.      

To assess peptide adsorption or incorporation in the peptide-assisted ZnO 

nanostructures, FTIR analysis was performed.  Representative spectra in the wavenumber 

region of interest appear in Figure 5-7.  Peptide characteristic amide I and amide II 

absorption peaks at 1500-1600 cm-1 and 1600-1700 cm-1, respectively, were observed in 

the peptide alone and ZnO structures formed in presence of 0.1 mM ZnO-binding 

peptide.  Notably, the amide II shifted from ~1670 cm-1 in the peptide only sample to 
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1645 cm-1 in the peptide-assisted ZnO structure, suggesting peptide adsorption onto the 

ZnO materials [147, 154].  ZnO synthesized without peptide did not show amide 

absorption peaks, however, broad features were present in the 1300-1450 cm-1 range 

which were also seen in the 0.1 mM peptide-assisted ZnO materials.  Although exact 

attribution of these peaks needs to be elucidated, absorption of CO2
-, CO3

2-, and CH3, and 

NO3 which could be related to ZnO intermediate states have been reported within this 

range [144, 154].   

 

Figure 5-7 Fourier transform infrared (FTIR) spectra of ZnO-binding peptide (black) 
and ZnO nanostructures prepared with no peptide (red) and 0.1 mM peptide (blue).  
The absorbance of the ZnO-binding peptide spectrum was multiplied by 3 to aid in 
visualization. 

Optical behavior of ZnO materials synthesized with peptide additives was 

investigated using photoluminescence measurements.  Figure 5-8 shows the normalized 

emission spectra of the ZnO structures synthesized with different peptide concentrations.  
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The spectra of material synthesized without peptides and with peptide concentrations of 

0.1 mM or less, showed a distinct peak near 380 nm, which was consistent with ZnO 

band-edge emission (3.2-3.4 eV).  ZnO materials prepared without peptides also 

displayed strong green emission between 520 and 545 nm associated with electron-hole 

recombination at deep level defects such as surface-related oxygen and zinc vacancies 

[155].  Notably this green emission peak was reduced in samples synthesized with 

peptides and decreased with increasing peptide concentration, suggesting a reduction of 

oxygen and zinc vacancy-related defects within the ZnO material synthesized with 

peptide additives.  At a peptide concentration of 0.05 mM, an increase in emission at 

wavelengths slightly longer than the band edge peak was also observed.  At peptide 

concentrations more than 0.31 mM, this 400 nm peak increased substantially, obscuring 

the band edge emission.  This sub-bandgap emission likely represented shallow donor to 

valence band and/or shallow acceptor to conduction band transitions of Zni and Oi 

interstitials, respectively [156].  Similar dominance of visible emission was observed 

from ZnO nanoparticles formed in presence of spider silk peptides, as well as through 

some non-biological processes [134, 157].  A band diagram displaying possible sub-

bandgap defect states are shown in Figure 5-9.  Peptide-assisted ZnO synthesis using the 

identified ZnO-binding peptide (VPGAAEHT) allowed hierarchical assembly of 

nanoscale ZnO that showed distinct, morphology-dependent optical emission properties.  
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Figure 5-8 Photoluminescence (PL) spectra of ZnO nanostructures formed with 
different peptide concentrations: (top) 0, 0.005, 0.01, 0.05, 0.1, and (bottom) 0.31, 0.6 
mM.  Emission intensity was normalized to the band-edge or near band-edge peak. 
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Figure 5-9 Schematic band diagram of intrinsic sub-bandgap defect levels in ZnO.  

 

A film of ZnO nanostructures (0.1 mM peptide) was on a set of 200 µm gap gold 

electrodes by O2 plasma treating the surface and incubating for 1 h, similar to the 3 µm 

gap devices in Chapter 2.  The electrical resistance varied from a few MΩ to 100s MΩ 

range and displayed Schottky IV characteristics.  Sensing analysis against NH3 was tested 

at room temperature, but no definitive sensing response was obtained (data not shown).  

Sensor operation at room temperature is reported as one of the major challenges for metal 

oxide-based sensors including ZnO.  To overcome this limitation, defect or light-aided 

approaches have been taken.  To assess the potential of these bio-directed ZnO materials 

for such approaches, real-time photocurrent measurement of 0.1 mM ZnO film with 

green light (527 nm) illumination were taken and are shown in Figure 5-10.  When green 

light was illuminated, the resistance decreased notably and increased back in dark, 

consistent to other reports [158, 159].  Although the recovery of resistance during the 
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dark phase wasn’t 100% during the first cycle, the recovery in following cycles was 

improved.  Most reports on light-aided sensor improvement use above band-gap UV-light 

to create electron-hole pairs by promoting valence electrons to the conduction band.  

