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ABSTRACT 
 
 
 

The objective of the work presented in this dissertation is to examine the fabrication of novel 

viral-templated gold-cadmium sulfide (Au-CdS) plasmonic photocatalytic nanostructures and to 

investigate their photocatalytic behavior via photodegradation of methylene blue.  

Bacteriophage P22 shells, assembled from 420 copies of coat protein, have been 

demonstrated to act as selective biotemplates for the growth of ordered gold nanostructures in 

two different routes: 1) the incubation of gold precursor with P22 biotemplates before the 

addition of reducing agent; 2) and the direct reduction of gold precursor in the solution of P22 

biotemplates with a pre-existing reducing agent. In both routes, gold nanocrystals could find 

their selective binding sites to form an ordered nanostructure over P22 shells. However, in our 

current study, the incubation of inorganic precursor with biotemplates, which is a common 

practice in the biotemplated synthesis of inorganic nanoparticles, did not produce better outcome 

compared to direct reduction without protein/gold precursor interaction.  

Genetically engineered scaffolding proteins evenly positioned inside P22 virus-like particles 

(VLP) can act as selective biotemplates for the constrained growth of CdS nanocrystals. The 

formation of CdS confined inside the VLP involves initial uniform nucleation and growth at the 

genetically engineered sites of the scaffolding proteins, followed by a more stochastic growth for 

longer reaction periods. The presence of the biotemplates does not affect the reaction order for 

the formation of CdS, but significantly influences the rate constant for the hydrolysis of 

thioacetamide (TA) and subsequent reaction of released S ions with Cd2+.  
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Combining the coat protein templated synthesis of gold and the scaffolding protein templated 

synthesis of CdS, we have been able to utilize genetically engineered P22 VLP as a robust 

nanoplatform for fabricating gold/CdS plasmonic photocatalytic nanostructures. The controlled 

formation of gold nanoparticles on the outer shell of VLP-CdS dramatically enhances the 

photoactivity of CdS confined inside the VLP. However, the gold nanoparticles by themselves 

exhibit no significant effect on the photodegradation of MB. These findings are relevant for the 

synthesis of a wide range of alternative plasmonic photocatalytic materials with desired 

components, architectures, and performance. 
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CHAPTER 1 INTRODUCTION 

 

    The objective of the work presented in this dissertation is to examine the fabrication of novel 

viral-templated gold-cadmium sulfide (Au-CdS) plasmonic photocatalytic nanostructures and to 

investigate their photocatalytic behavior via photodegradation of methylene blue. Tremendous 

progress has been achieved in the fabrication of plasmonic photocatalysis,1, 2, 3, 4, 5, 6, 7, 8 however, 

it is still challenging to develop facile, robust, and controllable routes to construct efficient 

plasmonic photocatalytic nanostructures. Currently, high reaction temperatures and/or toxic 

organic solvents are usually required for the fabrication of plasmonic photocatalysis.9, 10, 11 It is 

highly desirable to develop methods for the controlled fabrication of uniform and well-dispersed 

plasmonic photocatalytic nanostructures under relatively mild synthetic conditions. 

    The focus of this dissertation is to take advantage of the unique physical and chemical 

properties of bacteriophage P22 virus-like particles (VLP) as templates for the synthesis of 

Au/CdS photocatalytic nanostructures with controlled particle size and location. P22 VLP 

templates are composed of 420 copies of coat proteins which assemble into a spherical shell and 

around 300 copies of scaffolding proteins which are positioned in the inner cavity.12, 13, 14, 15 Both 

coat protein and scaffolding protein are amenable to chemical and genetic manipulations, which 

allow for the selective assembly of gold nanocrystals on the surface of P22 VLP, and the site-

specific binding of CdS nanocrystals inside P22 VLP. The combined features offer great 

feasibility and versatility for the controlled fabrication of Au/CdS plasmonic photocatalytic 

nanostructures.  
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1.1 Plasmonic Photocatalysis  

    The basic concept of photocatalysis is that photocatalytic semiconductors absorb energy from 

light and create electron-hole pairs, which generate free radicals that initiate the redox of 

chemicals.8 It finds a variety of applications in water splitting,16, 17, 18 air purification,5 carbon 

dioxide reduction,19 organic contaminant oxidation,20 and so on. Although great progress in the 

development of photocatalysis has been witnessed in the past several decades, it still faces some 

challenges in practical applications. Among these difficulties, two major ones are the 

recombination of excited electrons and holes which harms the photocatalytic efficiency, and low 

absorption efficiency of light.8 In a homogeneous semiconducting photocatalyst, excited 

electrons and holes migrate freely and have abundant chance to recombine, thus less amount of 

free radicals are available for photocatalytic activities.21, 22 The latter challenge is that many 

commonly used photocatalytic semiconductors such as TiO2 and ZnO have large bandgap and 

only absorb light of low wavelength in the ultraviolet (UV) region or near UV range (wavelength 

<400 nm).23, 24, 25, 26, 27, 28  

    An attractive strategy to address these issues is to incorporate noble metals (e.g., Ag, Au) into 

the photocatalytic system, thus creating so-called plasmonic photocatalytic nanostructures.20 The 

incorporated noble metals, e.g. gold nanoparticles, have shown to significantly improve the 

performance of photocatalyst by strongly absorbing visible light due to surface plasmon 

resonance (SPR), and preventing the photo-generated holes and electrons from recombination by 

introducing a metal-semiconductor junction.29, 30, 31  

1.1.1 Synthesis of Plasmonic Photocatalytic Nanostructures 

    In this section, I will briefly review the preparation of plasmonic photocatalytic nanostructures. 

Previously demonstrated types of plasmonic photocatalytic nanostructures mainly include: 1) 



 
 

3 
 

photocatalytic semiconductor decorated with plasmonic metal nanocrystals;32, 33, 34 2) (plasmonic 

metal)/(photocatalytic semiconductor) core/shell nanostructure;35, 36, 37, 38 3) (plasmonic metal)/ 

semiconductor yolk/shell nanostructures.39 and 4) (plasmonic metal)/(photocatalytic 

semiconductor) Janus nanostructures.40 Most of the first type of plasmonic photocatalytic 

nanostructures are prepared via the deposition or growth of metal on pre-formed semiconducting 

materials. 32, 33 Other types of plasmonic photocatalytic nanostructures are usually fabricated by 

using pre-formed metal nanocrystals as seeds.35, 36, 37, 38, 39, 40  

    A wide range of nanostructures that are composed of photocatalytic semiconductor decorated 

with plasmonic metal have been reported. 32, 33, 34 The most commonly adopted way to fabricate 

those nanostructures is incubating pre-formed photocatalytic semiconductors into a solution of 

metal precursor. The plasmonic metal nanocrystals are subsequently generated through reduction 

and preferentially attach onto the semiconductor. For example, Khon and coworkers have 

reported the fabrication of plasmonic gold and photocatalytic CdS hybrid nanostructures by 

reducing gold chloride in the presence of CdS nanorods.41 The colloidal growth of Au 

nanoparticles on the surface of CdS is achieved by the temperature-controlled reduction of Au-

oleate complex in oleylamine solution. The size of gold nanocrystals can be precisely tuned from 

2.5 to 16 nm by adjusting the temperature of the growth solution. The shape of Au/CdS hybrid 

nanostructure can be switched between matchsticks and barbells via adjusting the reduction rate 

of gold precursor, as shown in figure 1.1. 
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Figure 1.1 TEM images of Au/CdS nanocomposites fabricated using various synthetic conditions. 

a) Matchstick-shaped Au/CdS nanocomposites comprising plasmonic size gold domains; b) HR-

TEM images of nanocomposites shown in a); c) barbell-shaped Au/CdS nanocomposites 

comprising 4.5 nm gold tips; d) Au/CdS heterodimers consisting of a single gold tip grown onto 

a round-shaped CdS nanocrystals; e) HRTEM image of an Au/CdS heterojunction; and f) CdS 

nanorods comprising multiple Au domains.41 (Reprinted with permission from reference 41. 

Copyright (2010) American Chemical Society) 

 

    Zhang and coworkers have demonstrated the Au-Cu2O core/shell nanoparticles with 

geometrically tunable optical properties.37 Gold nanoparticles of different sizes have been 

synthesized through reduction of gold chloride either with formaldehyde at room temperature or 
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with citrate at 100 oC. The resultant gold colloids were subsequently added into an aqueous 

solution of Cu(NO3)2. The formation of a CuO2 shell over the gold core was achieved by 

introducing N2H4 into the reaction mixture. The morphology of Au/CuO2 core/shell structures is 

presented in figure 1.2.  

 

Figure 1.2 HAADF-STEM image of Au/Cu2O nanoparticles.37 (Reprinted with permission from 

reference 37. Copyright (2011) American Chemical Society) 

 

    Güttel and coworkers have displayed a kind of high-temperature-stable yolk-shell 

nanostructure composed of plasmonic gold and semiconducting ZrO2.
42 The overall method to 

fabricate this material is shown in figure 1.3. The first step is to synthesize the gold nanoparticles. 

The size of gold nanoparticles is subsequently reduced after the initial gold particles are covered 

with a silica shell (step 2). The silica shell is porous to some extent, which allows the partial 

removal of gold with the help of a leaching agent. Since some gold forms complex with the 

leaching agent and leaches out through the silica pore, the gold core size shrinks. After the 
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successful size reduction, yolk-shell Au,@ZrO2 nanostructure is achieved by treating with 

zirconium butoxide, calcination, and leaching of the silica with NaOH. 

 

Figure 1.3 Scheme of the preparation steps for Au,@ZrO2 yolk–shell catalysts with reduced gold 

core size. I) gold colloid; II) silica covered gold nanoparticles; III) silica covered gold cores with 

reduced size; IV) zirconia covered spheres; and V) Au,@ZrO2 yolk–shell material.42 (Reprinted 

with permission from reference 42. Copyright (2009) Royal Society of Chemistry) 

 

    Seh and coworkers have successfully synthesized Au/TiO2 Janus nanostructures.43 Gold 

nanorods were synthesized using seed-mediated growth in the presence of 

cetyltrimethylammonium bromide (CTAB). Free CTAB and spherical side products were 

removed by centrifugation. Hydroxypropyl cellulose solution was subsequently added to 

exchange CTAB on the surface of gold nanorods. A titanium diisopropoxide bis(acetylacetonate) 

(TDAA) precursor, which has a slower hydrolysis rate than most conventional Ti precursors, was 

adopted to control the decorating of TiO2 onto the hydroxypropyl cellulose-capped gold. Since 
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the partially hydrolyzed TDAA precursor is hydrophobic, it does not have good wettability on 

the hydrophilic surface of gold nanorods which are capped by hydroxypropyl cellulose. As a 

result, when TDAA is in contact with gold nanorods, the interfacial area will be minimized to 

reduce the interfacial energy, thus the TiO2 would nucleate on one side of the gold nanorods, 

which makes a Janus nanostructure rather than core/shell structure. 

 

Figure 1.4 TEM image of Janus TiO2/gold nanorods.43 (Reprinted with permission from 

reference 43. Copyright (2011) John Wiley and Sons) 

 

1.2 Templated Synthesis 

    Templated synthesis has been developed as one of the most important techniques for the 

controlled fabrication of a wide range of exquisite nanostructures.44, 45 Typically, nanomaterials 

prepared by using templates hold well-defined size and morphology directly related to that of the 

original templates. A template can be any substance with well-defined features such as size, 



 
 

8 
 

shape, and structure. Abundant kinds of materials have been employed as templates in the 

fabrication of a wide range of nanostructures. The physical properties of templates can vary 

greatly, from soft materials such as flexible polymers or biomolecules to hard materials such as 

well-structured inorganic particles or solid assemblies.46, 47, 48, 49, 50, 51  

1.2.1 Hard Templates  

    Hard templates are usually inorganic matters or metals with well-defined structures.52, 53, 54, 55 

Hard templates are mixed together with a precursor solution, generating either a suspension of 

the template in the precursor solution (endotemplates) or the incorporation of the precursor in the 

pores or matrix of the template (exotemplate). Polymerization or curing the precursor over the 

template is subsequently accomplished by thermal, chemical, or photo-induced reaction. If silica 

or alumina is used as templates, its removal can be readily achieved using strong bases or acids, 

respectively. Thus, a mesoporous hard template can be used to generate nanoparticles. Vice versa, 

nanoparticles as templates can be adopted to fabricate mesoporous frameworks, whose pores are 

directly related to the size and morphology of the inserted particles (figure 1.5).49 
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Figure 1.5 Schematic presentations of hard templates for the preparation of nanostructured soft 

materials using endo and exotemplates.49 (Reprinted with permission from reference 49. 

Copyright (2008) American Chemical Society) 

 

1.2.2 Polymer Templates  

    Polymers are commonly used as organic soft templates for the fabrication of well ordered 

inorganic nanostructures.56, 57, 58, 59 The polymeric templates allow for the fabrication of 

inorganic structures that are otherwise unattainable. The process of polymer templated synthesis 

involves several steps: 1) preparation of polymer template; 2) incubation of the template with an 

inorganic precursor in solution; 3) deposition of the inorganic material onto the template, which 

results in the formation of a hybrid nanostructure; 4) removal of the organic template if 

necessary, which can be achieved by heat treatment or dissolving the polymer in certain solvents. 

If heat treatment is adopted to remove the templates, the inorganic materials can be 
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simultaneously calcinated, which results in a harder, denser, and more stable product. Figure 1.6 

represents a nice scheme for the polymer-templated synthesis of hollow inorganic 

nanostructure.60 

 

Figure 1.6 Schematic representation of the layer-by-layer deposition of inorganic materials on 

the surface of polymer templates.60 (Reprinted with permission from reference 60. Copyright 

(2003) John Wiley and Sons) 

 

1.2.3 Biological Templates 

    The biotemplated synthesis is an interdisciplinary research field inspired by the fact that bio-

systems drive relatively simple building blocks to self-assemble into a variety of elegant 

ordered nanostructures.61 A wide range of biological matters, including individual 

biomolecules (DNA,62 protein,63 lipid,64 etc.) and biological entities (protein cage,65 virus,66 

fungi,67 etc.), have been utilized as templates for the synthesis of nanostructured materials. 

1.2.3.1 DNA templates 
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    Among biomolecules that act as templates for materials design and synthesis, DNA is one of 

the most intensively studied.62 The length of natural DNA can be very long. The human 

chromosome number 1, for instance, is of 220 million base pairs long (the length of one 

nucleotide unit is around 0.33 nm). The backbone of DNA contains negatively charged 

phosphate. This feature has been utilized to bind with metal cations and further regulate the 

growth of metal nanoparticles or metal compounds. For example, Liang et al. have reported the 

biomineralization of CdS nanorods by using DNA.68 They use anionic DNA and cationic 

liposomes to form a multilamellar structure, where periodic one-dimensional DNA chains are 

confined between two-dimensional lipid sheets. Cd2+ ions can be condensed by the presence of 

DNA and subsequently react with H2S to form CdS nanorods, as shown in figure 1.7. 

