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Self-assembly is a spontaneous organization process of components into 

patterns and structures driven by weak, non-covalent interactions. Well-studied 

examples are amphiphilic molecules such as surfactants and amphiphilic block co-

polymers. Although a significant number of successful examples have been 

demonstrated for the production of self-assembled materials with various 

morphologies, the intrinsic polydispersity in chemical structures and chain 

conformation limits the complexity that can be achieved via the self-assembly of these 

types of molecules. Therefore, sequence- and shape-specific biomacromolecules, such 

as polypeptides and polynucleotides, provide a better opportunity to produce complex 

nanoarchitectures with programmability.  

In the collaborative work presented in this Ph.D. dissertation, a computational 

design method is established by Saven group (University of Pennsylvania) to generate 

a group of 29-mer peptide sequences that were predicted to form robust, antiparallel, 

a-helical homotetrameric coiled-coil bundles as materials building blocks. The 

designed peptide coiled-coil bundles share the same interior bundle composition 

consisting of complementary hydrophobic amino acids for bundle stability in aqueous 

solution. The bundle exterior composition was varied to implement directional 

interactions at bundle-bundle interfaces on the basis of various predetermined space 

groups (P622, P422 and P222) to achieve two-dimensional, self-assembled lattices 

with programmability. Peptides were synthesized via solid-phase peptide synthesis 
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method and the successful programmable self-assembly behavior are experimentally 

confirmed. Moreover, the solution condition-dependent self-assembly behavior and 

the related kinetically controlled assembly pathways for two-dimensional sheet 

formation were investigated for two groups of designed peptides, including P422 and 

P222 sequences. The designed hydrophobic bundle core ensures the structure stability 

to tolerate non-physiological conditions which were applied in the kinetic 

manipulation processes. Specifically, the solution pH was used to control the charged 

state of amino acid residues in the exterior part of the coiled-coil bundles thus tuning 

the inter-bundle interactions. A general pI (isoelectric point)-dependent rule is 

introduced that peptides exhibit fast assembly kinetics in the pH conditions that are 

close to the pI values at which peptides carry the least charge. Classic thermal 

annealing methods can be applied to overcome the possible kinetic traps existing 

during the assembly process. In the pH conditions that are deviated from the pI values 

of the sequences, more diverse nanoarchitectures with controllable morphologies, 

other than the originally designed 2D nano-lattices, were successfully produced, 

triggered by the differently charged states of peptide bundles in these conditions. 

Moreover, the self-assembled peptide nanoarchitectures were applied as scaffolds to 

template the growth of gold nanomaterials. Due to the specific peptide templates, the 

synthesized gold nanoparticles are organized into 1D or 2D nanostructures exhibiting 

enhanced surface plasmon resonance properties. Future research should dive into the 

detailed processing study of the templated synthesis of gold nanoparticles for the 

development of functional devices as well as co-assembly study with the use of 

multiple peptide sequences for the production of multi-component, complex 

nanoarchitectures. 
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INTRODUCTION 

1.1 Materials Construction via Self-assembly and the Kinetic Control 

Self-assembly is a spontaneous organization process of components into 

patterns or structures driven by weak, non-covalent interactions, such as hydrogen 

bonding, van der Waals forces, and π-π interactions.1 It is a ubiquitous phenomenon in 

the fields of chemistry, physics and biology. For example, crystals are the self-

assembled structures of atoms or molecules, living organisms are the self-assembled 

systems of numerous living cells. Within the living cells, functional proteins are self-

assembled from peptides via secondary-, tertiary-, and quaternary structures. Self-

assembly covers a large scale of objects of interest, connecting small building blocks 

and large ensembles. To materials scientists, the self-assembly technique makes it 

possible to manufacture functional (nano)materials in a fast and easy manner;1 and it 

has the essential importance in nanotechnology. There are two general strategies in for 

nanomaterials fabrication. One is “top-down” strategy that uses the lithography 

technique to reduce the dimensions of bulk materials to nm-scale.2 Another is 

“bottom-up” strategy represented by self-assembly using basic atom/molecule 

building blocks.3 Currently, the top-down method has been extensively applied in the 

large scale manufacturing of materials and devices in the semiconductor industry. 

However, the intrinsic disadvantage is the dimension resolution limitation. Therefore, 

the self-assembly technique can serve as a great complementary method to the top-

down strategy. There already are processes that have been developed combining the 
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techniques of self-assembly and lithography for the fabrication of patterned 

structures.2,4 The process includes formation of a thin film of block co-polymers with 

self-assembled patterns followed by lithography for the creation of ordered structures. 

Nevertheless, the ordered nanomaterials can be directly created solely through self-

assembly process, and have been largely applied in the polymer industry during 

emulsion polymerization and as delivery systems for drug payloads and carriers in the 

pharmaceutical and consumer goods industry.5,6 But, large-scale industrialization of 

self-assembly in the nanofabrication field still remains to be developed.  

With the above-mentioned significance, massive efforts have been devoted in 

the research of self-assembly using various building blocks to understand the 

thermodynamic and kinetic factors involved during this process. Amphiphilic 

molecules such as surfactant and amphiphilic block co-polymers, which are composed 

of a hydrophilic (charged or polar) domain and a hydrophobic (nonpolar) domain are 

found can self-organize into certain large aggregated structures (micelles) when the 

concentration is above the critical micelle concentration.6–11 The mechanism of this 

process can be described based on thermodynamic theory that the micelles formation 

is driven by hydrophobic interaction to minimize free energy in dilute solution. The 

molecular packing parameter controls the size and shape of micelles.12 The packing 

parameter is determined by factors including the molecular composition, the 

interactions between solvent environment and hydrophilic/hydrophobic domains, and 

the interactions among hydrophilic domains, such as steric effects and repulsive 

electrostatic interactions. Through the controlling of the molecular composition (block 

ratio and the degree of polymerization for block co-polymers) and the molecule-

solvent interaction (temperature, pH, ionic strength, additives), controllable 
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construction of various shapes of micelles have been achieved7 such as spherical,13,14 

worm-like,15 disk-like,16 bilayer vesicle,11 toroidal,17 and hybrid shape.18,19   

While a self-assembly system is intended to reach the thermodynamic stable 

state, the method of kinetic manipulation can be applied to restrict or trap the system 

at certain kinetic states thereby creating different pathways between the initial 

assembly stage and the final assembly stage. Therefore, the kinetic control method is 

especially productive in the generation of complex assembly architectures without 

having to change the chemistry of the building block molecules.  

In the Pochan group (University of Delaware), the method of kinetic 

manipulation has been largely explored in the block co-polymer assembly system. Cui 

et al. have reported by inducing rapid solvent change, poly(acrylic acid)-block-

poly(methyl acrylate)-block-polystyrene (PAA-b-PMA-b-PS) micelles can be trapped 

in the non-equilibrium state with anisotropic shape. Combined with inter-micelle 

electrostatic interaction, complex one-dimensional structures can be built.16 Zhong et 

al. have reported that by applying extra electrostatic interaction with the addition of 

counter-ions, PAA-b-PMA-b-PS cylindrical micelles can be forced into helical coils 

with tunable structures.15 Zhu et al. have reported the slow kinetics of the hydrophobic 

core phase separation process in PAA-b-PMMA and PAA-b-PS co-assembly system 

and utilized this kinetic feature to create complex multicompetent structures.20 

Manners (University of Bristol), Winnik (University of Toronto) and their co-

workers incorporated crystalline chain domains in the block co-polymers to force the 

fast domain separation within the micelles and trap the micelle in anisotropic shape, 

developing the so-called crystallization-driven living self-assembly method.21 Wang et 

al. have reported that the polyferrocenylsilane (PFS) crystalline domain-containing 
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block co-polymers with a core-corona block ratio between about 1:6 and 1:20 can 

undergo an epitaxial growth process after the nucleation of PFS domains under the 

melting temperature to form cylindrical micelles. Moreover, the co-assembly of 

different PFS-containing block co-polymers can produce cylindrical micelles with 

different patches like a “living polymerization” process.22 Qiu et al. further reported 

that the interactions among these patchy cylindrical micelles can be utilized to create 

multidimensional hierarchical structures.23 Different PFS-containing platelet-forming 

co-polymer with core-corona block ratio  ≥1:1 can also be applied in the same 

crystallization-drive living self-assembly method to create two dimensional multi-

patchy structures.24,25  

Besides the examples of block co-polymers, the studies of conjugated 

molecules, such as π-conjugates,26–28 or polymer-peptide conjugates29–32 also reveal a 

common kinetic structural transition when different intermolecular interaction modes 

are involved during the assembly process.  For example, strong interactions such as 

hydrophobic interactions and π-π stacking occur and initially define a nanostructure. 

Then, subsequent, intermolecular reorganization can occur, modulated by weak 

interactions such as steric effects, that produces, for example, more ordered 

intermolecular stacking26,29 or different types of curved surfaces.15,27,30,32–34 Similarly, 

due to the combination of hydrogen-bonding and chirality, peptides with β-sheet 

domains firstly fold and assemble into intermolecular β-sheet structures such as one-

dimensional ribbons or two-dimensional laminates directed by hydrogen-bonding. 

Then, further driven by the minimization of hydrophobic nanostructure faces exposed 

to aqueous solution, various types of curved surface such as twisted, helical, and even 
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closed, tubular structures can form subsequently, even converting between each other 

in a kinetic manner.35,36 

As can be seen from these reported examples, the kinetically manipulated self-

assembly method is proven to be productive in creating complex, hierarchical 

nanostructures. Therefore, the kinetic study of the self-assembly process is a focus of 

this Ph.D. project to create controllable self-assembled structures. 

1.2 Chemical Structure- and Shape-specific Assembly Building Block 

The ultimate goal and challenge of self-assembly study is the achievement of 

structural complexity and programmability.37,38 In the above section, the examples of 

kinetic manipulation in block co-polymers and small surfactant molecule systems have 

demonstrated effectiveness in the production of higher order complex assembly 

structures. However, the sizes and the shapes of secondary building blocks, e.g. 

micelles, are generally restricted beyond certain limits, e.g. by certain symmetries of 

nanostructures. This is limiting the ultimate dimensions and the complexity that can be 

achieved by these assembly systems. Also, the intrinsic limitations of the block co-

polymers during the self-assembly are molecular polydispersity and the lack of 

definition and persistence of molecular conformation in solution.  