However, this ZnO film displayed photoresponse even to visible, green-light illumination.  

We attribute the this photoreseponse to the electron-hole pairs generated by defect to 

conduction band transitions, which in return enhance carrier concentration in ZnO for 

better conduction.  While further studies are required to better understand the material 

defect states and their role in electrical conduction, photoresponse, and gas sensing, 

peptide-directed polycrystalline ZnO shows potential in visible light-aided gas sensor 

applications. 

 

Figure 5-10 Photoresponse of ZnO film composed of nanostructures synthesized with 
0.1 mM peptide to illumination of 527 nm green light.  Constant bias of 0.15 V was 
applied. Light turned on at t=0 and turned off after 5 min.  Five min cycles of on/off 
repeated 4 times.  
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5.4 Conclusion 

In summary, a combinatorial pVIII phage display library, in which display of 

neutral and acidic peptides was favored, was used to find a peptide with an affinity for 

ZnO.  When added during synthesis, this ZnO-binding peptide exhibited control over 

ZnO nanostructure crystallinity, morphology, and photoluminescence behavior.  Higher 

peptide concentrations triggered an evolution from single crystal to polycrystalline 

particles and a range of concentration-dependent ZnO nanostructures including rods, 

platelets, yarn-like shapes, and microspheres was observed.  Photoluminescence spectra 

of materials synthesized with the ZnO-binding peptide showed decreased green emission 

from surface-related oxygen and zinc vacancies as compared to materials synthesized 

without peptides.  And, at greatly increased peptide concentrations, blue emission from 

interstitial defects acting as shallow donors and acceptors increased.  The current-voltage 

measurement on the 0.1 mM ZnO film was a Schottky behavior and the resistance ranged 

from a few MΩ to 100s MΩ.  Room-temperature sensing response to NH3 was not 

observed in the concentrations tested.  However, decrease of device resistance was 

observed with each green-light (527 nm) illumination caused by carrier transition from 

sub-bandgap deep-level defect to the valence band.  Although further studies are 

necessary to elucidate specific mechanisms which enable adjustment of morphology, sub-

bandgap emission, and photoresponse, this study demonstrates the potential control of 

these properties offered by peptide-mediated growth.  Engineered morphology and defect 

levels are valuable for ZnO gas sensing and photocatalytic materials design. 
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Chapter 6. Conclusion 

In this dissertation, we have developed a bio-direct approach to meet 

nanofabrication challenges for sensitive metal and metal oxide chemiresistive gas 

sensors.  The M13 bacteriophage template enabled bottom-up assembly of nanomaterials 

in dimensions that are difficult to obtain.  Nanomaterials with high surface area increased 

analyte binding sites and decreased diffusion length for greater sensitivity.  Highly 

sensitive H2S and H2 gas sensors were synthesized from gold nanoparticle chains and 

gold-palladium nanopeapods, respectively.  Bio-assisted ZnO synthesis was explored and 

ZnO structures with tunable morphological and optical properties were presented for 

future sensor applications.  

We developed a relatively simple device fabrication platform to incorporate the 

filamentous M13 bacteriophage into miniature gas sensor devices.  Gold-binding 

bacteriophage was used as the backbone for linear arrangement of gold nanoparticles, 

which were used as seeds for continuous nanowires.  The size of gold nanoparticles was 

controlled by electroless deposition, which affected nanoparticle-nanoparticle connection 

and the electrical conduction through these nanowires.  The concentration of phage also 

affected the electrical conductivity by adjusting surface coverage of nanowires on the 

device.  The as-assembled viral-templated gold nanowire sensors were highly sensitive to 

H2S gas at room temperature exhibiting sensitivity of 654 %/ppm, lowest detection limit 

of 2 ppb, and recovery of 70% within 9 min.  Once the template was removed through 
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oxygen plasma and ethanol dip treatment, the device performance dropped significantly: 

sensitivity of 6 %/ppm (100-fold lower), the lowest limit of detection of 6 ppb (3-fold 

higher), and did not show any recovery during air purge.  The gold-binding phage 

template was not merely a backbone for assembly, but had an important role in analyte 

adsorption/desorption.  We attribute this to the carboxyl groups on acidic amino acids as 

well as amine groups on the n-terminus of the viral-template that are reported for sulfur 

affinity.  In addition, virus and its protein interaction on gold nanoparticles likely 

inhibited permanent binding of sulfur atoms on the gold sensor surfaces enabling 

reversibility.  