 

Figure 1.7 CdS growth within DNA-membrane complexes: the Cd2+ ions (red balls) are 

organized by DNA strands (blue) in the lamellar DNA-membrane complexes (side-view) and 

subsequently react with H2S (not shown) to form CdS nanorods.68 (Reprinted with permission 

from reference 68. Copyright (2004) American Chemical Society) 

 

1.2.3.2 Protein Cages 
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    Protein cages are assemblies of proteins. A diverse group of molecular architectures with 

multiple accessible symmetries (e.g. icosahedral, octahedral, tetrahedral, etc.) have been 

employed for materials design and synthesis.69 Apoferritin (AFt), for example, is a kind of 

hollow protein cage assembled from 24 polypeptide subunits.70, 71 This protein cage contains 

eight hydrophilic channels with size around 0.4 nm, which allow the influx and efflux of small 

molecules. The inner surface of AFt is rich in aspartate and glutamate residues, which can be 

used to attract metal cations and promote the confined formation of nanocrystals of metal or 

metal compounds in the cage. Figure 1.8 presents a scheme using AFt protein cage for the 

confined synthesis of CdSe.72  

 

Figure 1.8 The route to fabricate hydrophilic and non-toxic AFt-coated CdSe (AFt-CdSe) with 

the aid of EDTA.72 (Reprinted with permission from reference 72. Copyright (2009) Royal 

Society of Chemistry) 

 

1.2.3.3 Viruses  

    In the past decade, viruses have been gaining increasing attention for use as templates in 

the synthesis of nanosized materials.73, 74, 75 A virus typically consists of hundreds even 

thousands of protein subunits, which self-assemble to form a well-defined nanostructure. 

Bacteriophage P22 is one type of spherical virus that is widely used in the synthesis of 

nanoparticles.12, 13, 14 P22 procapsid is assembled from 420 copies of coat protein with the help of 
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around 300 copies of scaffolding protein. The outer shell of P22 is 60 nm in diameter and the 

inner cavity is about 45 nm. Both outer shell and inner cavity have been demonstrated previously 

for the synthesis of inorganic nanomaterials. For example, Reichhardt and coworkers have 

successfully synthesized Fe2O3 within the cavity of P22 virus by genetically fusing a polyanionic 

peptide to the scaffolding proteins which are positioned inside P22.76 The polyanionic peptide 

strongly bind with Fe2+, which is further air oxidized to form Fe2O3 confined inside P22.    

    Coat protein of P22 has also been utilized for the synthesis of nanomaterials. Shen and 

coworkers have genetically engineered the coat protein of P22 with peptides that specifically 

bind with CdS or ZnS.77 The inserted peptides do not affect the self-assembly of coat protein to 

form a spherical shell. CdS or ZnS nanocrystals are selectively formed on the genetically 

engineered sites over P22 shells. By adjusting the reaction time, discrete nanocrystals over P22 

templates can grow into a hollow inorganic shell, as shown in figure 1.9.   

 

Figure 1.9 a) Three-dimensional surface representation of P22 procapsid viewed along a 3-fold 

axis. b) TEM image of stained protein assemblies of genetically engineered P22 coat protein. c) 

Schematic illustration of the formation of ordered nanocrystal assemblies over self-assembled 

genetically engineered P22 coat proteins. Step 1: assembly of P22 coat proteins (gray) 
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genetically engineered with specific peptide (red). Step 2: protein-directed nucleation and growth 

of nanocrystals (yellow) on the protein assembly. (d and e) Sulfide nanocrystal assemblies grown 

on the self-assembled protein templates shown in Figure 1.9b. All scale bars represent 50 nm.77 

(Reprinted with permission from reference 77. Copyright (2010) American Chemical Society) 

 

1.3 Research Objectives 

    The research objectives of this current dissertation are to utilize the unique functional and 

structural properties of virus P22 for the fabrication of plasmonic photocatalytic nanostructures. 

The coat protein of P22, which contains all 20 standard amino acid residues, will be adopted for 

the construction of ordered plasmonic gold nanostructure. The scaffolding protein of P22 will 

be genetically engineered with a peptide that specifically binds with semiconducting CdS. We 

have aimed to combine the features of both coat protein and scaffolding protein of P22 to 

fabricate Au/CdS hybrid nanostructures with enhanced photocatalytic activity.  
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CHAPTER 2 EXPERIMENTAL TECHNIQUES 

 

For our biomimetic research, P22 virus-like particles (VLP), which are composed of 420 

copies of coat protein and around 300 copies of scaffold protein, have been chosen as a kind of 

versatile template. The wild type coat protein was used as template for the synthesis of highly 

ordered gold nanostructures via a general synthetic procedure, while the engineered scaffold 

protein was employed for directing the formation and growth of photocatalytic CdS. To 

characterize the VLP-templated nanostructures, we have utilized various techniques, including 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) coupled with 

high resolution (HR) and energy-dispersive X-ray spectroscopy (EDS), scanning transmission 

electron microscopy (STEM), X-ray diffraction (XRD), ultraviolet-visible spectroscopy (UV-

Vis), analytical ultracentrifugation (AUC), and dynamic light scattering (DLS). 

2.1 Preparation of Biotemplates 

2.1.1 Plasmids Construction 

    Peptide sequence, SLTPLTTSHLRS, was added to the N-terminus of the truncated scaffolding 

protein by introducing the peptide coding sequencing (pCdS) into the 5’ end of the truncated 

scaffolding gene (gp8-141-303). We designed primers: 1) 5’-

GCTGACCACCAGCCATCTGCGTAGCGCTCGCAGCAATGCCGTAGC-3’; 2) 5’-

GACGATGCATATGAGCCTGACCCCGCTGACCACCAGCCATCTGCGTAGC-3’; 3) 5’-

TGGATCCTATTATCGGATTCCTTTAAG-3’, to which peptide coding sequencing 

(AGCCTGACCCCGCTGACCACCAGCCATCTGCGTAGC) was included. Using the plasmid 
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of P22 gp8-141-303-pET3a (from Dr. Prevelige’s lab) as a template, the fragment of pCds-gp8-

141-303 with the restriction enzyme sites NdeI and BamHI was obtained by two-step PCR, then 

digested and ligated into P22 assembly plasmid gp8. 5-pET3a with the same restriction enzyme 

sites was used to create the new assembly plasmid pCds-gp8-141-304-gp5-pET3a. 

2.1.2 Protein Expression 

    The P22 coat protein and truncated scaffolding protein were heterologously expressed in BL21 

(DE3) cells. BL21 cells containing the assembly plasmid pCds-gp8-141-304-gp5-pET3a were 

grown in 1.5 L of LB at 37˚C. Upon reaching mid-log phase, expression of protein was induced 

with the addition of 1 mM IPTG. Induction was allowed to proceed for 3 hours before 

centrifugation at 9000 x g.  The cell pellets were then re-suspended in lysis buffer (50 mM Tris-Cl 

pH 7.6; 100 mM NaCl; 2 mM MgSO4) and frozen. Cells were lysed by freeze-thaw and sonicated 

to reduce the viscosity of the re-suspension. Following sonication, the re-suspension was 

centrifuged for 45 minutes at 27,000 x g to clear cell debris. The soluble material was then 

centrifuged through a 20% sucrose cushion for 2 h at 40,000 rpm and 4˚C in a 42.1 rotor 

(Beckman Coulter). The pellet was re-suspended and the particles were loaded onto a 5-20% 

sucrose gradient and centrifuged in an SW41 rotor (Beckman Coulter) for 30 minutes at 20˚C. 

Procapsid-like particles were found to migrate near the center of the gradient. The particles were 

collected and dialyzed against Buffer B (50 mM Tris-Cl pH 7.6; 25 mM NaCl) and stored at 4˚C. 

    The scaffolding protein construct was expressed and lysed in a manner identical to the 

procedure used for procapsid-like particles. Following cell lysis, the cell debris was separated 

from the soluble material by centrifugation at 27,000 x g for 1 h. Ammonium sulfate was then 

added to the supernatant at 50% saturation. The pellet obtained after the 50% salt cut was re-

suspended in 10-20 mL Buffer B and dialyzed extensively against Buffer B. The soluble material 
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was then loaded onto 5 mL HiTrap Q and HiTrap SP columns (GE Healthcare) connected in 

tandem and the loaded material was washed extensively with Buffer B. The HiTrap Q column 

was removed and elution from the SP column was achieved by applying a linear gradient from 25 

mM to 400 mM NaCl. Fractions containing scaffolding protein were pooled and concentrated 

using 10,000 Da MWCO Centricon centrifugal filter units (Millipore). 

2.2 Bio-templated Synthesis of Gold and CdS 

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

P22 shells was dispersed in NaBH4 aqueous solut ion, an aqueous HAuCl4 solution was then 

added and the mixture held at room temperature for 1-12 hours. During this step, the protein-

directed nucleation of gold nanocrystals occurs at the Hisditine residue of the protein surface, 

resulting in spherical nanocrystal assembly on P22 VLP template. 

    In a typical reaction of P22 VLP-templated synthesis of CdS, a small amount of P22 was 

added to CdCl2 solution and after 30 minutes thioacetamide as a S2- source was added. The 

release of S2- was achieved by adding a few amount of tris solution (pH 9.5). The reactions were 

conducted for different times (15 minute - 12 hours) a t  room temperature. The time-

dependence of the size, shape, and structure of the P22 VLP-templated CdS structures was 

investigated by varying the reaction time.  

    In a typical reaction of VLP-templated synthesis of plasmonic photocatalytic Au/CdS 

nanostructure, a small amount of genetically engineered P22 was added to CdCl2 solution and 

after 30 minutes thioacetamide as a S2- source was added. The release of S2- was achieved by 

adding a few amount of tris solution (pH 9.5). The reaction was conducted for three hours at 

room temperature and then terminated by centrifuge filtration to remove unreacted Cd and S 

sources. The product was collected and incubated with NaBH4 before the addition of HAuCl4.  
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The details of the experimental procedure are described in Chapter 3, 4 and 5. 

2.3 Scanning Electron Microscopy 

    The scanning electron microscope (SEM) produces images of a sample by scanning it with a 

focused beam of electrons.1 A variety of species of electrons, including back scattered, auger, 

and secondary electrons are generated from electron-sample interaction when high-energy 

incident electrons are scanning a sample. A range of information, such as morphology, chemical 

composition, and crystal orientations can be generated from electron/sample interaction. For 

morphology and topography, secondary electrons are commonly used, for they are generated 

near the surface, thus have the best resolution. Field emission SEM can achieve resolution better 

than 1 nanometer. For environmental SEM, specimens can be observed in low vacuum and in 

wet conditions. For our SEM measurements, a Joel 7000 SEM was employed.  

2.4 Transmission Electron Microscopy 

    The transmission electron microscope (TEM) is a high resolution (<5 nm) technique for 

measuring the fine details of samples.2 Field-emission and thermionic source are the commonly 

used electron source for TEM. Electrons are focused to a very thin electron beam through an 

electromagnetic lens and accelerated towards the specimen. When the electrons hit the specimen, 

some of the electrons can transmit through the specimen, which strike a phosphor screen at the 

bottom of the microscope, or be detected by a charge-coupled device (CCD) camera to generate 

an image. Since fewer electrons can transmit thicker or denser areas of a sample, those areas will 

be darker in the generated image. Similarly, thinner or less dense areas of a sample allow the 

electrons to transmit easily, thus will be represented by the lighter areas of the image. High 

resolution transmission electron microscopy (HRTEM) images can offer great detailed 
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information for a sample at the atomic level. In our research, most of TEM images were obtained 

from a TECNAI 20 field emission TEM.   

2.5 X-Ray Powder Diffraction  

    X-Ray powder diffraction (XRD) is a technique for identifying crystal structures.3 In 

crystalline solids, atoms are periodically arranged with specific distances, which are comparable 

to the wavelength of X-rays. Incident X-rays can be scattered in all directions by the atoms, but 

constructive interference will occur when scattered waves satisfy the Bragg’s law:  

                                                                 2dsinθ=nλ                                                             (2.1) 

where d is the distance between two crystal planes, θ is the scattering angle, n is an integer, λ is 

the wavelength. The position and intensity of diffraction peaks depend on the unit cell and the 

type of atoms. Each crystalline solid has its unique “fingerprint” pattern which can be 

employed for its identification of crystal structure. In addition, JCPDS (Joint Committee on 

Powder Diffraction Standards) pattern database is available for comparing diffraction pattern of 

an unknown crystallite with existing patterns. 

    For materials in nanoscale (typically < 100 nm), their diffraction patterns usually contains 

broad peaks. Particle size can be estimated using the Scherrer equation:  

                                                                       τ=Kλ/(βcosθ)                                                       (2.2)  

where τ is the mean size of the nanoparticles, K is the shape factor (typically 0.9), λ is the X-

ray wavelength, β is the full width at half maximum intensity of the peak (FWHM), and θ is the 

Bragg angle. 

2.6 Ultraviolet-Visible Spectroscopy 

    Ultraviolet-visible (UV-Vis) spectroscopy is a convenient method to quantify the 

concentration of a protein solution.4 Protein solution shows characteristic absorbance peak at 
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280 nm (A280) due to the amino acid residues with aromatic rings. Nucleic acids strongly 

absorbs at 260 nm (A260) because of their nitrogenous heterocyclic bases. Taking possible 

contamination of nucleic acid into consideration, the concentration of the protein in solution can 

be calculated using the following equation:  

                                        [protein] (mg/ml) = (1.55 x A280) – (0.76 x A260)                         (2.3) 

    UV-Vis spectroscopy is also widely used in characterization of semiconducting and 

plasmonic nanoparticles. The band gap of a semiconductor is size-dependent due to the quantum 

confinement effect. Absorption peaks red shift to longer wavelengths with the increase of 

particle size. For plasmonic metals such as gold and silver, the plasmonic peak also red shifts 

with the increase of particle size. Based on these features, the size of both semiconducting and 

plasmonic materials can be calculated from UV-Vis spectra.   

2.7 Analytical Ultracentrifugation  

    Analytical ultracentrifugation (AUC) is a powerful technique for the quantitative analysis of 

samples in solution.5 The precise observation in real time of samples’ sedimentation is achieved 

through an optical detection system, which can be ultraviolet light absorption system, 

interference optical refractive system, or fluorescence system. AUC finds broad applicability in 

determining the solution behavior of a wide range of molecules, as well as particles. Samples are 

characterized in their native state in solution, the interactions with matrices or surfaces are thus 

avoided. AUC is a nondestructive technique and samples can be recovered for further other 

measurements. For AUC, hydrodynamic information about the size and shape of a sample can be 

analyzed from sedimentation velocity, and thermodynamic information about the solution molar 

masses, stoichiometries, and association constants can be analyzed from sedimentation 

equilibrium. AUC has recently gained increasing attention because of the development of 
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modern powerful computers, as well as software, which allow the analysis of AUC data more 

enjoyable. In our AUC measurements, a Beckman XL-A ultracentrifuge was employed. 

