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[bookmark: _Toc310579467][bookmark: _Toc499021378]Abstract
Among various strategies for the synthesis and assembly of nano-scaled structures, bio-templating is an efficient method due to the unique physical and chemical properties of the template bionanomaterials, thus has experienced a rapid and vigorous development in past decades. The works in this dissertation are focused on the one-dimensional (1D) biotemplates, especially filamentous bacteriophages and bacterial flagella. The fabrication of hybrid inorganic/biotemplate 1D nanowires and two-dimensional (2D) films, and the 2D films self-assembled from the biofibers, as well as their potential applications in electric and medical fields were described here. 
Firstly, a tunable nanoparticles (NPs) assembly strategy on filamentous protein-based biotemplates which forming 1D nanowires without the need of biotemplate modification was described (Chapter 2). To achieve controlled assembly of NPs on biotemplates, it is usually necessary to either genetically or chemically modify the surface of biotemplates. Here we discovered that simply coating small molecular weight polyethyleneimine (PEI) on NPs triggered their electrostatic assembly on the protein-based biotemplates in a controlled manner. Such strategy is facile and versatile in that the NPs to be assembled and the protein-based biotemplates can be independently changed. The pH values and molecular weights of PEI are the two key factors for the dense assembly of NPs onto the biotemplates. Our method exhibited high flexibility in assembling NPs of different sizes and in controlling the NPs density on the biotemplates, avoiding the costly and tedious steps of modifying biotemplates prior to the assembly. It can assemble multiple types of NPs, regardless of their synthetic methods, onto different wild-type biotemplates such as bacterial flagella, pili, and phages.
Secondly, based on the 1D NPs/flagella assemblies obtained in Chapter 2, we further extended the work to manipulate the optical properties of the 1D structure through a seed-mediated overgrowth process (Chapter 3). The overgrowth process simultaneously increased the AuNPs size on the templates as well as reduced their inter-particle distances, thus inducing 3D coupling of surface plasmon of AuNPs on the template and leading to a significantly enhanced and broadened localized surface plasmon resonance (LSPR) bands. We then took advantage of the broadband absorption property of the overgrown AuNPs assemblies and used them as effective solar absorbers. The as-constructed plasmonic absorber exhibited efficient solar-thermal conversion. When such absorber was used in a solar thermoelectric generation (STEG) device, it has been demonstrated capable of generating 1V voltage under 5x solar irradiation. 
In addition, a type of 2D film self-assemblied from genetically engineered phage nanofibers was fabricated as artificial extracellular matrix (aECM), and the osteoblastic differentiation of mesenchymal stem cells on the matrix without osteogenic supplements was demonstrated (Chapter 4). The generated virus-activated aECM was with ordered ridge/groove nanotopography and displayed different fibronectin-derived peptides (RGD, its synergy site PHSRN, and a combination of RGD and PHSRN). The unique nanotopography and the display of RGD and PHSRN could induce the osteoblastic differentiation of mesenchymal stem cells (MSCs) without any osteogenic supplements. The aECM formed through self-assembly and genetic engineering of phage can be used to understand the role of peptide cues in directing stem cell behavior while keeping nanotopography constant. Moreover, the materials showed huge potential in the application of bone regeneration.