Therefore, the idea of designing and using chemical structure- and shape-

specific assembly building blocks has emerged. Recent examples are studies about the 

synthesis of new and more precisely determined molecules, 39–42 such as so called 

“giant surfactants” 41,43–45 or peptoids. 42,46–49 In the Cheng group (University of 

Akron), a series of complex, conjugated molecules, supramolecular giant surfactants, 

have been precisely synthesized with specific shapes and specific spatial displaying of 

chemical groups. Huang et al. have reported to use tetrakis(4-aminophenyl)methane as 
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a rigid tetrahedral core to link differently modified silsesquioxane (POSS) molecules 

via click chemistry. The shape of this type of conjugated molecule is determined by 

the shape of core molecular frame while the chemical structure is determined by the 

choice of different POSS molecules “clicked” in different positions.45 Therefore, this 

strategy is effective in the assembly of programmable structures, such as double-layer 

lamellae43 and ordered lattices.45 However, this approach requires elaborate and multi-

step syntheses.  

Another type of structure-specific molecules is the peptoid, or poly-N-

substituted glycines. This is a type of peptide-like synthetic molecules with the 

backbone lacking hydrogen bonding but the same sequence controllability. The 

synthesis process is simpler comparing to block co-polymers and can be conducted 

using an automated synthesizer. The Zuckermann group (Lawrence Berkeley National 

Laboratory) and De Yoreo group (Pacific Northwest National Laboratory) have 

conducted extensive work using peptiods to construct nanostructures.42,43,45–51 

Manniges et al. have reported that peptoids adopt a zigzag-like secondary structure 

that is not seen in the nature and enables the formation of nanosheets, and potentially 

other organizations.50 Jiao et al. have reported that through the choice of peptoids 

sequences, patterned, two-dimensional membrane-like materials can be assembled.48 

Ma et al. also reported to control the crystallization behavior of peptoids materials by 

the sequence engineering method.49 For this type of biomimetic molecules, the 

chemical structure is precisely determined by the sequences while the shape is 

generally fixed as zig-zag due to backbone rotation. The self-assembled materials can 

thus be rationally designed and tuned. 
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The best examples of structure- and shape-specific assembly building blocks 

are from naturally existing, self-assembled supramolecular structures based on 

polynucleotides and polypeptides. These biomolecules are composed of nucleotides 

and amino acids, respectively, with precise sequences. Moreover, the shapes (chain 

conformations) of the molecules are determined by the molecular sequences. Due to 

the precise molecular sequences, the shapes of these biomolecules, such as DNA 

double helices, peptide helices or β-sheets, can be ensured with certain spatial display 

of chemical groups. With these primary building blocks, nature exhibits an enormous 

library of molecular self-assembled structures. By the date of writing, only counting 

the solved assembled and folded natural structures, there are 130,599 biological 

macromolecular structures according to RCSB PDB.52 Those structures are not only 

large in number but also diverse and complex in architectures. Taking natural proteins 

for example, the structures vary from one-dimensional, such as collagen fibrils, to 

two-dimensional, such as DNA clamps, and to very complex three-dimensional 

structures, such as viral capsids and ferritins.53–55 These protein structures are self-

assembled from assembly subunits, namely peptides with tertiary-structures. For 

example, the maxi-ferritin protein has a hollow spherical structure which is composed 

of 24 helix-bundle subunits.53 The assembly subunits have quite simple symmetries, 

such as D2 or D4 symmetries,56,57 and by orderly repeating and arranging these simple 

oligomers directed by well-evolved local interactions, various proteins with distinct 

quaternary-structures can be built with biological functions.53,54,56 Inspired from nature, 

the structure and shape features of these biomacromolecules have been studied and 

used extensively to fabricate novel self-assembled nanomaterials, for example, DNA 

RNA nanoarchitectures,58–60 DNA origami,38,61,62 even DNA machines and robots.63–67 



 8 

These complex nanodevices are formed by base-pairing interactions or complementary 

shapes with designed polynucleotide sequences.60 Polypeptides/proteins with the same 

programmability, but more chemical versatility and robustness, have also been applied 

in self-assembly studies. A series of nanomaterials, from simple to higher order 

hierarchical structures, such as, but not limited to, peptide β-hairpin fibrils, surfactant-

like peptide fibers, peptide coiled-coil bundles,68,69 coiled-coil barrels,70,71 coiled-coil 

fibers,72–75 coiled-coil tubes,76 coiled-coil cages,77 protein-fused two-dimensional 

sheets,56,78–82 and protein polyhedron structures,83–88 have been reported. And these 

peptide/protein-based self-assembled materials have shown great advantages and 

potential in practical applications. For example, peptide hydrogels have been used in 

drug delivery and cell culture.74,89–93 The engineered natural protein cages have shown 

capability in drug and enzyme encapsulation.94,95 Porous materials fabricated based on 

protein crystals have the potential to be used as catalyst carriers,96 filtering 

materials,97,98 and templates to further grow other species materials.99–101  

1.3 Designed Peptides for Self-assembly 

The naturally existing, self-assembled structures show tremendous 

sophistication above that of any of the above-mentioned synthetic molecules. A 

complex programmability needs the self-assembly information to be encoded within 

individual self-assembly units. This can be accomplished generally in two approaches, 

puzzle and folding approaches,37 which both are used by natural self-assembled 

biomacromolecules. First of all, polynucleotides and polypeptides have well-defined 

sequences where the molecular structures are precise with little dispersity. These 

biomolecules can, therefore, adopt certain secondary structures with well-defined 

spatial display of chemical groups with, the information required for proper secondary 
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structure formation encoded within the primary sequence. In this way, nature ensures 

the correct folding of biomacromolecules during the assembly process. For example, 

polypeptides can fold into helices or β-sheets.102 Then, the assembly subunits,  peptide 

helices or β-sheets, can interact through inter-component interactions determined by 

well-defined display of the chemical groups, to go through a puzzle-recognizing 

process to assemble into hierarchical structures.103 This precisely controlled bottom-up 

assembly feature of biomacromolecules affords the opportunity to produce 

programmable, arbitrary structures, particularly when a system is based on proper 

computational design of biomacromolecules. 

As mentioned previously, great work has been conducted in the design and 

self-assembly of DNA and RNA molecules with the achievement of tremendously 

beautiful structures and devices. Due to the peptide-focus of this Ph.D. project, the 

elaborate list and description of the excellent DNA/RNA work conducted by other 

researchers will not be given here. A recent review from the Mirkin group 

(Northwestern University) summaries the designing strategies in the DNA-based 

programmable nanomaterials.104 In the work presented in this dissertation, polypeptide 

molecules with similar programmability are designed and self-assembled for the 

construction of nanomaterials. It is worthy to note that the invention of solid-phase 

synthesis method makes it relatively easy to synthesize sequence-controlled peptides 

with length up to 100 residues.105 Nevertheless, large polypeptides can be synthesized 

through biological genetic engineering method106 and ring-opening polymerization.107 

Taking use of the different ionization properties of amino acids side chain 

groups, short surfactant-like peptides, composed of a hydrophobic amino acid domain 

and hydrophilic domain, have been rationally designed and studied. For example, the 
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Zhang group (MIT) reported a series of surfactant-like peptides composed of a 

hydrophilic head and a hydrophobic tail, such as G4D2, G6D2, G8D2, G10D2 (glycine as 

G, aspartic acid as D).108–111 Because of the molecular composition (short hydrophilic 

domain and long hydrophobic domain), these short peptides behave similarly as lipids, 

especially in the formation of bilayer structures, such as bilayer vesicles and bilayer 

nanotubes. In earlier work by Zhang, peptides containing alternating hydrophobic and 

hydrophilic amino acid residues were rationally designed with respect to charge 

distribution control. A series of ionic self-complementary peptides with the designed 

charge arrangements such as - + - + - + - + and - - + + - - + +, have been studied.112,113 

These peptides exhibit strong tendency to form b-sheet structures in water due to the 

alternating hydrophobic/hydrophilic sequence. And further because of the specific 

charge distribution along the molecular chains, molecules can assemble in a self-

complementary way via ionic interactions. Therefore, high order assembly structures, 

such as ordered two-dimensional membranes, can be observed from these assembled 

molecules. In their peptide design conclusion, specific sequences are not required for 

certain nanostructures formation. But, the general hydrophobicity of amino acid 

residues is the important underlying self-assembly driving force. The work shed light 

on the design principles of peptide-based materials. However, the lack of discussion of 

more delicate differences among the amino acid residues, such as differences between 

amino acids with similar hydrophobicity, such as side chain size, secondary-structure 

propensity, limited the more precise control of the self-assembled structures. 

 Originated from the studies of amyloid fibrils, certain domains within natural 

peptides involved in the formation of amyloid fibrils have been identified as the key 

factors in the molecular recognition and self-assembly process. These fragments of 
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amyloid peptides have been extensively studied for the self-assembly of designed 

nanomaterials, including mostly nanotubes and nanofibers. For example, aromatic 

amino acid residues are suggested by the work in theGazit group (Tel Aviv 

University) as the core recognition motif in amyloid fibrils. They reported the efficient 

formation of hollow tubes from diphenylalanines, and the nanosphere formation from 

diphenylglycines driven by π-π stacking.114–117 Self-assembled fibrils, nanotubes and 

sheets are not only from amyloid peptides.116 As described earlier, peptide sequences 

containing alternating hydrophobic/polar residues (HPHPHP pattern, H-hydrophobic, 

P-polar) have been proven to have strong tendency in b-sheet structure formation, with 

the possibility of forming higher order structures, such as nanofibers, nanotubes and 

sheets.102 This provides more design opportunities. In the Boden group (University of 

Cambridge), a 11-reisude peptide QQRFQWQFEQQ (glutamine as Q, arginine as R, 

phenylalanine as F, tryptophan as W, glutamate as E) was rationally designed with the 

consideration of certain assembly interactions, such as π-π stacking, complementary 

ionic interactions and chirality of molecules.118 This system has demonstrated the 

hierarchical self-assembly process into b-sheet tapes, ribbons, fibrils and fibers.35,118 In 

the Pochan group and Schneider group (National Cancer Institute, NIH), the MAX-

series peptides containing b-rich domains (alternating valine/proline) connected by 

specific folding domains (valine-Dproline-Lproline-threonine or valine-L-proline-L-

proline-threonine) have been de novo designed to study the sequence-dependent 

folding and assembly behavior.119–121 Only the domain with Dproline exhibited the pH 

and temperature-dependent folding behavior, coupled with b-rich domains, resulting 

in the stimuli-responsive b-hairpin hydrogel composed of physically entangled fibrils. 
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While the peptides contained only Lprolines, only the un-folded molecular 

conformation was found resulting in the straight filaments and laminates formation. 