2.8 Dynamic Light Scattering 

    Dynamic light scattering (DLS) is a technique developed for measuring the size and size 

distribution of small particles in solution.6 It is rapid and non-destructive. A monochromatic light 

is shot through the solution with analytes. As long as the analytes are small compared to the 

wavelength of incident light, the light will scatter in all directions when it hits the analytes 

(Rayleigh scattering). The scattering intensity fluctuates over time, due to the Brownian motion 

of small analytes in solution. The diffusion rate of analytes determines the time-dependent 

fluctuations of the scattered light. This diffusion rate is closely related to the hydrodynamic 

diameter of the analytes. Therefore, the hydrodynamic size of the analyte can be determined by 

the DLS measurements.  
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CHAPTER 3 P22 COAT PROTEIN TEMPLATED SYNTHESIS OF ORDERED 
NANOSTRUCTURE OF GOLD 

 
3.1 Introduction 

    Materials in nanoscale have attracted increasing attention in the past decade due to their 

tunable and different intrinsic properties compared to their bulk counterparts.1, 2, 3 4 Especially, 

ordered nanoparticle assemblies are of enormous interests due to their cooperative properties and 

potential applications in a variety of areas such as catalysis,5 magnetism,6 optics,7 and 

biomedicine.4a, 4b, 4c, 4d However, the assembly of nanoparticles into ordered architecture in a 

controllable fashion is still very challenging. Templated synthesis is viewed as one of the most 

promising strategies for the controlled assembly of nanoparticles into ordered nanostructures.8, 9, 

10, 11 Particularly, biological templates, due to their homogeneity in size, be ease for manipulation 

through genetic or chemical approaches, and ready for amplification, have been considered to be 

a bright avenue for fabricating a wide range of ordered nanostructures.12, 13, 14, 15, 16 

    As a step towards mimicking biological self-assembly, viruses and protein cages have 

emerged as robust and effective platforms due to their unique functional and structural 

properties.8, 17, 18, 19, 20, 21 The well-defined morphology and dimensional uniformity of protein 

cages and viruses offer a great convenience for templated synthesis of materials in a controllable 

fashion.22, 23, 24 Among the viruses, bacteriophage P22 represents one of the ideal candidates for 

use as a robust nano-template with unique structural and functional capabilities.25, 26 Wild type 

P22 procapsid is composed of a 60 nm diameter icosahedral shell which is assembled from 420 

copies of coat protein and an interior cavity containing approximately 300 copies of scaffold 
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protein.27, 28, 29, 30 P22 are ready for both chemical and genetic manipulations, stable in a wide 

range of pH, resistant to elevated temperatures (as high as 80 oC), non-toxic, and do not cause 

environmental hazards.31, 32, 33  

    P22 shells are of particular convenience as robust templates for the fabrication of ordered 

assemblies of nanoparticles.25 P22 shells are highly symmetric, consisting of 60 hexamers and 12 

pentamers of coat protein which contains all of the twenty standard amino acid residues.34, 35 The 

rich chemical environment of P22 shells offers great advantages for the binding, nucleation, and 

growth of nanoparticles. This symmetry provides great possibility for the ordered assembly of 

nanoparticles over P22 shells. Herein, as a model system, we will demonstrate the controlled 

fabrication of ordered gold nanostructures over P22 templates. The synthetic strategy is expected 

to expand for the fabrication of a wide range of other nanostructures. Furthermore, the formation 

mechanism of ordered nanostructure of gold will be proposed.   

3.2 Experiments 

3.2.1 Materials 

    Gold nanostructures were synthesized using commercially available reagents. Auric chloride 

(HAuCl4, 99.99%) and sodium borohydride (NaBH4, 98%) were purchased from VWR 

(Pennsylvania, US). Both chemicals were used as-received without any further purification.  

3.2.2 Protein Expression 

    The P22 coat protein was heterologously expressed in BL21 (DE3) cells. BL21 cells were 

grown in 1.5 L of lysis buffer (50 mM Tris-Cl pH 7.6; 100 mM NaCl; 2 mM MgSO4) at 37˚C. 

Upon reaching mid-log phase, expression of protein was induced with the addition of 1 mM 

IPTG. Induction was allowed to proceed for 3 hours before centrifugation at 9000 x g. The cell 

pellets were then re-suspended in lysis buffer and frozen. Cells were lysed by freeze-thaw and 
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sonicated to reduce the viscosity of the re-suspension. Following sonication, the re-suspension 

was centrifuged for 45 minutes at 27,000 x g to clear cell debris. The soluble material was then 

centrifuged through a 20% sucrose cushion for 2 h at 40,000 rpm and 4˚C in a 42.1 rotor 

(Beckman Coulter). The pellet was re-suspended and the particles were loaded onto a 5-20% 

sucrose gradient and centrifuged in an SW41 rotor (Beckman Coulter) for 30 minutes at 20˚C. 

Procapsid-like particles were found to migrate near the center of the gradient. The particles were 

collected and dialyzed against Buffer B (50 mM Tris-Cl, pH 7.6; 25 mM NaCl) and stored at 4˚C.  

3.2.3 Synthesis of Gold Nanoparticles 

    P22 shells assembled from wide-type coat protein were used as templates for the synthesis of 

gold in two routes. In the first route, P22 shells were incubated with auric chloride for 1 hour, 

allowing for protein-Au interaction. Subsequently, aqueous NaBH4 was added to the solution. 

Gold nanoparticles were generated immediately after the addition of NaBH4, as evidenced by the 

swift color change to red from colorless. In the second route, P22 shells were incubated with 

NaBH4 instead of auric chloride for 1 hour, followed by the addition of auric chloride. Gold 

nanoparticles were also formed immediately suggested by the swift color change to red from 

colorless. In both cases the concentration of P22 templates, gold precursor, and NaBH4 were kept 

the same. The amount of P22 coat protein was about 2 nmol, gold precursor was 40 nmol, while 

NaBH4 was 200 nmol. Corresponding ratio of gold precursor to coat protein was approximately 

20:1. Gold nanoparticles were also synthesized without P22 templates, with the amount and ratio 

of gold precursor and NaBH4 kept exactly the same.  

3.2.4 Characterization of Materials 

    Morphology and structure of the gold products were investigated using TEM coupled with 

high resolution (HR) (Tecnai F-20), operating at 200 kV. The formation of gold, interaction of 
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P22 shells and gold precursor, and interaction of P22 shells and NBH4 were monitored by a UV-

Vis spectrometer (Beckman DU 800). 

 
3.3 Results and Discussion 

3.3.1 Morphology and Size of Gold Nanoparticles 

    The biotemplated synthesis of gold nanoparticles was carried out in two steps. The first step 

involved the self-assembly of P22 coat protein into P22 shells. The second step was the 

subsequent synthesis of gold over P22 biotemplates. The experimental scheme is shown in figure 

3.1. Particularly, the experiments were carried out in two different ways: incubation of P22 

templates and gold precursors before the addition of reducing agent, and without incubation but 

adding gold precursor into P22 solution with pre- existing reducing agent.  

 

Figure 3.1 Scheme of P22 shells templated synthesis of gold nanoparticles 

 

The morphology and size of ordered nanostructure of gold, as well as P22 templates, were 

investigated using TEM. Figure 3.2 demonstrates the assembly of P22 shells, the growth of gold 

nanocrystals on the surface of P22 templates, and gold nanocrystals synthesized without any 

templates. The assembly process and the resultant P22 shells are similar to those of wild-type 
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P22 procapsid. Typically, 420 copies of the P22 coat protein (47 kDa) assemble with the aid of 

approximately 300 copies of scaffolding protein to form an icosahedral T=7 P22 shells (Figure 

3.2a). Based on 50 randomly selected particles, the protein assembly has been established to 

have an average diameter of 59.3 nm (figure 3.3), which is in agreement with the size of wild 

type P22 procapsid.32 Figure 3.2b and c present TEM images (without staining for better 

comparison) of the Au-P22 nanostructures, which have a dimension of 61.8 + 4.8 nm and 62.3 + 

6.2 nm, respectively (size and size distribution are detailed in figure 3.3). These values are very 

close to the size of P22 shells before any material synthesis, suggesting that the growth of gold 

likely occurred at the lower ridges of the uneven surface of P22 shells.36 Notably, the gold 

nanoparticles sit discretely on the surface of P22 shells, which suggests that there are multiple 

sites capable for gold growth and stabilization. The size of individual gold nanoparticles on P22 

surface has been measured using software ImageJ, with results shown in figure 3.4. When 

reducing agents NaBH4 was added after the incubation of P22 shells and gold precursor, the size 

of individual gold nanoparticles on the surface of P22 shells are 2.3 + 0.6 nm. When gold 

nanoparticles formed without gold precursor-template incubation, the size is 3.1 + 0.5 nm. The 

size of gold nanoparticles is 5.7 + 1.5 nm when gold was synthesized without biotemplates. 

Compared to the size of gold synthesized without P22 templates, the decrease of size of gold 

formed on templates is statistically significant. This result indicates that P22 shells are effective 

templates for gold growth. Furthermore, there is statistically significant difference of gold size as 

an outcome of gold synthesized by different routes, which suggests that the formation of gold 

can be affected by incubating gold precursor and P22 templates.   
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Figure 3.2 TEM images of a) P22 shells; b) P22 shells templated synthesis of gold, with 

incubation of gold precursor with biotemplates; c) P22 shells templated synthesis of gold with 

pre-existing reducing agent; d) gold synthesized without biotemplates. Scale bars represent 100 

nm in a, b, and c. Scale bar represents 50 nm in d.  
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Figure 3.3 Size distribution of P22-based particles as determined from TEM results. a) P22 

shells by themselves; b) P22-Au, gold precursor added before the addition of NaBH4; c) P22-

Au, NaBH4 added before the addition of gold precursor; d) size comparison of different P22-

based particles. 

 

Figure 3.4 Size and size distribution of individual gold particles as determined from TEM 

results. a) Gold synthesized without P22 biotemplates; b) gold on P22 shells, gold precursor 
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added before the addition of NaBH4; c) gold on P22 shells, NaBH4 added before the addition of 

gold precursor; d) size comparison of different gold particles. 

 

3.3.2 Gold Synthesis Monitored by UV/Vis Spectroscopy  

    For the synthesis of gold nanoparticles on P22 shells, we have monitored in-situ the formation 

of gold using UV-Vis spectroscopy. As seen in Figure 3.5, without any biotemplates, the 

reduction of auric chloride by NaBH4 has generated an absorption peak at 522 nm, which is in 

agreement with reported plasmonic peak of gold nanoparticles. For gold synthesis templated by 

P22 shells with pre-existing NaBH4, resultant gold nanoparticles produced an absorption peak at 

516 nm. Compared to gold nanoparticles synthesized without P22 shells, the absorption peak of 

gold grown on P22 biotemplates has blue-shifted, which suggests the size decrease of 

biotemplating generated gold nanoparticles.37 In addition, the absorption peak of biotemplated 

gold is also broader than that of gold without templates, which commonly suggests a broader size 

distribution of nanoparticles.38, 39 However, TEM results have shown that size distribution of 

biotemplated gold is narrower than that of gold without P22 shells. Since size distribution is not 

the reason that caused peak broadening, we reason that this phenomenon resulted from stronger 

plasmonic interaction of closely adjacent but discrete gold particles on the surface of P22 shells 

compared to that of gold particles freely distributed in water.40, 41 In the first route of gold 

synthesis, however, there was no notable plasmonic peak, which suggests the size of gold in this 

synthesis condition is even smaller than that of gold in the second route, which is in agreement 

with TEM observations. 
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Figure 3.5 UV/Vis spectroscopy results of gold synthesis. 

 

3.3.3 Interaction of P22 Shells with NaBH4 and HAuCl4  

    Both TEM and UV/Vis results demonstrate that there are remarkable differences between gold 

nanoparticles synthesized by the two different routes. To better understand the gold formation 

and growth, we have investigated the interaction of P22 templates with NaBH4 and HAuCl4, 

respectively. At first, we wanted to make sure that the strong reducing agent NaBH4 has no 

harmful effects on P22 shells. Figure 3.6a presents the as-obtained UV/Vis spectra of P22 

solution (600 uL, 0.5 mg/mL) before and after the addition of 150 uL of NaBH4 (10 mM). P22 

shells have a characteristic absorption peak at 280 nm, while NaBH4 has no absorption in the 

whole range of measurement (200 nm to 800 nm). After the addition of NaBH4, it seems that the 

absorbance of P22 shells decreased. However, the concentration of P22 shells was actually 

diluted by the addition of 150 uL of NaBH4. Taking this dilution into account, the spectra in both 
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cases are almost the same (figure 3.6b). These results indicate that there is no notable interaction 

between P22 shells and reducing agent NaBH4. 

 

Figure 3.6 a) UV/Vis spectra of P22 shells before and after the addition of NaBH4; b) Processed 

UV/Vis spectra of P22 shells with or without NaBH4 by taking change of P22 concentration into 

consideration (UV/Vis data of P22 + NaBH4 in figure 3.6a are multiplied by 750/600). 

  

    We have also investigated the interaction of P22 shells with HAuCl4 by UV/Vis measurements, 

as shown in figure 3.7. HAuCl4 (40 nmol HAuCl4 in 0.6 mL of DI water) has a characteristic 

absorption peak at 219 nm, while P22 (0.1 mg of P22 shells in 600 mL of DI water) strongly 

absorbs light at 280 nm. When these two species mixed together, the characteristic peaks of both 

P22 shells and HAuCl4 are no longer notable. The interaction of protein and HAuCl4 has been 
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extensively studied.42, 43, 44 Negatively charged amino acids such as glutamic acid45 and aspartic 

acid46, 47, positively charged amino acids such as arginine48 and lysine49, sulfur contained amino 

acid cysteine50, and amino acid with an imidazole functional group such as histidine51, as well as 

tyrosine52, have been used for gold synthesis in previous studies. To roughly estimate the amount 

of gold precursor that binds with P22 shells, we have incubated excess amount of auric chloride 

with P22 shells, and then evaluated the binding behavior by collecting unbound gold precursor 

using a centrifuge filter device (MWCO 10,000), in which any molecules larger than 10000 can 

be retained in the upper half of the device, while molecules with molecular weight smaller than 

10000 can be recovered in the lower half. The molecular weight of HAuCl4 is less than 400, 

while molecular weight of P22 shells is around 20 million. In principle, P22 shells and/or P22-

HAuCl4 complex will be retained in the upper half, only unbound auric chloride can get down to 

the lower half of the tube. By employing this technique, we have been able to collect solution 

with unbound gold precursor and measure its concentration. As shown in figure 3.7, the 

remaining solution of gold precursor shows the same absorption characteristics as the original 

solution of gold precursor, but with remarkable decrease in the absorption peak. From these 

results, we have roughly estimated that about 65% of gold precursor (around 26 nmol) can bind 

with P22 shells. For 0.1 mg of P22 shells, the molar amount of coat protein is about 2.13 nmol. 

We could thus conclude that there are roughly 12 gold ions per coat protein, 5040 gold ions per 

shell. 
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Figure 3.7 UV/Vis spectra for the interaction of P22 shells and HAuCl4 

 

    To further evaluate the interaction of P22 shells with HAuCl4, we have further carried out 

TEM measurements. The hypothesis was that if HAuCl4 could interact with P22 shells, then 

heavy element Au should be able to provide sufficient contrast for visualizing P22 shells, which 

are composed of light elements such as C, H, N, S, and usually invisible in TEM measurements. 