ix
[bookmark: _Toc310579468][bookmark: _Toc499021379]Chapter 1: Introduction
[bookmark: _Toc499021380]1.1 General background
Nanobiomaterial is a multidisciplinary scientific field encompassing life science, material science and nanotechnology principles. Among diverse materials, materials at nanoscale have revealed unique and superior mechanical, optical, electronic and magnetic properties, therefore can be applied in electronics, photonics, catalysis, and tissue engineering. The common strategies to synthesize and assemble the nano-scaled structures include electrospinning,1-3 directional freezing,4 polymer-templating and bio-templating.5 Bio-templating is an efficient method to synthesize and subsequently assemble nanomaterials, thus has experienced a rapid and vigorous development in past decade. Biological materials, such as nucleic acids, lipids, proteins, bacteria and viruses recently have attracted interest as nano-biomaterial building blocks because of their precise and sophisticated hierarchical nanostructures and highly specific molecular recognition capabilities.6-13 With the use of these materials as biomolecular scaffolds, the functional nanomaterials can be synthesized and assembled into structures which can then be integrated into large-scale devices with desired size, shape, alignment and orientation. The works in this dissertation are focused on the nanostructures fabricated based on the one-dimensional (1D) biotemplates and their applications.
[bookmark: _Toc499021381]1.2 Bionanofibers and their properties
[bookmark: _Toc499021382]1.2.1 Bacterial flagella
[bookmark: OLE_LINK72][bookmark: OLE_LINK73]Biology and structure of bacterial flagella
[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77]Bacterial flagella are motion organelles protruding from the surface of bacteria. Structurally, they are protein bionanofibers, which are helically self-assembled from more than 20,000 copies of identical protein subunit called flagellin (Fig.1.1).14 A type of widely used biotemplate flagella is from a subspecies of bacterium Salmonella, called Typhimurium, due to its high-bearing capacity of flagella. The outer diameter of the flagella is about 14 nm while the inner diameter is only 2 nm, and the length varies from tens of nanometers to several micrometers (Fig. 1.1). These bio-nanofibers are easy to be mass produced and purified, and have extraordinary mechanical properties. They are also super stable under high temperature (up to 60°C) and drastic pH (pH3 to pH11).15-17 Flagellin monomer can be functionally divided into 4 domains: D0, D1, D2 and D3. D0 and D1 domains are conservative and tightly packed into a core, therefore, are important for flagellin polymerization (Fig. 1.2).18 D3 is solvent-exposed and highly variable, and thus can be used to display foreign peptides.14 
[image: ]
[bookmark: _Toc496270537][bookmark: _Toc496480838]Figure 1.1: Flagellum structure. Flagellum has three components: the basal body, the hook and the filament. The basal body is composed of transmembrane proteins and anchors the flagellum to the bacteria. It is a molecular motor, which rotates the filament. The hook attaches the filament to the basal body. The filament is a molecular propeller and drives the bacterium to move through rotation. The filament part is a biofiber helically self-assembled from flagellin subunits (also called FliC). The diameter of flagellum is about 10 to 20 nm depends on the type of bacteria and the length is up to tens of micrometers. The flagellar filaments purified from the surface of bacteria Salmonella Typhimurium are with a diameter of ~14 nm.19
[image: ]
[bookmark: _Toc496270538][bookmark: _Toc496480839]Figure 1.2: Structure of flagellin protein. a) Ribbon diagram of the Cα backbone of flagellum filament and flagellin protein. Flagellin is divided into 4 domains: D0, D1, D2 and D3. Eleven protofilament strands form the helical and tubular structure with D0 and D1 domains tightly packed into core, while D2 and D3 domains extend to the surface. Modified from PDB ID 1UCU.14 (b) D0 and D1 domains, located at the N- and C- terminals of flagellin are conservative and important for flagellin polymerization. D2 and D3 domains are highly variable and solvent-exposed, and thus insertion of peptides into these domains allows peptide display on the flagellar surface.
Flagella display
Genetically displaying peptides on the surface of flagella is called flagella display.19-22 For Salmonella Typhimurium, D3 domain of flagellin is solvent-exposed and used as the display position (Fig. 1.2). After the flagella display, each flagellin monomer was fused with the foreign peptide, and after assembly into flagella, the surface chemical and physical properties are modified by the foreign peptide and are uniform and identical along the whole fiber. Unlike other biotemplates, for example, filamentous bacteriophage (fd or M13), which can only display no more than 20 amino acids on the major coat proteins constituting the side walls, flagellin can be inserted with up to 302 amino acids at the highly variable D3 domain without interrupting its self-assembly into functional flagella.19, 23
Potential of flagella in nanotechnology
The great stability makes flagella to maintain the intactness under chemical synthesis of inorganic materials. It has been reported that flagellar filaments could also be formed through an in vitro assembly of pre-depolymerized flagellin monomers.24 This fact indicates the probability to manipulate flagella templates with uniform size and tunable length. Furthermore, the configuration of flagella, such as handedness, helical pitch and helical diameter (Fig. 1.3), varies in response to various external stimulations including pH value, ionic strength, temperature and displayed peptide sequences.19, 25 The diversity of the configuration opens up the possibility of controlling the morphologies of nanomaterials by tuning the morphologies of flagella templates. All these features facilitate the chemical synthesis of inorganic materials with various morphologies on flagella, making them a suitable biotemplate. Moreover, the surface chemistry of flagella can be tuned by displaying foreign peptides through genetic means, which allows further manipulation over the interaction between biomolecules and inorganic complex. Up to 302 amino acids are able to be displayed on each unit protein, which is much higher than other biotemplates. In other words, more sophisticated surface chemistry manipulation can be achieved on flagella than on other biomolecules, which makes them a better platform for nanomaterial synthesis and assembly as well as for understanding bio-controlled crystal formation. For example, through displaying positively or negatively charged amino acids with different numbers, the surface charge of these bionanofibers can be fully controlled. With their controllable lengths and tunable surface chemistry, flagella are an ideal platform for the controlled synthesis and assembly of inorganic nanocomposites.
[image: ]
[bookmark: _Toc496270539][bookmark: _Toc496480840]Figure 1.3: Morphology of flagella. a) TEM image of wild type flagella from Salmonella Typhimurium, which were negatively stained by 1% uranyl acetate (UA). Natural flagella present sinusoidal wave morphology. b) A filament with normal configuration is helical with a pitch of about 2.2 µm and a helical diameter of about 0.4 µm.
[bookmark: _Toc499021383]1.2.2 Filamentous bacteriophage
Plant and bacteria viruses, such as M13 bacteriophage, tobacco mosaic virus (TMV)26 and cowpea mosaic virus (CPMV)27, played important roles in nanomaterials progress as protein cages or biotemplates, but not only the disease causing organisms. Most phage used as templates in synthesis and assembly of nanomaterials are filamentous phage strains-M13, fd and fl, although other types of phage such as T428-29 and λ30 are also promising templates. This dissertation will only systematically and comprehensively describe the filamentous bacteriophage based nanobiomaterials. 
Biology and structures of phage
[bookmark: OLE_LINK15]Filamentous bacteriophages (also called phage) are bacterial viruses and non-toxic to humans. The phage particles are filamentous and semi-flexible virions with robust physical and chemical properties and can be programmed through genetic engineering. The wild-type filamentous phages are flexible nanofibers of nearly 6nm in diameter and 1μm in length (Fig. 1.4). Inside the virion is a 6407- or 6408-base single-stranded circular viral DNA (ssDNA) (Fig. 1.5). The simple ssDNA encodes all proteins for the phage including 2700 identical copies of the major coat protein, pVIII (encoded by gene VIII), which are helically arranged on the surface to form the side wall and four different types (pIII, pVI, pVII and pIX) of minor coat proteins with two different types on each tip. At one tip of the virion are five copies each of the pIII and pVI (genes III and VI) and the other tip has five copies each of pVII and pIX (genes VII and IX) (Fig. 1.5).31-32
[image: ]
[bookmark: _Toc496270540][bookmark: _Toc496480841]Figure 1.4: TEM image of wild type M13 phages negatively stained with 1% UA.
[bookmark: OLE_LINK58][bookmark: OLE_LINK59][image: Picture1]
[bookmark: _Toc496270541][bookmark: _Toc496480842]Figure 1.5: The structure of M13 and Fd bacteriophage particle. The single stranded DNA showing the location of coat protein genes is encompassed by 5 types of coat proteins.
The ionic property of filamentous phage contributes to its efficiency as a nanomaterial template. It is dominated by the high expression of the major coat protein pVIII compared to the mere five copies of each minor protein on the surface. The amino terminal of each pVIII protein exposed to the solution includes negatively charged amino acids (Glu and Asp) with side-chain carboxyl groups extending away from phage surface. The wild-type fd and fl phage shows 1 Glu and 3 Asp on the N-terminal, but M13 phage only shows 1 Glu and 2 Asp with the 12th negatively charged Asp residue replaced by a polar, uncharged Asn residue. At a pH of 8.2, fd and fl have 3.4 negative charges per protein subunit, while M13 has 2.4 negative charges.33 
The bacteriophage only infects bacteria and does not induce significant toxicity or obvious antibody response in human,34 thus has been the focus for use in drug delivery and artificial tissue engineering. And fl, fd and M13 phages are non-lytic bacteriophages, the host cells are not adversely affected by the infection, however, the rate of cell growth and division will decrease.35
Phage display
All five coat proteins in the phage virion have been used to display foreign peptides or proteins on the amino terminus.36-40 The most common method is to display designed foreign peptides to pIII or pVIII coat proteins. Moreover, unlike the genetic modification on other protein assemblies, such as flagella, which can only introduce one type of exogenous peptide, two or three different peptides can be simultaneously displayed on different phage coat proteins and this is known as double- and triple-display technique.41-44 This technology endows phage with multiple functionalities on a single nanoscale structure.
Phage display technique enables the construction of phage display peptide libraries. A phage display library is a heterogeneous mixture of phage clones randomly carrying various foreign DNA to the appropriate site in phage genomes and thus randomly displaying various peptides on phage surfaces.45 Phage display systems can be classified according to the recombinant coat proteins. The most popular approach is to fuse the foreign peptides to the N-terminal of the pIII or pVIII protein. pIII-displayed peptide libraries are most widely utilized and commercially available. On the end of this phage particle, a foreign peptide is displayed on all five copies of pIII molecules. Similarly, a foreign peptide is displayed on every copy of the pVIII molecule of the phage particles from the PVIII-displayed peptide libraries called landscape libraries.46 This kind of libraries are not able to display relatively large foreign peptides (more than about eight amino acids) since the foreign peptide composes a substantial fraction of the total protein coat and will affect the phage assembly. By far the most common application of the phage display peptide libraries are the affinity selection for a target ligand. After several rounds of selection (called biopanning), the phage displayed peptides with the highest binding affinity are determined.47 The inorganic and organic materials as biopanning targets include metals, metal oxides, semiconductors, magnetics, carbon materials, polymers, organic molecules and others.48-56 The identified peptides can then be used to modify virions which can be used as templates in further synthesis and assembly of materials with new structures and functions.
Potential of phages in nanotechnology
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]In comparison to other conventional synthetic templates or biological templates, phage-based synthesis and assembly systems are popular for the following reasons (Fig. 1.6): i) Bacteriophages have a self-correct mechanism and all the particles for one type are identical so they are considered monodisperse NPs; ii) There are many active groups (-NH2, -COOH) on the phage surface for chemical conjugation with small molecules or nanostructures. In addition, the surface properties of phages can also be controlled by genetically fusing an exogenous peptide with a coat protein. These characteristics provide ideal positions for nanomaterials synthesis and assembly; iii) Phages can self-assemble into periodically ordered structures, such as liquid crystal, by changing concentration, ionic strength and other variables,33, 57-59 which can further direct the assembly of nanomaterials into complicated composites; iv) Besides display only one type of exogenous peptides, phage can be engineered to display two or three types of peptides on different coat proteins, so called double- or triple-display. This confers multiple functions (material template, molecule targeting, etc) to individual little phage templates; v) The phages show excellent stability in many acidic, basic and organic solvents thus can stabilize the materials loaded onto them, such as liposomes; vi) Phages can be produced and purified inexpensively on a large scale from natural factories, bacteria, thus promising huge potential in future applications; vii) Phage shows advantages in biomedicine development as a result of the non-toxic properties and strong capability to penetrate brain-blood barriers. Based on above reasons, material scientists have been attracted to seek new opportunities with phage templates in nanotechnology and incorporate them into applications involving catalysis,60 batteries 61, microelectronics, nonlinear optics, and nanosensors.62-63
[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][image: Picture20]
[bookmark: _Toc496270542][bookmark: _Toc496480843]Figure 1.6: Advantages of phages as biotemplates for nanomaterial synthesis and assembly.
[bookmark: _Toc499021384]1.3 Fabrication of 1D biotemplated nanostructures
1D fibrous biological nanostructure can be used as templates for the synthesis or assembly of nanorods, nanowires and nanotubes. The biological fibrous templates include M13/fd filamentous bacteriophage, bacterial flagella, TMV, microtubule, collagen, etc.64-66 Most of the templates are precisely self-assembled nanofibers from thousands of same subunits, and with uniform diameter and identical length. This section will focus on the inorganic 1-D nanomaterials produced on flagella, phage and TMV biological templates of which the surface chemistry is able to be genetically modified.
[bookmark: _Toc499021385]1.3.1 Flagella templated 1D nanostructures
Recently, flagella have been used for the synthesis of both spherical and tubular inorganic nanomaterials including metals, oxides and quantum dots (QDs).19, 21-22, 67-70 The current progress in this area can be reflected in three aspects: (i) Metallic nanomaterials: Flagella displaying specific loop peptides have been demonstrated having high affinity to metal ions including Au(I), Cu(II), Co(II), Pd(II), Cd(II) and Ag(I).70 Followed by a reduction reaction, the NPs or nanotubes of the corresponding metal can be produced; (ii) Oxide nanomaterials: So far titanium oxide (TiO2) and silica (SiO2) were synthesized by flagella.19, 21-22, 68-69, 71. (iii) QDs: ZnS, ZnS/Mn and CdTe QDs were synthesized by flagella templating.67 Additionally, it has been reported that both the inside and outside walls of flagella-templated nanotubes could be modified by NPs, i.e. uptake of CdTe QDs into the inner channels and coating of gold, palladium and iron oxide NPs on the outer wall.21, 72-73 Moreover, flagella exhibit diverse morphologies under different pH values, temperature and ion strength.74 Based on this phenomenon, Li et al synthesized silica nanotubes (SNTs) templated by flagella and the resultant nanotubes exhibited variable morphologies at different pH values under TEM (Figure 1.7).19 At pH 4, SNTs were curly and coiled bundles. SNTs exhibited the sinusoidal wave morphology at both pH 8 and 9, but with a shorter wavelength at pH 9. When the pH value was increased to 10.5, SNTs were coiled but containing a single flagella nanofiber in the channel, which is different from the flagella bundles observed at pH 4. Further increasing the pH to 11, the coiled SNTs became straight. In addition, the peptide sequences displayed on the flagella surface also alter the morphology of SNTs. These results exhibit huge potential of fabricating diverse nanomaterials assisted by flagella. 
[image: ]
[bookmark: _Toc496270543][bookmark: _Toc496480844]Figure 1.7: Morphology manipulation of flagella templated silica nanotubes synthesized under different pH values.19 TEM images from left to right correspond to silica nanotubes synthesized under pH of 4, 8, 9, 10.5 and 11 respectively.
[bookmark: _Toc499021386]1.3.2 Phage templated 1D nanostructures
Bacteriophage is mostly used among all the linear biotemplates. One of the biggest advantages of using phage as template to make linear nanostructures is that peptide sequences binding specifically to a target material can be selected directly through biopanning. A broad types of inorganic materials, including metals, metal oxides, and semiconductors, have been applied as targets for biopanning and a pool of peptides with specific affinity have been established, which confer huge potential on bacteriophages as templates for 1D nanomaterial synthesis.51, 75-77
Mao et al. reported a pioneer work of synthesizing single-crystal semiconducting nanowires (ZnS and CdS) and ordered magnetic nanowires (CoPt and FePt) based on genetically engineered M13 phage templates (Fig. 1.8).77 The peptides displayed on the major coat protein of M13 phage were selected through a screening process from phage library, and were considered to control the composition and phase during NPs nucleation. Taking ZnS as an example, the selected affinity peptide (CNNPMHQNC) was first displayed over the side wall of phages, then ZnS nanocrystals were mineralized onto the virus surface from a metal salt precursor under reduced temperature. After annealing, the polycrystalline assemblies were transformed to single-crystal nanowires with uniform diameter and length (Fig. 1.8a). Similarly, by fusing different nucleating peptides onto M13 phage, CdS, CoPt and FePt nanowires were obtained through either mineralization or chemical reduction (Fig. 1.8b-c). This work represents a universal strategy for the synthesis of 1D nanostructure of various inorganic materials, such as CeO2, FePO4, Au/Ag alloy, IrO2, Rh, Ru and Pd, based on the genetically modified phage templates.41, 43, 60, 78-79
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[bookmark: _Toc496270544][bookmark: _Toc496480845]Figure 1.8: TEM images of ZnS, CdS, CoPt and FePt nanowires by using engineered M13 phage as templates.77 a) Bright-field TEM image of a single ZnS nanowire. Electron diffraction in the inset showed single crystalline pattern. Inset at bottom, low magnification. b) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of CdS nanowires. c) CoPt nanowire. Inset, STEM image, scale bar, 100 nm. d) FePt wires.
[bookmark: _Toc499021387]1.3.3 TMV templated 1D nanostructures
TMV is a plant virus with rod-like appearance. Its capsid is composed of 2130 copies of identical coat proteins and there is a single strand helical RNA in the cavity. The virion is about 300 nm in length, 18 nm and 4 nm in outer and inner diameter respectively. TMV is superior as template for nanomaterial synthesis since it is extraordinarily stable. TMV is able to withstand high temperature of up to 90 ˚C and a broad pH range from 3.5 to 9 over several hours and its structural integrity is maintained even in some organic solvents, such as ethanol and dimethylsulfoxide (DMSO).80-81
So far, a variety of materials were fabricated into linear nanostructures through TMV. Shenton et al synthesized CdS and PdS nanotubes on the external surface of TMV (Fig. 1.9).26 The dense outer mineral layer and the light internal TMV core of CdS nanotubes were obvious (Fig. 1.9a). Similar results were obtained with PbS nanotubes (Fig. 1.9b). Besides CdS and PbS, Au, Pt, Ag, Pd, Ni, Co, SiO2 and iron oxides NPs arrays or nanotubes have been organized or synthesized through TMV biological template.26, 82-83 An interesting phenomenon was observed during the research of this hybrid that TMV virions self-assembled head-to-tail into long nanotubes along the long axis when mineralizing SiO2 from tetraethoxysilane (TEOS) in acidified solvent (Fig. 1.9c).26 It is believed that the complemental hydrophobic interactions between two ends of the helical structure give rise to the assembly just like the interactions to assemble protein subunits together into TMV capsid at any cross-section.84 This highly ordered long fiber structure is not stable but with the coating of inorganic shell or polymer layer it is robust and suitable for further applications.85 
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[bookmark: _Toc496270545][bookmark: _Toc496480846]Figure 1.9: TMV templated CdS, PdS and SiO2 nanowires.26 a) TEM image of CdS-mineralized TMV. Scale bar, 50 nm. Inset, energy-dispersive X-ray (EDX) spectrum. b) PdS/TMV nanotubes. Scale bar, 50 nm. Inset, high resolution TEM show the crystal lattice of PdS. c) SiO2 nanotube templated by self-assembled TMV particles. The white arrows show the connecting places of the ends of TMV. Inset, EDX spectrum.
The 4 nm central channel of TMV have also been used as reaction vessel for the growth of nanowires just like the case for 0D protein cage templates. Linear Ag NPs arrays were formed within the channels of the virions.82 Ni and Co nanowires of about 3 nm in diameter were synthesized selectively in the narrow channel by first activating the TMV with Pd(II) or Pt(II) ions.86 Then the activated TMVs were metallized by the electroless deposition method in a bath solution containing reductant, and nickel or cobalt ions. The nanowires were about 300 nm long but the ones up to 600 nm were observed which suggested that the end-to-end assembly of TMVs. By changing reaction condition and reductant, the spatial selectivity (exterior or/and interior) of metallization can be achieved.26, 83, 86 In addition, biometallic alloy nanowires, like CoPt and FePt3, synthesized inside the TMV channel have also been reported.87
[bookmark: _Toc499021388]1.4 Bionanofiber-based higher ordered structures
Fibrous biological templates are capable to assemble into highly ordered 1D, 2D or 3D structures, which are also ideal scaffolds for making inorganic nanomaterial with hierarchical organization. Various strategies have been developed to construct the complex structures from starting building blocks, such as self-assembly at liquid/solid or liquid/liquid interface, evaporation or shearing force induced self-assembly, dip-coating and lay-by-layer method. These strategies greatly rely on the inherent properties of building units including uniform size and shape, exquisite symmetry, modifiable surface chemistry, and liquid crystal structure at high concentration.84 The assembled hierarchical structures sometimes are directly used as functional nanocomposites, or sometimes undergo the inorganic mineralization for further application.
[bookmark: _Toc499021389]1.4.1 1D bundles
Inorganic ions are able to trigger self-assembly of bionanofibers into 1D bundles through electrostatic force. Based on this principle, Wang et al used the mineralized hydroxyapatite (HAP)-phage bundles to mimic the lowest level of the bone hierarchical structure (Fig. 1.10).88  Fd and M13 virions were chosen as the first building block because their filamentous structure is most like collagen molecules, and with the help of Ca2+ they can self-assemble to bundles mimicking collagen fibrils, in which Ca2+ ions served as a bridge to cross-link the anionic bacteriophages (calcium ions are expected to coordinate with carboxylic acid residues on the phage surface) (Fig. 1.10 a&b). The formation of Ca2+-phage bundles occurred only at a relatively high concentration of bacteriophages (>5×1010 cfu/ml) and calcium ions (>50 mM). The Ca2+-phage complex served as calcium sources and biotemplates to initiate the proper spatial nucleation and growth of the nanocrystalline HAP along the long axis of the phage, and this mimiced the orientation of the HAP mineralization in nature (Fig. 1.10c). The resultant HAP-phage bundles can serve as building blocks to form higher-order structures for bone biomaterial fabrication. He et al found genetically engineered M13 phage can also be used in self-assembly of nanostructure bundles triggered by calcium ions and this method can reduce the Ca2+ concentration needed to bridge phage bundles.89 The M13 phage was genetically modified to display negatively charged peptides E8 (8 Glu) at the major coat protein pVIII and this maked the side wall of M13 phage more anionic. While in this case, cationic calcium ions were able to initiate the electrostatic self-assembly of Ca2+-phage bundles at a much lower concentration (4mM).
[image: ]
[bookmark: _Toc496270546][bookmark: _Toc496480847]Figure 1.10: Ca2+ induced phage bundles.88 a) Strategy for oriented nucleation and growth of HAP nanocrystals within aligned phage nanofibers. b). TEM image of Ca2+-phage bundles. c). TEM image of HAP-phage bundles.
Moreover, a novel type of mesoporous silica fibers were synthesized using the orderly assembled hexagonal phage bundles as templates.90 After formation of the inorganic component, the bundled biotemplates were removed by calcination leaving only the mesoporous silica structures. Besides electrostatic interaction, covalent bonds can also be applied for bundle structure formation of bionanofibers. It is reported that the introduction of cysteines on the surface induced self-assembly of flagella into bundles by formation of disulfide bonds.91
[bookmark: _Toc499021390]1.4.2 2D films
Bionanofibers, with or without other molecules, such as polylysine, can be assembled into 2D films. Without the help of other molecules, phage themselves are capable to assemble into ordered film with specific fiber orientation due to the liquid crystalline property. Chung et al fabricated a type of RGD-phage film by a simple horizontal shearing method for neural cell growth.92 In this kind of film, phage bundles parallel to the shearing direction were observed and showed nematic liquid crystalline pattern. Besides, they also discovered a vertical shearing method to build up phage films by pulling substrate from chiral colloidal M13 solution.93 The created structures, including nematic orthogonal twists, cholesteric helical ribbons and smectic helicolidal nanofilaments, had multiple levels of hierarchical order, and the delicate structure can be controlled by varying phage concentration, pulling speed, phage and substrate surface properties. 
[bookmark: OLE_LINK20]Similar phage films could be achieved through a layer-by-layer strategy with the help of positive molecules. Generally, the thin films are fabricated by depositing positively charged molecule layers and negatively charged phage particle layers alternately. Zhu et al found that assisted by positive polylysine as a cross-linker, both wild type and engineered phages can form ultrathin films through this method.94 Under an optical microscope and scan electron microscope (SEM), the phage films were composed of parallel phage bundles separated by grooves  and the bundles were larger in magnitude when higher phage concentration was used (Fig. 1.11). In addition to phage films, flagella films could also be achieved through this layer-by-layer method using a polymer, polyethyleneimine (PEI), as the positive layer.95 The mineralization of CaCO3 on this film was also demonstrated. 
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[bookmark: _Toc496270547][bookmark: _Toc496480848]Figure 1.11: Phage films fabricated through layer-by-layer method.94 Bright field (a, b) and SEM (c, d) images of M13 phage films assembled from the concentrations of phage at 1012 pfu/ml (b, d) and 1014 pfu/ml (a, c). Phage films were composed of parallel phage bundles separated by grooves.
Recently, it is found that magnetic guidance can assist the formation of highly ordered bionanofiber films.96 First the magnetic NPs (MNPs) were assembled on the biotemplates such as phages, flagella or bacterial pili, and simply drop-cast on a substrate which was in a strong magnetic field. With this magnetically guided deposition method, MNP-biofibers could be fabricated into various structures including single-orientation horizontally aligned 2D nanofiber arrays, multi-orientation multilayered 2D films and vertically aligned 3D structures.
[bookmark: _Toc499021391]1.4.3 3D bulk materials
Due to the small size and flexibility, bionanofibers are hard to be fabricated into 3D materials without other component. Generally, they work as functional parts and are filled into other self-standing 3D materials, or sometimes form 3D bulk material with the assistance of other components. Wang et al filled phage nanofibers displaying RGD peptides into the pores of 3D printed bioceramic scaffold and endowed the inorganic scaffold with bioactivity which could induce osteogenesis and angiogenesis.97 To mimic the nature nanofibrous protein network matrices, the mixture suspension of engineered phages with liquid crystalline structure and neural progenitor cells (NPCs) were injected into liquid agarose, finally generating orientationally ordered, 3D phage nanofiber matrices. The formed phage nanofibers in the matrices showed nematic liquid crystalline structure and these biomimetic matrices were able to support NPCs proliferation and differentiation.98  On the other hand, with the help of other component, biofibers themselves as building blocks can be built up into bulk materials and mostly hydrogel. AuNPs/phage hydrogel was reported.99 Moreover, by using glutaraldehyde as cross-linker, hydrogels composed of only phage particles or phage/single-walled carbon nanotube (SWNT) could be achieved.100 
[bookmark: _Toc499021392]1.5 Applications of biofiber templated nanomaterials and their assemblies
So far, the biofiber templated nanomaterials and their assemblies have been explored for applications such as dye-sensitized solar cell (DSSC), lithium ion battery (LIB), photocatalytic water oxidation, hydrogen production, gas and humidity sensing, electroconductive films, tumor imaging and tissue engineering.50, 60-61, 101-105 Most of the researches were based on phage templated nanomaterials.
[bookmark: _Toc499021393]1.5.1 Energy devices
1-D nanostructures, due to their unique electronic, optical, thermal and mechanical properties, are expected to be applied as both structural and functional units in energy devices, mostly DSSC and LIB.106
Dye-sensitized solar cell (DSSC)
DSSC is constructed basing on three important components, photosensitizing dye, semiconductor (generally a porous layer of TiO2 NPs) and electrolyte solution. The dyes absorb sunlight and produce excited electrons, then the electrons are injected into the semiconductor and percolated to the electron collector. The electrolyte ions transfer electrons back to the dyes to regenerate the photosensitizer. To increase the photovoltaic efficiency, phage fibers were introduced into DSSCs. 
Dang exploited genetically engineered M13 which displayed single-walled carbon nanotubes (SWNTs) binding peptides, SPHTELP, as a template to assemble and stablize SWNTs (Fig. 1.12).53 The achieved M13/SWNT bundles were further be used as templates for biomineralization of heterogeneous TiO2, forming phage based linear SWNT-TiO2 core-shell complexes. These composites were incorporated in DSSCs as photoanodes. The results indicated that the incorporation of semiconducting SWNTs could help with the electron percolation, thus increase electron collection efficiency and power conversion efficiency (from 8.3% to 10.6% compared with photoanodes with only TiO2 nanoparticals). In contrast to other carbon nanotube-TiO2 materials, phage based SWNT-TiO2 complexes maintained high electron mobility of SWNTs because no chemical modification was performed. Moreover, different to general surfactants, an excess of free phages in the environment to stablize SWNTs from aggregation was not required. This is important because the free surfactants may hinder the nucleation of heterogeneous TiO2 on SWNTs surface. Additionally, calcination removal of phage biotemplates which assembled TiO2 NPs in DSSCs could also increase the photovoltaic efficiency.107 The left interconnected hollow nano-channels functioned as pathways for easy electrolyte penetration, which facilitateed the electron diffusion at the interface between TiO2 and electrolyte. 
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[bookmark: _Toc496270548][bookmark: _Toc496480849]Figure 1.12: TiO2/SWNTs nanocomposites integrated DSSC.53 a) Schematic diagram of processing of M13/SWNTs complexation and TiO2 biomineralization. b) Scheme of dye-sensitized solar cells. c) High resolution TEM image of M13/SWNTs complexes. Viruses are partly burned off. Arrow, SWNTs. Dash line, M13. d) TEM image of TiO2 crystals on the M13/SWNTs complex.
Lithium ion battery (LIB)
LIBs have been widely used as power sources for portable electric devices including mobile phones, laptops and tablet, digital cameras, etc. The development of new type of LIBs which have higher electrochemical performance and smaller size is always the central issue. Biofiber templated nanomaterials help with this mainly in two ways, increasing the surface area of electrodes which consequently increases the electrode electrolyte interface, or introducing other functional component which can enhance the electronic conductivity.
Inorganic-TMV nanocomposites have been investigated as anode material for LIBs108-112. In these studies, TMV were engineered to display a cysteine motif at the N-terminal of each coat protein subunit and after the assembly into virus rod, the cysteines were only surface exposed at one end. The strong covalent interactions between thiol groups on cysteine and metallic atoms enabled the dense, vertical assembly of these virus rods on solid metal substrates (Fig. 1.13a). The virus were then coated subsequently with a thin layer of metal, like Ni, as current collector, and another layer of active anode material, like Si, TiO2 or V2O5, for lithium ion batteries (Fig. 1.13a&b). The 3D virus-based bio-inorganic nanocomposites anode materials have enhanced dramatically the reactive surface area, and consequently the capacity and cycling stability of lithium ion batteries (Fig. 1.13c). 
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[bookmark: _Toc496270549][bookmark: _Toc496480850]Figure 1.13: LIB anode materials prepared by vertical array of TMV templates.112 a) SEM image of a vertical array of V2O5/Ni/TMV nanorods on Au substrate. b) TEM image of a V2O5/Ni/TMV nanowire. Inset, EDX profile shows distribution of V and Ni elements across the nanowire. c) Cycling performance of the cells with or without TMV templated anodes.
[bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK122][bookmark: OLE_LINK123]Double-display phage system was also introduced to LIBs. In one example, M13 phage major coating protein pVIII was genetically modified with cobalt nucleation motif and gold binding motif.61 As a result, Au and Co3O4 nanomaterials can be subsequently deposited onto the phage nanofibers forming the structure that Au spherical NPs embedded in the solid Co3O4 nanowire matrix. When the Au-Co3O4 hybrid nanowires were applied as anode material of LIB, they exhibited remarkably higher capacity and much slower capacity degradation through many cycles of charging and discharging. Instead of fusing foreign peptides only onto one type of protein, the major coating protein pVIII and tip protein pIII were also modified as bifunctional templates to form cathode material for LIB 41. The inserted motif on pVIII is used to help the nucleation and growth of a-FePO4 nanowires, the major functional components of LIB cathode; and the modified pIII can specifically bind to carbon nanotubes (CNTs). The addition of CNTs enhanced the electronic conductivity of the cathode, and thus resulted in a significant increase in the specific capacity of LIB under high discharging rates. In addition, it is also reported that flagella templated iron oxide materials was used as anode in LIB and demonstrated a superior electrochemical performance.113
[bookmark: _Toc499021394]1.5.2 Medical applications
Tumor imaging
Filamentous phages are integrated in tumor imaging as platforms due to two essential reasons. First, through genetic engineering, phages could display various peptides on different coat proteins, which combine multiple functions such as contrast agent binding and tumor targeting. Second, the assembly of many contrast agent NPs together on one biofiber can significantly enhance the imaging signal especially when the number of targets is limited. Based on these principles, MNPs were assembled on the sidewall of M13 phages which displayed triglutamate and a type of targeting peptide which recognize prostate cancer marker, SPARC glycoprotein, was displayed at one end of phages.105 The fabricated inorganic-biofiber hybrid nanocomposites were investigated as contrast agents for in vivo magnetic resonance imaging (MRI) imaging of prostate cancer.  The signal-to-noise ratio was significantly improved which was induced not only from the targeting, but also the large number of NPs attached to each target molecule. In addition, a similar phage system was reported to image prostate cancer, but instead of MNPs, SWNTs were assembled and stabilized at the sidewall of phages.104 The photoluminescence of SWNTs enabled the second near-infrared (NIR) window fluorescence imaging which permits the detection of tumors in deep and hard-to-detect areas.
Tissue engineering
Tissue engineering is to fabricate functional tissues by combining the usage of scaffolds, cells and biologically active molecules, which can repair or replace part of or entire damage tissues such as bone, cartilage, neural system, etc. Bionanofiber (especially bacteriophages) based materials, function in tissue engineering mainly through two meanings, mimicking the structure and composition of natural tissues by biomineralization, and introducing bioactive peptides by genetically modification.
The lowest level of natural bone structure is the parallelly oriented collagen molecules mineralized with HAP nanocrystals. To mimic bone structure, M13 virions have been chosen as the first building block because their filamentous structure is most like collagen molecules, and with the help of Ca2+ they can self-assemble to bundles mimicking collagen fibrils.88-89 The Ca2+-phage complex served as calcium sources and biotemplates to initiate the proper spatial nucleation and growth of the nanocrystalline HAP along the long axis of the phage, and this mimicked the orientation of the HAP mineralization in nature. The resultant HAP assemblies are potential scaffold materials for bone regeneration.
For bone engineering, the differentiation of seeded stem cells to osteoblasts is important for successful bone regeneration. Phages can introduce bioactive factors, such as differentiation inducing peptides, by filling the pores of inorganic 3D scaffold.97 In addition, phages can self-assembled into 2D films with groove/ridge structures, which provide both topographical and biochemical factors to direct stem cell fate.94 The morphology and orientation of mesenchymal stem cells (MSCs) growing on the film was changed. Cells were highly stretched and aligned along the phage bundles. This geometric characteristic of phage film surface, together with the displayed osteogenic peptides, could induce MSCs differentiation to osteoblast. Moreover, by displaying peptides which promote neural cell adhesion and neurite extension, phage based matrices were able to support neural progenitor cells (NPCs) proliferation and differentiation, which is essential for neural regeneration.98