 Conjugated, amphiphilic molecules composed of a peptide domain and a 

carbohydrate domain have also been designed and assembled for various controllable 

nanomaterials. In the Stupp group (Northwestern University), hydrophilic peptide 

domains with b-sheet formation propensity were conjugated with hydrophobic 

carbohydrate chains.30,31,122–124 These conjugated molecules exhibit effective self-

assembly of one-dimensional nanofibers analogous to the worm-like micelles 

assembled from amphiphile block co-polymers and surfactants. Because of the b-sheet 

formation propensity of the peptide-domain, the formation of spherical micelles can be 

excluded. Furthermore, the peptide domains allow more design opportunities in the 

potential functionalities of these nanofibers. Certain residues can be added in the 

sequence for the purpose of templated biomineralization, with a series of hybrid 

nanomaterials being developed.99,125–127 Examples from other research groups have 

demonstrated other nanostructures construction using rationally designed, conjugated 

peptides, such twisted ribbons,128 nanotubes and virus-like particles.129  

 Other types of designed peptides, such as cyclic peptides, which possibly are 

the first examples of the pioneering work in peptide engineering, have exhibited a 

strong correlation between the structural designing and the assembly behavior, 

ultimately forming hollow nanotubes.130,131 This Ph.D. dissertation work is focused on 

the self-assembly with the use of a-helical rich, coiled-coil peptides. Although the 

understanding of coiled-coil folding and organization is still not complete, with 

dedicated efforts, “there are now sufficient rules to allow confident design attempts of 

coiled-coil motifs”.132  
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 The research of self-assembled materials using designed coiled-coils started 

based on the leucine-zipper model.132 In the structure of leucine-zipper a-helical 

coiled-coils, an a-helical peptide chain contains 3.6 residues per turn and is stabilized 

by hydrogen bonds parallel to the axis of helix. The HPPHPPP or abcdefg heptad 

pattern can be used to describe the sequence composition. From the view that is 

parallel to the axis of helix, a wheel diagram with abcdefg heptad pattern is commonly 

used to depict the amino acid residue position arrangement, as shown in Figure 1.1. 

The wheel diagram is convenient in the rational design of sequence composition with 

regard to different coiled-coil structures. For example, in the dimeric coiled-coil 

structure shown in Figure 1.1, driven by hydrophobic interactions, the hydrophobic 

amino acid residues occupying the a and d positions are buried between the two 

peptide helical chains, forming the hydrophobic core of the coiled-coils. The rest of 

the positions are not strictly restricted to certain types of amino acids, therefore, 

allowing flexibility during the designing process. For example, the amino acid 

residues occupying the e and g positions are usually chosen to be ionizable, which 

play important role in determining and stabilizing different coiled-coil organizations, 

from dimer to higher oligomer states.133 The peripheral positions are generally further 

designed to allow specific inter-bundle interactions to take place to determine the 

higher order assembled structures based on the coiled-coils.134–136 
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Figure 1.1 The structure model of peptide dimeric coiled-coil. Top: the wheel 
diagram with the viewing direction that is parallel to the coiled-coil axis. 
The abcdefg heptad pattern is used to depict the amino acid residue 
position arrangement. The a and d positions occupied by hydrophobic 
amino acid residues are buried between the two peptide helical chains. 
Bottom: the coiled-coil structure model viewing from the direction 
perpendicular to the coiled-coil axis, depicted by ribbon-drawing. (Figure 
adapted with permission from reference 137, copyright 2004 American 
Chemical Society) 

The Tirrell group (California Institute of Technology) reported the design and 

utilization of the leucine zipper coiled-coil structure for the development of artificial 

protein hydrogels. And they proposed the dynamic assembly nature of the designed 

leucine zipper aggregation is responsible for the mechanical property of the self-

assembled hydrogels.138,139 

In the Woolfson group (University of Bristol), the rational design of peptide a-

helical coiled-coils has been largely explored for the development of a series of SAF 

(self-assembling fiber) peptides. Through the choice of certain amino acids for the 
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peripheral positions other than a and d, coiled-coil structures with different oligomer 

states are reported assembled from the synthetic a-helical peptides.133 Based on the 

successful establishment of basic coiled-coil bundle structures, more complicated 

inter-bundle interactions are introduced into the system for the production of higher 

order assembly structures. For example, the charge distribution within the coiled-coil 

bundles is specifically designed to produce sticky-ended bundles, which have opposite 

charges on two ends, forming the self-assembled, elongated nanofibers, nanoribbons 

and nanotubes.140 Strong, functional hydrogels are reported assembled from these 

coiled-coil nanofibers due to enhanced inter-fiber interactions by introducing 

oppositely charged amino acid residues in the exterior part of the individual 

nanofibers.134 Branched nanofibers are reported assembled from the deliberately 

designed branched a-helical peptide chains.141 Inter-bundle crosslinking with disulfide 

bonds is reported as anchor points for the formation of ordered network structures and 

the closed cages from the connected coiled-coil bundles.77 Furthermore, guided by the 

same inter-bundle interaction principle, the reverse designing process is also reported 

to disassociate the assembled structures to single fibrils or individual bundles.75 

In the Conticello group (Emory University), the rational designing of coiled-

coil bundles is also extensively studied such as by implementing complementary 

interactions among the bundles to form nanofibers, nanosheets, and superlattices.73,142 

Furthermore, assembly solution conditions were utilized to control the intra- and inter-

bundle interactions. By changing the charged stated of amino acid residues via pH 

adjustment, the pH-sensitive assembly behavior of coiled-coils can be observed.143 

 Taking advantage of the metal-coordination property of certain amino acid 

residues, such as histidine and ionizable amino acid residues, metal coordination 
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interactions have been used, to drive the formation of coiled-coil structures,72,144 and 

higher order assembly structures145 such as spheres or fibrils.146–150 These metal 

coordination interactions are also further utilized for the construction of artificial ion-

transporting membranes151,152 and coiled-coil structures with catalytic activity.153  

Although such mentioned successes have been accomplished with 

computationally designed peptide/protein assembly systems, significant improvements 

still need to be made. For example, in the above mentioned coiled-coil designs,73,133 

the design process is generally rational, while not precise; therefore, the higher order 

self-assembled lattices formed by the densely packed coiled-coil bundles are generally 

not programmable. Although protein-protein interface designing can give the 

programmable structures/lattices, naturally existing structures are needed as design 

templates, and the efficiency in successful design of new assembled states is low.85,86 

Therefore, if peptide-based building blocks, such as coiled-coil bundles, are used, the 

self-assembled nanostructures with much smaller sizes can be achieved comparing to 

protein-based lattices.81 An entirely de novo designed protein crystal reported by Lanci 

et al. in Saven group (University of Pennsylvania) demonstrates a promising peptide 

design, strategy to achieve the programmability and complexity in the self-assembled 

nanoarchitectures while not relying on the naturally existing protein structure 

templates.154 This work sets the tone of the Ph.D. project presented in this dissertation. 

1.4 De novo Designed Peptide Coil-coiled Bundles and Assemblies 

In this Ph.D. dissertation work, our collaborators in the Saven Group take the 

use of the computational design to generate de novo designed sequences that can adopt 

desired secondary-structure and quaternary structure and to form higher order 

supramolecular structures. Fundamentally, the self-assembly study of computationally 



 17 

designed peptides can not only broaden the self-assembly library but also provide 

better understanding of sequence-to-structure relationship of peptide/protein 

system.102,132  

The detailed computational design process is elaborated in the Ph.D. 

dissertation of Dr. Violet Huixi Zhang (Department of Chemistry, University of 

Pennsylvania, 2016); only a brief description is given here. Firstly, the structure of an 

a-helical, antiparallel homotetrameric coiled-coil bundle is selected as the building 

block. Each constituent peptide sequence contains 29 amino acid residues. The 

backbone structure of the coiled-coil tetramer bundle is identified using a 

mathematical model for coiled-coils with a small number of geometric parameters 

including the super-helical radius R, the super-helical phase α, the relative 

displacement of the ends of the helices parallel to the super-helical axis Z, the minor-

helical phase θ (rotation of the alpha helix about its axis), and the super-helical pitch P 

(as shown in Figure 1.2).155  

 

Figure 1.2 The design of the helical-motif building block by sampling 5 parameters 
(R: super-helical radius; θ: minor-helical phase; α: super-helical phase; Z: 
super-helical axis; P: super-helical pitch) associated with the size and 
geometry of the bundle using Monte Carlo simulated annealing (left): N 
terminus is depicted in blue and C terminus in red; side and top view of 
the selected low-energy motif with the most probable amino acids at the 
interior sites shown in space-filling representations (right). 
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Monte-Carlo simulated annealing (MCSA) is used to sample parameters and identify 

helical bundle sequences and structures that produce local energy minima. Each 

generated coiled-coil bundle structure contains 11 interior residues that are specified 

as hydrophobic amino acids to ensure the structure stability in aqueous solution. A 

statistical sequence design methodology is used to calculate the probabilities of 

hydrophobic amino acids at interior residue positions and also with respect to variation 

of the rest exterior amino acid residues. For each sequence, an average internal energy 

is calculated using the site-specific probabilities of the amino acids. The sequence 

scored with the lowest energy is selected for the subsequent designs targeting higher 

order assembly structures such as 2D sheets with predetermined nanolattices. 