If we can directly see P22 shell-like structures from an unstained sample of P22-HAuCl4 using 

TEM, we can then assert that HAuCl4 can bind with P22 shells. As shown in figure 3.8, we could 

indeed see spheres with size similar to P22 shells, which convincingly suggests that P22 shells 

can bind with HAuCl4. It should be noted that the TEM results of shell/HAuCl4 is different from 

that of P22 shell/gold in terms of morphology. In the later section, we would like to discuss it in 

detail. 
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Figure 3.8 TEM image of unstained P22 shell/HAuCl4 

 

3.3.4 Analysis of Potential Binding Sites 

    As mentioned previously, a wide range of amino acids, including Cys, His, Tyr, Glu, Asp, Arg, 

and Lys, have been reported for templated synthesis of gold nanoparticles. P22 coat protein has 

all of those residues. The question is: can all those residues act as nucleation site for gold binding, 

stabilization, and growth? To address this question, we have investigated the molecular structure 

of P22 coat protein using software Chimera.53 The PDB data of P22 coat protein (2XYY 34) was 

downloaded from www.pdb.org. Using 2XYY.pdb, a hexamer of P22 coat protein could be 

generated in Chimera as shown in figure 3.9a. Cys is extensively used for gold synthesis, for its 

HS- has very strong affinity with gold. Since P22 coat protein has one copy of cys residue, it is 

reasonable to consider that Cys can act as a binding site for gold formation and growth. However, 

structure analysis has suggested that this residue is actually deeply buried inside P22 coat protein 
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(figure 3.9b), thus not likely for gold binding and growth. Recently, studies by others also found 

that the Cys residue in P22 coat protein is buried and unavailable for gold growth.54, 55 Then, His 

residue in P22 coat protein has been analyzed. As shown in figure 3.9c, each coat protein has two 

copies of His residue which are positioned near the surface. So, this residue can be potential 

binding sites for gold formation and growth. In addition, Tyr, a residue which can reportedly 

reduce Au3+ to gold nanoparticles even without the help of external reducing agents such as 

NaBH4,
56 has been investigated. In figure 3.9d, we can see that each P22 coat protein has eight 

copies of Tyr, among which five copes are directly visible in the current model, thus indicating 

the potential binding capability of this residue with gold. Furthermore, negatively charged 

residues Glu and Asp have been assessed. As shown in figure 3.9e, plenty of Glu and Asp can be 

directly seen. This result is reasonable, since each P22 coat protein has 20 copies of Glu and 32 

copies of Asp. Similar results (figure 3.9f) can be obtained for the positively charged residues, 

since each P22 coat protein has 22 copies of Arg and 20 copies of Lys. All those charged 

residues can be potential binding sites.   
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Figure 3.9 Analyses of potential binding sites for gold on P22 coat protein using Chimera. a) P22 

coat protein hexamer; b) Cys; c) His; d) Tyr; e) Glu and Asp; and f) Arg and Lys. Numbers in 

brackets indicate the amount of residues per coat protein.  

 

    Based on previously reported results and analysis of P22 structure, we have assumed the 

following residues could potentially interact with gold: His, Tyr, Glu, Asp, Arg, and Lys. To 

confirm this assumption, we have carried out size-dependent simulations assuming that 

individual gold nanocrystals with size 2.5 nm grow uniformly over a spherical cage of 60 nm in 

diameter. If His indeed acts as binding site for gold, then there would be 420 to 840 sites in a P22 

shell for gold nucleation and growth. The simulated patterns are shown in figure 3.10a and b, 

which are in good agreement with TEM results of gold assembly over P22 shells. If Tyr residues 

have provided nucleation sites for gold growth, there would be a maximum of 3360 gold 
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nanocrystals grown over P22 shells. The simulated pattern is presented in figure 3.10c, which is 

not well suited with TEM results. If positively charged residues have mediated and stabilized the 

growth of gold, the potential sites can be as many as 17640. In simulation, however, 17640 of 

dots (2.5 nm) on a sphere (60 nm) formed a very dense shell (figure 3.10d) instead of discrete 

particles, which is completely different from the experimental results. Similar simulated pattern 

is shown in figure 3.10f. With even more points (21840) on a sphere, the simulated pattern does 

not match with measured results. Previously, we have concluded that one P22 shell is capable of 

binding with 5040 Au ions. However, the simulated pattern (figure 3.10c), assuming that each 

gold ion develops into a gold nanoparticle, also does not match with experimental results. Based 

on all these analyses, we have proposed that the growth of gold nanoparticles is regulated by the 

residue His, though multiple residues can potentially bind with gold precursor.     

 

Figure 3.10 Size-dependent simulation of gold nanostructure. The dots were assumed to be 2.5 

nm, and the spheres were assumed to be 60 nm. a) 420 dots; b) 840 dots; c) 3360 dots; d) 5040 

dots; e) 17640 dots; and f) 21840 dots.  
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3.3.5 In-situ TEM Observations   

    Previously, we have mentioned that TEM results of P22 shell/HAuCl4 are different from that 

of P22 shell/gold in terms of morphology. While HAuCl4 could positively stain the whole P22 

shells without notable selectivity, gold nanocrystals just selectively bind with some specific sites 

on P22 shells. To further confirm the selectivity of P22 shells for gold binding and growth, we 

have carried out in-situ TEM observations. It is well know that noble metal ions such as Au3+ 

and Ag+ are readily to be reduced by high energy radiation.57, 58 Figure 3.11 presents the results 

of in-situ TEM observations, in which electron beam was adopted to trigger the reduction of Au 

ions and formation of gold nanoparticles. It is worth noting that the spot size of the TEM beam 

was set at 9 to minimize sample damage during TEM measurements. Figure 3.11a shows the 

morphology of P22 shell/HAuCl4. Again, P22 shells could be positively stained and visualized 

by the presence of Au ions, just like the results appeared in figure 3.8. Five seconds later, two 

nanocrystals emerged on the surface of P22 shells, suggesting the successful reduction of Au 

species (figure 3.11b). At longer time of electron exposure (10 seconds), more particles with 

increased size appeared on the surface of P22 shells (figure 3.11c). After exposure for 15 

seconds, some even larger particles surfaced on P22 shells at the sacrifice of small particles, as 

shown in figure 3.11d. The electron beam induced formation of gold nanoparticles over P22 

shells was selective rather than uniform. Otherwise, we should be able to see evenly distributed 

particles on the whole surface of P22 shells.   
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Figure 3.11 In-situ TEM observations of gold formation over P22 shells. Scale bar represents 20 

nm except (a), in which it represents 100 nm 

 

3.3.6 Proposed Gold Formation Mechanism 

    Based on all the results and discussions, we are able to propose a formation mechanism of 

gold nanoparticles over P22 shells. In the route 1 of gold synthesis, P22 coat proteins could 

interact and bind with gold precursor, however, not all the residues that interact with gold 

precursor could act as binding sites for the formation of gold nanoparticles. Instead, gold 

nanoparticles were most likely selectively formed at the specific sites of His residues. In route 2, 

gold precursor was added into P22 solution with excess of pre-existing reducing agent, and it 

turned immediately into gold nuclei or nanocrystals, which found the selective binding sites and 

further assembled over the surface of P22 shells. 
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Figure 3.12 Proposed gold formation mechanism over P22 biotemplates. The hexamer was 

produced by Chimera. Red dots in route 1 symbolize gold precursor, yellow dots in both routes 

represent gold nanoparticles.   

 

3.4 Conclusions 

    In conclusion, our results clearly demonstrate that bacteriophage P22 shells can act as 

selective biotemplates for the ordered growth of gold nanocrystals. In biotemplated synthesis of 

inorganic nanoparticles, it is a common practice to incubate precursor with biotemplates. 

However, in our current study, the incubation of gold precursor did not produce better outcome 

compared to direct reduction without protein/gold precursor interaction. In both routes, gold 

nanocrystals could find their selective binding sites to form an ordered nanostructure. These 

understandings will provide valuable guidance for rational design of biotemplated fabrication of 

ordered nanostructures. 
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CHAPTER 4 P22 FOR CONFINED SYNTHESIS OF CDS NANOPARTICLES  

 
Reproduced with permission from [Zhou, Z.; Bedwell, G. J.; Li, R.; Prevelige, P. E.; and Gupta, 
A. Sci. Rep., 2014, 4, 3832]. Copyright [2014] Nature Publishing Group. 
 

4.1 Introduction 

    The development of virus-based nanotechnology for biomedical, optical and magnetic 

applications is a growing field that aims to exploit their unique functional and structural properties.1, 

2, 3, 4, 5 In particular, the use of virus-like particles (VLP), which are composed of the capsid proteins 

lacking the viral genome and are non-infectious, has attracted increasing attention.6, 7 VLP 

assembled from protein subunits with precise 3D nanostructures exhibit a remarkable variety of 

shapes and structures, and can be produced in large quantities using biological amplification and 

growth. They are amenable to displaying foreign protein inserts through genetic engineering or 

chemical modifications.8, 9, 10 Selective deposition of organic or inorganic materials, by design, at 

specific locations on the VLP affords precise control over the size, spacing, and assembly of 

nanomaterials, resulting in uniform and reproducible nano-architectures.11, 12, 13, 14, 15 Both the 

exterior and interior surfaces of the VLP can be functionalized by genetically or chemically 

modifying the protein subunits.16, 17, 18 For the exterior shell and inner cavity, site-selective 

polymerization, enzyme encapsulation and growth of inorganic materials have been demonstrated 

for a number of systems.15, 16, 19, 20, 21, 22, 23, 24, 25 Such modifications can result in dramatic changes in 

the physicochemical properties, introduce new functionalities, or generate ordered nanostructures. 
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Despite these advances, details regarding the mechanism of site-selective attachment, 

encapsulation and biomineralization kinetics remain largely unexplored. 

    Herein we report on the site-specific mineralization and growth behavior of semiconducting 

cadmium sulfide (CdS) nanocrystals confined inside bacteriophage P22 VLP, which have been 

shown to be a robust and versatile biotemplate for the synthesis of a range of ordered 

nanomaterials.17, 26, 27, 28 In particular, our efforts are aimed at elucidating and understanding the 

nucleation, growth and kinetics of CdS formation inside the VLP nanocages. Our study provides 

valuable insights into biomineralization mechanism for confined growth inside engineered virus-

like nanoreactors, and is potentially relevant for a wider range of inorganic materials. 

    The P22 VLP are assembled from 420 identical copies of coat proteins (CP) and approximately 

300 copies of scaffolding proteins (SP), with a diameter of around 60 nm.27 Upon heating, 

structural transitions of P22 yield VLP with larger internal capacity and enhanced external 

permeability to the hollow cavity.17, 29  

    To generate CdS binding VLP the peptide sequence SLTPLTTSHLRS, isolated by Belcher’s 

group through screening of M13 phage display library and confirmed to have binding specificity to 

CdS, was genetically fused onto the SP.30, 31 The SP are expected to be symmetrically localized in 

the interior of the viral cavity.32, 33 

4.2 Exerimental 

4.2.1 Materials 

CdS was synthesized using commercially available reagents. Cadmium chloride (CdCl2) and 

thioacetamide (C2H5NS) were purchased from Acros Organics (New Jersey, US). Sodium 

Hydroxide (NaOH) was purchased from Fisher Scientific (Pennsylvania, US), and 



 
 

54 
 

Tris(hydroxymethyl)aminomethane (Tris) was purchased from VWR (Pennsylvania, US). All the 

chemicals were used as-received without any further purification. 

4.2.2 Plasmids Construction 

    Peptide sequence, SLTPLTTSHLRS, was added to the N-terminus of the truncated scaffolding 

protein by introducing the peptide coding sequencing (pCdS) into the 5’ end of the truncated 

scaffolding gene (gp8-141-303). We designed primers: 1) 5’-

GCTGACCACCAGCCATCTGCGTAGCGCTCGCAGCAATGCCGTAGC-3’; 2) 5’-

GACGATGCATATGAGCCTGACCCCGCTGACCACCAGCCATCTGCGTAGC-3’; 3) 5’-

TGGATCCTATTATCGGATTCCTTTAAG-3’, to which peptide coding sequencing 

(AGCCTGACCCCGCTGACCACCAGCCATCTGCGTAGC) was included. Using the plasmid 

of P22 gp8-141-303-pET3a (from Dr. Prevelige’s lab) as a template, the fragment of pCds-gp8-

141-303 with the restriction enzyme sites NdeI and BamHI was obtained by two-step PCR, then 

digested and ligated into P22 assembly plasmid gp8. 5-pET3a with the same restriction enzyme 

sites was used to create the new assembly plasmid pCds-gp8-141-304-gp5-pET3a. 

4.2.3 Protein Expression 

    The P22 coat protein and truncated scaffolding protein were heterologously expressed in BL21 

(DE3) cells. BL21 cells containing the assembly plasmid pCds-gp8-141-304-gp5-pET3a were 

grown in 1.5 L of LB at 37˚C. Upon reaching mid-log phase, expression of protein was induced 

with the addition of 1 mM IPTG. Induction was allowed to proceed for 3 hours before 

centrifugation at 9000 x g.  The cell pellets were then re-suspended in lysis buffer (50 mM Tris-

Cl pH 7.6; 100 mM NaCl; 2 mM MgSO4) and frozen. Cells were lysed by freeze-thaw and 

sonicated to reduce the viscosity of the re-suspension. Following sonication, the re-suspension 

was centrifuged for 45 minutes at 27,000 x g to clear cell debris. The soluble material was then 
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centrifuged through a 20% sucrose cushion for 2 h at 40,000 rpm and 4˚C in a 42.1 rotor 

(Beckman Coulter). The pellet was re-suspended and the particles were loaded onto a 5-20% 

sucrose gradient and centrifuged in an SW41 rotor (Beckman Coulter) for 30 minutes at 20˚C. 

Procapsid-like particles were found to migrate near the center of the gradient. The particles were 

collected and dialyzed against Buffer B (50 mM Tris-Cl pH 7.6; 25 mM NaCl) and then stored at 

4˚C. 

    The scaffolding protein construct was expressed and lysed in a manner identical to the 

procedure used for procapsid-like particles. Following cell lysis, the cell debris was separated 

from the soluble material by centrifugation at 27,000 x g for 1 h. Ammonium sulfate was then 

added to the supernatant at 50% saturation. The pellet obtained after the 50% salt cut was re-

suspended in 10-20 mL Buffer B and dialyzed extensively against Buffer B. The soluble material 

was then loaded onto 5 mL HiTrap Q and HiTrap SP columns (GE Healthcare) connected in 

tandem and the loaded material was washed extensively with Buffer B. The HiTrap Q column 

was removed and elution from the SP column was achieved by applying a linear gradient from 

25 mM to 400 mM NaCl. Fractions containing scaffolding protein were pooled and concentrated 

using 10,000 Da MWCO Centricon centrifugal filter units (Millipore). 

4.2.4 Inorganic Synthesis 

    Genetically engineered bacteriophage P22 virus-like particles stored in storage buffer were 

4,000 x dialyzed against deionized water before being used as biotemplates. In a typical 

synthesis, 0.1 mg EPC was dispersed in 1 mL aqueous solution of CdCl2 (0.2 mM) at room 

temperature for 4 h, allowing for protein-Cd2+ interaction. Subsequently, 2 uL of aqueous 

thioacetamide (TA, 0.1 M) was added to the solution and the mixture maintained at room 

temperature for an additional hour. The hydrolysis of TA, which results in the release of sulphur 
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ions, was initiated by adding an aqueous solution (25 mM) of 20 uL 

tris(hydroxymethyl)aminomethane (Tris). The pH of the Tris solution was adjusted to 9.5 using 

NaOH (4 M). For comparison, CdS was also synthesized using only the engineered scaffolding 

proteins (ESP) in solution. In addition, control experiments were carried out using wild-type coat 

proteins (WCP), or just in DI water without any proteins. All the reported experimental 

procedures were carried out in a fume hood with appropriate handling of the chemicals and 

biological samples for safety. 