[bookmark: _Toc499021395]Chapter 2: Tuning Electrostatic Nanoparticle Assembly on Filamentous Protein-based Biotemplates without the Need of Biotemplate Modification
[bookmark: _Toc499021396]2.1 Introduction
One dimensional (1D) organic and inorganic nanomaterials can find many applications including sensors, optical waveguides, and electronic devices.114-118 Biotemplated assembly of preformed nanomaterials is a promising approach to such materials. Protein-based 1D nanostructures, such as filamentous bacteriophages (phages),41, 47, 61, 77, 89, 119-120 bacterial flagella and pili,67, 113, 121 and tobacco mosaic viruses (TMV)82, 122-124 are used frequently as biotemplates to achieve this goal. Previously, it is widely believed that genetic engineering or chemical modification of these 1D bio-nanostructures is more desired in order to allow them to template nanomaterials assembly in a controlled manner. In the genetic engineering approaches, the capsid proteins of the biotemplates are modified by genetic means to display foreign peptides (or proteins) in the solvent-exposed domain. In order to achieve materials-specific NPs assembly on the biotemplates such as phages, the materials-specific foreign peptides are normally selected by evolutionary approaches, such as biopanning,41, 47, 61, 77, 89, 119-120, 125-127 or sometimes by special designs.67, 82, 113, 122-123 In the chemical modification, click chemistry or other bioconjugation chemistry has been used to conjugate peptides or polymers onto the biotemplates in order to achieve controlled materials synthesis.128-130 Both the genetic engineering and chemical modification approach have been demonstrated highly effective in the fabrication of uniform 1D nanostructures of many different materials; however, both of them require high experimental skills, more chemical and/or biological reagents, and intensive labor to produce engineered biotemplates. Moreover, for each type of material, generally a different type of peptides or surface functional molecules has to be displayed or chemically modified onto the biotemplates. Thus, they are neither cost-effective nor easy to reproduce.
Here in this work, we report a novel electrostatic interaction based strategy to assemble pre-synthesized NPs onto protein-based biotemplates to form 1D inorganic nanostructures. This strategy involves no genetic or chemical modification of the biotemplates, but simply uses the wild type versions to achieve NPs assembly, significantly simplifying the process. The electrostatic interaction was created between the highly positively charged branched polyethyleneimine (PEI) coated NPs and the naturally negatively charged biotemplates such as bacterial flagella and pili and filamentous phages (Fig. 2.1). Bacterial flagella (with an outer diameter of ~14 nm and an inner diameter of ~2 nm as well as a tunable length) and pili (~6 nm wide and 1-2 µm long) are protein nanotubes and nanowires collected from the surface of bacteria cells, respectively, while filamentous phages are bacteria-specific protein-terminated virus nanofibers (~900 nm long and 7 nm wide) secreted by bacteria. We found that dense assembly of NPs onto these protein-based biotemplates only took place by using small M.W. PEI (s-PEI) and within a proper pH range. The NPs assembly through this approach is highly tunable in both the size and the assembling density of NPs. More importantly, the electrostatic based assembly can be applied universally to different types of NPs and biotemplates, thus it’s a simple and general approach for biotemplated 1D NPs assembly. Although electrostatic interaction has been employed universally to assemble NPs onto polymeric or inorganic substrates, such as nanowires,131-132 nanosheets,133-134 nano/micro-spheres,135 it is much more challenging to apply such an interaction onto protein-based biotemplates, due to the mixed presence of positively charged, negatively charged, non-charged and even hydrophobic functional groups on the biotemplates surface, which is highly unfavored for the charge-based electrostatic interaction. The work demonstrated here will be the first example of using electrostatic interaction to achieve high-density assembly of inorganic NPs onto protein-based biotemplates.


[image: ]
[bookmark: _Toc496480851]Figure 2.1: Sketch of the s-PEI enabled electrostatic assembly of NPs, including gold NPs (AuNPs), magnetic NPs (MNPs) and quantum dots (QDs) onto filamentous biotemplates (bacteria flagella and pili, and filamentous phages) and the advantages of the method. a) Under proper pH, the s-PEI coated NPs can form dense assembly along the biotemplates through electrostatic interaction; b) Such an approach is highly controllable and assembly of NPs at different densities and of different sizes can be achieved; c) This method can be extended as a universal method to assemble NPs prepared by different methods onto different biotemplates. s-PEI coated AuNPs, aqueous-prepared MNPs and oil-prepared QDs were all demonstrated to be able to assemble onto different biotemplates including flagella, pili and phages.
[bookmark: _Toc499021397]2.2 Materials and Experiments
[bookmark: _Toc499021398]2.2.1 Materials
Polyethyleneimine (PEI, M.W. 1200, 1800 and 10000), sodium borohydride, Gold (III) chloride trihydrate (HAuCl4∙3H2O), ferric chloride, ferrous chloride, nitric acid, ammonium hydroxide, 1,2,3,4-tetrahydronaphthalene (tetralin), oleylamine (OAm), oleic acid, 3-mercaptopropionic acid (MPA) and reagents used for CdSe/ZnS QDs synthesis and phase transfer were all purchased from Sigma-Aldrich and used as received.
[bookmark: _Toc499021399][bookmark: OLE_LINK23][bookmark: OLE_LINK24]2.2.2 Flagella amplification and purification
Wild type Salmonella Typhimurium were cultured in LB medium at 37 °C. The cells were collected by centrifugation at OD around 0.8 and redispersed into a small volume of phosphate buffered saline (PBS) buffer of pH 7.5. Flagella were then detached from the body of bacteria by vortexing and purified by polyethylene glycol (PEG, MW 8000)/NaCl (16.7%/3.3M) precipitation (Fig. 2.2). The purified flagella collected by centrifugation were dissolved in deionized (DI) water. The concentration of flagella was determined by UV absorption at 280 nm.
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[bookmark: _Toc496480852]Figure 2.2: Illustration of flagella purification from bacteria.
[bookmark: _Toc499021400]2.2.3 Phage amplification and purification
Wild type M13 phages were amplified by co-culture with E. Coli ER2738 overnight at 37 °C. The phages were first separated from E. Coli by centrifugation at 8200 g for 50 min. Then the phages in the supernatant were purified by double PEG/NaCl precipitation and finally dissolved in DI H2O. The concentration of the phage nanofibers was determined by measuring their absorption at 269 nm.88
[bookmark: _Toc499021401]2.2.4 Synthesis of PEI coated AuNPs directly in water
In a standard trial, to a mixed solution containing 750 μl of 12 mM HAuCl4∙3H2O, 10 μl of 15 wt% branched PEI (MW 1800) and 4.25 ml of DI water, 300 μl of 10 mM freshly made NaBH4 solution was added dropwise. The resultant solution was stirred for another 5 min to obtain PEI coated AuNPs. To study the effect of PEI chain length on the NPs assembly, PEI of different molecular weights (MWs), i.e. 1200 and 10000, but of the same mass concentration, was also used to synthesize AuNPs. The pH of the obtained AuNPs solution was adjusted to 5.5 by 10 mM NaOH for further use.
[bookmark: _Toc499021402]2.2.5 Synthesis of AuNPs in oil phase for study of size effect on the biotemplated assembly
AuNPs of different sizes, i.e. 2.5 nm, 7 nm and 12 nm, were synthesized in the oil phase, which allows better control over the particle size. The 2.5 nm AuNPs were synthesized following a published method.136 Briefly, the precursor solution composed of 25 mg HAuCl4∙3H2O, 2.5 ml tetralin and 2.5 ml OAm was magnetically stirred for 10 min under 40 ˚C. Then, 0.5 ml of reducing solution, which was freshly prepared by mixing 130 mg t-butylamine-borane (TBAB), 3 ml tetralin and 3 ml OAm, was injected into the precursor solution. The reaction was maintained for another 1 h at 40 ˚C after the injection of the reducing solution. These small AuNPs were used as seeds for preparing AuNPs of larger size. To obtain 7 nm AuNPs, 33.4 µl of the seed solution was added to 5 ml of OAm, then a total of 168 µl of 60 mM HAuCl4∙3H2O in ethanol was added evenly in 3 times (56 µl of HAuCl4/time), each followed by stirring and heating at 90 ˚C for 1 h.  To form 12 nm AuNPs, 1 ml of the above-prepared 7 nm AuNPs solution was mixed with 5 ml of OAm, and a total of 128 µl of 60 mM HAuCl4∙3H2O in ethanol was added evenly in 4 times (32 µl of HAuCl4/time), each followed by stirring and heating at 90 ˚C for 1 h. The AuNPs of different sizes were washed with ethanol for two times and finally dissolved in tetrahydrofuran. To transfer the as-prepared AuNPs into water, 1 ml of AuNPs solution was mixed with 6 µl of a mixed solution, composed of 500 µl MPA, 1 g tetramethylammonium hydroxide (TMAH) and 4 ml methanol. After 30 min, the supernatant was removed by centrifugation and the pellet was redispersed readily into 1 ml water. 
[bookmark: _Toc499021403]2.2.6 Synthesis of magnetic NPs (MNPs)
To synthesize iron oxide NPs, under vigorous stirring, 4 ml of 1 M aqueous ferric chloride solution and 1 ml of 2 M aqueous ferrous chloride solution were mixed with 50 ml of 0.7 M NH4OH solution. The stirring was continued for about 5 min, and then the product was centrifuged (3,000 rpm, 10 min). The pellet containing MNPs was redispersed into 2 M nitric acid. Afterwards, the NPs were centrifuged down again at 3,000 rpm for 10 min and resuspended into 10 ml water.
[bookmark: _Toc499021404]2.2.7 Synthesis and phase transfer of CdSe/ZnS quantum dots (QDs)
The synthesis of CdSe/ZnS QDs was conducted following exactly the reported method.137 The as-synthesized hydrophobic CdSe/ZnS QDs were transferred into the water by using deprotonated MPA, thus rendering the QDs negatively charged in water.
[bookmark: _Toc499021405]2.2.8 PEI coating of AuNPs, MNPs and QDs
An optimized amount of 1 wt% PEI (MW 1800) solution, which was previously adjusted to pH 5.5, was added to 1 ml of AuNPs, MNPs or QDs in the aqueous phase. The mixtures were first sonicated for 30 seconds and then stirred overnight during which the surface of NPs would be coated by PEI. 
[bookmark: _Toc499021406]2.2.9 Assembly of NPs onto biotemplates
In a standard assembly process, 300 μl of 150 μg/ml flagella in water was added to 1 ml of AuNPs, MNPs or QDs solutions at pH 5.5. The mixture was then incubated on a rocker shaker for 30 min, followed by a low-speed centrifugation (2000 g). Then the resultant pellet containing AuNPs-flagealla complexes was collected and resuspended into DI H2O.  To study the effect of AuNPs and flagella ratio on the assembly pattern, flagella solutions of different concentrations, including 1000, 500, 150, 50, 25 and 12.5 μg/ml, were used, and the assembly was done following the same protocols. 
In the case of using filamentous phages as biotemplates, 5×1011 M13 phages were added to 1 ml of the AuNPs or MNPs solution. After incubation for 30 min, the resultant NPs-phage complexes were collected by centrifugation and then redispersed into DI H2O.
[bookmark: _Toc499021407]2.2.10 Construction of engineered flagella displaying foreign peptides
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The peptides insertion into flagellin were conducted by modifying the DNA responsible for the flagellin expression. Detailed procedures can be found in our published paper.19-20 Briefly, the pairs of single stranded oligonucleotides, which encode foreign peptides, were synthesized with 5’ end phosphorylated (Life Technologies). The pair of single strand oligonucleotides for each peptide was complementary and formed double strand DNA fragment with Xho I and Bgl II sticky ends at 5’ end and 3’ end after annealing (Fig. 2.3). The primers sequences are summarized in Table 2.1. The resultant double strand DNA fragments were then inserted into linear plasmid PLS411 which was first treated with Xho I and Bgl II restriction enzymes to form complementary sticky ends to the inserted fragment, and ligated by T4 ligase. PLS411 is an expression vector containing flagellin gene with a multi-cloning site in the central region corresponding to the highly variable D3 domain of flagellin. The right insertion of foreign peptides in plasmid was confirmed by sequencing.