The bio-directed sensor fabrication platform was adapted for synthesis of hybrid 

gold-palladium nanopeapod based chemiresistive H2 gas sensor.  The linearly arranged 

gold nanoparticles were again used as seeds to deposit palladium shells.  The thickness of 

the palladium shells was controlled by electroless deposition cycles, and thick (~15 nm) 

and thin (~5 nm) shelled sensors were tested.  The electrical resistance was dependent on 

palladium shell thickness, decreasing in average by five orders of magnitude.  Contrary to 

reported, thick nanopeapod devices displayed decrease in resistance with low 

concentration H2 exposure and did not display recovery.  Conditioning of the sensor by 

prolonged exposure of high H2 concentration revealed presence of palladium oxide (PdO) 

layer formed during synthesis and sensing response of 0.04% to 2.6% at 2000 ppm were 

obtained there onward.  However, thin nanopeapod devices displayed high response to H2 

from 50 to 2000 ppm.  A high response of 117% was obtained at 2000 ppm and the 

lowest detection limit was calculated as 25 ppm.  Here, the biological template enabled 
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assembly of tenuously connected gold-palladium nanowires with controlled shell 

thickness.  The thin palladium shell of few nanometers was critical for sensing low 

concentrations of H2 gas in air and room temperature.  It decreased PdO surface layer and 

diffusion length allowing efficient H2 diffusion over oxygen species.   

Moving away from metals, zinc oxide (ZnO) nanomaterials were studied for 

chemiresistive gas sensing.  A previously publish 12-mer peptide was genetically and 

chemically displayed on the pIII and the pVIII coat proteins, respectively.  ZnO 

nanocrystals independent of incubation time and precursor concentration was formed on 

pIII end of the genetically modified ZnO-binding phage.  The particles were highly 

polydisperse and the yield was relatively low.  The 12-mer peptide was covalently 

conjugated on the pVIII coat protein using the bi-functional sulfo-SMCC crosslinker.  

The peptide was successfully bioconjugated on the pVIII coat protein, however 100% 

coverage was difficult to obtain due to steric hindrance.  The reduced electrostatic 

repulsion resulted flocculation of phages and with mineralization, film of ZnO rather than 

viral-templated 1D nanostructures.  These studies demonstrated ZnO mineralization on 

different protein coats and promise of chemical modification method to display longer, 

highly positively charged peptides.  

A pVIII library display 8-mer peptides were used in combinatorial phage display 

screening for a ZnO-binding peptide.  One peptide, VPGAAEHT, occurred 7 out of the 

12 phages and was the consensus sequence.  The ZnO-binding phage displayed a 

relatively high isoelectric point of 5.13, than all the other sequences observed which were 

more acidic.  ZnO nanomaterials were synthesized with peptide additive from 0 to 0.6 
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mM.  Peptide addition decrease the aspect ratio of crystals from rods to platelets, and 

above 0.1 mM polycrystalline layered, yarn-like, and microscphere were formed.  In 

addition, photoluminescence spectra displayed peptide tuning of material defect levels.  

At no or low peptide addition, near-band edge emission and oxygen vacancy-related 

green emission peaks were observed.  With peptide addition, the green emission peak 

decreased significantly suggesting reduced oxygen defects.  Further tuning was observed 

at high peptide concentrations, where visible blue emission dominated the spectra.  The 

broad visible light emission suggested presence of other sub-bandgap defects that can be 

favorable for gas sensor applications.  Peptide-directed ZnO displayed photoresponse to 

527 nm, green light which induced enhanced conductivity.  The defect manipulation from 

peptides and its photoresponse to visible suggests potential use of peptide-directed ZnO 

nanomaterials for chemiresistive gas sensing.  
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Chapter 7. Future Work 

This dissertation presented promise of bio-directed bottom-up assembly of 

inorganic nanomaterials for electrical devices, particularly chemiresistive sensor devices.  

The M13 bacteriophage and its peptide components have been utilized as a template, 

sensitizer, and additive in nano-chemiresistive gas sensors.  The relatively simple device 

fabrication platform can be expanded for assembly of other materials and core-shell 

structures for nanodevice fabrication.  For chemiresistive sensing, further studies are 

required to decrease the response and recovery times of the devices.  The random 

network provides large surface area, however could result in many adsorption sites that 

does not change the conductivity.  Therefore, methods to control the number of 

connection or perhaps align the conductive pathways could be studied.  Furthermore, as 

shown in the results, the number of connections dictated the electrical resistance of the 

devices, which influences sensor performances.   