The exterior amino acid residue positions of the coiled-coil bundles are 

designed in context of these 2D monolayer lattices with predetermined symmetries 

including the space groups of P222, P422 and P622, as shown in Figure 1.3. 
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Figure 1.3 Computationally designed, a-helical, homotetrameric assemblies. A-D: 
Models of peptides forming distinct nanostructures using a de novo 
designed helical homotetrameric bundle, which comprises both the 
backbone coordinates of the D2 symmetric tetramer and interior 
hydrophobic residues. In the left of each panel, designed exterior residues 
are colored according to chemical properties: positively charged (red), 
negatively charged (blue), polar (green) and hydrophobic (gray). On the 
right of each panel, the targeted assemblies are rendered along with 
symmetry axes (C2 oval, C3 triangle, C4 square, C6 hexagon) and the 
unique dimensions of the unit cell, a and b. A: D2 symmetric tetramer 
designed in isolation and targeted to remain in solution. The exterior 
residues of the remaining proteins were designed in the context of the 
corresponding space groups: (B) P622; (C) P422; (D) P222. 

For each lattice symmetry, 18 natural amino acid residues, excluding proline and 

cysteine, are allowed in the exterior positions of the coiled-coiled bundle. Unit cell 

parameters are varied to search for the low-energy lattice structures. For each 

predetermined lattice symmetry, an energy landscape with respect to the sequence-

structure is calculated from which sequences are selected with local energy minima. In 

the final step, a PDB-based, macromolecule interface designing tool, PDBePISA is 
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used to evaluate the interactions at the bundle-bundle interfaces for each 

predetermined lattice symmetry. This generates the final list of peptide sequences. The 

full list can be seen in reference 135. In this Ph.D. dissertation, the self-assembly 

behavior and assembled nanostructures of P422 and P222 sequences are 

experimentally investigated. The experimental study of the individual coiled-coil 

bundles and P622 sequence peptides is described in the Ph.D. dissertation of Dr. 

Michael Haider (Department of Materials Science and Engineering, University of 

Delaware, 2018).  

1.5 Dissertation Content Summary 

In most commonly reported self-assembly research work based on 

computationally-designed peptides/proteins, the kinetic control of the self-assembly 

process remains largely unexploited and unexplored. Because the kinetic products 

from different assembly pathways are in non-equilibrium and occur only as a result of 

certain assembly solution conditions, a priori, computational prediction and design of 

kinetically trapped products is difficult. Therefore, based on the computational design 

work of Saven group, the work presented in this Ph.D. dissertation is focused on the 

kinetic manipulation of the self-assembly process for the production of various 

nanoarchitectures with controllable morphologies.  

In Chapter 2, the assembly behavior of P422 sequences is investigated under a 

variety of solution conditions (pH = 4.5, 7, 8, 10, temperature = room temperature, 30 

°C, 40 °C, 50 °C, 60 °C). A sequence and pI-based assembly guide rule is 

demonstrated that peptides generally exhibit fast assembly kinetics at the pH near the 

pI of the sequence. Moreover, thermal annealing can be readily applied to overcome 

the kinetic traps during the assembly process with fast kinetics. In Chapter 3, 
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different pH conditions (pH = 4.5, 7, 10) are applied to demonstrate different pH-

dependent self-assembly pathways of the P222 sequence for the production of various 

nanoarchitectures including nanotubes, platelets and needles at each specific pH, 

driven by differently charged amino acid residues. The unique and homogenous 

nanotube structures assembled from coiled-coil bundles are studied in detail with the 

proposed structural models based on cryo-TEM, small-angle X-ray scattering, STEM 

mass-mapping and site-specific amino acid modification analyses. In Chapter 4, the 

assembled nanoarchitectures established in Chapters 2 and 3 are utilized as scaffolds 

for the templated synthesis of inorganic nanoparticles through the incorporation of 

cysteine residues in the peptide sequences. One- and two-dimensional ordered gold 

nanoparticle arrays are successfully fabricated based on self-assembled 1D nanotubes 

of cysteine-modified P222 sequence and 2D platelets of cysteine-modified P422 

sequence, respectively. The 1D gold nanoparticle arrays exhibit enhanced surface 

plasmon resonance properties and, thus is further explored for the fabrication of solid-

state gold nanowires. In Chapter 5, a detailed formulation study is presented for the 

optimized inorganic nanoparticle templating process. It is discovered that the 

electrostatic interactions between positively charged peptide templates and inorganic 

precursor anions, and the thiol-gold bonding between cysteine residues and gold 

nanoparticles, play important roles during the in-situ synthesis process of gold 

nanoparticles with peptide templates. In the last Chapter 6, conclusion and future 

work is presented.  
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KINETICALLY CONTROLLED PEPTIDE SELF-ASSEMBLY PROCESS 
FOR THE FORMATION OF TWO-DIMENSIONAL NANOSTRUCTURES 

2.1 Introduction 

Efforts in nanomaterial construction via solution-phase self-assembly recently 

have focused on nanostructure complexity and controllability.1,2,11–19,3–10 For example, 

block copolymer assembly has been successfully employed to yield controlled 

complexity of nanoparticle shape and size via hierarchical assembly mechanisms.17,20–

24 The application of a kinetic assembly pathway and/or chemical modification of 

assembling molecules can trigger desired interactions between block copolymers21,22 

or can induce crystallization-driven self-assembly with crystalline-coil di-block 

copolymers to produce targeted, kinetically-defined morphologies.16,18,24 Molecules 

with specific architectures and desired display of chemical groups have also been used 

to control intermolecular assembly.  For example, by placing different silsesquioxane 

molecules onto rigid carbon frameworks, the resultant molecules can self-assemble 

into highly ordered superlattices.2,3 With control of biomimetic polymer sequence, 

designed peptoid molecules can produce ordered structures such as nano-sheets or 

porous nano-networks.25–29 Biomolecules represent an exceptionally versatile set of 

building blocks that can yield complex assembled nanostructures, including nucleic 

acids (DNA and RNA), peptides and proteins.  The folded states of these biopolymers 

allow inherent specificity of local chemical functionality and its display due to exact 

primary, secondary, tertiary and intermolecular quaternary structures. The specific 

Chapter 2 



 39 

base-pairing interactions of nucleic acids, which drive their natural hierarchical 

organization, allow computational design to create new, non-natural sequences and 

resultant nanostructure after solution assembly.7,8,30 Self-assembled DNA/RNA 

nanostructures can be controlled at the nanoscale exclusively through the proper 

design of complementary base pairing, which has enabled the production of complex 

structures,7,8 the templating of other molecules onto the nucleic acid-based 

nanostructure,31–34 and the performance of simple computational functions.35–38  

Peptides and proteins share similar features with polymeric nucleic acids in 

that they can form well-defined molecular conformations containing regular secondary 

structures defined by the primary sequence of monomers – a stark difference in 

conformational properties when compared with the random coil conformations of 

most synthetic polymers.39,40 Peptide or protein molecular shape can be considered as 

a key parameter in the design of intermolecular assemblies, both on the basis of 

geometric considerations and also by virtue of the installation of directed, local 

covalent or physical interactions that allow the construction of nanostructures in a 

controllable fashion.  Moreover, the 20 naturally occurring amino acids provide a 

variety of different side-chain functional groups making peptides/proteins much more 

versatile chemically when compared with nucleic acids. This versatility becomes 

almost limitless when considering designs that incorporate non-natural, synthetic 

amino acids.41–44 The advent of computational design is quickly advancing the 

creation of new peptide or protein-based nanostructures. Examples include the 

alteration of natural proteins for desired intermolecular assembly such as protein 

nanohedra,45–47 periodic assemblies of helical proteins,48–52 and fibers, lattices and 

cages produced by redesigning natural protein interfaces.10,14,53,54 
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Different assembly products can be kinetically trapped in reproducible fashion 

with different assembly pathways.  In block copolymer systems, kinetic trapping is 

due to slow or non-existent chain exchange between aggregates and solvent.20,21,55 

Other examples include π-conjugated systems, such as oligo(p-phenylenevinylene) 

derivatives, for which a hierarchical nucleation pathway, assisted by solvent, dictated 

final assembled structures.56 Additionally, small molecules, such as self-assembled 

bis(merocyanine) nanorods, exhibit a time-dependent stereomutation from a product 

of a fast kinetic pathway of formation to a more stable product.57 Kinetically-defined 

assembly pathways have clear effects in peptide- and protein-based assemblies such as 

the slow morphology transition from ribbons to b-helices in myeloid-derived peptide 

segments, driven in part by reorganization of molecular packing.58 Thermal pathways 

can drive nanofibers formed by peptide amphiphiles to fuse into stronger plaque-like 

structures.59 A variety of protein assembly products with different morphologies can 

result from different nucleation rates affected by pH and metal/protein ratios.60 

In this Chapter 2, the two-dimensional nanostructures are presented, and 

produced by the assembly of peptide building blocks that are entirely computationally 

designed 50 rather than derived from existing, natural protein-based motifs or 

templates. This approach provides design flexibility for the creation of non-natural, 

arbitrary nanostructures. As described in Chapter 1, our assembly system uses a 

homotetrameric, antiparallel coiled-coil peptide bundle as the building block for 

hierarchical solution assembly.61 The interior of the bundle consists primarily of 

complementary hydrophobic amino acids that provide for high stability of the bundle.  

Using the stable hydrophobic core as a basis for additional design, the amino acids on 

the exterior of the bundle were computationally designed to stabilize a two-
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dimensional lattice formed by inter-bundle solution assembly.61 Due to the robust 

design, the peptide building blocks are able to maintain the a-helical secondary 

structure and coiled-coil quaternary structure in solutions very different from common 

physiological conditions. Therefore, a significantly larger range of solution conditions 

can be employed to explore the effects of different intermolecular assembly pathways 

on nanostructure formation. Kinetic pathways may be designed and used in the self-

assembly process to create complex assemblies.21,56,57,59,60,62 

As mentioned, our designed peptide tetrameric bundle need not be constrained 

to assemble in physiological solution conditions but can tolerate variation of pH and 

temperature. Therefore, a variety of solution condition parameters (pH = 4.5, 7, 8 or 

10; T = room temperature, 40˚C or 50˚C) were applied as assembly solution 

conditions to investigate the formation of the tetrameric bundle building block and 

resultant inter-bundle structures. This control includes the ability to control regular 

inter-bundle assembly and the reorganization of disordered aggregates into ordered 

plate-like nanomaterials, where the rate of re-organization is dictated by solution 

temperature. With the use of computationally designed, non-natural peptide bundles, 

the control of kinetic pathways through manipulation of non-biological solution 

conditions offers new opportunities to process and anneal nanostructures into a desired 

assembly state.  