[bookmark: _Toc496270167][bookmark: _Toc496480834]Table 2.1: Oligonucleotide sequences of peptides displayed on flagella.
	Name
	Sequence of oligonucleotides

	G10
	5’-GA TCT ggc ggt ggc ggt ggc ggc ggt ggc ggt ggc C-3’
5’-TC GAG gcc acc gcc acc gcc gcc acc gcc acc gcc A-3’

	E10
	5’-GA TCT gaa gag gaa gag gaa gaa gag gaa gag gaa C-3’
5’-TC GAG ttc ctc ttc ctc ttc ttc ctc ttc ctc ttc A-3’

	(EG)5
	5’-GA TCT gaa ggt gaa ggc gaa ggt gaa ggc gaa ggt C-3’
5’-TC GAG acc ttc gcc ttc acc ttc gcc ttc acc ttc A-3’

	E5G5
	5’-GA TCT gaa gag gaa gag gaa ggt ggc ggt ggc ggt ggc C-3’
5’-TC GAG gcc acc gcc acc gcc acc ttc ctc ttc ctc ttc A-3’

	(EC)5
	5’-GA TCT gaa tgt gag tgc gaa tgt gag tgc gaa tgt C-3’
5’-TC GAG aca ttc gca ctc aca ttc gca ctc aca ttc A-3’

	E5C5
	5’-GA TCT gaa gag gaa gag gaa tgt tgc tgt tgc tgt C-3’
5’-TC GAG aca gca aca gca aca ttc ctc ttc ctc ttc A-3’
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[bookmark: _Toc496480853]Figure 2.3: Construction of recombinant flagella through genetic engineering.
The recombinant plasmid was then transformed into a competent cell of Salmonella SL5928. SL5928 is an attenuated live vaccine strain of Salmonella in which the flagellin gene has been inactivated via the transposon insertion, which makes the cell incapable of expressing functional flagella. High flagella-bearing bacteria were selected after three rounds of motility plate experiments. The existence and sequence of plasmid was confirmed by sequencing after each round. The purification of engineered flagella was similar to wild type flagella but with the addition of ampicillin. 
[bookmark: _Toc499021408]2.2.11 Characterization by Transmission Electron Microscopy (TEM)
The assembled NPs-biotemplates complexes were drop casted onto TEM grids for direct TEM observation without negative staining. The purified flagella or phages were negatively stained with 1% (w/v) uranyl acetate (UA) for TEM observation.
[bookmark: _Toc499021409]2.3 Results and Discussion
[bookmark: _Toc499021410]2.3.1 Assembly of AuNPs on flagella templates
Due to the fact that most of proteins and their assemblies such as flagella are negatively charged in nature,22, 138 NPs with positive charges are therefore needed in order to create the electrostatic force. PEI is a hyperbranched polymer and rich in amine groups, thus it is an ideal surface capping agent for the preparation of positively charged NPs. The as-prepared PEI (MW 1800) coated AuNPs are 3-5 nm in diameter (Fig. 2.4a) with a zeta potential of +58 mV.  Such a high positive charge ensures that the AuNPs can be stable for more than a month without any apparent change. In most part of the current work, we employed bacterial flagella as a model biotemplate to demonstrate the electrostatic interaction driven NPs assembly. The flagella were detached from a non-engineered subspecies of bacterium Salmonella, called Typhimurium (Fig. 2.4b) and are about 14 nm in diameter. In comparison to other types of 1D biotemplates, such as phages and TMV, which are generally less than 1 μm in length, flagella can reach a length of up to 15 μm,14 thus they are potentially more useful for device fabrication. Engineered flagella have been reported to be used widely as templates for 1D fabrication of many types of inorganic nanomaterials, including Au, Cu, Co, Cd, Pd, SiO2, TiO2 and hydroxyapatite (HAP).19, 21, 69-70, 139 The flagella monomer, flagellin, has an isoelectric point (PI) of 5.3.19, 140 Thus before conducting the AuNPs assembly, the pH of the AuNPs solution was adjusted to be 5.5 (the value turned to 5.9 after addition of flagella) to ensure that the flagella will be negatively charged during their interaction with AuNPs. Within a few minutes of mixing the flagella and AuNPs, colored fine flocculates were observed in the previously clear solution, suggesting the formation of AuNPs/flagella complex. The flocculates were then collected by low speed centrifugation and examined by TEM (Fig. 2.4). As a result of the AuNPs assembly, the morphology of the flagella has been outlined without negative staining (Fig. 2.4c). Under a higher magnification (Fig. 2.4d), it can be seen that the AuNPs have been assembled very densely on the surface of the flagella, suggesting that the electrostatic force was strong and highly effective to induce the templated NPs assembly.
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[bookmark: _Toc496480854]Figure 2.4: TEM images of 1D AuNPs array obtained through flagella templated assembly. a) As-synthesized s-PEI-coated 3-5 nm AuNPs. b) Negatively stained as-purified wild-type flagella nanofibers. The flagella have a diameter of about 14 nm and a length in the range of several up to 15 μm. c, d and inset) Low and high magnification images of AuNPs that have been assembled onto the wild-type flagella templates. No negative staining was applied to the samples.
To further confirm the electrostatic interaction induced assembly mechanism, we first conducted the assembly process in exactly the same manner, but at pH 2.9, at which both the PEI coated AuNPs and flagella are positively charged. As a result, no pellet could be collected by low speed centrifugation and the AuNPs were hardly seen assembled onto the flagella templates under TEM (Fig. 2.5a&b). On the other hand, in solutions with pH values above the PI of flagellin, such as 5.9, 6.5, 7.4 and 8.5, densely assembled AuNPs-flagella 1D nanostructures that are similar to those shown in Fig. 2.4 can be formed repeatedly (Fig. 2.5c&d). However, when the solution pH values were above 8.5, although the flagella are negatively charged, due to the loss of charges on the PEI coated AuNPs, no 1D templated assembly was observed but all the AuNPs were aggregated (data not shown). Furthermore, we also studied the effect of pH values on the pre-assembled AuNPs-flagella structures. The pellet containing densely assembled AuNPs (Fig. 2.5d, right) was redispersed into a pH 3.0 solution. It was found later that most of the AuNPs were released back into the solution, leaving only a few particles on the templates (Fig. 2.5e&f). All these data provide solid evidence that the strong pH-dependent electrostatic interaction between the AuNPs and the biotemplates, has led to the assembly of these two types of materials into 1D nanostructures.
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[bookmark: _Toc496480855]Figure 2.5: Mechanism investigation of AuNPs assembly onto flagella. a) No AuNPs assembly can be seen at pH 2.9, at which both AuNPs and flagella are positively charged. b) A mixed solution of AuNPs and flagella before (left) and after (right) centrifugation, showing that no assemblies could be collected by centrifugation. c) A typical AuNPs-flagella assembly obtained at higher pH values, such as 5.9, 6.5, 7.4 and 8.5. Under these pH values, the AuNPs are positively charged; while flagella are negatively charged. d) a mixed solution of AuNPs and flagella before (left) and after (right) centrifugation, showing that pellets of assemblies could be collected by centrifugation. e) When the pellet of AuNPs-flagella assemblies was re-dispersed back into a pH 3.0 solution, most of the AuNPs were detached from the flagella template. f) a suspension of AuNPs-flagella assemblies in pH 3.0 solution before (left) and after (right) centrifugation, showing that no pellet was formed after centrifugation due to the detachment of AuNPs from the templates. Negative staining was applied to nanofibers in a) & e).
[bookmark: _Toc499021411]2.3.2 Effect of PEI molecular weight on AuNPs assembly
We then investigated the effect of PEI M.W. on the assembly of AuNPs onto the flagella. PEI of three different M.W., i.e. 1200, 1800 and 10000 Da., was used to synthesize the PEI-coated AuNPs. The synthesis was carried out following the same procedures and the monomer concentrations of PEI (though with different chain lengths) were kept constant. The resultant AuNPs showed no obvious size difference. We then studied the assembly behavior of these AuNPs. It was discovered that the assembly of AuNPs is strongly dependent on the M.W. of PEI, and the smaller M.W. PEI more tended to induce efficient assembly of AuNPs onto flagella templates. AuNPs coated by PEI of 1200 and 1800 Da. formed dense 1D array along the flagella (Fig. 2.6a&b); while with PEI of 10000 Da, there were significantly fewer AuNPs on each flagella nanofiber (Fig. 2.6c). We think that the polymer chain length is the major cause for such a phenomenon. When AuNPs are wrapped by short chain PEI, the overall size of individual NPs is relatively small; however for the long chain PEI coated AuNPs, the polymer ligands are extended remarkably into the solution, which expanded substantially the hydrodynamic size of AuNPs.141 Because the assembly of AuNPs onto flagella takes place through the charge interaction between PEI and flagella, individual long chain PEI coated AuNPs would occupy significantly more surface area than the short chain PEI coated ones, which resulted in the reduced covering density of the former AuNPs on the flagella templates than the latter ones.
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[bookmark: _Toc496480856]Figure 2.6: Assembly of AuNPs, coated by PEI of different average M.W. a) 1200 Da; b) 1800 Da; c) 10000 Da. Only short chain PEI (1200 Da or 1800 Da) can induce dense assembly of AuNPs on the flagella.
[bookmark: _Toc499021412]2.3.3 Effect of AuNPs size on the assembly
Because the size of AuNPs (a few nm) is on the same order of magnitude as the diameter of flagella templates (14 nm), we think that the size of AuNPs might have an impact on the pattern of the assembly. For this part of study, we synthesized AuNPs of 2.5, 7 and 12 nm through an oil phase method (Fig. 2.7),136 followed by phase transfer and PEI coating. The oil phase method provides better control over the size uniformity of the AuNPs. During the assembly process, for all three sizes of AuNPs, the concentration of flagella templates was identical and excess amount of AuNPs was supplied. As shown in Fig. 2.8, AuNPs of all three sizes were organized onto the flagella biotemplates. However, there is apparent difference in the covering density of AuNPs among different sizes. With increasing particles size, the covering density along the biotemplates decreased dramatically. Such a trend is probably the result of the size-dependent strength of interaction between AuNPs and the templates.
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[bookmark: _Toc496480857]Figure 2.7: AuNPs of different sizes synthesized through an oil phase strategy.  a) 2.5 nm; b) 7 nm; c) 12 nm.
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[bookmark: _Toc496480858]Figure 2.8: Assembly of AuNPs of different diameters onto the flagella templates. a) 2.5 nm; b) 7 nm; c) 12 nm. AuNPs of all sizes can be assembled onto the templates; however, apparent size-dependent assembly density on the templates was observed.
[bookmark: _Toc499021413]2.3.4 Control over the density of AuNPs on each flagellum template
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK39][bookmark: OLE_LINK40]The density of AuNPs on the nanofibrous biotemplates can be facilely manipulated by changing the ratio between AuNPs and the biotemplates (e.g., flagella). When the amount of AuNPs remained constant, the original concentration of flagella was tuned from 1000 to 12.5 μg/ml. As shown by TEM images of samples prepared from 1000, 500 and 150 μg/ml flagella (Fig. 2.9a, b and c), the average number of AuNPs on each flagellum template did change correspondingly, although not stoichiometrically, with their relative ratio. However, further increase of the AuNPs/flagella ratio did not lead to higher AuNPs density (Fig. 2.9d), this probably resulted from saturated coverage of the biotemplates surface by the AuNPs at a certain AuNPs/flagella ratio. This can also be seen from the counting of average number of AuNPs on a unit length (200 nm) of the flagella template (Fig. 2.10). The optical properties of AuNPs assemblies were also studied. It is well known that the localized surface plasmon resonance (LSPR) band of AuNPs assemblies is dependent on the inter-particle distance; the closer the NPs are, the more red-shifted the LSPR band will be.142 Due to the small size and the nonideal monodispersity, the as-synthesized AuNPs showed a relatively broad LSPR band, which made the observation of LSPR band shift upon AuNPs assembly less apparent (Fig. 2.11a). However, the plot of the corresponding LSPR peak wavelength versus the flagella concentration (Fig. 2.11b) showed clearly that the LSPR band of AuNPs did shift gradually from 514 nm to 527 nm along with the reduced supply of flagella. This result is consistent with the fact that the inter-particle distance decreases with increasing assembling density of AuNPs onto flagella, which was more significantly before than after the threshold flagella concentration (150 μg/ml) was reached.
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[bookmark: _Toc496480859]Figure 2.9: Manipulation of AuNPs assembling density on flagella templates. TEM images of AuNPs-flagella assemblies prepared under different AuNPs/flagella ratio at low (left) and high (right) magnification. The amount of AuNPs was kept constant, while the concentration of flagella was a) 1000 μg/ml; b) 500 μg/ml; c) 150 μg/ml; d) 50 μg/ml. The density of AuNPs on flagella gradually increased with decreasing flagella concentration until 150 μg/ml; below this concentration, there was no obvious change on the AuNPs density.
[bookmark: _Toc496277959][image: ]
[bookmark: _Toc496480860]Figure 2.10: Plot of the corresponding AuNPs density on flagella template under different flagella concentrations.
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[bookmark: _Toc496480861]Figure 2.11:  Optical property of the AuNPs density on flagella template under different flagella concentrations. a) Absorption spectra of the AuNPs-flagella assemblies. b) Plot of the corresponding LSPR peak maximum versus the flagella concentration.
[bookmark: _Toc499021414]2.3.5 Assembly of AuNPs on engineered flagella
Although we have successfully tuned the assembly of AuNPs assembly using wild type flagella, the assembly using engineered flagella templates displaying various peptides containing negatively charged residues (glutamate) or/and thiol group bearing residues (cysteine) was also investigated. As shown in Fig. 2.12, the location of displayed foreign peptide on flagellin is on the flagella surface and solvent-exposed. The sequences of displayed peptides are listed in Table 2.2. E10, (EG)5 and E5G5 were designed to introduce more negative charges on the surface of flagella which were expected to allow the assembly of more AuNPs onto an individual flagellum. In addition, effect of the number (E10 vs. E5) and arrangement ((EG)5 vs. E5G5) of negatively charged groups on AuNPs alignment pattern were also considered.  Moreover, thiol groups were also introduced onto flagella surface by displaying (EC)5 and E5C5 for some possible covalent bonding between gold and thiol groups. Wild type and G10 flagella were used as negative control for all the other engineered flagella.
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[bookmark: _Toc496480862]Figure 2.12: Crystal structure of flagellin. Segment in yellow is where the displayed foreign peptide is located. PDB ID is 1UCU.
[bookmark: _Toc496480835]Table 2.2: Sequences displayed on engineered flagella. G, glycine; E, glutamate; C, cysteine.
	Name
	Sequence