Mineralization of ZnO different coat proteins have been demonstrated using 

genetically and chemically modified M13 bacteriophage template.  One major challenge 

was the flocculation or agglomeration of phages as observed with the chemically 

modified ZnO-binding peptide-conjugated phage and genetically modified ZnO-binding 

phage.  Mineralization on agglomeration of both phages was successfully obtained.  

Therefore, methods to increase or control electrostatic repulsion between the phages will 

allow synthesis of 1D ZnO nanostructures.  The mechanism of peptide-assisted tuning of 
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ZnO materials properties needs further elucidation.  With better understanding, this 

controlled mineralization can be used to tune sub-bandgap defect levels and in return, 

optical and electrical properties of ZnO to improve sensor performance at room 

temperature, as well as for other desired applications.  Furthermore, combination of Au 

assembly and ZnO mineralization to create hybrid Au-ZnO nanostructures is promising 

for optoelectronic, photocatalytic and gas sensor device applications as Au has been 

extensively used as a catalyst for such applications.   
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Appendix A. Construction of pVIII 

Library  

A modified M13 vector named M13SK was used for genetic insertion of random 

8-mer oligonucleotide in the gVIII region.  The wild-type M13 vector was modified at 

the 1372 site from T to A to insert a PstI restriction site and at 1382 site from C to G for 

BamHI site.  Another PstI restriction enzyme site at 6246 was removed by modifying the 

T at 6250 site to A.  An oligonucleotide 5'- CTA CTA CAA GGA TCC NNM NNM 

NNM NNM NNM NNM NNM NCT GCA GCG AAA GAC AGC A -3' (Integrated 

DNA Technologies) was annealed and extended following the standard procedure.  N and 

M represents mixed bases where random insertion of G, C, A, T and T, G each with equal 

percentage is inserted, respectively.  The oligonucleotide duplex and vector was digested 

with BamHI and PstI restriction enzymes overnight at 37°C, and purified for further 

usage.  These digested DNAs were ligated and inserted into the electrocompetent cells 

(Stratagene) through electroporation, which was then amplified for the final pVIII library.  

Table A 1 lists the expected % and actual % of each amino acid chemical groups 

obtained in the pVIII library.  The expected % of the amino acid group was calculated as 

(# DNA codons that encode amino acid group)/(total # DNA codons) x 100.  The first 

position of the peptide sequence was restricted to G, V, A, E, D amino acids due to the 

PstI restriction enzyme site.   High percentage of acidic (E, D) and proline (P) groups and 



 

 124 

lower percentage of basic (H, R, K) and ring (F, W) groups were observed in the final 

pVIII library.  We attribute this to the nature of pVIII coat protein, which is natively 

negatively charged and also very tightly packed in the α-helical form.  This negative 

charge preference and steric hindrance prevent assembly of the viral protein coats in 

presence of positively charged and large ring group amino acids. The diversity of the 

pVIII library constructed was 3.65x107 clones and was employed for discovery of various 

target materials.  

 

 

Table A 1 Percentage of expected and actual amino acid groups present pVIII library. 

Amino Acids Expected % Actual % 

Basic: R, K, H 15.6 3.1 

Acidic: E, D 6.3 19.1 

Hydrophobic: A, V, G, I L 32.8 36.1 

Amide: Q, N 6.3 6.6 

Ring: F, W 4.7 0.3 

Hydroxyl: S, T, Y 18.8 19.4 

Proline: P 6.3 11.5 

Methionine: M 1.6 3.8 
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Appendix B. Discovery of SiO2-

Binding Peptides 

Combinatorial phage display screening is used to identify a phage and its 

corresponding peptide that has affinity for a specific target.  Here, negative biopanning 

was performed to discover a phage with affinity to silicon dioxide (SiO2) and specifically 

not to gold (Au).  The procedure for negative biopanning was modified from the standard 

biopanning procedure described in Chapter 5.  Instead of adding the library directly to the 

target material SiO2, the library was added to an Au foil in Tris-buffer saline with 0.1% 

Tween-20 (TBST, 50 mM Tris-Cl, 150 mM NaCl, pH 7.5) and incubated at room 

temperature for 1 h.  The supernatant containing unbound phages were removed, then 

added to the target material, SiO2 chunks in 0.1% TBST.  Here onward, the standard 

biopanning procedure was followed.  Briefly, the phage unbound to Au were incubated 

with SiO2 for 1 h, then washed to remove unbound phages to SiO2, followed by elution of 

phages from SiO2 chunks.  The eluted phages were determined by DNA sequencing.  The 

biopanning procedure was repeated 4 times to identify phages and its peptides with 

affinity to SiO2 and not Au, as shown in Table B 1.  Statistical analysis of the peptides 

found after 4 rounds of biopanning is shown in Table B 2.  High frequency of 

hydrophobic residues (V, G, A, I, L) was as expected from their presence in the library.  