2.2 Materials and Methods 

2.2.1 Peptide Synthesis 

Peptides were synthesized at a 0.25 mmol scale on Rink Amide resin using an 

AAPPTec Focus XC synthesizer (AAPPTec, Louisville, KY).  Standard room 
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temperature Fmoc-based protocols were employed.63  Peptides were deprotected for 5 

min and then 10 min with 20% piperidine in dimethylformamide (DMF).  The 

coupling reaction was conducted for 40 min with 4 eq. of the appropriate amino acid 

dissolved in N-methyl-2-pyrrolidone (NMP) (5 mL), 3.8 eq. HCTU dissolved in DMF 

(2.5 ml), and 8 eq. diisopropylethylamine (DIEA) dissolved in NMP (1 ml). Five 

washes were performed in between steps with 50:50 (v:v) DMF:methylene 

chloride (12 mL) for the first two washes and DMF (10 mL) for the last three.  Amino 

acids, resin and activator were purchased from ChemPep (Wellington, FL) and used as 

received. All solvents were analytical grade (Fisher Scientific).  After the last 

deprotection step, peptide acetylation was achieved as neeed by incubation with a 

solution of (by volume) 80% DMF and 20% acetic anhydride with additional 3% 

DIEA for 30 min (repeated twice). 

Peptide cleavage was achieved by shaking peptide solutions for 2 hours in a 

cleavage cocktail comprising (by volume) 95% trifluoroacetic acid (TFA), 2.5% 

triisoproylsilane, and 2.5% Milli-Q water. The final peptide was precipitated by 

adding the cleavage cocktail and cleaved peptide to diethyl ether. The mixture was 

centrifuged and the supernatant discarded. The process of suspension in diethyl ether, 

centrifugation, and supernatant disposal was repeated a total of three times. The 

resulting peptide was then dissolved in water and lyophilized.  

2.2.2 Peptide Purification 

Purification was performed via reverse-phase HPLC using a BEH130 Prep 

C18 10 μm column (XBridge, Waters Corporation, Milford, MA). Crude peptides 

were dissolved in Milli-Q water containing 0.1%-vol TFA and were filtered (0.20 μm 

filter, Corning, Inc., Corning, NY) before HPLC injection. Products were subjected to 
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an elution gradient (Quaternary Gradient Module (Waters 2545), Waters Corporation) 

of 100% solvent A (Milli-Q water with 0.1%-vol TFA) to 30% solvent A within 60 

min; the composition of solvent B was acetonitrile with 0.1%-vol TFA. Fractions were 

detected using UV-Vis detection at 214nm (Waters 2489, Waters Corporation) and 

collected (Waters Fraction Collector III, Waters Corporation). The collected fractions 

were examined by ESI-mass spectrometry (LCQ Advantage Mass Spectrometer 

System, Thermo Finnigan, San Jose, CA) with an auto sampler system (Surveyor 

Autosampler, Thermo Finnigan). Pure fractions were combined and lyophilized. 

The purity of the resulting products was assessed via reverse-phase Analytical 

scale HPLC using a BEH C4 3.5 μm column (XBridge, Waters Corporation, Milford, 

MA). Peptides were dissolved in 80/20-vol Milli-Q water/ACN containing 0.1%-vol 

TFA, and filtered with 0.20 μm filter (Corning, Inc., Corning, NY) before injection. 

Products were subjected to a linear elution gradient (Waters 600 Controller, Waters 

Corporation, Milford, MA) of 80% solvent A (Milli-Q water with 0.1%-vol TFA) to 

5% solvent A in 70 min. The composition of solvent B was acetonitrile with 0.1%-vol 

TFA. Fractions were detected using a photodiode array detector (Waters 2996, Waters 

Corporation, Milford, MA) tuned at 214 nm.  

Representative mass spectroscopy and chromatographic data are shown in 

Figure 2.1 and Figure 2.2. 
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Figure 2.1  Representative ESI-mass spectrometry data for Ac-P422_1 peptide. 
Designed molecular weight: [M] 3614 Da. The accordingly calculated 
mass is: [M+2H+] 3616 Da, [M+3H+] 3617 Da, [M+4H+] 3618 Da, 
[M+5H+] 3619 Da, [M+6H+] 3620 Da. The experimental measured mass 
is: [M+2H+] 3616 Da, [M+3H+] 3618 Da, [M+4H+] 3620 Da, [M+5H+] 
3620 Da, [M+6H+] 3624 Da. 
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Figure 2.2  Representative analytical HPLC chromatographic data for Ac-P422_1 
peptide. The single elution peak indicates the high purity of the peptide 
products. 

2.2.3 Circular Dichroism Spectroscopy Measurement 

Secondary structure and coiled-coils were analyzed using a CD 

spectropolarimeter (J-820, JASCO Corporation). Sample solutions were prepared at 

0.1 mM concentration in buffers and transferred into an absorption cuvette with 1 mm 

path length (110-QS, Hellma, Inc.). Pure buffer solutions were used for the 

background correction. Unless otherwise specified, for full wavelength scans, sample 

spectra were recorded from 190-250 nm at desired temperatures, with scanning rate of 

20 nm/min and averaged over three wavelength scans. Data points for the wavelength-

dependent CD spectra were recorded at every nanometer with a 1 nm bandwidth and a 
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4-second response time for each data point. The CD data were converted to mean 

residue ellipticity, [θ] (deg cm2 dmol-1) using the formula: 

[θ]	(𝑑𝑒𝑔 ∙ 𝑐𝑚@ ∙ 𝑑𝑚𝑜𝑙CD) =
𝜃	(𝑚𝑖𝑙𝑙𝑖𝑑𝑒𝑔𝑟𝑒𝑒)	

𝐿	(𝑚𝑚)	× 	𝑐	(𝑀) × 	𝑁 

in which, 𝜃 is the measured ellipticity in millidegree, L is the pathway length 

of CD cuvette in millimetre, c is the peptide solution molar concentration in mol/L, N 

is the number of amino acid residues. The values of θ at 222 nm measured from 5 ˚C 

to 95 ˚ C were used to monitor temperature-dependent behavior such as the possible 

denaturation of the a-helix. The θ values at 222nm, as well as full wavelength scans, 

were recorded at temperatures from 5 ˚C to 95 ˚ C at 5 ˚C intervals. During the 

temperature-dependent measurement, the heating rate was 1 ˚C/min; and 10 min was 

allowed at each temperature point for sample equilibration. 

2.2.4 Peptide Solution Self-assembly Experiments 

Peptide solutions for assembly were prepared at 0.1 mM concentration by 

dissolving the lyophilized pure peptides into desired buffer solutions (no additional 

salts) including: 10 mM pH 4.5 sodium acetate buffer, 10 mM pH 7 phosphate buffer, 

10 mM pH 8 phosphate buffer or 10 mM pH 10 borate buffer. Solutions were placed 

in 1.5 mL vials and subsequently placed in an incubator (Thermomixer®C, 

Eppendorf) and incubated at 95˚C for 30 min in order to fully denature the peptide a-

helices and coiled-coil bundles; the solutions appeared optically clear after heating. 

After the thermal denaturation step, for room temperature assembly, the solution was 

removed from incubator and permitted to equilibrate to room temperature under 

ambient conditions (approximately 5 min to equilibrium measured by thermometer) 

and then incubated at room temperature thereafter for inter-molecular assembly. For 

high temperature assembly, the solution was taken directly from the 95˚C incubator to 
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either a 40˚C or 50˚C incubator. After approximately 3 min the samples equilibrated to 

the set temperature (measured by thermometer) and were subsequently kept at the 

desired temperature for assembly for desired amounts of time. The pH of all solutions 

during incubation was confirmed 

2.2.5 Transmission Electron Microscopy Measurement 

The carbon-coated 200 mesh copper grids (CF200-Cu, Electron Microscopy 

Sciences, Inc.) were freshly treated by glow discharge using a plasma cleaner (PDC-

32G, Harrica Plasma, Inc.) before sample grid preparation. 5 μL of sample suspension 

was applied onto the grids. After 1 min, any remaining excess liquid was wicked away 

with filter paper. Then 5 μL of Milli-Q water was applied to the grids and also wicked 

away in order to remove excess buffer salts from the sample grid. The grids were 

incubated under ambient condition for another 30 min before TEM observation 

(Tecnai 12, FEI or TALOS, FEI) or subsequent staining. To negatively stain the grids, 

5 μL phosphotungstic acid aqueous solution (2% wt.) was applied to the cast-film 

grids, retained for 20-30 seconds, and then blotted with filter paper. The stained grids 

were left undisturbed for at least 10 min before TEM observation. 

2.2.6 Atomic Force Microscopy Measurement 

Atomic force microscopy was performed on a Bruker Multimode using Bruker 

ScanAsyst Air ultra-sharp tips with a nominal tip radius of 2 nm and a spring constant 

of 0.4 N/m. Samples were prepared by casting 15 µL of assembly solution on a freshly 

cleaved mica disc, the solution retained for 5 min on the disk, excess liquid blotted 

from the substrate with filter paper, and any remaining solution dried with application 

of compressed air. The instrument was operated in contact mode. Micrographs were 
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recorded digitally using Bruker nanoscope software using 512 to 1024 lines at 0.5-1 

Hz scan rate. 

2.2.7 Small Angle X-ray Scattering (SAXS) 

SAXS measurements were conducted at 18ID Bio-CAT beamline and DND-

CAT beamline at the Advanced Photon Source (APS) of Argonne National Laboratory 

(Argonne, IL).64 The beamline was operated at 12 keV corresponding to a wavelength 

of 1.033 Å. The scattering patterns were collected using a Pilatus 1M detector 

covering a q-range of 0.005 Å-1 < q < 0.48 Å-1. Two different sample environments 

were used.  Static measurements were performed on 100 µL of peptide sample with a 

concentration between 0.1 to 1 mM in buffer that were transferred into quartz glass 

capillaries with a diameter of 0.1 cm. Measurements on samples during flow were 

performed on 400 µL of sample that were inserted into a flow cell set-up operating at a 

flow rate of 10 µL/s. 10 exposures of 0.5 to 1.0 sec were recorded. The single spectra 

were averaged and corrected for background using the ATSAS software package 

v2.6.1.65 Background subtracted SAXS curve was fit using the SasView software 

(www.sasview.org). 