	G10
	GGGGGGGGGG

	E10
	EEEEEEEEEE

	(EG)5
	EGEGEGEGEG

	E5G5
	EEEEEGGGGG

	(EC)5
	ECECECECEC

	E5C5
	EEEEECCCCC


Zeta potential study was performed to confirm the surface charge change introduced by insertion of foreign peptides. Zeta potentials of all the engineered flagella containing glutamates are lower than that of the wild type flagella, indicating there are more negative charges on the flagella (Table 2.3). The zeta potential of the G10 flagella was supposed to be the same as that of the wild type flagella, but contradictory result was observed. This may be because that the display of G10 altered the protein structure of flagellin and this structure change increased the surface negative charge.
[bookmark: _Toc496480836]Table 2.3: Zeta potential of wild type and engineered flagella.
	Flagella
	Zeta potential (mV)

	WT
	-22.88

	G10
	-29.41

	E10
	-34.74

	(EG)5
	-30.21

	E5G5
	-30.42

	(EC)5
	-27.96

	E5C5
	-25.72



The assembly was carried out by mixing 300 μl of 25 μg/ml wild type or engineered flagella with 1 ml of AuNPs solution. Such a low flagella concentration was used to ensure that AuNPs are over supplied so as to exclude the impact of inadequate nanoparticles supply on the density of AuNPs on the template. The engineered flagella with different displaying peptides exhibited different capability to assemble AuNPs (Fig. 2.13). Compared to the wild type flagella, the AuNPs density on E10 and G10 flagella were just slightly increased as a result of increased negative charges on their surface; while there was no obvious density difference of AuNPs on (EG)5 and E5G5 flagella. The influence of charge density of template is not apparent on the AuNPs assembly pattern. The possible reason may be that the positive charge density on AuNPs introduced by PEI is too high, thus they are not sensitive to the weak charge density change on the template. These results indicated that tuning the assembly pattern through tuning the charge density of flagella template is not suitable for the PEI-AuNPs system. For further research, we will synthesize AuNPs using surface ligand with weak positive charges and explore the effect of template charge density on their assembly pattern.
 Concerning (EC)5 flagella, the separate fibrous distribution indicated that the cysteines only formed intra-flagellum disulfide bonds but no one between different flagella. The intramolecular disulfide bonds changed the surface chemistry or structure of (EC)5 flagella, which made it not suitable for AuNPs binding. For E5C5 flagella, the additional cysteine-derived thiol residues formed inter-flagella disulfide bonds and induced the self-assembly of bundle structures in which the flagella aligned in parallel. AuNPs were closely packed on these flagella bundles. This large scale hybrid structure indicated the possibility to control the higher order of AuNPs assembly on engineered flagella templates.
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[bookmark: _Toc496480863]Figure 2.13: AuNPs alignment on wild type and engineered flagella. The density of AuNPs on G10 and E10 flagella was higher than wild type flagella. There was no obvious density difference of AuNPs on (EG)5 and E5G5 flagella compared to wild type flagella. The density of AuNPs decreased dramatically on (EC)5 flagella. For E5C5 flagella, the introduction of additional cysteine-derived thiol residues induced the flagella to form bundled structure by inter-flagella disulfide bonds, thus controlled the higher order of AuNPs assembly.
[bookmark: _Toc499021415]2.3.6 Generality of the method
The above results have demonstrated clearly the effectiveness of our proposed electrostatic strategy in assembling s-PEI coated AuNPs onto the flagella biotemplates. We believe that such an assembling strategy should be independent of the types of NPs and biotemplates. Namely, any type of s-PEI coated positively charged NPs should be able to assemble onto any type of biotemplates, as long as they are negatively charged. To test this hypothesis, we expanded our assembly strategy to two other types of NPs, namely iron oxide magnetic NPs (MNPs) and quantum dots (QDs), and two other types of  linear biotemplates, namely filamentous phages and pili. The MNPs were prepared in the aqueous phase without any surface capping ligands but they can disperse stably in an acidic solution;143 while the CdSe/ZnS QDs were synthesized in the oil phase followed by a phase transfer process using 3-mercaptopropionic acid (MPA).137, 144 Both types of NPs were then wrapped by a layer of s-PEI. The s-PEI-coated MNPs and QDs formed stable dispersion in water (Fig. 2.14a&c). Both the MNPs and CdSe/ZnS QDs can be assembled well onto the flagella templates (Fig. 2.14b&d), regardless of the type of materials and their surface ligand structures, as long as there is a PEI layer on the outermost surface. When the biotemplates were changed from flagella to phages (Fig. 2.15a) or pili (Fig. 2.15d), high density assembly of the s-PEI coated AuNPs and MNPs can also be achieved through our electrostatic assembly approach (Fig. 2.15b&c for phages; Fig. 2.15e&f for pili). These results suggest that the method demonstrated here can be employed as a general method for the biotemplated 1D assembly of NPs. This is in dramatic contrast to the conventional genetic engineering based strategy, which demands a unique peptide sequence for each type of materials.
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[bookmark: _Toc496480864]Figure 2.14: Demonstration of generality of the electrostatic assembly method with different NPs (coated by s-PEI) but same biotemplates (flagella). a) TEM image of aqueous-prepared MNPs after s-PEI coating but before being coated on the flagella. b) Low (top) and high (bottom) magnification images of 1D assembly of MNPs onto the flagella. Insets: Response of MNPs to a magnet before (a) and after (b) being assembled on the flagella. c) TEM image of oil-prepared QDs after phase transfer and s-PEI coating but before being assembled on the flagella. d) Low (top) and high (bottom) magnification images of 1D assembly of QDs onto the flagella.
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Figure 2.15: Demonstration of generality of the electrostatic method with the same s-PEI coated NPs but other biotemplates (pili and filamentous phages) different from the flagella. a) and d) Representative TEM images of the negatively stained phages (a) and pili (d) biotemplates. b) AuNPs-phage assemblies; c) MNPs-phage assemblies; e) AuNPs-pili assemblies; f) MNPs-pili assemblies. b, c, e, f) Top, low magnification; bottom, high magnification.
[bookmark: _Toc499021416]2.4 Conclusion
In summary, we have developed an electrostatic assembly strategy to fabricate 1D inorganic-biological hybrid nanostructures by using natural protein-based bionanostructures as biotemplates. Our method does not require either the genetic engineering or chemical modification of the biotemplates, thus it significantly simplifies the fabrication process. The key is to harness the negatively charged nature of wild-type biotemplates while simply using them to template the assembly of s-PEI coated NPs. The simple electrostatic interaction between the negative charges of the biotemplates and positive charges of the s-PEI coating (on the NPs surface) has allowed us to form a variety of inorganic-biological hybrid nanostructures, in a “plug-and-play” format, by independently changing the biotemplates or NPs. We discovered that proper pH and s-PEI are the two key factors to achieve dense 1D assembly of NPs on the biotemplates. We demonstrated that our new method can be indeed used to assemble NPs of different sizes and with controlled density. We also proved that our method can assemble multiple types of NPs onto different types of templates, such as flagella, pili and phages. The flagella, pili and phages are three different examples of biotemplates and the NPs used are typical examples of different synthetic systems, i.e. AuNPs were directly prepared with s-PEI coating surface, MNPs were prepared in aqueous phase first followed by s-PEI coating and CdSe/ZnS QDs were prepared in oil and treated by phase transfer and s-PEI coating. Therefore, we believe that our method has the potential to be a general method for assembling different inorganic nanoparticles onto different biotemplates.