Notably high percentage of acidic aspartic acid (D), as well as basic lysine (K) and 
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arginine (R) residues were detected.  Lysine occurred 12 fold more in this biopanning 

round than the library.  Phage with sequence similar to consensus sequence, 

DPKSADLT, and that containing most recurrent sequence, DKPGSDLT were selected 

for further study.  

 

Table B 1 List of peptide sequences obtained after 4 rounds of negative biopanning for 
SiO2 and not Au.  Nineteen sequences were obtained and 2 out of 19 were unmodified 
phages. 
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Table B 2 Statistical analysis of peptides obtained after 4 rounds of negative 
biopanning.  The frequency of each amino acid occurrence at each position within all 
resulting sequences was calculated.  The amino acids are presented in single letter 
form and color coded according to its chemical moieties.  The consensus sequence is 
shown at the bottom of the list.  

 

  

Amino 
Acid 

Percentage of frequency at each position in peptide (%) Frequency of 
occurrence (%) 

1 2 3 4 5 6 7 8 against 
SiO2 

in 
library 

F 0 0 0 0 0 0 0 0 0 0.3 
W 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 6 12 0 2.2 3.8 
P 0 47 24 0 6 0 12 0 11.0 11.5 
H 0 0 0 0 0 0 0 0 0 0.7 
K 0 29 29 6 0 6 0 0 8.8 0.7 
R 0 0 18 0 0 0 0 0 2.2 1.7 
N 0 0 0 0 0 0 6 0 0.7 2.8 
Q 0 6 6 6 6 0 0 6 3.7 3.8 
E 0 0 6 0 6 18 0 18 5.9 11.1 
D 82 0 0 0 6 47 6 0 17.6 8.0 
V 18 0 0 0 0 6 6 12 5.1 6.3 
G 0 0 0 29 12 0 0 0 5.1 9.7 
A 0 0 0 18 29 6 12 18 10.3 12.8 
I 0 0 0 0 0 0 6 0 0.7 0.7 
L 0 6 0 0 0 6 35 0 5.9 6.6 
Y 0 6 6 12 6 0 0 47 9.6 8.7 
S 0 6 12 29 29 6 6 0 11.0 10.8 
T 0 0 0 0 0 0 0 0 0 0 
C 0 0 0 0 0 0 0 0 0 0 
           

 D P K G A D L T 
Consensus 

 S S  
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Binding affinity of recurrent (DKPGSDLT) and consensus (DPKSADLT) 

sequence was determined using the standard binding test, in comparison to the wild type 

M13 phage.  For these sequences, confirmation of phages not binding to Au was equally 

important as their affinity for SiO2.  Therefore, the binding test was performed on both 

Au foil and SiO2 chunk materials.  As shown in Figure B 1, both phages displayed greater 

affinity for SiO2 than wild type phage, by showing 1768 and 484 times higher phage 

concentrations.  However, in comparing phage affinity to SiO2 to Au, the recurrent phage 

(DKPGSDLT) showed 5.3x103 pfu/µL and 2.8x101 pfu/µL concentrations of bound 

phage, respectively, resulting 189 times greater binding to SiO2 than Au.  The consensus 

(DPKSADLT) on the other hand, only showed 9 times more affinity to SiO2 than Au, 

with bound phage concentrations of 1.5x103 pfu/µL and 1.7x102 pfu/µL, respectively.  

Such large difference in affinity between these phages was notable, particularly 

considering how close these two sequences are differing by only 1 amino acid and order 

of 2 amino acids.  This suggest that not only the individual amino acid, but the ordering 

and peptide sequence as whole affects peptide or phage binding to target materials.  The 

recurrent phage displayed strong affinity for SiO2 than Au, and can be utilized to form 

SiO2 specific structures in nanomaterial synthesis.  
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Figure B 1 The binding strength of recurrent, consensus, and wild-type phages for 
SiO2 (red) and Au (blue).  Bar height that starts from 0 indicates concentration of 
phages that were bound and eluted from each target materials.   

 