4.2.5 Characterization of Materials 

    The morphology and structure of the products were observed using the STEM (Scanning 

transmission electron microscopy) mode of a JEOL 7000 Scanning Electron Microscopy (SEM) 

and by Transmission Electron Microscopy (TEM) coupled with high resolution (HR) (Tecnai F-

20). 2% uranyl acetate was used as a negative staining agent. The hydrodynamic size of P22 

procapsids and P22-CdS in aqueous solution was determined using a Zetasizer nano series 

dynamic light scattering (DLS). The SP content in P22 VLP was determined by sedimentation 

velocity experiments using a Beckman XL-A ultracentrifuge at 280 nm and 20˚C. The optical 

measurements were carried out using a UV-Vis spectrometer (Beckman DU 800) and an ISS 

PC1 photon-counting spectrofluorometer with excitation wavelength of 350 nm. 

4.3 Results and Discussion 

    In a typical synthesis, 0.1 mg of genetically engineered P22 procapsid-like particles (EPC) 

was dispersed in 1 mL aqueous solution of CdCl2 (0.2 mM) at room temperature for 4 h, 

allowing for protein-Cd2+ interaction. Subsequently, 2 uL of aqueous thioacetamide (TA, 0.1 M) 

was added to the solution and the mixture maintained at room temperature for an additional hour. 

The hydrolysis of TA, which results in the release of sulphur ions, was initiated by adding an 
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aqueous solution (25 mM) of 20 uL tris(hydroxymethyl)aminomethane (Tris). The pH of the Tris 

solution was adjusted to 9.5 using NaOH (4 M). We chose TA as the sulphur source since the 

release of sulphur can be suitably controlled by hydrolysis and, more importantly, its decay 

kinetics can be monitored in-situ by UV-Vis spectroscopy, as discussed later. For comparison, 

CdS was also synthesized using only the engineered scaffolding proteins (ESP) in solution. In 

addition, control experiments were carried out using wild-type coat proteins (WCP), or just in DI 

water without any proteins. 

    To confirm that we have successfully confined the growth of CdS inside EPC, the EPC/CdS 

nanostructures were negatively stained with uranyl acetate and observed using the STEM 

(Scanning Transmission Electron Microscopy) mode of a JOEL 7000 SEM (Scanning Electron 

Microscope). The clear presence of core/shell structures in Figure 4.1a confirms the confined 

growth of CdS inside the P22 procapsids. The observed contrast in the core/shell images can be 

attributed to the combined outcome of negatively stained P22 coat proteins and the CdS packed 

in the interior. The average diameter of twenty randomly selected shells and cores is determined 

to be 67.1 nm and 40.6 nm, respectively (size distribution shown as Figure 4.1b). These values 

are similar to the known external and internal diameters of P22 procapsids.17, 34 We also imaged 

the unstained CdS-EPC nanostructures using STEM, as shown in figure 4.2. At 30,000x 

magnification, uniform CdS nanostructures with average size of around 40 nm are observed, 

which is in accordance with the core size distribution in Figure 4.1b. At the same magnification, 

the images for unstained CdS-EPC nanostructures are less sharp and smaller in size than those of 

stained CdS-EPC (figure 4.2). This can be attributed to the fact that the P22 coat protein 

composed of non-conductive and light elements does not provide adequate contrast. Comparison 
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of the images indicates that the growth of CdS occurs exclusively inside the P22 procapsids, and 

the outside coat proteins are left intact.  

 

Figure 4.1 a) STEM image of the growth of CdS constrained inside genetically engineered P22 

procapsids, stained with uranyl acetate; and b) size distribution of P22 shells and CdS cores 

based on 20 randomly selected particles from Fig. 4.1a. 
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Figure 4.2 STEM image of biotemplated growth of CdS nanostructures using EPC: a) without 

staining or coating; b) negatively stained with uranyl acetate. Picture was taken using STEM 

mode of a JOEL 7000 SEM. 

 

    The confined growth of CdS inside P22 VLP is also confirmed from TEM (Transmission 

Electron Microscopy) images. The size of unstained CdS/VLP shown in figure 4.3a is around 40 

nm, which is much smaller than the size of stained P22 VLP shown in figure 4.3b. This result is 

in agreement with the STEM results shown in Figure 4.1. The HRTEM (High Resolution TEM) 
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image of a single nanostructure further confirms that the crystal phase of CdS is hexagonal, with 

the characteristic lattice fringes clearly observed as shown in figure 4.4a. The SAED pattern of 

the CdS nanostructures over a larger area, shown in figure 4.4b, is also consistent with the 

hexagonal wurtzite structure of CdS with polycrystalline characteristics because of the random 

orientation of the particles. These results are in agreement with the results reported previously for 

CdS growth by Belcher’s group and our group.28, 35  

 

Figure 4.3 TEM images of a) CdS growth inside engineered P22 procapsids for 10 hours without 

staining; and b) engineered P22 procapsid imaged after negative staining using uranyl acetate. 

 

Figure 4.4 a) HRTEM image of CdS growth inside engineered VLP for 10 hours showing lattice 

fringes corresponding to the hexagonal phase of CdS; and (b) SAED pattern of the CdS 

nanostructures over a large area, which can be indexed to the hexagonal structure. 
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To further confirm that the growth of CdS occurs inside the P22 VLP, we carried out dynamic 

light scattering (DLS) measurements to obtain the hydrodynamic size before and after growth, as 

shown in figure 4.5. The average hydrodynamic size of EPCs in solution is determined to be 68 

nm. After the growth of nanocrystals for 24 h, the average size remains essentially unchanged, 

with a somewhat narrower distribution. The DLS and electron microscopy results conclusively 

demonstrate that the coat protein shells confine the growth of CdS nanocrystals.  

 

Figure 4.5 Dynamic Light Scattering (DLS) measurements of engineered P22 VLP and 

procapsids after 24 h growth of CdS nanostructures. 

 

    Interestingly, the confined growth does not ultimately result in a dense core of CdS inside P22 

VLP. While the slow growth of CdS inside EPC continues with increasing reaction time, 

nowhere close to complete packing of the EPC interior is achieved even after an extended period. 

We have incubated the reaction solution for up to a week with excess concentration of the 
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precursors and observed that the EPC break up instead of forming a dense inorganic core (figure 

4.6). Possible reasons for the rupture of P22 VLP are discussed later. 

 

Figure 4.6 STEM image of biotemplated growth of CdS after one week. Image obtained without 

staining. Picture was taken using STEM mode of a JOEL 7000 SEM. 

 

    To better understand the biotemplated growth process of CdS confined inside P22 VLP, we 

carried out time-dependent TEM studies to monitor the growth. The results indicate that the 

formation of CdS involves uniform nucleation and growth during the initial stage, followed by 

stochastic growth for longer reactions periods. The protein-initiated nucleation of CdS 

nanocrystals appears to occur at the genetically engineered peptide sequences of the scaffolding 

proteins, which is experimentally determined from sedimentation velocity experiments using 

Analytical Ultracentrifugation (AUC) to be approximately 300 copies per procapsid, as shown in 

figure 4.7.  
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Figure 4.7. Sedimentation coefficient distribution of P22 VLPs. The data were analyzed using the 

c(s) model with program SEDFIT. http://www.analyticalultracentrifugation.com/default.htm).  

The molecular weight of P22 VLPs is determined using Svedberg equation: 

M =
sRT

D(1 − ν̅ρ)
 

Where D is the diffusion coefficient obtained from dynamic light-scattering, s is the 

sedimentation coefficient, R is the gas constant, T is the temperature, ν̅ is the partial specific 

volume, and ρ is the density of water as the solvent. This gives molecular-mass (M) value for the 

198S components of 25.5 MDa. Subtracting the weight of coat protein (47 KDa), we can obtain 

the weight of SP per P22 VLP: 25.5 MDa – 0.047MDa * 420 = 5.76 MDa. The molecular weight 

of a single ESP calculated from its sequence is 19 KDa, thus the number of ESP per P22 VLP is: 

5760 KDa/19 KDa ~300. 

 

    Ideally, the ESP are expected to be uniformly distributed inside the VLP cavity, which implies 

that there will be roughly 300 evenly distributed nucleation sites. Based on the TEM image in 
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Figure 4.8 a1, we indeed observe fairly uniform nucleation and growth of CdS during the early 

reaction period (1 h). Small nanocrystals with an average size of 2.5 nm, as estimated from 20 

randomly selected assemblies, are uniformly distributed inside the P22 shell (with the size 

distribution shown in figure 4.9). The total number of nanocrystals is counted to be 205 (marked 

in Figure 4.8 a2, using imageJ software), which is in the expected range of 150-300 that are 

expected to be observed if 300 points are projected onto a plane. The size of the nanostructures 

progressively increases after 3 hours and 10 hours of reaction (Figure 4.8 b1 and Figure 4.8 c1) 

and has a broader distribution, with an average size of 5.4 and 5.8 nm, respectively (figure 4.9). 

Correspondingly, the number of isolated nanostructures are counted to be 59 (Figure 4.8 b2) and 

36 (Figure 4.8 c2). These values are far less than what is expected for continued uniform growth 

of the nanocrystals. This, coupled with the observed broadening of the size distribution, indicates 

that the latter stages of CdS growth occur more or less randomly. To further confirm this 

conclusion, we carried out size-dependent simulations assuming that the individual CdS subunits 

grow uniformly inside the spherical nanocage (see methods for details). With a size of 2.5 nm for 

the CdS assemblies, the simulated result matches well with the observed TEM result, as shown 

in Figure 4.8 a3. However, with simulated sizes of 5.4 nm and 5.8 nm, the results are very 

different from what are actually observed. We can thus conclude that the initial nucleation and 

growth of CdS is uniform and evolves to much more random growth for longer reaction periods.  
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Figure 4.8. TEM images of CdS after growth time of (a1) 1 h; (b1) 3 h; and (c1) 10 h. Counts of 

CdS nanostructure subunits after growth of (a2) 1 h; (b2) 3 h; and (c3) 10 h and size-dependent 

simulation of CdS nanostructure subunits with size: (a3) 2.5 nm; (b3) 5.4 nm; and (c3) 5.8 nm. 

Scale bars for a1, a2, c1, and c2 represent 5 nm, and for b1 and b2 represent 10 nm. The TEM 

images are obtained without any staining. 
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Figure 4.9 Size distribution of CdS nanostructures based on time-dependent TEM observations: a) 

1h, b) 3h, and c) 10h. 

 

    The nature of CdS growth can be attributed to the fact that the distribution of engineered 

scaffolding proteins is limited by the volume of inner space of P22 VLP. During the initial stage 

there is sufficient distance between SP for uniform nucleation and growth of CdS nanocrystals to 

occur at the genetically engineered sites of the scaffolding proteins. As the size of individual 

nanocrystals increases, there is increased likelihood for adjacent CdS/SP to coalesce together. 

Because of the flexible nature of scaffolding proteins in solution,36, 37 the fusion of CdS/SP is 

stochastic resulting in random formation of larger clusters. This phenomenon may also explain 

why complete packing of CdS cannot be achieved inside P22 VLP. The solubility product (Ksp) 

for CdS in water is extremely low at room temperature (~ 1x10-27), resulting in fast nucleation of 

the nanocrystals at the template surface as soon as both sulphur and cadmium precursors are 

available.38, 39 However, the scaffolding proteins are electrostatically attached to the inner shell of 

coat proteins,40, 41 which restrains the diffusion of mineralized SP/CdS into the central cavity of 
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P22 VLP and results in the growth being primarily restricted to the interfacial region between the 

SP and shell of P22 VLP. The combined effects of continuous rapid nucleation and restrained 

diffusion results in large CdS nanoclusters randomly formed between the SP and shell of VLP. 

As the size of CdS nanoclusters increases, the shell becomes increasingly unstable and 

eventually results in the rupture of P22 VLP.  

    For comparison, we also studied the growth of CdS using only the ESP as templates for 

reaction times of 1 and 3 hours, as shown in figure 4.10. After 1h, the size of CdS nanocrystals is 

around 3 nm, which is in accordance with the size of CdS grown inside EPC. After 3h of reaction, 

the CdS nanocrystals self-assemble to form nanoflower-like clusters with size between 15-20 nm, 

which is much larger than what is observed inside the procapsids. These results further confirm 

that the coat proteins effectively constrain and restrict the growth of CdS inside the P22 VLP. 

The crystal structure of CdS has been further investigated by high resolution TEM (HRTEM), as 

shown in the insets of figure 4.10. Lattice fringes at both time 1h and 3h can be indexed to the 

(100) planes of hexagonal CdS. This is in agreement with the SAED result. The clustered 

structure of CdS synthesized by biotemplates, with or without the presence of coat proteins, 

suggests that the nucleation of CdS adopts a non-classical pathway, as also evidenced in previous 

mineralization studies of inorganic materials such as calcium carbonate and calcium phosphate 

using biotemplates.42, 43, 44, 45, 46   
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Figure 4.10 TEM images of growth of CdS nanostructures with engineered scaffolding protein 

(ESP) template. a) 1h, and b) 3h. Insets show the lattice fringes at different time intervals. Both 

can be indexed as characteristic (100) planes of hexagonal CdS. 

 

    We have also investigated the growth of CdS particles using wild-type P22. In this case, CdS 

growth occurs only in solution in the form of spherical nanoparticles with an average size around 

10 nm, and not inside the VLP, as shown in figure 4.11. Some large particles are also observed 

with size between 60-80 nm, which may results from non-specific growth of CdS on the outside 

layer of P22 coat proteins. 
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Figure 4.11 STEM image of the growth of CdS in the presence of wild type P22 coat proteins. 

Image obtained without staining. Picture was taken using STEM mode of a JOEL 7000 SEM. 

 

    To probe the reaction kinetics, we have monitored in-situ the formation of CdS inside EPC 

using UV-Vis spectroscopy. The absorbance intensity at 260 nm - the characteristic absorption 

peak of TA - is well-suited for simultaneously detecting changes in the concentration of the 

sulphur source. As seen in Figure 4.12, the TA absorbance decreases as expected with increasing 

reaction time, while the absorbance in the range of 400 - 500 nm due to CdS increases. The 

absorption variations for CdS as a function of wavelength for different reaction durations are 

shown on an expanded scale as an inset in Figure 4.12. A broad absorption feature lacking 

defined peaks, with a cut-off at longer wavelength, is noted for the absorption of CdS. The 

absorption shoulder systematically shifts to longer wavelengths with increasing duration of TA 

hydrolysis. This shift in the absorption shoulder is rapid during the first few hours and then slows 

for longer reaction periods. This suggests a rapid change in size during the early stage of CdS 
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growth, and a slower size increase for longer reaction periods, which is consistent with the 

increase in the average size of the nanostructures observed from the TEM images in Figure 4.8.  

 

Figure 4.12 In-situ observation of the growth kinetics of CdS by UV-Vis spectroscopy from 

monitoring changes in the absorbance of TA and CdS. The inset shows a magnified plot of the 

absorbance variation in the range of 550 - 350 nm due to changes in CdS concentration. 