[bookmark: _Toc499021417]Chapter 3: Solution phase processed thin films made from biotemplated 1D plasmonic nanoparticles array for solar thermoelectric generation 
[bookmark: _Toc499021418]3.1 Introduction
Solar energy, due to its great abundance, long-term sustainability and easy accessibility, has been considered as the most appealing renewable energy resource. Among various solar energy harvesting methods, solar-thermal conversion has been demonstrated useful in many applications including seawater desalination, solar heating, solar thermoelectric generation, and solar thermophotovoltaics. In these applications, a high-quality substrate that can absorb sunlight in broadband and then convert it very efficiently into heat, is essential to the performance of the devices. Recently, plasmonic nanoparticles (NPs) of Au, Ag, Cu and Al, have drawn intensive interest in photothermal applications. One of the most unique characters possessed by plasmonic NPs is perhaps their tunable optical properties originating from the localized surface plasmon resonance (LSPR). Such optical tunability can be achieved through manipulation of size and morphology of the plasmonic NPs, as well as through assembling of the NPs to induce coupling of LSPR between adjacent NPs. The tunable optical property of plasmonic NPs allows on-demand selective absorption of light in a wide range of wavelengths. Besides, plasmonic NPs convert light to heat far more efficiently than other non-plasmonic light absorbers. Both these two advantages make the plasmonic NPs quite suitable for solar based heat generation applications.  
Previously, plasmonic solar absorbers have mainly been fabricated through physical approaches, such as focused ion beam and e-beam lithography, thermal evaporation, physical and chemical vapor deposition.145-148 However, these approaches are suffering from two drawbacks. First, plasmonic solar absorbers fabricated by these methods usually have complicated multi-layered structure that needs multi-step processing, which makes them neither cost-effective nor easy for scalable production. Second, although the as-fabricated plasmonic solar absorbers have relatively broad optical bands,145-147, 149-151 they are still far away from absorbing throughout the typically desired wavelength range of the solar light, i.e. 400-2200 nm. On the other hand, in comparison to the physical methods, solution phase synthesis and process of materials can be conducted in a much simpler manner and can be easily scaled up for mass production. In addition, solution phase processing may also enable new properties to materials. For example, films deposited through materials in the solution phase are usually flexible, and thus can be used in the emerging soft electronics fabrication. 
Here, for the first time, we introduced a solution-phase approach to fabricate high efficient solar absorbers by using linear biotemplates, namely bacterial flagella. With the assistance of bacterial flagella, we fabricated a novel type of plasmonic absorber which has high absorbance (> 90%) all over a broadband frequency covering 400-2200 nm wavelength range. Different from previous plasmonic absorbers, the composition of our material is relatively simple that only flagella and AuNPs are included. Moreover, no difficult fabrication technique or devices are required while only “wet” chemistry is performed. Briefly, small AuNPs are first assembled on flagella templates through electrostatic interaction forming linear AuNPs arrays. Followed by a further seeded-growth of the assembled AuNPs on flagella, the size and the gap between them are adjustable which consequently makes the spectrum of the composites tunable. When the gaps between the adjacent NPs getting small enough, interparticle plasmonic coupling fall into the near-field coupling region, which induces strong field localization and enhancement, and finally broaden the absorption spectrum band. This unique property of broadband absorption of the 1D nanocomposites in solution can be easily maintained when they are deposited on a substrate to form a mesoporous 2D black thin film. In this process, the rigidity and steric hindrance which is introduced through the biotemplate restrict the 1D nanocomposites from tight stacking, thus we are able to obtain a mesoporous structure with no requirement for another anti-reflection coating. The fabricated absorber exhibits impressive solar-thermal conversion efficiency and an application in solar thermoelectric generation (STEG) has also been demonstrated in this work. The above mentioned advantages collectively make our proposed system an outstanding candidate and could further widen the application realm of plasmonic absorber materials.
[bookmark: _Toc499021419]3.2 Materials and Experiments
[bookmark: _Toc499021420]3.2.1 Materials
Polyethylene glycol (PEG, MW 8000), polyethyleneimine (PEI, MW 1800), sodium borohydride (NaBH4), Gold (III) chloride trihydrate (HAuCl4∙3H2O), polyvinylpyrrolidone (PVP, MW 29000), ascorbic acid and dimethylformamide (DMF) were all purchased from Sigma-Aldrich and used as received.
[bookmark: _Toc499021421]3.2.2 Amplification and purification of flagella template
Salmonella serotype Typhimurium were used as flagella donor in this work. The bacteria were cultured in Luria-Bertani broth medium at 37 °C until OD600 0.8 and then were collected through centrifuge. The pellet was re-suspended in pH 7.5 phosphate buffered saline (PBS) buffer followed by rigorous vortexing which detaches flagella from the surface of bacterial body. After another round of centrifuge, flagella in the supernatant were precipitated by adding the precipitation solution (150 ml per 1 L of supernatant) which contains 16.7% (w/v) PEG and 3.3M NaCl. After overnight precipitation at 4 °C, the purified flagella were recovered and redispersed in DI water for future use. The protein concentration was quantified by UV absorption at 280 nm.20, 152-153
[bookmark: _Toc499021422]3.2.3 Flagella templated assembly of AuNPs
To obtain positively charged small AuNPs, 1 ml of 5 mM NaBH4 solution was added dropwise to a premixed solution, containing 750 μl of 12 mM HAuCl4∙3H2O, 10 μl of 15 wt% branched PEI and 4.25 ml of DI water, under rigorous stirring. The pH of the obtained AuNPs solution was then adjusted to 5.5 by 10 mM NaOH for further electrostatic assembly on biotemplates. In an assembly process, 1.5 ml of 150 μg/ml flagella in water was added to 5 ml of above AuNPs solution. The mixture was then incubated on a rocker shaker for 30 min, followed by a low-speed centrifugation (2000 g) to remove the unassembled AuNPs. After another wash by water, the resultant pellet containing AuNPs-flagealla complexes was collected and resuspended into 500 μl DI H2O for further seeded growth.
[bookmark: _Toc499021423]3.2.4 Tuning optical property of AuNPs/flagella assemblies through seeded post-growth
To a 5 ml solution containing 100 μl of washed AuNPs/flagella assemblies, 400 μl of 5 wt% PVP and different amount (3, 9, 27 or 81 μl) of 60 mM HAuCl4, 1 ml of 10 mM ascorbic acid was added dropwise under gentle stirring. After addition of ascorbic acid, another 30 min stirring was performed to complete the reaction. The post-grown AuNWs were collected and redipersed in H2O for optical property study, or in ethanol for thin film fabrication.
[bookmark: _Toc499021424]3.2.5 Fabrication of plasmonic thin films with AuNWs or AuNPs
The above AuNWs prepared with 81 μl of HAuCl4 were used for solar film fabrication. 3 ml of a concentrated AuNWs solution in ethanol were added onto a piece of copper substrate, which has been sealed by glass slides along the edges to prevent leak. The sample was air-dried and the resultant black film had an coated area of 4.5 cm x 3.3 cm.
The 50 nm spherical AuNPs used for fabrication of control film were prepared through a seeded method. Briefly, 13 nm citrate-coated AuNPs were first synthesized following a reported method.13 The citrate ligands were then replaced by PVP through overnight rigorous stirring. Then, the PVP-coated AuNPs were centrifuged and redispersed into ethanol in 5 times of the original concentration. To obtain 50 nm AuNPs, 4.4 ml of 0.1 M ascorbic acid in methanol was added dropwise into the growth solution, which contains 0.45 mM HAuCl4, 3% (w/v) PVP, 16 ml of DMF, and 80 μl of the seed solution. The reaction was allowed to take place overnight under gentle stirring. Afterwards, the AuNPs were collected by centrifuge and concentrated into ethanol. The AuNPs control film was made using the same amount of gold and the same evaporation method as the plasmonic absorber described above.
[bookmark: _Toc499021425]3.2.6 Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) characterization
The morphology of Salmonella Typhimurium and purified flagella were characterized by Zeiss 10A TEM after negative staining using 1 % (w/v) uranyl acetate (UA). The as-assembled and post-grown AuNPs/flagella complex were directly observed without staining. The film samples were first sputter coated with Iridium and the SEM measurements were carried out using a Zeiss NEON high resolution SEM.
[bookmark: _Toc499021426]3.2.7 Temperature profile measurement
The AuNWs and AuNPs films on copper plates, as well as a pristine copper plate, were placed on top of a thick stack of cotton paper in the open air. A type k thermocouple probe was taped to the edge of the copper substrates, and the temperature was read using a digital multimeter (Southwire, 13070T). Sunlight was simulated using a xenon lamp, and was output through a heat resistant optical fiber. Simulated sunlight with average power density of 0.1 and 0.5 W/cm2 was considered equivalent to 1x and 5x the natural sunlight respectively. For all light-related tests, the substrates were irradiated by simulated sunlight at an angle of 90°.
[bookmark: _Toc499021427]3.2.8 Assembly and testing of the STEG device
A commercial TEG unit (TECTEG, TEG1-1268-4.3) was used for the tests (Fig. 3.10a). The device was assembled by sandwiching the TEG unit in between the plasmonic film coated copper plate and an aluminum heat sink, with the hot side of the unit contacting with copper plate and the cold side with the heat sink (Fig. 3.10b). The assembled device was tightened with screws to ensure good thermal contact between each components. 
When testing the device under simulated sunlight, the heat sink was placed half way underwater at room temperature. The voltage generated and the surface temperature of the copper plates were collected using a digital multimeter. The thermal images were taken using an infrared camera (ICI 7320P). All the tests were conducted under ambient conditions.
[bookmark: _Toc499021428]3.3 Results and Discussion
[bookmark: _Toc499021429]3.3.1 Fabrication of AuNPs-flagella assemblies
Bacterial flagella are protein nanofibers protruding from the cell surface. They function to sense external environment, as well as to control the motion of bacteria.154-155 The intact flagella on bacteria can reach up to 20 µm in length with only about 14 nm in diameter. Such extremely high aspect ratio makes them idea template for 1D nanoparticles assembly. Moreover, the bionanofibers are assembled from helically arranged flagellin protein monomers in an extremely ordered manner. Thus, the chemical and physical properties of flagella are highly uniform throughout the entire surface, which makes them further favored for templating nanomaterials. The flagella used in this work were non-costly mass amplified and purified from wild type Salmonella Typhimurium, which bears high flagella density (Fig. 3.1a). Due to the use of vortex for flagella detachment, some of the bionanofibers were broken into shorter pieces during purification. The length of the purified flagella is generally ranged from several microns to 15 microns (Fig. 3.1b). Though shorter than the intact flagella, they are still much longer than other widely used 1D biotemplates in nanomaterial synthesis such as bacteriophages and tobacco mosaic virus (TMV), which are generally less than 1 μm in length.13-14, 156-157
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[bookmark: _Toc496480865]Figure 3.1: TEM images of flagella templates and AuNPs/flagella assemblies. a) Salmonella Typhimurium which have flagella protruding from the bacterial bodies. b) Purified flagella bionanofiber. Negatively stained with 1% UA. 
We adopted an electrostatic-based strategy to assemble AuNPs onto flagella. A detailed investigation on the templated assembly will be reported elsewhere. Because the isoelectric point for flagellin monomer is about 5.3,152, 158 the flagella can be considered as negatively charged supermacromolecules under neutral conditions. PEI is a hyperbranched polymer and rich in amine groups, thus it is an ideal surface capping agent for the preparation of positively charged NPs. The as-prepared PEI coated AuNPs are well dispersed in water and are 3-5 nm in diameter (Fig. 3.2a, see experimental section for details of preparation). To assemble the PEI coated AuNPs onto flagella, the two solutions were mixed under a proper pH condition. Within a few minutes, colored fine flocculates appeared out from the previously clear solution, suggesting the formation of AuNPs/flagella complex. The flocculates were collected by centrifuge. The pellets can be redispersed into water to form a stable suspension without visible flocculates. TEM examination shows that AuNPs have been evenly and densely assembled to the surface of flagella and formed neat 1D AuNPs arrays (Fig. 3.2b&c). The TEM result confirms that our electrostatic based strategy is highly effective to induce the assembly of PEI coated positively charged NPs onto negatively charged flagella template. We also studied the absorption spectra of the AuNPs before and after assembly onto flagella. However, no obvious difference in the LSPR band was noticed, suggesting that although densely assembled, there is not much plasmon coupling among AuNPs on flagella, mainly due to their smaller size and large inter-particle distance in relative to the size of AuNPs.
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[bookmark: _Toc496480866]Figure 3.2: TEM images of AuNPs and AuNPs/flagella assemblies. a) AuNPs. b) and c) AuNPs/flagella assemblies at low (b) and high magnification (c). The AuNPs densely assembled all over the biotemplates which clearly displayed the morphology of flagella without negative staining.
[bookmark: _Toc499021430]3.3.2 Manipulation of extinction spectra of AuNPs/flagella assembly in solution
In comparison to smaller AuNPs (i.e. 3-5 nm), larger sized AuNPs will have much stronger LSPR effect. Besides, when multiple metal NPs are located closely to each other (i.e. sitting into an 1D array), the LSPRs of individual NPs are coupled owing to the electromagnetic interactions. And when the inter-particle distance is small enough to fall into the near-field coupling region, strong field localization and enhancement will happen and lead to the broaden of the optical band.159 Therefore, we further conducted overgrowth on the AuNPs/flagella assemblies. In this process, the small AuNPs that had been immobilized onto the flagella template acted as seeds and grew into larger sized AuNPs, which simultaneously led to smaller inter-particle distance. As a result, both the LSPR band intensity and width of the 1D AuNPs array increased, favoring strong absorption toward the wideband solar light.
The reagents involved in the overgrowth process included AuNPs/flagella assembly, HAuCl4, ascorbic acid and PVP in water. With the addition of a weak reducing agent (ascorbic acid), Au ions would only be reduced on the surface of AuNPs seeds. In the seeded growth, the amount of HAuCl4 solution was tuned from 3 μl, 9 μl, 27 μl to 81 μl (see details in the method section) while keeping the amount of AuNPs/flagella assemblies constant. With increased supply of HAuCl4, the size of AuNPs on flagella became increasingly larger, as a consequence, the gaps between adjacent NPs getting increasingly smaller (Fig. 3.3). And this allows us to fine tune the optical property of the AuNPs/flagella assemblies. The alteration of optical properties can be easily observed by color changes of the post-grown solutions, which turned to light red (3 μl), light purple (9 μl), dark purple (27 μl) and greyish black (81 μl) respectively (Fig. 3.4a). The absorption spectrum were also explored. Consistent with the color change, the LSPR bands were broadened gradually and finally became flattened over a long wavelength range with 81μl of HAuCl4 added (Fig. 3.4b). As a control, freely dispersed 50 nm AuNPs, which were of comparable diameter to the individual AuNPs in the 1D arrays in Fig. 2d, only showed a narrow LSPR band at around 540 nm (Fig. 3.5). This further confirms that the strong coupling between the neighboring AuNPs is the predominant reason for the broadband absorption of the AuNPs/flagella 1D assemblies. From now on, the 1D AuNPs/flagella assemblies will be termed as plasmonic Au nanowires (AuNWs).
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[bookmark: _Toc496480867]Figure 3.3: Morphology of post grown AuNPs/flagella complexes. TEM images. Insets: high magnification images. The amounts of HAuCl4 added to the post growth reactions are 3 μl (a), 9 μl (b), 27 μl (c) and 81 μl (d), respectively. 
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[bookmark: _Toc496480868]Figure 3.4: Optical property of post grown AuNPs/flagella complexes. a) AuNPs/flagella complexes in solution after post growth. b) Absorption spectrum from 400 nm to 900 nm. With the increasing of HAuCl4, the SLPR band was getting broader. 
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[bookmark: _Toc496480869]Figure 3.5: TEM and Spectrum of 50 nm AuNPs. a) TEM image of AuNPs. The diameter of the NPs is about 50 nm. b) Spectrum of 50 nm AuNPs in solution.
[bookmark: _Toc499021431]3.3.3 Thin film fabrication with plasmonic AuNWs
The plasmonic AuNWs (Fig. 3.3d) with the broadest LSPR band were selected for the fabrication of thin film for solar thermal generation. Ethanol dispersed plasmonic AuNWs were first pipetted directly onto an edge-sealed copper plate, the solvent was then evaporated under ambient conditions to obtain the thin films. The resultant film has lateral lengths of 4.5 cm× 3.3 cm (Fig. 3.6b), and its dark black color indicates that the optical properties of the original plasmonic AuNWs in the solution phase have been successfully maintained after being dried out to form films. As a control group, AuNPs film which was composed of only free AuNPs of similar size (50 nm) but without flagella templates was also fabricated. The as-prepared AuNPs film exhibited a shiny gold appearance (Fig. 3.6a), very close to that of the bulk gold. Copper plate was used here as the substrate because of its high thermal conductivity, which is important for the performance of the STEG device.
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[bookmark: _Toc496480870]Figure 3.6: Digital images of plasmonic AuNWs film (b) and AuNPs film (a) coating on copper plates. 
To further address the difference between the two films, their optical properties and structures were investigated. The plasmonic AuNWs film had a broadband absorption that covered the whole effective solar spectrum (400-2200 nm), with at least 90% absorption at each wavelength (Fig. 3.7). In contrast, the AuNPs film had much weaker absorption. Its absorption dropped to 80% at 620 nm, and further dropped to 70% and 40% at around 1000 nm and 1600 nm, respectively. Under SEM, in the AuNPs film, the AuNPs were piled up tightly and each was closely contacted with the neighboring NPs (Fig. 3.8a&b), which made the overall film compact and smooth with high reflection. However, the black plasmonic AuNWs film were composed of loosely organized linear AuNPs/flagella assemblies and the whole structure was mesoporous (Fig. 3.8c&d). We think this flagella-based unique structure significantly contribute to the broadband absorption of the plasmonic AuNWs film in two aspects. First, as mentioned previously, the adjacent NPs on an individual flagellum fiber were restrained from contacting with each other and separated by small gaps, which led to strong plasmon coupling effect and greatly broadened LSPR band. This is mainly the result of post-growth of the pre-immobilized AuNPs seeds on the flagella templates. Second, unlike free spherical AuNPs, the rigidity and steric hindrance of the linear AuNPs/flagella assemblies would prevent the formation of tight stacking or bundled structures during evaporation-based thin film fabrication. Instead, mesoporous structures were formed. When a beam of light comes in, the mesoporous structure can effectively enhance the light absorption through reducing direct light reflection back into air, but inducing multiple reflection of light inside the mesoporous structure.160 In general, the flagella template played an essential role in the generation of the outstanding optical property of the fabricated plasmonic AuNWs film.
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[bookmark: _Toc496480871]Figure 3.7: Optical property of plasmonic AuNWs film. Spectrum of plasmonic AuNWs film, AuNPs film and copper plate. AuNWs film exhibited a broadband absorption with high efficiency. 
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[bookmark: _Toc496480872]Figure 3.8: Morphology of plasmonic AuNWs film. a) and b) SEM images of AuNPs film. c) and d) SEM images of plasmonic AuNWs film. a) and c) Low magnification; b) and d) high magnification. AuNPs film was composed of tightly packed AuNPs, while plasmonic AuNWs film was composed of linear AuNPs/flagella complexes which formed a mesoporous structure. 
[bookmark: _Toc496278881]The conversion of solar energy to heat was also studied. The plasmonic AuNWs film coated copper (AuNWs/Cu) plate and pure AuNPs film coated copper (AuNPs/Cu) plate, as well as the pristine copper (Cu) plate, were set on top of a thick stack of cotton paper to minimize heat transfer. Simulated sunlight with 1x (0.1 W/cm2) and 5x (0.5 W/cm2) the natural sunlight power intensity were irradiated on the films, and the surface temperature was recorded during the 16 min irradiation. For all the films, the temperature increased along with the irradiation time (Fig. 3.9a). In the first several minutes, the temperature increased quickly, and then slowed down because of the heat loss to the environment. After irradiation by 1x sunlight, the temperature increase, ΔT, defined as T960sec-T0sec, of the AuNWs/Cu plate was 47.5 °C, which was much higher than that of the Cu plate (20.2 °C) or AuNPs/Cu plate (28.0 °C) (Fig. 3.9b). When 5x sunlight was applied, the temperature difference became increasingly larger, and the ΔT were 73.9 °C, 103.3 °C and 144.5 °C for Cu, AuNPs/Cu, and AuNWs/Cu plates respectively.
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[bookmark: _Toc496480873]Figure 3.9: The conversion of solar energy to heat through plasmonic AuNWs film. a) Temperature profile irradiated by simulated sunlight of 1× and 5× the natural sunlight power intensity. b) Plot of the temperature increase (ΔT=T960sec-T0sec) for each film. AuNWs/Cu, plasmonic AuNWs film coated copper plate; AuNPs/Cu, pure AuNPs film coated copper plate; Cu, pristine copper plate. 1×S, 1× sunlight power; 5×S, 5× sunlight power.
[bookmark: _Toc499021432]3.3.4 Plasmonic AuNWs thin film based solar thermoelectric generation (STEG)
STEG is an effective way to exploit solar energy, in which heat generated by solar light is used as source for thermoelectric generation.161 A powerful solar absorber that can convert the sunlight into heat at high efficiency will significantly boost the performance of the device.162 Therefore, to demonstrate the potential application of our plasmonic AuNWs based thin film for solar thermal conversion, we constructed a STEG device with a commercial TEG segment (Fig. 3.10) (see details in method section). During testing, the heat sink part was placed halfway in a water bath to maintain the cold side at a relatively low temperature (about 24.5 °C). Throughout the simulated sunlight irradiation, the voltage generated by the device was recorded, and the temperature of the hot side (AuNWs/Cu, AuNPs/Cu, or Cu plates) was monitored by both a thermal probe and an infrared camera. As it can be seen that, both the voltage and the temperature increased rapidly at first and shortly after reached a steady state (Fig. 3.11a&b, Fig. 3.12), at which the solar heat generation and heat transfer to the TEG segment was balanced. The output voltages at the steady state for STEG assembled with AuNWs/Cu, AuNPs/Cu and Cu plates under 1x power intensity are 254.4, 149.5 and 92.0 mV, respectively, and 1061.0, 622.0 and 356.9 mV under 5x power intensity, respectively. The correlation between the output voltage and the temperature of the hot side is also plotted in Fig. 3.11c. Both the temperature and output voltage suggest that our plasmonic AuNWs based thin film can absorb and convert solar energy more efficiently, resulting in higher temperature increase and subsequently higher output voltage out of the STEG device. It is worth noting that under 5x concentrated simulated solar irradiation, the stable output voltage reached more than 1 V. Considering that the STEG device was not encapsulated in vacuum, thus there was considerable air conduction heat leakage. And besides, the number of thermal contacts has a negative impact on the thermal conduction in the TEG device. By using in-house built TEG segment, the number of thermal contacts can be reduced by half, which will enhance the thermal flow and therefore, performance of the device.
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[bookmark: _Toc496480874]Figure 3.10: STEG device. a) Commercial TEG segment. b) STEG device. 
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[bookmark: _Toc496480875]Figure 3.11: Performance of STEG device using plasmonic AuNWs film as solar absorber. a) Voltage-time curve of different films. b) Temperature-time curve of different films. c) Plot of voltage to temperature of hot side at the end point of testing (480 sec). AuNWs/Cu, plasmonic AuNWs film coated copper plate; AuNPs/Cu, pure AuNPs film coated copper plate; Cu, pristine copper plate. 1×S, 1× sunlight power; 5×S, 5× sunlight power.
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[bookmark: _Toc496480876]Figure 3.12: Infrared camera images of plasmonic AuNWs film during irradiation.
[bookmark: _Toc499021433]3.4 Conclusion
In summary, we employed a novel strategy to use bacterial flagella nanofibers as templates to assemble small AuNPs into linear arrays. Due to the relatively small size, the AuNPs were assembled in 3D manner around the cylindrical surface of the templates. Then through a seed-mediated overgrowth process, we successfully created plasmonic AuNWs. The overgrowth process simultaneously increased the AuNPs size on the templates as well as reduced their inter-particle distances, thus inducing 3D coupling of surface plasmon of AuNPs on the template and leading to a significantly enhanced and broadened LSPR bands. We then took advantage of the broadband absorption property of the plasmonic AuNWs and used them as effective solar absorbers. The as-constructed plasmonic absorber exhibited efficient solar-thermal conversion. When such absorber was used in a STEG device, it has been demonstrated capable of generating 1V voltage under 5x solar irradiation. In comparison to the current physical method of fabricating solar absorbers, the composition and fabrication process in our method are simple and environmentally friendly, which opens up a promising alterative approach for thermal concentration in the conversion of solar energy into electricity.