2.3 Peptide Sequences and Design 

Two sequences were designed; and the N-terminus acetylated and un-

acetylated variants of each were synthesized and denoted as following: 

H-P422_1 & H-P422_2 for the N-terminus un-acetylated P422_1 and P422_2 

molecules; 

Ac-P422_1 & Ac-P422_2 for the N-terminus acetylated P422_1 and P422_2 

molecules; sequence details are listed in Table 2.1. The backbone structure of P422 
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tetramer is constructed using a mathematic model for coiled-coils.66 There are eleven 

residues per helix interior of the tetramer that are designed as hydrophobic amino 

acids to achieve shape-complementary packing. The remaining, surface-exposed 

residues were designed in the context of a single layer of a P422 lattice, as shown in 

Figure 2.3. The probabilistic design method provides an average energy over 

sequences for a given structure,50 and the designed peptide falls in a local energy 

minimum. The two sequences are predicted to make the same P422 lattice with lattice 

spacing a equals to b equals 31.2 Å. 

 
Peptide Space 

group 
Sequence code ∑AAs IEP Mw[Da] 

H-P422_1 P422 DQEIR QMAEW IKKMA QMIDK 
MAHRI DREA-NH2 

29 9.84 3572 

Ac-P422_1 P422 Ac-DQEIR QMAEW IKKMA 
QMIDK MAHRI DREA-NH2 

29 8.12 3614 

H-P422_2 P422 DQEIR QMAEW IKKMA LMIDK 
MAHRI DREA-NH2 

29 9.84 3557 

Ac-P422_2 P422 Ac-DQEIR QMAEW IKKMA 
LMIDK MAHRI DREA-NH2 

29 8.12 3599 

Table 2.1  The theoretically predicted P422 lattice former candidates and the 
acetylated variants. The underlined letters indicate the interior residues. 
IEP (iso-electric point) is estimated from a web-calculator 
http://www.bachem.com/service-support/peptide-calculator/.    
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Figure 2.3  A: The peptide homotetrameric coiled-coil bundle building block with 
exterior residues coloured according to amino acid properties: blue 
indicates positively charged residues, red indicates negatively charged 
residues, green indicates polar residues, and yellow indicates 
hydrophobic residues. Interior residues are coloured grey. B: Rendering 
of one layer from a lattice with P422 symmetry, viewed from the top of 
the two-dimensional assembly. 

2.4 pH-dependent Assembly Kinetic Process 

Firstly, for Ac-P422_1 peptide, buffer systems with pH values of 4.5, 7, 8 and 

10 were used to investigate the assembly behavior. From the circular dichroism 

spectra of peptides in buffers with these pH values, as shown in Figure 2.4, it is clear 

that the peptides maintained ellipticity minima consistent with those for a-helical 

structures (208 nm and 222 nm) for each pH condition. Furthermore, the measured 

ratios of [θ]222nm/[θ]208nm for each of the peptide solutions are close to 1, consistent 

with reported values of stabilized coiled-coils.67,68 



 51 

 

Figure 2.4  Circular dichroism spectroscopy data for Ac-P422_1 measured at 20˚C in 
four different buffer conditions as shown in the figure legend. The ratios 
of [MRE]222nm/[MRE]208nm are 1.06, 1.12, 1.62 and 1.16 for pH 4.5, 7, 8 
and 10, respectively. The ratios at pH4.5 and pH10 are close to 1 
indicating the stabilized coiled-coil formation. While for pH7 and pH8, 
due to the fast assembly process, peptides already started to precipitate, 
causing the loss of CD signal for this measurement. Formation of lattices 
is consistent with stable coil-coils at the pH 7 and pH 8 conditions. 

These results reveal the tolerance of this tetrameric coiled-coil to a broad range of pH 

conditions, attributable to the robust computational design of a peptide with strong a-

helix propensity and a stable hydrophobic coiled-coil core. Although the 

homotetrameric building blocks were formed, the hierarchical two-dimensional 

assembly observed under the different pH conditions varied considerably depending 

on the pH. The general rule is peptides assemble most rapidly at the pH value near its 
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IEP; whereas peptide would assemble more slowly as the solution pH value getting far 

away from the IEP, even would not assemble when the difference is big enough. 

When assembled at pH 4.5, the peptide coiled-coil bundles remained free in solution 

(peptide concentration from 0.1 mM to 1 mM) without any formation of aggregates or 

regular two-dimensional nanostructures (data not shown). At pH 7 and pH 8, peptide 

bundles aggregated rapidly and formed visible precipitates from solution within the 

first several hours, even at concentrations as low as 0.1 mM.  After subsequent weeks 

of aging, these same solution conditions provided very regular assembled 

nanostructures (shown in Figure 2.5 and Figure 2.6, discussed vide infra).  

 

Figure 2.5 Transmission electron microscopy images of Ac-P422_1 peptide 
assembled at RT with concentration of 0.1 mM. and observed at different 
time periods. A-C: Peptides assembled at RT pH 8 for 2 days, 1 week 
and 8 weeks, respectively. D-F: Peptides assembled at RT pH 7 for 2 
days, 1 week and 8 weeks, respectively. Both cases show disordered 
aggregates that formed at earlier time points and then transformed into 
ordered two-dimensional plates after aging. 
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Figure 2.6 Dry state transmission electron microscopy high magnification images of 
Ac-P422_1 peptide assembled at room temperature show the symmetry 
of lattices is the same. Images were taken with 2% wt. phosphotungstic 
acid negative staining to enhance the contrast. Scale bars are all in 20nm. 
A-B: Peptides assembled at RT pH8 for 1 week and 8 weeks, 
respectively. C-D: Peptides assembled at RT pH7 for 1 week and 8 
weeks, respectively.  

At pH 10, in contrast, even at high concentration (1 mM), no solid precipitation was 

observed for solution; whereas, only a slightly denser, colloidal solution-like layer was 

formed in the bottom part. And only at this 1mM high concentration, after long-term 

aging (>2 weeks), distinctive SAX peaks can be observed from solution SAXS 

measurement, as shown in Figure 2.7. This is indicating the slow assembly kinetics at 

pH 10 condition; and the long-term aging is required for the formation of ordered 

lattice structures. 
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Figure 2.7  SAXS result measured from Ac-P422_1 peptide assembly solution at pH 
10 with concentration of 1 mM and different aging time. The black plot is 
the sample solution aged for 8 days, no distinctive peaks. The red plot is 
the sample solution aged for 22 days; the distinctive peaks indicate the 
existence of ordered lattice structures. 

As described earlier, the tetrameric coiled-coil bundle is mainly stabilized by 

the hydrophobic core while the hierarchical lattice assemblies are stabilized by the 

inter-bundle interactions through positioning of select amino acid residues at the 

exterior positions. This peptide sequence has 13 ionizable residues, and control of the 

charged states of these residues can be mediated by solution pH. This design affords 

control of the kinetics of the inter-bundle assembly process by tuning the inter-bundle 

interaction from repulsive to attractive (and more finely tuned to yield assembly or 
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aggregation) all while leaving the basic homotetrameric building block intact. 

Therefore, the observed assembly behaviour can be rationalized by the estimated 

charge per bundle at different pH values. The charge state is calculated from a web-

calculator http://www.bachem.com/service-support/peptide-calculator/, based on 

individual amino acid side chain pKa values.69 The approximate net charge of peptide 

at different pH values was obtained from the estimated net charge Z vs. pH titration 

curve, given as following: 

𝒁 =M𝑵𝒊
𝒊

𝟏𝟎𝒑𝑲𝒂𝒊
𝟏𝟎𝒑𝑯 + 𝟏𝟎𝒑𝑲𝒂𝒊 −M𝑵𝒋

𝒋

𝟏𝟎𝒑𝑯

𝟏𝟎𝒑𝑯 + 𝟏𝟎𝒑𝑲𝒂𝒋
 

In the algorithm, Z is the net charge and N is the number of amino acids. The first sum 

(i-index) is over positively charged groups:  the N-terminus and the side-chains of 

arginine (pKa 12.48), lysine (pKa 10.53), and histidine (pKa 6.00). The second sum (j-

index) is over negatively chared groups: the C-terminus and the side-chains of aspartic 

acid (pKa 3.65), glutamic acid (pKa 4.25). Amino acid residue pKa values are taken 

from Lehninger Principles of Biochemistry.69 The estimated net charge of each 

peptide bundles at diffent pH values are listed in Table 2.2. 
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pH values Calculated net charge of each peptide bundle 

(approximate values) 

4.5 +12 

7 +1 

8 0 

10 -2 

Table 2.2  Estimated net charge of each Ac-P422_1 peptide bundle at different pH 
values. 

At pH 4.5, each peptide carries a positive net charge of approximately Z = +3 

with the tetrameric bundle having a net charge of approximately Z = +12. This strong 

electrostatic repulsive interaction disrupts inter-bundle assembly and precludes the 

formation of regular nanostructure. Importantly, the coiled-coil design is stable 

enough that bundles still formed at this pH (Figure 2.4) despite not undergoing 

further, hierarchical assembly.  At pH 7 and pH 8, each bundle is expected to carry 

either a slightly positive charge (approximately Z = +1 at pH 7) or to be neutral (Z = 0 

at pH 8). Due to the relatively small effective net charge, the peptides aggregated most 

rapidly in pH 7 and pH 8 buffer.  At pH 10, each bundle has Z = -2, which destabilized 

the inter-bundle assembly to some extent relative to pH 7 or pH 8.  At pH 10, inter-

bundle assemblies could still be achieved, but the assembly process was significantly 

hindered, as supported by Figure 2.7.  