 
    Using Henglein’s empirical equation,47, 48 we have calculated the band gap and size of the CdS 

nanostructures from the absorption edges, as shown in Figure 4.13 and Table 4.1. The band gap 

decreases from 2.70 eV for reaction time of 1 hour to 2.53 eV for 3 hours and eventually to 2.48 

eV for reaction times longer than 8 hours. The steady decrease of the band gap indicates a 

corresponding increase of CdS size with reaction time. Based on Henglein’s equation, the 

average size is determined to be 3.85 nm after reaction time of 1 hour and 6.04 nm after reaction 

time longer than 8 hours. Overall, the results agree well with those determined by TEM for 

longer time periods, as shown in Figure 4.13. However, there is a discrepancy in the size of CdS 

determined from TEM and that from UV/Vis measurements for the shortest reaction period (1 

hour). Previous studies have shown that CdS nanocrystals of very small size exhibit strong 
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interaction with aromatic groups, resulting in a red-shift of the absorption edge.49, 50 In the CdS-

specific binding peptide SLTPLTTSHLRS, the aromatic ring in histidine (H) can likely interact 

with the nanocrystals during the early stages of nucleation and growth, causing a red-shift of the 

absorption edge and thus an increase in the estimated size using Henlein's equation. 

 

Figure 4.13 Size and band gap of CdS nanoparticles as a function of reaction time. The size of 

nanoparticles obtained directly from TEM measurements by randomly selecting 20 particles (n = 

20, error bars represent ± S.D.) and those estimated from the absorption edge using Henglein’s 

equation are shown in the figure. 
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Table 4.1. Absorption edge (λe), band gap, calculated nanostructure diameter (D) corresponding 

to CdS grown for different reaction periods. 

Time (h)    λe (nm)   Band gap (eV)         D (nm) 

1.0              460             2.70                      3.85 

2.0              480             2.58                      4.71 

3.0              490             2.53                      5.29 

4.0              493             2.51                      5.50 

5.5              496             2.50                      5.72 

7.0              498             2.49                      5.88 

8.5              500             2.48                      6.04 

9.5              500             2.48                      6.04 

10.5             500             2.48                      6.04 

 

Note: The absorption edges (λe), which can be obtained from the intersection of the sharply 

decreasing region of the spectra with the baseline, are used to calculate the band gap of CdS 

based on equation:   E = hc/λe 

where E is band gap, h is Planck constant, and c is speed of light. The calculation of average size 

of the CdS nanostructure is based on Henglein’s empirical equation: 

       D = 0.1/(0.1338 - 0.0002345λe) nm   

                 

    As expected, the integrated absorption intensity of the broad absorption shown in Figure 4.12 

increases with reaction time, indicating an increase in the CdS concentration.48, 51 As a rough 

estimate of product formation from the reactants, we have calculated the consumption of TA and 
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the generation of CdS at different time intervals. The trend of TA consumption matches well with 

that of CdS generation, as shown in supplementary figure 4.14.  

 

Figure 4.14 A rough estimate (based on in-situ UV-Vis kinetic studies) of: a) consumption of TA, 

and b) generation of CdS. Using the average size of CdS in Table 4.1, we can calculate the 

extinction coefficient, ε, based on the empirical fitting function51: ε = 21536 (D)2.3 

Then, the concentration of CdS in solution can be calculated using Beer-Lambert’s law: C = 

A/(εL) 

 

    We have also investigated the TA hydrolysis kinetics under different reaction conditions, and 

the results are summarized in Figure 4.15. TA has a characteristic absorption peak at 260 nm, 

which enables us to precisely monitor the decrease of TA concentration during hydrolysis. 

However, the P22 proteins and CdS nanoparticles also absorb at 260 nm. To obtain accurate TA 

concentration, we used Nanosep® centrifugal filter devices (Pall Life Sciences, MWCO 3000) to 
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remove any species in reaction solution with molecular weight larger than 3000. Without any Cd 

ions there is no consumption of S2- and the TA concentration remains essentially unchanged in 

EPC solution.  In the presence of Cd ions, S2- is consumed to form CdS, thus favoring further 

dissociation of TA.52 Interestingly, as compared to the biotemplated synthesis of CdS, a much 

faster decrease in the TA concentration is observed in aqueous solution of Cd2+without a 

biotemplate. 

 

Figure 4. 15 UV kinetic studies for the hydrolysis of TA a) with EPC but without CdCl2; b) with 

both EPC and CdCl2, corresponding fitting: CTA, EPC = 0.22*exp(-t/6.43), R2 = 0.991; c) with 

both ESP and CdCl2, corresponding fitting: CTA, ESP = 0.23*exp(-t/5.95), R2 = 0.995; and d) with 

both WCP and CdCl2, corresponding fitting: CTA, WCP = 0.20*exp(-t/1.03), R2 = 0.943; e) with 

just CdCl2 but without protein, corresponding fitting: CTA, DI = 0.21*exp(-t/0.88), R2 = 0.915. 

EPC: engineered P22 procapsid, ESP: engineered scaffolding protein, WCP: wild-type coat 

protein. (n=3 independent experiments, error bars represent ± S.D). 

 

    For all the different reactions the experimentally observed decrease in the TA concentration 

with time can be fitted well by an exponential, as shown in Figure 4.15. Based on fitting results, 
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the decrease in TA concentration for all the reactions follows a first order reaction kinetics. For 

the hydrolysis of TA without any protein, the rate constant k1 is ~ 1.1 h-1, whereas for the 

hydrolysis of TA in the presence of WCP, the rate constant k2 is ~1.0 h-1. With just the ESP, the 

rate constant k3 is ~ 0.17 h-1, and with EPC the rate constant k4 is ~ 0.15 h-1. As compared to the 

case without engineered biotemplates or wild-type coat proteins, the rate constant is significantly 

lower for the consumption of TA in the presence of engineered proteins, as shown in figure 4.16.      

We also studied the TA hydrolysis rate as a function of EPC concentration, as shown in figure 

4.17. The hydrolysis rate decreases with increasing concentration of EPC. Considering that wild 

type coat proteins do not appreciably affect the reaction kinetics as compared to TA hydrolysis 

without any protein, and the EPC concentration-dependent behavior of TA hydrolysis, we 

conclude that the specific CdS-binding peptides play a critical role in slowing the reaction 

kinetics. In the absence of an engineered biotemplate, other than weak interaction with wild type 

protein or Tris molecules, Cd ions in solution can combine freely with sulphur ions released from 

hydrolysis of TA and precipitate out CdS.53 However, in the presence of an engineered 

biotemplate most of the CdS clusters formed immediately after binding of Cd ions with S ions 

are likely bound and stabilized by the genetically engineered scaffolding proteins, which blocks 

some of the active growth sites of the CdS nuclei. This slows down the growth of CdS and 

impedes the reaction equilibrium for its formation, thus retarding the hydrolysis of TA and 

thereby influencing the final hydrolysis equilibrium. The observed behavior of retarded CdS 

biomineralization is analogous to that of CaCO3 mineralization, which can be appropriately 

controlled by using various additives to regulate its reaction rate. 54, 55, 56,57 
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Figure 4.16 Statistical analysis of the rate constants for growth of CdS under different conditions 

(both with and without a biotemplate). The results are expressed as the mean ± S.D. (n = 3). 

Statistical significance is determined by two-tailed Student’s t-test (P < 0.05). 

 

Figure 4.17 UV kinetic studies for the hydrolysis of TA with different amounts of EPC: a) 0.1 

mg, corresponding fitting: CTA, EPC 0.1 = 0.22*exp(-t/6.43), R2 = 0.991; b) 0.05 mg, corresponding 

fitting: CTA, EPC 0.05 = 0.20*exp(-t/2.63), R2 = 0.983 ; c) 0.025 mg, corresponding fitting: CTA, EPC 

0.025 = 0.21*exp(-t/1.65), R2 = 0.987; and d) No EPC, corresponding fitting: CTA, No EPC = 

0.21*exp(-t/0.88), R2 = 0.915. EPC: engineered P22 procapsid. (n=3 independent experiments, 

error bars represent ± S.D). 
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    We have also carried out photoluminescence (PL) measurement of CdS grown inside P22 VLP 

after 10 hours, as shown in supplementary figure 4.18. A broad PL spectrum is obtained in the 

range of 450 nm to 650 nm with a peak around 537 nm. The broad spectrum is consistent with 

the UV/Vis spectrum lacking defined peaks, which suggests a broad size distribution of CdS 

nanoclusters inside P22 VLP. The emission peak position around 537 nm is also in agreement 

with absorption edge values determined from the UV/Vis spectra (shown in Table 4.1). The 

UV/Vis and PL results suggest that the CdS nanostructures may be useful as visible light 

photocatalyst58 or bioimaging agent.59  

 

Figure 4.18. Photoluminescence spectrum of CdS grown inside P22 VLP after 10 hour reaction. 

 

4.4 Conclusion 

    Our results clearly demonstrate that genetically engineered scaffolding proteins evenly 

positioned inside bacteriophage P22 VLP can act as selective biotemplates for the constrained 

growth of CdS nanocrystals. The formation of CdS confined inside the VLP involves initial 

uniform nucleation and growth at the genetically engineered sites of the scaffolding proteins, 
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followed by a more stochastic growth for longer reaction periods. The presence of the 

biotemplates does not affect the reaction order for the formation of CdS, but significantly 

influences the rate constant for the hydrolysis of thioacetamide (TA) and subsequent reaction of 

released S ions with Cd2+. These findings provide important clues for the rational synthesis of 

chalcogenide and other inorganic nanocrystals confined inside VLP. For example, controlled 

synthesis of CdS nanocrystals with size around 3 nm inside P22 VLP can be achieved by simply 

centrifuge filtering the solution and terminating the reaction at time 1 hour. Additionally, the 

concentration of genetically engineered biotemplates can be adjusted to control the reaction 

kinetics. Understanding the formation mechanism and reaction kinetics further provides 

guidance for the future rational design of VLP-based hierarchical nanostructures. For 

constructing core/shell nanostructures using genetically engineered VLP as platform, e.g., 

synthesizing a nanostructured inorganic material confined inside VLP and a different material on 

the shell of VLP, our findings offer pathways for controlling the inner core structure.  
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CHAPTER 5 P22 CONSTRUCTED PLASMONIC PHOTOCATALYTIC NANOSTRUCTURES 

 

Reproduced with permission from [Zhou, Z.; Bedwell, G.J.; Li, R.; Bao, N.; Prevelige, P.E.; 

Gupta, A. Chem. Comm. 51 (6), 1062-1065]. Reproduced by permission of The Royal Society 

of Chemistry. 

 

5.1 Introduction 

    Photocatalysis using solar radiation represents a promising route for the development of 

renewable energy sources (e.g., H2 production) and environmental remediation (e.g., CO2 

reduction).1-2 For traditional photocatalysts, the potential obstacles are low light harvesting 

efficiency and unwanted charge recombination.3 An attractive strategy to address these issues is 

to incorporate noble metals (e.g., Ag, Au) into the photocatalytic system, thus creating so-called 

plasmonic photocatalytic nanostructures.4-7 The incorporated noble metals, e.g. gold 

nanoparticles, have shown to significantly improve the performance of photocatalyst by strongly 

absorbing visible light due to surface plasmon resonance (SPR), and preventing the photo-

generated holes and electrons from recombination.8-10  

    Over the past decade, a number of methods have been reported for the fabrication of 

plasmonic photocatalytic nanostructures.11-13 For example, nanocomposite photocatalysts 

composed of CdS and Au nanoparticles have been synthesized by deposition of CdS on 

Au@SiO2 particles.14 Likewise, Ag/AgCl plasmonic nanophotocatalysts can be fabricated by 

decorating AgCl with Ag generated by ethylene glycol-assisted reduction.15-16 Respectable 
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enhancement in the photocatalytic performance has been achieved using these plasmonic 

photocatalytic nanostructures. However, high reaction temperatures and/or toxic organic solvents 

are usually required for their synthesis. It is highly desirable to develop methods for the 

controlled fabrication of uniform and well-dispersed plasmonic photocatalytic nanostructures 

under relatively mild synthetic conditions.  

    Biological supramolecular assemblies, such as viruses and protein cages, have attracted 

increasing attention in recent years to address the challenges of controlled synthesis of uniform-

sized functional nanomaterials under moderate reaction conditions.17-22 Selective growth of 

organic or inorganic materials at specific sites on/in viruses or protein cages offers precise 

control over the size, spacing, and assembly of nanomaterials, resulting in uniform and 

reproducible nano-architectures.23-25 Viruses and protein cages can be readily manipulated at the 

nanoscale by chemical or genetic modifications to provide added functionalities for materials 

design and synthesis in a tunable and controllable manner.26-28 Despite recent successes in 

employing biological assemblies for a variety of controlled materials synthesis, there are very 

few reports on utilizing viruses or protein cages for fabricating plasmonic photocatalytic 

nanostructures.29 

    Herein, we report on the use of virus-like particles (VLP), which are derived from assemblies 

of virus protein subunits lacking the viral genome, as nano-platforms for the controlled 

fabrication of plasmonic photocatalytic nanostructures. VLP have attracted attention in 

developing exquisite functional nanomaterials due to their wide availability, easy controllability 

and facile manipulability.30-33 VLP with precise three dimensional nanostructures display a wide 

variety of shapes and structures, and can be produced in large quantities using standard 

biological amplification and growth protocols. Both the exterior and interior surfaces of the VLP 
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can be functionalized by genetically or chemically modifying the protein subunits, which is 

desirable for the controlled construction of nano-architectures with multiple components.34-37 We 

have been interested in using bacteriophage P22 as a nanoplatform for functional materials 

design and synthesis, and in recent work have demonstrated its robustness and versatility as a 

biotemplate for the synthesis of a wide range of ordered nanomaterials.38-40 P22 VLP can 

withstand relatively high temperatures (up to 80 °C), stable over a wider range of pH than most 

other VLP, and are non-infectious.41 The most fascinating aspect of P22 is its unique 

nanoarchitecture, composed of a shell assembled from 420 copies of a coat protein (CP) and an 

interior cavity containing approximately 300 copies of a scaffolding protein (SP).39 These 

features provide tremendous versatility for P22-based materials design and fabrication. 

Successful examples include ordered synthesis and directed assembly of sulfides on shells of P22 

VLP by engineering coat protein and confined synthesis of a wide range of nanomaterials inside 

the interior cavity of P22 VLP by manipulating the scaffolding proteins.38, 40, 42-45 Exploiting both 

the coat and scaffolding proteins further offers the opportunity of fabricating multifunctional 

structures for specific applications.  

    Here we demonstrate a P22 VLP-based strategy for constructing plasmonic photocatalytic 

nanostructures using a three-step procedure: 1) self-assembly of spherical VLP from P22 wild-

type CP and genetically engineered truncated SP; 2) selective synthesis of photocatalytic 

nanocrystals at the engineered SP sites positioned in the inner cavity of assembled spherical P22 

templates; and 3) nucleation and growth of plasmonic noble metal nanostructures on the CP. As 

a model system we have used CdS as the photocatalyst and gold as the plasmonic metal. The 

developed synthetic strategy is quite general and can be extended to fabricate a variety of other 

plasmonic photocatalytic nanomaterial systems. 
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5.2 Experiments 

5.2.1 Materials  

    CdS and gold nanostructures were synthesized using commercially available reagents. 