[bookmark: _Toc499021434]Chapter 4: Virus activated artificial ECM induces the osteoblastic differentiation of mesenchymal stem cells without osteogenic supplements
[bookmark: _Toc499021435]4.1 Introduction
Stem cell niche as a specific extrinsic mircoenvironment integrate a complex array of molecular signals that, in combination with induced cell-intrinsic regulatory networks, control stem cell function and balance their numbers in response to physiological demands.163-164 In most instances, stem cells in the niche are in contact with extracellular matrix (ECM), which provides multiple structural and biochemical cues to govern a series of stem cell behaviors in the temporal and spatial dimension.165-166 Thus, more attention is being paid to the design of artificial ECM (aECM) by integrating some physical, chemical and/or mechanical factors into biomaterials for directing stem cell functions.
Nanotopograpy as a particular physical factor is now receiving more interest because it has advantageous features such as a large surface-to-volume ratio and a higher degree of biological plasticity compared with conventional micro- or macrostructures.167 Emerging literature presents many interesting findings on how nanotopography enhances cell adhesion, alters cell morphology, affects cell expansion, initiates intracellular signaling, provides contact guidance and mediates stem cell differentiation.93-94, 98, 167-168 Considering nanoscale topography in the design of biomimetic materials is a fashional idea because the resulting materials resemble the in vivo niche. On the other hand, biochemical cues as a traditional regulatory factor in the stem cell niche have been widely studied for a long time.169-171 These signals can be classified into three types, including integral membrane proteins, localized secreted ECM components and soluble proteins like growth factors and cytokines.164 The biochemical cues have been demonstrated to affect stem cell fates by targeting some specific signaling pathways such as β1 integrins activated MAPK signaling, Wnt signaling pathway in the hematopoietic stem cell (HSC) and Notch signaling in the development of the nervous system.172-174 Therefore, it is increasingly interesting to introduce biochemical factors into artificial materials to directly control cell behaviors.
M13 filamentous phage, a virus that specifically infects bacteria and is harmless to human beings, is a bionanofiber (~880 nm long and ~6.6 nm wide).94, 101 It is made of DNA as a core and protein coat as a sheath that wraps the core. The coat protein constituting the side wall of phage is termed pVIII and encoded by gene VIII of the phage DNA. Compared to other nanofibers, M13 phage is unique in that it cannot only be used as an organic building block to build 2-D films and 3-D scaffolds with unique topographical structures through self-assembly, but also introduce different peptides on the constituent building block to provide biochemical cues by the well-established phage display technique.94, 98 Inserting a foreign gene into gene VIII leads to the display of a foreign peptide as fusion to pVIII and the concomitant presentation of foreign peptide on the side wall of phage. The ease of displaying a peptide on the side wall of phage nanofibers enables us to use phage to study the peptide cues (biochemical cues) that can direct the stem cell fate. In addition, the ease of assembly of phage nanofibers into a nanostructured film further gives us the capability of studying the stem cell fate on a nanostructure with specific peptide sequence displayed on the phage nanofibers that generate a unique nanotopography. These unique properties of phage allow us to systematically study the effect of different peptides on the substrates with constant nanotopography on the stem cell fate (Fig. 4.1).
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[bookmark: _Toc496480877]Figure 4.1: Schematic diagram of using phage display technique to produce biomaterials with both unique nanostructures and functional peptides displayed for directing stem cell fate. a) Foreign peptides (RGD or PHSRN) derived from fibronectin were separately inserted and displayed in the N-terminal end of major coat protein (pVIII) constituting the side wall of M13 phage. b) The engineered phages were further used to form phage-based film biomaterials via a layer-by-layer self-assembly method. The polylysine was introduced as the first positively charged layer on the substrate, and then the engineered phage was deposited as a second negatively charged layer. This process was repeated for three times and a phage-based film was formed with phage as a terminating layer (step 1-5). The resultant phage-based films with precisely introduced peptide sequences and well-defined ridge/groove topographical feature were found to direct osteoblastic differentiation of mesenchymal stem cells (MSCs).
In this work, we employed a phage display approach to generate a virus-activated aECM with well-defined topographical and biochemical cues to activate the regulation of the morphology, proliferation and osteoblastic differentiation of rat mesenchymal stem cells (MSCs). We separately displayed different fibronectin-derived peptides (RGD, its synergy site PHSRN, and a combination of RGD and PHSRN) on the side wall of phage nanofibers through phage display technique, and assembled them into a 2-D film based on our established layer-by-layer self-assembly method.94 We chose to study the two fibronectin-derived peptides to be displayed on phage surface based on the following considerations. Fibronectin is a crucial ECM component of many tissues and regulates a variety of cell activities predominantly through direct interactions with cell surface integrin receptors.175 The identified adhesive domains of the fibronectin are comprised of at least two minimal and pivotal peptide sequences, including an Arg-Gly-Asp (RGD) sequence located in the 10th type III repeating unit and a Pro-His-Ser-Arg-Asn (PHSRN) sequence in the 9th type III repeating unit.176 The RGD and PHSRN sequences as pervasive adhesive peptides can influence multiple cell behaviors including cell adhesion, proliferation and differentiation.175, 177-180
[bookmark: _Toc499021436]4.2 Materials and Experiments
[bookmark: _Toc499021437]4.2.1 Peptides display and films fabrication
RGD and PHSRN were respectively displayed on the N-terminus of pVIII, which was the major coat protein constituting the external side wall of M13 bacteriophage, by following our reported protocols (Fig. 4.1a).90, 181-182 Filamentous phages were assembled into films following a layer-by-layer self-assembly method developed by our group (Fig. 4.1b).94 Briefly, the disc-shaped cover slide was sonicated and washed with DI water, and placed into each well of 24-well culture plate. The poly-L-lysine solution (0.01%) was added to the well with cover slide to form the first layer with positive charge on the cover slide. After drying, the phage solution was added to form the secondary layer with negative charge. The process was repeated for three times and a film was formed on the cover slide with phage as a terminating layer. The morphologies of the individual phage nanofibers were observed by transmission electron microscope (TEM, ZEISS 10A) and Atomic force microscope (AFM, BioScope Catalyst, Bruker) and the fabricated films were examined by optical microscope, fluorescence microscope and scanning electron microscope (SEM, JSM-840A).
[bookmark: _Toc499021438]4.2.2 Cell culture and seeding
Rat MSCs were purchased from Invitrogen (No: S1601-100) and expanded in the primary media, which contained Dulbecco's Modified Eagle Media (DMEM, Gibco), 15% fetal bovine serum (FBS, Gibco) and 1% antibiotics (penicillin 100 U/ml, streptomycin 100 U/ml). The MSCs in their third passage were seeded onto the phage-based films, and then cultured in primary media. The media was replaced twice a week and the culture was terminated after two weeks.
[bookmark: _Toc499021439]4.2.3 Cell proliferation
For study of cell viability and proliferation, the MSCs were seeded onto the phage-based film materials to investigate the biocompatibility of different materials and the effects of different concentrations of phage used to make the films in the primary media. The phage concentration was varied from low to high values, including 1010 pfu/ml, 1011 pfu/ml, 1012 pfu/ml, 1013 pfu/ml, 1014 pfu/ml, 5.0 × 1014 pfu/ml and 7.5 × 1014 pfu/ml. The cell proliferation was then measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma) staining at the designed time points including day 1 and day 3. The cell-film complex was incubated in the MTT solution (20 μl, 5 mg/ml) at 37°C in 5% CO2 incubator for 4 h. The intense purple formazan derivative formed via cell metabolism was eluted and dissolved in 150 μl/well dimethylsulfoxide (DMSO, Sigma). The absorbance was measured at 490 nm on a plate reader (Biotek, USA).
[bookmark: _Toc499021440]4.2.4 Immunofluorescence staining
All engineered phage films for osteoblastic differentiation were derived from the constant phage concentration of 1013 pfu/ml. After cultured for 2 weeks in primary media, the cells on the films were washed and fixed with 4% paraformaldehyde at 4°C for 30 min. They were permeablized using 0.3% Triton X-100 for 5 min and then blocked with 5% goat serum solution for 1 h at room temperature. After blocking, the cells were incubated overnight at 4°C with the primary antibodies targeting the osteo-specific proteins (Osteocalcin, OCN and osteopontin, OPN) and non-osteo-specific protein (collagen I-α1, COL). Secondary antibody labeled by TRITC was used for labeling OCN, OPN, and COL, respectively, at 1:1000 dilutions in a blocking buffer for 1 h at room temperature. Alexa Fluor 488 phallodin (1:400 in PBS) and DAPI (4,6-diamidino-2-phenylindole) were used to stain the actin filaments and nuclei, respectively. Images of the stained samples were collected with a fluorescence microscope (Nikon, Ti-S).
[bookmark: _Toc499021441]4.2.5 Real-time polymerase chain reaction (PCR)
Real-time PCR was further assayed by Ambion Power SYBR Green cells-to-Ct Kit (Invitrogen, US) in both primary and osteogenic differentiation media. The template cDNA was amplified with real-time quantitative PCR using gene-specific primers of OCN, OPN and COL. Acidic ribosomal phosphoprotein (Arbp) was used as a reference gene. Sequences of the primers in this study were shown in Table 4.1. The real-time PCR reaction was done using the following protocol: initial denaturation at 95°C for 5 min and 45 cycles of PCR (95°C for 30 s, 58°C for 30 s and 72°C for 45 s). The assay was carried out in triplicate and relative gene expression was calculated with respect to the gene expression in the control substrate without phage film.183
[bookmark: _Toc496480837]Table 4.1: The primer sequences for Real-time PCR analysis.
	Gene
	Sequence of primer
	Length of fragment