2.4.1 Kinetic Trap at pH 8 and pH 7 of Room Temperature 

As mentioned above, shown by Figure 2.5, Ac-P422_1 peptide room 

temperature (RT) assembled structures at pH 8 and pH 7, shown at different assembly 

time points, exhibited a morphology transition from disordered aggregates of coiled-
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coil bundles to ordered platelets upon aging. After the shortest assembly period (2 

days), disordered aggregates were primarily observed without well-defined structures 

at both pH 8 and pH 7, as shown by Figures 2.5A and 2.5D. After 1 week of aging, 

there were ordered platelets growing from the disordered background, as shown by 

Figure 2.5B and 2.5E. The platelet growth was quite slow; 8 weeks of aging at room 

temperature is required for the amorphous aggregates of bundles to transform into 

plates (Figure 2.5C and 2.5F). The high magnification TEM images (Figure 2.6) 

confirmed the identical four-fold symmetry lattices of these platelets under different 

assembly conditions. This time-dependent morphology transition from disordered 

aggregates of bundles to the final ordered lattices shows that these disordered 

aggregates exist as a metastable kinetic product likely stabilized by localized inter-

bundle complementary electrostatic interactions and hydrogen bonding. Our designed 

peptide bundle is primarily held together by the hydrophobic core. Therefore, there 

will be an immediate process through which bundle formation is driven by the 

hydrophobic interactions and a subsequent, slower kinetic process through which 

inter-bundle organization takes place through the inter-bundle interactions. A 

combination of these interactions created the disordered kinetic trap between initial 

and final assembly states. 

2.4.2 Accelerated Lattice Formation by Thermal Annealing at pH 8 and pH 7 

The disordered aggregation of the coiled coil bundles at earlier time points is 

reminiscent of disordered assemblies formed by many natural proteins involved in 

protein aggregation and fibril formation diseases. For example, unfolded soluble tau 

protein forms a disordered aggregate as a nucleus with an increase of b-sheet content, 

and then further assembles into paired helical filaments.70 Other proteins can form 
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native-like states, but can still be amyloidogenic and cause fibrillation.71,72 However, 

these natural proteins require a disordered intermediate state prior to fibril formation. 

Our designed peptide lattice structures do not seem to populate such intermediate 

states if the assembly process proceeds along different assembly pathways. For 

example, elevated temperatures (T = 50 ˚C or 40 ˚C) were used to evaluate the effects 

of assembly pathway. Assemblies formed at 50 ˚C in pH 8 and pH 7 are shown in 

Figure 2.8A and 2.8B, respectively. Assemblies formed at 40 ˚C in pH 8 and pH 7 are 

shown in Figure 2.9A and 2.9B, respectively.  

 

 

Figure 2.8  TEM images of Ac-P422_1 peptide assembled at 50˚C with 
concentration of 0.1 mM and observed after incubation for 24 hours. A: 
pH8 after 24 hours. B: pH7 after 24 hours. Assembly of mature plates 
several micrometres in size was observed for both conditions. Images 
were taken without staining. 
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Figure 2.9 TEM images of Ac-P422_1 peptide assembled at 40˚C with 
concentration of 0.1 mM. A: Peptides assembled at 40˚C pH8 for 24 
hours. B: Peptides assembled at 40˚C pH7 for 24 hours. Compared to the 
assemblies formed at 50˚C, irregular aggregates are observed around the 
peptide plates. 

In Figure 2.8A and 2.8B, mature plates (those having several microns in 

lateral dimension) are observed after assembly at 50 ˚C in both pH 8 and pH 7 within 

24 hours, which is much faster when compared with RT conditions (assembly time is 

1 week shown by Figure 2.5B and 2.5E). The plates can grow even larger after being 

incubated for longer periods up to two days (data not shown, seen in supplementary 

information of ref 73), and remain stable when the solution temperature is changed to 

RT (data not shown, seen in supplementary information of ref 73) showing the stability 

of the assembled system. At relatively lower temperature of 40˚C, after 24 hours, 

some extent of irregular aggregates still formed among regular plates, shown by 2.9A 

and 2.9B. The secondary structure information at elevated temperature is confirmed by 

circular dichroism spectra (Figure 2.10). Peptide solution was first denatured in an 

incubator at 95 ˚C, while CD chamber was pre-heated to 50 ˚C. Peptide solution was 
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then moved from incubator directly to CD chamber with measurements started 

immediately with fast scanning rate 50nm/min. The spectrum at 50˚C confirmed an a-

helical conformation. The ratio of [θ]222nm/[θ]208nm at time 0 is 1.00 and 0.98, at pH 8 

and pH 7, respectively. This value is close to 1, which is consistent with a coiled-coil 

helical structure.67,68 The temperature-dependence of [θ]222nm (Figure 2.11) indicated 

an approximate melting temperature of ~60˚C.  

 

Figure 2.10 Circular dichroism spectroscopy data for Ac-P422_1 peptide sample 
quenched to 50 ˚C. A: 0.1mM peptide at 50 ˚C pH8, CD spectra 
measured as peptide solution quenched from 95 ˚C to 50 ˚C. The ratio of 
[θ]222nm/[θ]208nm at time 0 is 1.00, indicating the coiled-coil formation. 
The gradual loss of signal is because of larger assemblies precipitating 
from of solution. B: 0.1mM peptide at 50 ˚C pH7, CD spectra were 
measured as peptide solution quenched from 95 ˚C to 50 ˚C. The ratio of 
[θ]222nm/[θ]208nm at time 0 is 0.98, indicating the coiled-coil formation. 
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Figure 2.11 Temperature-dependent circular dichroism spectroscopy data for Ac-
P422_1 peptide. 0.1mM peptide in 10mM pH7 phosphate buffer was 
measured upon heating. Left: wavelength scan at different temperatures 
on heating. Right: MRE at 222nm with increasing temperature, showing 
the melting temperature of approximately 60˚C.  

At the same pH conditions (pH = 8 or 7), elevated assembly temperature drives 

the peptide assembly toward mature plates relative to the smaller plate assemblies 

observed at lower temperature and much longer time of assembly. The temperature did 

not alter the stabilized coiled-coil bundles, which are maintained and act as the basic 

building blocks under all temperatures examined (T = room temperature, 40˚C or 

50˚C). We propose that the extra energy provided by the higher assembly temperature 

conditions primarily affects inter-bundle interactions and helps to overcome kinetic 

traps formed at room temperature, allowing organization into the desired two-

dimensional platelet nanostructure. At the lower temperature of 40˚C, irregular 

aggregates remain among regular plates, while at the higher temperature of 50˚C, only 

regular, two-dimensional plates were observed (Figure 2.8A and 2.8B), further 

supporting the above proposed mechanism that an increase in thermal energy 

overcomes kinetically trapped disordered aggregates and allows more rapid 

reorganization into regular lattices. This temperature-controlled pathway is unlike 
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other peptide-based assembly kinetic studies, in which inter-monomer interactions are 

either screened or unscreened to drive the self-assembly process, and in general 

yielding only two states of the system, completely disassembled or assembled.74,75 In 

some cases, hierarchical assemblies within an almost completely assembled structure 

can be tuned slightly by adjusting interactions within the structure. For example, self-

assembled nanofibers/ribbons with different widths or different extent of twist can be 

formed.4,58,76–78 In some cases, alterations in crystallization rate can be used to create 

different-sized assembled structures.60 To the best of our knowledge, there are no 

reports of the intermediate disordered state in peptide assembly as observed here. The 

uniqueness lies in the ability to maintain the first-stage assembled structure, the 

fundamental coiled-coil bundles, under various solution conditions, a capability 

afforded by robust computational design. Subsequent control of inter-bundle 

interactions allows the capture of a disordered aggregated state or a higher-order 

hierarchical assembled state depending on the pathway of assembly. 

In the formation of the highly ordered assemblies reported here, the possibility 

of reaching the final assembly state without going through the disordered 

intermediates can be achieved if the process occurs within a proper assembly 

window,29,79 which in our case is suggested to be near 50 ˚C as this temperature 

provided the most regularly structured inter-bundle assembly. In order to explore this 

possibility, bundle assembly at multiple time points at 50 ˚C was characterized. TEM 

observation was performed at short time intervals from very early bundle assembly, 

after 15 minutes and onward, in order to directly observe intermediate structures 

during the peptide and bundle assembly process. Figure 2.12 shows the peptides 

assembled at 50 ˚C, at pH 8 and pH 7, respectively.  Observations at 15 min, 30 min, 
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and 6 hours clearly show highly ordered structures early in the assembly process, and 

a complete absence of disordered aggregates; high magnification images (Figure 2.13) 

confirm the resultant lattices all display the same four-fold symmetry. 

 

 

Figure 2.12 TEM images of Ac-P422_1 peptide assembled at 50˚C with 
concentration of 0.1 mM and observed at different time points. Insets are 
higher magnification images of individual peptide plates present at each 
time point. A-C: Peptides assembled at 50˚C, pH8 for 15 min, 30 min 
and 6 hours, respectively. D-F: Peptides assembled at 50˚C pH7 for 15 
min, 30 min and 6 hours, respectively. All the images were observed with 
2 wt% phosphotungstic acid negative staining to enhance the contrast. 
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Figure 2.13 TEM high magnification images of Ac-P422_1 peptide assembled at 
50˚C and observed at different time point show the symmetry of lattices 
is the same. Images were taken with 2% wt. phosphotungstic acid 
negative staining to enhance the contrast. Scale bars are all in 20nm. A-C: 
Peptides assembled at 50˚C pH8 for 15 min, 30 min and 6 hours, 
respectively. D-F: Peptides assembled at 50˚C pH7 for 15 min, 30 min 
and 6 hours, respectively.  

The representative TEM data in Figure 2.12 shows that higher temperature 

assembly at pH 8 or pH 7 seems to prevent the formation of amorphous, disordered 

bundle aggregates at any time points. Small platelets around 300-500 nm in width 

formed rapidly within 15 min assembly time, as shown in Figure 2.12A and 2.12D. 

Then, with longer assembly times, an increased number of plates of larger size were 

formed. Large fused plates can be observed at pH 7, as shown in Figure 2.12B-C and 

2.12E-F. The a-helix and coiled-coil bundle character of the peptide at 50˚C was 

confirmed by the CD spectra measured of solution upon quenching from 95˚C to 50˚C 

(Figure 2.10). The initial measured [θ]222nm/[θ]208nm ratios at time 0, at pH 8 and 
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pH 7 are 1.00 and 0.98, respectively, consistent with the immediate formation of the 

stabilized coiled-coil structure once the solution was cooled.  Therefore, at earlier time 

points most of the coiled-coil bundles remained dispersed in solution and did not yet 

form visible aggregates as indicated by the clear background in Figure 2.12A and 

2.12D. The bundles that did undergo inter-bundle assembly after only 15 minutes 

seem to directly assemble into the two-dimensional lattice structures as indicated by 

the observed small platelets. This early assembly time point result suggests that if 

enough energy is provided, intermediate amorphous aggregate kinetic traps can be 

avoided. 