Cadmium chloride (CdCl2, 99.99%) and thioacetamide (C2H5NS, ≥99%) were purchased from 

Acros Organics (New Jersey, US). Auric chloride (HAuCl4, 99.99%) and sodium borohydride 

(NaBH4, 98%) were purchased from VWR (Pennsylvania, US). Sodium Hydroxide (NaOH, 99%) 

was purchased from Fisher Scientific (Pennsylvania, US), and 

Tris(hydroxymethyl)aminomethane (Tris, 99%) was purchased from VWR (Pennsylvania, US). 

All the chemicals were used as-received without any further purification. 

5.2.2 Plasmids Construction 

    Peptide sequence, SLTPLTTSHLRS, was added to the N-terminus of the truncated scaffolding 

protein by introducing the peptide coding sequencing (pCdS) into the 5’ end of the truncated 

scaffolding gene (gp8-141-303). We designed primers: 1) 5’-

GCTGACCACCAGCCATCTGCGTAGCGCTCGCAGCAATGCCGTAGC-3’; 2) 5’-

GACGATGCATATGAGCCTGACCCCGCTGACCACCAGCCATCTGCGTAGC-3’; 3) 5’-

TGGATCCTATTATCGGATTCCTTTAAG-3’, to which peptide coding sequencing 

(AGCCTGACCCCGCTGACCACCAGCCATCTGCGTAGC) was included. Using the plasmid 

of P22 gp8-141-303-pET3a (from Dr. Prevelige’s lab) as a template, the fragment of pCds-gp8-

141-303 with the restriction enzyme sites NdeI and BamHI was obtained by two-step PCR, then 

digested and ligated into P22 assembly plasmid gp8. 5-pET3a with the same restriction enzyme 

sites was used to create the new assembly plasmid pCds-gp8-141-304-gp5-pET3a. 

5.2.3 Protein Expression 
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    The P22 coat protein and truncated scaffolding protein were heterologously expressed in BL21 

(DE3) cells. BL21 cells containing the assembly plasmid pCds-gp8-141-304-gp5-pET3a were 

grown in 1.5 L of LB at 37˚C. Upon reaching mid-log phase, expression of protein was induced 

with the addition of 1 mM IPTG. Induction was allowed to proceed for 3 hours before 

centrifugation at 9000 x g.  The cell pellets were then re-suspended in lysis buffer (50 mM Tris-

Cl pH 7.6; 100 mM NaCl; 2 mM MgSO4) and frozen. Cells were lysed by freeze-thaw and 

sonicated to reduce the viscosity of the re-suspension. Following sonication, the re-suspension 

was centrifuged for 45 minutes at 27,000 x g to clear cell debris. The soluble material was then 

centrifuged through a 20% sucrose cushion for 2 h at 40,000 rpm and 4˚C in a 42.1 rotor 

(Beckman Coulter). The pellet was re-suspended and the particles were loaded onto a 5-20% 

sucrose gradient and centrifuged in an SW41 rotor (Beckman Coulter) for 30 minutes at 20˚C. 

Procapsid-like particles were found to migrate near the center of the gradient. The particles were 

collected and dialyzed against Buffer B (50 mM Tris-Cl pH 7.6; 25 mM NaCl) and then stored at 

4˚C. 

    The scaffolding protein construct was expressed and lysed in a manner identical to the 

procedure used for procapsid-like particles. Following cell lysis, the cell debris was separated 

from the soluble material by centrifugation at 27,000 x g for 1 h. Ammonium sulfate was then 

added to the supernatant at 50% saturation. The pellet obtained after the 50% salt cut was re-

suspended in 10-20 mL Buffer B and dialyzed extensively against Buffer B. The soluble material 

was then loaded onto 5 mL HiTrap Q and HiTrap SP columns (GE Healthcare) connected in 

tandem and the loaded material was washed extensively with Buffer B. The HiTrap Q column 

was removed and elution from the SP column was achieved by applying a linear gradient from 
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25 mM to 400 mM NaCl. Fractions containing scaffolding protein were pooled and concentrated 

using 10,000 Da MWCO Centricon centrifugal filter units (Millipore). 

5.2.4 Synthesis of CdS Confined Inside P22 VLP 

    Genetically engineered bacteriophage P22 virus-like particles stored in storage buffer were 

4,000 x dialyzed against deionized water before being used as biotemplates. In a typical 

synthesis, 0.1 mg EPC was dispersed in 1 mL aqueous solution of CdCl2 (0.2 mM) at room 

temperature for 4 h, allowing for protein-Cd2+ interaction. Subsequently, 2 uL of aqueous 

thioacetamide (TA, 0.1 M) was added to the solution and the mixture maintained at room 

temperature for an additional hour. The hydrolysis of TA, which results in the release of sulphur 

ions, was initiated by adding an aqueous solution (25 mM) of 20 uL 

tris(hydroxymethyl)aminomethane (Tris). The pH of the Tris solution was adjusted to 9.5 using 

NaOH (4 M). For comparison, CdS was also synthesized using only the engineered scaffolding 

proteins (ESP) in solution. In addition, control experiments were carried out using wild-type coat 

proteins (WCP), or just in DI water without any proteins. All the reported experimental 

procedures were carried out in a fume hood with appropriate handling of the chemicals and 

biological samples for safety. 

5.2.5 Gold Nanoparticle Synthesis  

    After the confined synthesis of CdS inside P22 VLP, the resultant solution was centrifuged 

using a centrifuge filter device (MWCO 3000) to remove residual reactants and any other 

molecules with molecular weight smaller than 3000. P22 VLP with CdS collected in the 

centrifuge filter tube was re-suspended in DI water (1 mL), into which NaBH4 (5 mM, 50 uL) 

was added and then auric chloride solution was added drop wise to synthesize the gold 

nanoparticles. To synthesize different size gold nanoparticles, varying concentration of gold 
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precursor (35 µM, 70 µM, 105 µM, 140 µM, and 175 µM) was used while the concentration of 

VLP was kept constant (0.1mg/mL), with corresponding ratio of gold precursor to coat protein 

being approximately 20:1, 40:1, 80:1, 100:1, and 120:1, respectively. It is worth noting that the 

NaBH4 should be added before addition of HAuCl4, otherwise the acidic gold precursor interacts 

with the CdS and destroys its integrity. For gold nanoparticles synthesized using only P22 VLP 

without CdS, the amount and ratio of protein and gold precursor used were exactly the same, as 

well as the synthesis procedure except for the centrifuge filtering step. 

5.2.6 Photoactivity Measurements  

    The photocatalytic activities of P22 VLP, VLP-CdS, Au-VLP, and Au-VLP-CdS were 

evaluated by measuring the photodegradation of methylene blue (MB). An optical glass cuvette 

containing water (1 mL), MB (10 µM) and either P22 VLP or mineralized P22 VLP was 

illuminated using a solar simulator with an illumination intensity of 1 sun (AM 1.5, 100 

mW/cm2). The photodegradation was monitored by the decrease in absorbance at 660 nm using a 

UV-Vis spectrometer. 

5.2.7 Characterization of Materials 

    The morphology and structure of the products were studied using TEM (transmission electron 

microscopy) with high resolution (HR) (Tecnai F-20) equipped with a CCD camera for STEM, 

HAADF detector, and EDX. 2% uranyl acetate was used as a negative staining agent for imaging 

the assembled P22 VLP. The optical measurements were carried out using a UV-Vis 

spectrometer (Beckman DU 800). 

5.3 Results and Discussion 

    Figure 5.1 demonstrates the assembly of genetically engineered P22 VLP, the confined growth 

of CdS nanocrystals inside the inner cavity, and subsequent nucleation and formation of gold 
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nanoparticles on the surface of VLP. The assembly process and the resultant VLP structure are 

similar to those of wild-type P22 procapsid. Typically, 420 copies of the P22 coat protein (47 

kDa) assemble with the aid of approximately 300 copies of truncated genetically engineered 

scaffolding protein (19 KDa) to form an icosahedral T=7 P22 VLP (Figure 5.1a). Based on 50 

randomly selected particles, the protein assembly has been established to have an average 

diameter of 60 nm, which is in agreement with the size of wild type P22 procapsid.41 A peptide 

sequence with strong affinity for CdS (SLTPLTTSHLRS), previously identified from a phage 

display peptide library by Belcher’s group,46-47 is genetically fused into the SP and are confined 

inside the resultant VLP. In a typical inorganic synthesis, the protein-directed nucleation of CdS 

nanocrystals occurs at the engineered regions of SP. Thus, an engineered protein assembly is 

capable of initially forming approximately 300 isolated CdS nanocrystals distributed inside the 

P22 VLP. We have previously reported that the confined synthesis of CdS inside P22 VLP can 

be manipulated by the kinetically controlled release of sulphur from thioacetamide precursor 

introduced into a solution of the VLP and cadmium ions.42 By varying the reaction time, the 

protein-directed CdS formation is observed to be uniform at the early stages of growth with 

discrete nanocrystals of size around 2.5 nm, and to be stochastic for longer reaction time. With 

continued growth there is increasing likelihood for the adjacent CdS nanocrystals on flexible SP 

to fuse into larger nano-assemblies with size around 6 nm, beyond which the growth of CdS is 

constrained by the presence of coat proteins. Using the previously reported protocol 42 we 

prepared a transmission electron microscopy (TEM) sample after CdS growth for 3 hours. The 

result (Figure 5.1b) shows that the unstained VLP-CdS nanostructures have a size around 40 nm, 

which is in accordance with the dimension of the inner cavity of P22. This suggests that the 

formation of CdS occurs exclusively inside the P22 VLP and the outer shell remains intact, or 
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else the size of resultant P22-CdS would have been around 60 nm. The intact outer shell then 

serves as an ideal platform for added incorporation of plasmonic gold nanoparticles.  

 

Figure 5.1 TEM images of a) genetically engineered P22 VLP, stained with 2% uranyl acetate; b) 

CdS confined inside P22 VLP, unstained; c) Au/CdS core/shell structure constructed using P22 

VLP nanoplatform, unstained; and e) growth of Au on the surface P22 VLP without CdS, 

unstained. d) Schematic illustration of the formation of Au/CdS core/shell structure using 

genetically engineered P22 VLP. Step 1: assembly of P22 VLP genetically engineered with 

specific peptide (red); step 2: Site-directed nucleation and growth of CdS (black) on the 

engineered scaffolding protein that are confined inside VLP; step 3: selective formation of gold 

nanoparticles on the surface of VLP. All scale bars represent 100 nm. 

 

After the confined synthesis of CdS inside P22 VLP, the resulting solution is centrifuged using 

a centrifuge filter device (MWCO 3000) to remove excess reactants and other molecules with 

molecular weight less than 3000. The resultant CdS - VLP assembly is then collected and re-

suspended in DI water for further selective growth of gold nanoparticles on the outer surface of 

the VLP. Figure 5.1c presents TEM images (without staining) of the Au-VLP-CdS 
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nanostructures (gold precursor concentration in the reactant solution is 35 µM), which have a 

dimension of around 60 nm that is very close to the size of P22 VLP before any material 

synthesis. This suggests that the formation and growth of gold likely occurs at the lower ridges 

of the uneven P22 VLP surface,48 explaining why there is no notable size increase. Since both 

CdS and Au have high atomic number, it is difficult to clearly differentiate them in Figure 5.1c. 

To demonstrate that gold nanoparticles can be selectively deposited on the surface of VLP, we 

synthesized gold using engineered VLP without the formation of CdS. Using the same 

concentration of gold precursor, we obtained discrete gold nanoparticles on the surface of VLP 

(as shown in Figure 5.1e) with noticeably different contrast as compared to that of the imaged 

Au-VLP-CdS nanostructures. By randomly selecting 50 Au-VLP nanoparticles, we determined 

their average size to be around 60 nm, which is very similar to that of P22 VLP, as well as that of 

Au-VLP-CdS. The size distribution of P22 VLP, VLP-CdS, Au-VLP-CdS, and Au-VLP are 

presented in Figure 5.2, from which we ascertain that the stained P22 VLP have an average 

dimension significantly larger than that of unstained VLP-CdS, while being similar to that of 

both unstained Au-VLP-CdS and Au-VLP. This conclusively confirms that the synthesis of CdS 

is confined inside the P22 VLP and has limited influence on the subsequent deposition of gold 

nanoparticles that are formed on the outer shell of VLP.  
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Figure 5.2. Size distribution of engineered P22 VLP (EP) as determined from TEM results. a) EP 

by itself, b) EP with CdS, c) EP with Au, d) EP with both CdS and Au, and e) size comparison of 

different EP-based particles.  

 

To further verify that gold nanoparticles are present on the surface of VLP-CdS, we have 

carried out HRTEM (high resolution TEM) and STEM (scanning transmission electron 

microscopy) measurements to examine and compare in detail the structure of Au-VLP and Au-

VLP-CdS. Both gold and CdS nanocrystals strongly scatter the electron beam and thus can 

provide contrast. However, the respective contrasts are different at high resolution due to the 

difference in atomic numbers (79 for gold, 48 for cadmium, and 16 for sulphur). In Figure 5.3a, 

the observed discontinuous contrast can be attributed exclusively to gold nanoparticles, since 

protein templates composed of non-conductive and light elements do not provide much contrast. 

In Figure 5.3b, the contrast is produced by both gold and CdS. This is the reason that we observe 

different degrees of contrast. At even higher magnifications used for obtaining detailed structural 

information of Au-VLP-CdS, we observe two different sets of lattice fringes as indicated in 



 
 

94 
 

Figure 5.3c. STEM images also present distinctly different contrast for Au-VLP-CdS and VLP-

CdS, as shown in Figure 5.3d and Figure 5.3e, respectively. We have further investigated the 

elemental composition of the as-obtained Au-VLP-CdS nanostructures by energy dispersive x-

ray spectroscopy (EDX) measurements, in which signals from all three elements (Au, Cd, and S) 

can been detected, as shown in Figure 5.3f. The fluctuating characteristics of the spectral profiles 

for all the elements are consistent with the fact that both the gold and CdS nanoparticles are 

discrete rather than continuous over the protein templates. Overall, the HRTEM, STEM and 

EDX results convincingly demonstrate that the gold and CdS are selectively deposited outside 

and inside the P22 VLP template, respectively. 

 

Figure 5.3 TEM images of Au-VLP (a) and Au-VLP-CdS (b). HRTEM image of Au-VLP-CdS 

(c). STEM images of Au-VLP (d) and Au-VLP-CdS (e). g) Drift corrected elemental spectral 

profile for Au-VLP-CdS. All scale bars represent 20 nm, except for figure 2c, in which scale bar 

represents 5 nm. 

 

We have further explored the controllability of gold formation on P22 VLP. Previously, Slocik 

and coworkers have shown that histidine-rich cowpea chlorotic mottle virus (CCMV) can direct 
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the growth of gold in ordered periodic patterns, which they have termed as symmetry directed 

synthesis.49 The outer shell of the P22 VLP is composed of 420 copies of CP and each CP has 

two histidine residues, which likely can direct the growth of gold. Based on the TEM image in 

Figure 5.4a, we indeed observe fairly uniform nucleation and growth of gold in a highly ordered 

fashion when using a very low concentration of gold precursor (35 µM). Small gold nanocrystals 

with an average size of 2.8 nm, as estimated from 50 randomly selected assemblies, are 

uniformly distributed on the shells of P22 VLP. Based on the size and distribution of gold on P22 

VLP we propose that the formation of gold templated by P22 VLP follows the symmetry 

directed pathway - each CP binds with one or two gold nanoparticles (depending on the extent of 

exposure of histidine residues to gold) and CPs collectively direct the periodic ordering of gold. 