	OCN
	5’-AAAGCCCAGCGACTCT-3’
5’-CTAAACGGTGGTGCCATAGAT-3’
	217 bp

	OPN
	5'-GACGGCCGAGGTGATAGCTT-3'
5'-CATGGCTGGTCTTCCCGTTGC-3'
	209bp

	COL
	5’-TCCTGCCGATGTCGCTATC-3’
5’-CAAGTTCCGGTGTGACTGGTG-3’
	235bp

	Arbp
	5'-CGACCTGGAAGTCCAACTAC-3'
5'-ATCTGCTGCATCTGCTTG-3'
	109bp


[bookmark: _Toc499021442]4.2.6 Assay of alkaline phosphatase activity
After culture for two weeks in the primary media, the MSCs seeded on phage-based film materials were tested for alkaline phosphatase (ALP) activity. The assay was performed by p-nitrophenyl phosphate (pNPP) method. Briefly, the pNPP was used as a substrate for ALP to be hydrolysed to form a soluble yellow reaction products at pH 10.5 and 37°C. The staining reaction was terminated by the addition of 3 M NaOH and the final color showed a maximum absorbance at 405 nm. 
[bookmark: _Toc499021443]4.2.7 Statistical analyses
All experimental analysis of cell proliferation, real-time PCR and ALP assay were performed in triplicate (n = 3). The data were expressed as mean ± SD (standard deviation) at a significance level of p < 0.05. Differences among groups were determined by a one-way ANOVA with a Bonferroni post hoc analysis with SPSS software (version. 17).
[bookmark: _Toc499021444]4.3 Results
[bookmark: _Toc499021445]4.3.1 Self-assembly of phage-based films
Due to the long-rod structure and monodispersity of phage nanofibers (Fig. 4.2),98, 184  they were firstly assembled into bundles, which were further assembled in a parallel format to form a 2-D phage-based film material on poly-L-lysine substrate (Fig. 4.1b and Fig. 4.3). The resultant film showed a slightly rough surface and ordered ridge/groove topography (Fig. 4.4). The formation of the phage-based film was driven through liquid crystalline phase transitions at the air-liquid interface during the evaporation process.93-94, 185 In addition, the electrostatic interaction between negatively chargely phage nanofibers and positively chargely polylysine substrate provided another driving force to promote the assembly of phage bundles into films with a unique highly ordered topography where phage bundles as ridges were parallel to each other and separated by grooves.
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[bookmark: _Toc496480878]Figure 4.2: Mechanism of film formation. The M13 phage with nanofiber-like structure and monodispersity was driven to form a film by liquid crystalline phase transitions at the arc-shaped air-liquid interface and electrostatic interaction between negatively charged phage nanofibers and positively charged polylysine substrate.
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[bookmark: _Toc496480879]Figure 4.3: M13 phage biofibers. The morphology and size of individual phage nanofibers before they were used to form a film were observed by TEM (a) and AFM (b).
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[bookmark: _Toc496480880]Figure 4.4: Characterization of phage-based film materials. The phage-based film had a unique topography of ridge/groove nanostructure. a) Bright field; b) SEM; c) AFM. The red arrows highlight the highly oriented self-assemblies of phage bundles.
[bookmark: _Toc499021446]4.3.2 Morphology and nanotopography of phage-based films
We found that the specific ordered ridge/groove topography was controlled by the concentration of phage solution during layer-by-layer assembly. The diameter of phage bundles was around 1000 nm at the higher phage concentration (1014 pfu/ml) whereas the diameter was about 500 nm at the lower phage concentration (1012 pfu/ml) (Fig. 4.5). In addition, our current data showed that the roughness of phage-based films was dependent on the phage concentration and increased with the rise of the phage concentrations (Fig. 4.6 and Fig. 4.7). Therefore, the surface topography of phage films could be regulated by altering the size of phage bundles, which could be controlled by varying the phage concentrations.
[image: Figure 3]
[bookmark: _Toc496480881]Figure 4.5: Morphology of phage-based film derived from the different phage concentrations. The phage bundles derived from the lower concentration (1012 pfu/ml, a and c) of phage solution was smaller than those from the higher concentration of phage solution (1014 pfu/ml, b and d). The orientation of phage bundles between neighboring domains is similar and the phage nanofibers showed a longer range parallel alignment with each other in the lower concentration (a and c). However, the orientation of phage bundles was similar inside a small domain but different between neighboring domains in the high concentration (b and d).
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[bookmark: _Toc496480882]Figure 4.6: 3D AFM images of phage films derived from different phage concentrations. a) 1012, b) 1013 and c) 1014 pfu/ml.
[image: Figure 4]
[bookmark: _Toc496480883]Figure 4.7: The average surface roughness (Ra) of phage-based films derived from the different phage concentrations. The AFM surface line scan profile indicated that the surface roughness of phage films was increased with the rise of phage concentration (a, b and c denoted the phage concentration of 1012, 1013 and 1014 pfu/ml, respectively).
[bookmark: _Toc499021447]4.3.3 Cell adhesion on the phage-based films
The rat MSCs were used to evaluate the biological functions of the unique biofilm materials. Our current data confirmed that the ordered ridge/groove structure represented by the phage films significantly induced the elongation and parallel alignment of MSCs along phage bundles in phage-based film materials for all of the peptide sequences displayed on the constituent phage nanofibers (Fig. 4.8a, c and e). However, cell elongation and alignment were not detected on the phage film derived from higher concentration of phage solution of 1014 pfu/ml (Fig. 4.8b, d and f) and the control substrate (i.e., polylysine substrate without phage material) (Fig. 4.9). The significant cell elongation and alignment was also missing if the phage concentration was lower than 1012 pfu/ml. Therefore, the optimal concentration of phage solution was defined between 1012 pfu/ml and 1014 pfu/ml to form the suitable films, which were used to significantly stimulate cell elongation. As shown in Figure 4.5d, on the films assembled from phage at a higher concentration, phage bundles are nearly aligned inside a domain with a size (20–25 μm) comparable to MSCs, however, the orientation of phage bundles between neighboring domains is different. Namely, the direction of elongation of phage bundles in different domains is different and the parallel alignment of nanofibers is only confined in a domain with size similar to MSCs. As a result, the MSCs growing on the films assembled from a higher concentration of phage are not oriented and aligned. Moreover, in the absence of phage bundles, the cells were completely randomly oriented due to the lack of contact guidance by the phage bundles. Therefore, the morphological changes and parallel alignments of MSCs on the phage-based film materials were mainly stimulated by the unique ordered ridge/groove surface topography but not by the peptide sequences displayed on the surface.
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[bookmark: _Toc496480884]Figure 4.8: Cell adhesion on the phage-based film derived from both low (a, c, e) and high (b, d, f) phage concentration. The MSCs on the phage-based film derived from the low phage concentration (1012 pfu/ml) were significantly elongated and aligned along phage bundles (a, c, e) whereas those on the phage-based film derived from the high phage concentration (1014 pfu/ml) were randomly oriented and not elongated (b, d, f). Images shown were taken from bright field optical microscopy (a, b), SEM (c, d) and fluorescence microscopy (e, f). Cell nuclei were stained by DAPI (blue) and F-actin were stained by FITC-labeled phalloidin (green).
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[bookmark: _Toc496480885]Figure 4.9: Cell morphologies of MSCs on different substrates. Cell alignment could be obviously observed in a large field on the WT-phage film materials (A, B). There was no obvious cell alignment on the control substrate made of the polylysine without phage (C, D). Cell nuclei were stained by DAPI (blue) and F-actin were stained by FITC-labeled phalloidin (green).
[bookmark: _Toc499021448]4.3.4 Cell proliferation and differentiation on the phage-based films
We proceeded to investigate cell proliferation on the films derived from phage nanofibers with different concentrations and peptides displayed. MTT results demonstrated that cell proliferation was influenced by both the peptide sequences displayed on the constituent phage nanofibers and the concentrations of the phage solution (Fig. 4.10). Since the phage concentration influenced the size and separation of phage bundles to modulate the nanotopographical cues and the peptide sequences displayed on phage represented the biochemical cues, this fact implied that the cell proliferation was controlled by both topographical and biochemical cues.
[image: ]
[bookmark: _Toc496480886]Figure 4.10: Cell proliferation on the phage-based materials. Cell proliferation was significantly influenced by phage concentration (a) and phage types (b). WT, RGD, PHSRN and RGD/PHSRN denoted films made of wild type phage, RGD-displayed phage, PHSRN-displayed phage, and a mixture of RGD- and PHSRN-displayed phage, respectively. CON and LYS denoted poly-L-lysine substrates without phage. BLANK denoted pure glass substrate. All data represented the mean ± standard deviation (n = 3, * p<0.05, **p<0.01).
To investigate the osteoblastic differentiation of MSCs on the phage-based film materials, the cell-materials were cultured in primary media for 2 weeks. Immunofluorescence staining as a qualitative analysis at the protein level was used to verify the differentiation status. We found that osteocalcin (OCN) and osteopontin (OPN), the two osteogenesis-specific markers, presented positive staining on all materials in the primary media (Fig. 4.11). The OCN and OPN exbihited a higher expression on all phage-based materials than that on the control (poly-L-lysine substrate without phage film). Collagen I (COL) as a positive control of non-osteogenic marker showed high expression on all materials, and there was no significant difference between phage-based and control groups.
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[bookmark: _Toc496480887]Figure 4.11: Cell differentiation through immunofluorescence staining. OCN, OPN and COL were stained by rhodamine-labeled antibody (red) and cell nuclei were stained by DAPI (blue) and F-actin were stained by FITC-labeled phalloidin (green).
Real-time polymerase chain reaction (PCR) assay was used to further analyze the relative gene level of the osteogenic markers associated with MSCs differentiation on the phage-based materials in the primary media (Fig. 4.12). Both OCN and OPN genes were found to show significant up regulation on the phage-based film materials compared to the control group. Among the different engineered phage nanofibers, RGD/PHSRN-phage presented an extremely high mRNA level of the two osteogenesis-specific proteins (OCN and OPN) in comparison to the control group (**, p < 0.01). RGD-phage, PHSRN-phage and WT-phage showed higher expression of OCN and OPN genes than the control (*, p < 0.05). However, COL gene as a non-specific osteogenic marker did not show significant difference between phage-based materials and the control. Overall, the phage-based materials enabled to induce the osteoblastic differentiation of MSCs in the primary media without any osteogenic supplements.
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[bookmark: _Toc496480888]Figure 4.12: Cell differentiation through real-time PCR. Cell differentiation was regulated by different peptides displayed on the engineered phage types. All data represented the mean ± standard deviation (n = 3, * p<0.05, **p<0.01).
ALP as a marker protein specific for the osteoprogenitor activity was normally used to verify the osteoblastic differentiation of MSCs. The ALP assay demonstrated that both phage-based material and control groups showed positive ALP expression (Fig. 4.13). However, the group of RGD/PHSRN-phage presented the highest ALP activity among all groups. This result suggested the RGD/PHSRN-phage with unique nanotopography promoted the osteoblastic differentiation of MSCs, suggesting a synergetic enhancement by both the biochemical and topographical cues.
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[bookmark: _Toc496480889]Figure 4.13: ALP activity assay. It is further demonstrated that the osteoblastic differentiation of MSCs was induced by phage-based film materials. All data represented the mean ± standard deviation (n = 3, * p<0.05, **p<0.01).
[bookmark: _Toc499021449]4.4 Discussion and Conclusion
Compared to other nanofibers, M13 phage is unique because it can not only be used as a building block to build unique ridge/groove structures through self-assembly, but also introduce different peptides on the constituent building block into the resultant ridge/groove structures by the well-established phage display technique.94, 98 This unique property of phage enables us to systematically study the effect of different peptides on the substrates with constant topography on the stem cell fate. In this study, we constructed different recombinant engineered phages to display adhesive signaling peptide of RGD and PHSRN derived from fibronectin, respectively. Both RGD and PHSRN motifs have been identified as pervasive adhesive peptides to mediate multiple cell activities including cell adhesion, proliferation and differentiation,175, 177-180 and have been widely used to design the smart biomaterials. Traditionally, such peptides are physically mixed into or chemically immobilized onto biomaterials, preventing us from forming aECM with ordered assembly of peptides and varying only the peptide sequences without changing topography in studying stem cell fates. Therefore, phage display is a unique approach to studying stem cell fate because it allows us to precisely introduce foreign peptide into a nanotopography by genetic means and the nanotopography can be generated by its self-assembly behavior. In addition, the fact that the self-assembly of phage is not affected by the peptide displayed on its surface makes it possible to form an ECM with different peptides but a constant nanotopography for us to systematically study the effect of peptide cues on the stem cell behavior.
M13 phage as a natural nanofiber (~880 nm by 6.6 nm) can be assembled into bundles due to its long-rod structure and monodispersity.98, 184 The phage bundles can be further aligned to form phage-based 2-D film materials through two driving forces. One is the liquid crystalline assembly at the air-liquid interface during the evaporation process,93-94, 185 another is the electrostatic interaction between negatively chargely phage nanofibers and positively chargely polylysine. As a result, an ECM was produced with a unique highly ordered topography where phage bundles as ridges are parallel to each other and separated by grooves (Fig. 4.4). In addition, tuning the concentration of the phage suspension used for self-assembly on the substrate can control the size and surface roughness of phage bundles constituting the film (Fig. 4.5, 4.6 and 4.7).
It has been reported that the topography of culture substrate influences the cell behaviors by elongating cell shape.167, 186-188 Dalby et al demonstrated that the topographical cue based on the use of disordered nanopits in the polymethylmethacrylate (PMMA) substrate can stimulate the osteoblastic differentiation of human MSCs without the osteogenic supplements.189 The mechanism might be that the disordered nanopits resulted in longer adhesion, which impacts cytoskeleton tension. These changes in adhesion and cytoskeleton tension will have an effect on cell behavior through an indirect mechanotransductive pathway. Moreover, Jin et al showed that the topographical cue generated from the nanotubular-shaped titanium oxide regulated the osteogenic differentiation of hMSCs.167 The possible mechanism is that topography-induced cell elongation stimulates the stem cell differentiation. Our current data also confirm that the ordered ridge/groove structure represented by the phage films significantly induced the elongation and parallel alignment of MSCs along phage bundles in phage-based film materials for all of the peptide sequences displayed on the constituent phage nanofibers. Therefore, the morphological changes of MSCs on phage-based film materials might further stimulate the mechanical difference of cytoskeleton, which plays a pivotal role in regulating mechanotransductive pathways and finally having an impact on multiple stem cell behaviors.187 Although different topographical cues including nano-pits,189 nano-tube167 or nano-bundle (our work) are designed on the different substrates, including polymer (PMMA),189 metal (TiO2)167 and biomolecule (phage), respectively, to stimulate stem cell behavior, the nature of regulatory mechanism might be similar. That is, cell shape is changed by modulating cell adhesion on the substrate materials and finally stem cell fate is directed by biomechanical difference or mechanotransductive pathway.
The MTT result demonstrates that cell proliferation is influenced by both the peptide sequences displayed on the constituent phage nanofibers and the concentrations of the phage nanofibers (Fig. 4.10). Since the phage concentration influences the size and separation of phage bundles to modulate the nanotopographical cues and the peptide sequences displayed on phage represents the biochemical cues, we can conclude that stem cell morphology and alignment are solely modulated by the topographical cue, whereas the cell proliferation is directed by both topographical and biochemical cues.
In order to further understand the effect of both topographical and biochemical cues on cell differentiation, we design a culture system using primary media to elucidate which factor influence stem cell differentiation. It is widely demonstrated that the osteogenic differentiation media as a chemical stimulation plays a key role in enhancing osteoblastic differentiation of multiple stem cells including embryonic stem cells, induced pluripotent stem cells and adult stem cells.190-192 Our results confirmed that the successful induction of osteoblastic differentiation can be performed in the media without any osteogenic supplements (Fig. 4.11 and 4.12). This fact means that the material itself can direct the osteoblastic differentiation of MSCs through its topographical and biochemical features in the absence of osteogenic supplements. RGD and PHSRN motifs derived from fibronectin, which is a major adhesive component in the natural ECM, have been widely demonstrated to mediate the stem cell behaviors through specific integrin signal pathway.193 The osteoprogenitor cells expressed some integrins, including α5β1 specifically binding with RGD and RGD-PHSRN, to regulate osteoblast survival, proliferation, osteogenic gene expression and matrix mineralization.175, 179 Our results showed that a combination of RGD and PHSRN presented on a unique ridge/groove nanotopography significantly enhanced osteoblastic differentiation (Fig. 4.11 and 4.12). Therefore, the osteoblastic differentiation of MSCs on the phage-based film were significantly stimulated by both topographical and biochemical cues.
In conclusion, designing materials to direct stem cell fate has a profound impact on stem cell biology and provides insights that will facilitate the clinical application of stem cells in modern regenerative medicine. In this study, a virus-activated aECM with controlled biochemical and topographical cues was precisely designed to mediate stem cell behavior. This specific aECM is characteristic of highly ordered topography with aligned ridge/groove nanostructures, which result from the self-assembly of phage nanofibers, and simultaneously presents the biochemical signals made of RGD and PHSRN peptides by phage display technique. The current data demonstrate that cell alignment and elongation are mainly regulated by topographical cues. Cell proliferation are greatly influenced via a combination of topographical and biochemcial cues. Due to the presence of the unique ridge/groove nanostructure made of phage nanofibers and the fibronectin derived peptides displayed on the phage nanofibers, the aECM can stimulate the osteoblastic differentiation of MSCs in the primary media without osteogenic supplements. Our findings suggest that a proper combination of unique nanotopographical and biochemical cues can control the stem cell behaviors including induction of the osteoblastic differentiation. Our phage display approach represents a novel strategy for generating a virus-activated aECM, where peptide sequences can be systematically tuned on a unique, constant nanotopography by genetic means, for probing the biochemical cues in directing stem cell fate.
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1D                         one-dimensional
2D                         two-dimensional
3D                         three-dimensional
aECM                   artificial extracellular matrix 
AFM                     atomic force microscope
ALP                      alkaline phosphatase
Arbp                     acidic ribosomal phosphoprotein
AuNPs                  gold nanoparticles
AuNWs                 gold nanowires
COL                      collagen I-α1
CNTs                     carbon nanotubes
DAPI                     4,6-diamidino-2-phenylindole
DMF                     dimethylformamide
DSSC                    dye-sensitized solar cell
ECM                     extracellular matrix
EDX                      energy-dispersive X-ray
HAP                      hydroxyapatite
LIB                        lithium ion battery
LSPR                     localized surface plasmon resonance
MNPs                    magnetic nanoparticles
MPA                      3-mercaptopropionic acid
MSCs                    mesenchymal stem cells
MTT                      3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
NIR                        near infrared
NPs                        nanoparticles
OAm                      oleylamine
OCN                       osteocalcin 
OPN                       osteopontin 
PBS                        phosphate buffered saline 
PCR                        polymerase chain reaction
PEG                        polyethylene glycol
PEI                         polyethyleneimine
PI                            isoelectric point
pNPP                       p-nitrophenyl phosphate
PVP                         polyvinylpyrrolidone
QDs                         quantum dots
Ra                            average surface roughness
s-PEI                       small molecular weight PEI
SEM                        scanning electron microscope
SNTs                       silica nanotubes
STEG                      solar thermoelectric generation
SWNT                     single-walled carbon nanotube
TEG                         thermoelectric generation
TEM                        transmission electron microscope
TMV                        tobacco mosaic virus
UA                          uranyl acetate
WT                          wild type
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