Since P22 shells are composed of 420 copies of CP, each with two histidine residues, there are 

theoretically 420 to 840 sites on each VLP shell for gold nucleation and growth. Using imageJ 

software the number of gold nanocrystals on VLP surface is counted to be 230 (Figure 5.4a, 

considering the overlap of particles, the actually number will be more than 230), which is within 

the range expected to be observed if 420 to 840 points are projected onto a plane (≥210). By 

increasing the gold precursor concentration, the size of gold nanoparticles can be effectively 

tuned from about 2.8 nm (35 µM), 4.4 nm (70 µM), 5.2 nm (105 µM), 8.4 nm (140 µM), and 8.7 

nm (175 µM), as shown in Figure 5.4 and the size distribution provided in Figure 5.5. To achieve 

the reported size controllability it is important to control the reaction rate by drop wise addition 

of the gold precursor solution. When the gold precursor is all added at one time, the size range of 

resultant gold nanoparticles remains between 2 - 5 nm, but a large amount of gold nanoparticles 

nucleate and grow in the bulk solution rather than on the VLP template. 
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Figure 5.4 TEM images of the controlled synthesis of gold nanoparticles on the outer surface 

of engineered P22 VLP with different concentrations of gold precursor: a) 35µM, b) 70µM, c) 

105 µM, d) 140 µM, and e) 170µM. f) Calculated size of gold nanoparticles as a function of 

precursor concentration. TEM samples were prepared after reaction time of 5 minutes. All scale 

bars represent 10 nm. 
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Figure 5.5 Size distribution of gold nanoparticles obtained using different concentrations of gold 

precursor as determined from TEM results. a) 35 µM, b) 70µM, c) 105µM, d) 140µM, and e) 175 

µM. f) Average size of gold nanoparticles as a function of gold precursor concentration.  

 

    For the synthesis of gold nanoparticles on VLP with encapsulated CdS, we have monitored in-

situ the formation of gold using UV-Vis spectroscopy. As seen in Figure 5.6, before the 

formation of gold, P22 VLP with CdS has absorption at wavelengths less than 500 nm, which is 

in agreement with our previous result.42 After addition of HAuCl4, absorption appears at higher 

wavelengths, and the absorbance increases as expected with increasing gold precursor 

concentration. The gold formation kinetics is very rapid due to the presence of excess amount of 

NaBH4. The gold ions convert to gold nanoparticles in less than one minute after addition of 

HAuCl4 as inferred from the temporal evolution of the absorption spectra (data not shown). The 

absorption peak systematically shifts to longer wavelengths with increasing concentration of 
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gold precursor, suggesting a size increase of the gold nanoparticles.50 This is consistent with the 

increase in the average size of the nanoparticles observed from the TEM images in Figure 5.4. 

Using a model proposed by Haiss et al.,51 we have calculated the size of the gold nanoparticles 

from the intensity of absorption peaks and concentration of the gold precursor (results are shown 

in Figure 5.7). Based on these calculations, the average size is determined to be 3.3 nm for a 

precursor concentration of 35 µM and 7.6 nm when the concentration is 175 µM. Overall, the 

results agree well with those determined by TEM.  

 

Figure 5.6 In-situ observation of the changes in the plasmon absorption peak of gold 

nanoparticles on the surface of P22 VLP with encapsulated CdS as measured by UV-vis 

spectroscopy. Spectra are obtained one minute after addition of AuHCl4 into VLP - CdS with an 

excess amount of NaBH4. 
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Figure 5.7 Size of gold nanoparticles calculated from UV/Vis absorption spectra 

 

    We evaluated the photoactivity of the resultant CdS/Au nanocomposite by studying the 

photodegradation of methylene blue (MB) using a solar simulator system.52 Figure 5.8 depicts 

the decay profiles of MB absorption at 660 nm, both with and without the photocatalyst. For all 

the different reactions the experimentally observed decrease in the MB concentration with time 

can be fitted well by an exponential, corresponding to first order reaction kinetics. For the 

photodegradation of MB with only the proteins, the rate constant k1 is ~2.6*10-3 min-1, while in 

the presence of P22 VLP with gold on the outer shell, the rate constant k2 is ~4.9*10-3 min-1. 

With CdS confined inside P22 VLP, the rate constant for MB degradation increases considerably 

to ~1.6*10-2 min-1 because of light absorption and photocatalytic activity of CdS. When gold 

nanoparticles are incorporated onto the VLP-CdS nanostructure, the photodegradation rate 

constants are further enhanced to 3.0*10-2 min-1 and 3.5*10-2 min-1 for gold nanoparticle size of 

6.2 nm and 8.3 nm, respectively.  
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Figure 5.8 UV kinetic studies of the photodegradation of methylene blue (MB). EP: engineered 

P22 VLP. Ct: the concentration of MB at measured time; C0: the original concentration of MB 

(n=3 independent experiments, error bars represent ± S.D). 

 

    Since the photoactivity enhancement is observed to be influenced by the size of gold 

nanoparticle, we carried out a series of experiments to evaluate the gold size-dependent 

photodegradation of MB, and the results are shown in figure 5.9. We find that merely gold on the 

surface of P22 VLP does not affect the rate constant of photodegradation, while gold 

nanoparticles on VLP-CdS have a notable influence, with the rate constant increasing 

dramatically as the size of gold particle increases. We have estimated the size of gold 

nanoparticles based on calculations from the UV/Vis results, and find that the rate constant 

increases as the size of gold nanoparticles on the outer shell of VLP-CdS increases, as shown in 

Figure 5.10. Based on these results, we reason that it is the interaction between the gold and CdS 

that affects the photodegradation of MB. As the size of gold nanoparticles increases, the 

interaction of gold and CdS, which are separated by the shell of P22 VLP, also increases. 
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Thereby the exciton population in a visible-light-active photocatalyst is substantially increased 

due to the strong plasmon-induced local field. It is well-known that the localized surface 

plasmonic resonance (LSPR) of gold nanoparticles is size dependent.53 The increased size of 

gold increases the LSPR effect, which contributes to stronger absorption of visible light and the 

excitation of active charge carriers for enhanced photodegradation of MB.5, 10, 54 

 

Figure 5.9 Photodegradation rate of MB as a function of Au particle size. a) Au on the surface of 

VLP-CdS; b) Au on the surface of VLP without CdS (n=3 independent experiments, error bars 

represent ± S.D). EP: engineered P22 VLP. 
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Figure 5.10 Au size-dependent photodegradation rate of methylene blue, both with and without 

CdS (n=3 independent experiments, error bars represent ± S.D). 

 

5.4 Conclusions 

    In summary, we have demonstrated that genetically engineered bacteriophage P22 VLP acts as 

a robust nanoplatform for fabricating gold/CdS plasmonic photocatalytic nanostructures. The 

controlled formation of gold nanoparticles on the outer shell of VLP-CdS dramatically enhances 

the photoactivity of CdS confined inside the VLP. However, the gold nanoparticles by 

themselves exhibit any significant effect on the photodegradation of MB. These findings are 

relevant for the synthesis of a wide range of alternative plasmonic photocatalytic materials with 

desired components, architectures, and performance. 
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CHAPTER 6 SUMMARIES AND FUTURE PLANS 

6.1 Summaries 

    We have demonstrated that P22VLP could act as versatile nanoplatforms for the selective 

growth of plasmonic gold nanoparticles on its outside shell, confined synthesis of 

semiconducting CdS nanoparticles inside its inner cavity, and subsequently controlled 

fabrication of plasmonic photocatalytic nanostructures, which show enhanced performance of 

photoactivity.  

    For the ordered growth of gold nanocrystal over self-assembled  P22  coat  proteins,  this  

biotemplated synthesis involves  two  steps:  (1)  the  self-assembly  of  spherical  protein cages 

from wild type P22 coat proteins; and (2) the nucleation and growth of gold nanocrystals on 

the self-assembled protein templates. Particularly, two pathways of gold formation over P22 

templates have been investigated: incubating gold precursor with P22 templates before its 

reduction, and directly reducing gold precursor in NaBH4 solution in the presence of P22 

templates. We have found that gold nanoparticles will find their selective binding sites and 

assemble into ordered structure in both pathways. The incubation of gold precursor with P22 

templates has hindered the growth of gold nanoparticles compared to gold growth without 

precursor/templates interaction, as evidenced by the decreased size and weakened plasmonic 

absorption of gold nanoparticles. Understanding this formation mechanism will provide valuable 

guidance for the future rational design of biotemplated synthesis of gold nanostructures.  

    For P22 VLP templated synthesis of CdS, our results clearly demonstrate that genetically 

engineered scaffolding proteins evenly positioned inside bacteriophage P22 VLP can act as 
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selective biotemplates for the constrained growth of CdS nanocrystals. The formation of CdS 

confined inside the VLP involves initial uniform nucleation and growth at the genetically 

engineered sites of the scaffolding proteins, followed by a more stochastic growth for longer 

reaction periods. The presence of the biotemplates does not affect the reaction order for the 

formation of CdS, but significantly influences the rate constant for the hydrolysis of 

thioacetamide (TA) and subsequent reaction of released S ions with Cd2+. These findings provide 

important clues for the rational synthesis of chalcogenide and other inorganic nanocrystals 

confined inside VLP. For example, controlled synthesis of CdS nanocrystals with size around 3 

nm inside P22 VLP can be achieved by simply centrifuge filtering the solution and terminating 

the reaction at time 1 hour. Additionally, the concentration of genetically engineered 

biotemplates can be adjusted to control the reaction kinetics. Understanding the formation 

mechanism and reaction kinetics further provides guidance for the future rational design of VLP-

based hierarchical nanostructures. 

    Based on findings provided by the P22 shell-templated growth of gold nanoparticles and 

genetically engineered P22 scaffold protein-enabled confined synthesis of CdS, we have 

further successfully fabricated the gold/CdS plasmonic photocatalytic nanostructures. The 

controlled formation of gold nanoparticles on the outer shell of VLP-CdS dramatically enhances 

the photoactivity of CdS confined inside the VLP. However, the gold nanoparticles by 

themselves exhibit no significant effect on the photodegradation of MB. These findings are 

relevant for the synthesis of a wide range of alternative plasmonic photocatalytic materials with 

desired components, architectures, and performance.  

6.2 Future Plans 
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    While much research has been directed at chemical methods of multicomponent nanocrystal 

self-assembly as a route to develop multi-functional nanomaterials and devices, virus-based self-

assembly of hierarchical nano-architectures are relatively unexplored. A careful balance between 

the kinetic and equilibrium conditions need to be maintained in these bottom-up chemical self-

assembly methods, providing less control over the nanostructures. In addition, obtaining multiple 

levels of structural organizations is increasingly difficult in these approaches. Compared to these 

current techniques, the biomimetic routes offer an incredible range of dynamic nanoscale 

structures (e.g., virus capsids) appropriate for hierarchical ordering of multiple nanoparticles. 

Therefore, the tunable optoelectronic properties of virus capsid-NP self-assembled 

nanostructures will provide a novel and cost-effective route to tune the band gap of 

photocatalysts for maximum quantum efficiency. A robust three-dimensional nano-architecture 

can be sequentially designed via bottom-up approach with multifunctional and tunable 

nanoparticles units self-assembled on virus capsid anchors for efficient light harvesting 

applications. The controlled self-assembly will provide the scope to incorporate different 

nanoparticles with desirable material properties such as CdSe nanoparticles for light harvesting, 

Au nanoparticles for optical sensitivity, and iron oxide NPs for magnetic actuation.  

    Currently, most self-assembly methods are conducted at non-volatile polar (e.g., ethylene 

glycol and diethylene glycol) organic solvent interfaces or solid substrate,1, 2, 3, 4 and few reports 

are available on self-assembly of nanoparticles with water soluble virus capsid scaffolds.5 We 

plan to step by step synthesize multicomponent nanoparticle self-assembled structures of 

increasing levels of complexity using the dynamic P22 templates. In previous chapters, We have 

demonstrated the site-specific synthesis of both light-harvesting and photocatalytic using P22 

virus-based particles. The subsequent aim will be to direct two- and three-dimensional self-
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assembly of P22 VLP-based multicomponent nanoparticle superlattices. A three-dimensional 

multicomponent self-assembly is particularly interesting and likely the most challenging to 

obtain. Multicomponent nanoparticle superlattices show unique material properties, different 

from the individual NPs. Highly tunable band gap engineering can be achieved with superlattices 

of P22 VLPs with different inorganic NPs. To date, few reports are available on validated 

prototypical experiments for virus-based binary nanoparticle superlattice formation. We have 

planned to explore this promising new field using the following feasible approaches.   

6.2.1 Self-Assembly via Electrostatic Attraction in Aqueous Phase 

    The negatively charged surface patches in the bacteriophage P22 (shown in figure 6.1) provide 

suitable target sites for controlled electrostatic interaction with cationic nanoparticles to generate 

superlattices. Proof-of-the-concept studies will be conducted with Au and iron oxide NPs. 

Monodisperse Au and iron oxide nanoparticles for the self-assembly will be functionalized with 

a cationic polymer using ligand exchange. The NP size, concentration, surface charge, pH, and 

medium electrolyte concentration can be used to tailor the electrostatic interaction between the 

NPs and P22 for three-dimensional self-assembled nano-architectures. The nano-architectures 

will be extended to light harvesting NPs to facilitate enhanced quantum efficiency. . 

 

Figure 6.1 surface charge distribution of P22 shells 
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6.2.2 Interfacial Self-Assembly 

    Interfacial self-assembly techniques are widely used to form robust nanoparticle superlattices. 

In this strategy, a polar subphase (e.g., ethylene glycol) facilitates thermodynamically stable 

large area self-assembly of nanoparticles capped with hydrophobic ligands. To exploit this 

elegant interfacial self-assembly strategy for P22-based superstructures, aqueous solution of 

wild-type P22 will be used as the polar subphase support for the inorganic nanoparticles in 

volatile solvents. Different volatile solvent mixtures, such as hexane/toluene, will be used to 

tailor the nanoparticle evaporation rate for successful self-assembly. We will accomplish this 

interfacial self-assembly with different inorganic nanoparticles (e.g., iron oxide, Au, and 

chacogenides) and P22 VLPs. This strategy is versatile because non-aqueous phase NPs can be 

used with VLPs to build multicomponent superlattices and two-dimensional assembly.  

6.2.3 Polymer-Coated P22 for Self-Assembly in Non-Aqueous Solvents 

    To date, most binary nanoparticle superlattices are formed in non-aqueous solvents. The wild-

type P22 shows low stability in non-aqueous solvents, limiting the solvent choices for NP based 

three-dimensional self-assembly. Recently, a novel surface attached polymer coating approach 

has been reported to render tobacco mosaic virus (TMV) and cowpea mosaic virus (CPMV) 

soluble in multiple organic solvents. Our preliminary results indicate similar organic phase 

solubility for polymer-coated P22 surfaces. The scope to apply a wider range of solvent mixtures 

with the polymer encapsulated P22 will enhance the feasibility to achieve binary three 

dimensional self-assembly.   
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