With additional time, these small plates then served as seeds for continued 

bundle assembly resulting in plate growth in addition to the formation of new plates; 

more and larger plates formed at the later time points.  As shown by the inset images 

of Figure 2.12, the morphology of assembled plates also changed from structures with 

slightly fuzzy, ill-defined edges to plates with well-defined, sharp edges as the 

assembly proceeded.  These plates formed at elevated temperature can grow up to 

approximately 5µm in size after 48 hours (data not shown, seen in supplementary 

information of ref 73). In comparison, at room temperature (Figures 2.5C and 2.5F) 

plates did not grow significantly after 1 week of aging and remained smaller in size 

(several hundreds of nanometers). These observations are consistent with the 

temperature dependence of  nucleation and growth mechanisms;80 the increased 

number of nuclei initially formed at room temperature limited the ultimate size of the 

plates, while at elevated temperature fewer nuclei formed in the presence of plentiful 

unassembled bundles, providing for a larger size of the final plates after growth with 

slow incorporation of additional peptide bundles into the assembly plates. 
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Interesting and substantial morphology differences can be observed when 

comparing plates formed at room temperature and 50˚C; differences in morphology 

are also apparent when comparing samples grown at pH 8 (Figure 2.12A-C) to those 

grown at pH 7 (Figure 2.12D-F). At early assembly times many regular plates are 

observed for both pH 7 and pH 8, as shown in Figure 2.12A and 2.12D. However, at 

later times, the plates formed at pH 7 generally have a less regular shape compared 

with those at pH 8. This can be appreciated by comparison of Figure 2.12B-C and 

2.12E-F. This morphology difference, regular square plates for pH 8 vs complex two-

dimensional plate-like structures at pH 7, can be explained through a mechanism in 

which smaller plates fuse together to form larger plate-like structures and final, 

irregular, compound plates at pH7. This mechanism did not happen at pH 8; even in 

later stages of assembly at pH 8 (Figure 2.12C), regular structures with sharp edges 

and angles are clearly visible. To better understand the difference in growth 

mechanism between pH8 and pH7, atomic force microscopy (AFM) was used to 

observe plate surface and thickness information for the mature plates, Figure 2.14. 
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Figure 2.14 Atomic force microscopy images of Ac-P422_1 peptides assembled at 
50˚C. The white lines in the AFM images indicate the section height 
analysis trace. The positions of coloured cross markers are indicated by 
the dash lines in the height plots at right with corresponding colours in 
the height plots on the left. A: 50˚C pH 8 for 48 hours. B: 50˚C pH 7 for 
48 hours. 

The morphologies revealed by AFM in Figure 2.14 are consistent with the 

TEM results. The section height analysis shows that the measured plates formed at pH 

8 have approximate thickness of 350 nm and 650 nm respectively. There is a large 

difference in thickness between the two plates. However, within an individual plate 

the height remains nearly unchanged laterally across the assembled structure 

indicating the plate is a single, uniform structure. In contrast, the morphology at pH7 
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clearly shows a collection of smaller plates that have fused together to form the larger, 

compound structure. The measured, local thickness of a compound plate formed at pH 

7 is approximately 225 nm, much thinner than the plates observed at pH 8. Also, 

within a mature pH7 plate there are significant thickness differences as one probes the 

surface moving from one smaller constituent plate to the next, clearly indicating that 

the mature plate consists of many smaller plates.  

More morphology information of the large fused plates formed at pH 7 was 

revealed with detailed high magnification images taken at the boundaries between 

constituent, smaller plates, as shown in Figure 2.15.  

 

 

Figure 2.15 TEM images of Ac-P422_1 peptides assembled at 50˚C pH 7 at different 
time points showing the defects in assembly structures. Images were 
taken with 2% wt. phosphotungstic acid negative staining. A: High 
magnification image of 50˚C pH 7 assemblies to show grain boundary 
defect highlighted by red dash line. Two sets of lattices with different 
orientations are highlighted with red meshes. B: High magnification 
image of peptides assembled at 50˚C pH 7 for 48 hours to show grain 
boundary highlighted by red dash line. C: High magnification of peptides 
assembled at 50˚C pH 7 for 6 hours. The red dash line is indicating the 
grain boundary. There is developed crack following the grain boundary. 
The plates usually will crack upon drying after casting film on TEM 
grids.  
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The images in Figure 2.15 were taken from the mature plates formed at pH 7 

(with at least 6 hours of assembly time), and clearly show grain boundary-like 

structures (red dash line marked in Figure 2.15). These grain boundaries are only 

observed for the later-stage plates formed at pH 7.  They also seem to be the weak part 

of plates; the grain boundaries sometimes are observed to develop into cracks (Figure 

2.15C). The results support the hypothesis that thinner plates formed at pH 7 grow 

together to yield irregularly shaped, compound plates, consequently forming grain 

boundaries as observed by TEM. The reason for the formation of the fused plates and 

grain-boundaries at pH 7, and why the same fusing process did not happen at pH 8, 

can be explained by differences in assembly growth mechanisms at different pH 

values. The peptides assemble most ideally when the pH is near the estimated pI, pH 

8. At the pI, the peptide bundles will quickly assemble laterally into the well-ordered 

nanostructures and two-dimensional plate morphology. However, the plate growth is 

not exclusively in two-dimensional, but with growth in thickness in the vertical 

direction as well.  At pH8, when a new, additional layer nucleates, the lateral growth 

of a new assembly layer is immediate and commensurate with adjacent layers.  This 

growth mechanism explains why there are plates with uniform thickness across their 

entire surface as opposed to plates with clear terraces due to unequal growth of 

adjacent layers. 

Li et al. studied the attachment of molecular clusters and nanoparticles that 

happened during the crystal growth process of iron oxyhydroxide. They found that 

clusters or nanoparticles reoriented themselves until properly aligned to incorporate 

into the crystal.  However, they also observed that grain-boundaries can still exist.81 

This cluster/particle attachment crystal growth mechanism seems to be a good 
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analogue to our peptide plate growth process. The plates at pH 8 have a more 

developed vertical thickness. Therefore, it would require more perfect orientation for 

neighboring plates to reach the proper alignment position for fusion.  This, in turn, 

makes it difficult/impossible for the fusion of separate plates. In contrast, at pH 7, 

although bundle assembly conditions are still good (as mentioned above, each bundle 

carries a slightly positive net charge Z = +1), the plates formed are significantly 

thinner. The thinner and more uniform thickness apparently provides for less of a 

mismatch in neighboring plate thickness and makes it easier to fuse at earlier assembly 

stages resulting in large, compound plates at later assembly stages. Even with the 

subtle pH change (from pH 8 to pH 7), significant plate morphology differences are 

observed. Therefore, with the same basic homotetrameric peptide building block, one 

can use pH to fine tune the inter-bundle interactions to control the growth of the 

desired nanostructures. 

2.4.3 N-terminus Charge Effect on Assembly Kinetic 

For the N-terminus un-acetylated variant, H-P422_1, buffer system with pH 

values of 4.5, 7 and 10 were used to investigate the pH-dependent assembly behavior. 

When assembled at pH 4.5, the peptide coiled-coil bundles remained soluble in 

solution (peptide concentration from 0.1 mM to 1 mM), without any formation of 

aggregates or regular two-dimensional nanostructures (data not shown). At pH 7, 

peptide bundles aggregated rapidly and formed visible precipitates in solution within 

the first several hours of solution assembly process, even at concentrations as low as 

0.1 mM (details will be discussed vide infra). At pH 10, in contrast, even at high 

concentration (1 mM), no solid precipitates were observed for solution; whereas, only 

a slightly denser, colloidal solution-like layer was formed in the bottom. And only at 
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high concentration (1Mm), after long-term aging (>2 weeks), distinctive SAX peaks 

can be observed from solution SAXS measurement, as shown in Figure 2.16A. After 

being aged for 2 months, the TEM images show the existence of two-dimensional 

assembly structures, as well as the underlying ordered lattices structures, as shown in 

Figure 2.16B. This is indicating the slow assembly kinetics at pH 10 condition; and 

long-term aging is required for the formation of ordered lattice structures.  

 

 

Figure 2.16  A: SAXS result measured from H-P422_1 peptide assembly solution at 
pH 10 with concentration of 1 mM and different aging time. The black 
plot is the sample solution aged for 8 days, no distinctive peaks. The red 
plot is the sample solution aged for 22 days; the distinctive peaks indicate 
the existence of ordered lattice structures. B: TEM image of H-P422_1 
peptide assembly solution at pH 10 with concentration of 1 mM aged for 
2 months. Left is the low magnification image showing the two-
dimensional assembly structures. Right is the high magnification image 
showing the lattice structure. 

 The H-P422_1 shows the quite similar assembly kinetic behavior as the 

acetylated Ac-P422_1 under each pH condition. However, the un-capped N-terminus 

shifted the pI of peptide from around 8.2 (Ac-P422_1) to around 9.8 (H-P422_1). The 
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estimated net charge of each H-P422_1 peptide bundle at different pH values can be 

calculated use the same method in described above; the result is shown in Table 2.3. 

 
pH values Calculated net charge of each peptide bundle 

(approximate values) 

4.5 +14 

7 +5 

10 -1 

Table 2.3 Estimated net charge of each H-P422_1 peptide bundle at different pH 
values. 

If considering the above-mentioned pI-dependent rule: peptides assemble faster in the 

pH condition near the pI, whereas slower when away from the pI, the H-P422_1 

should assembly most rapidly at pH 10, instead of pH 7. However, the experimental 

observation suggested the different result. It seems that the extra ionizable group – 

free amine at N-terminus does not have significant effect on the assembly kinetic. This 

can be explained that during the assembly process of bundles into lattices, the inter-

bundle contact occurs mostly along the side of the bundles. Therefore, the interactions 

located along the side of the bundles will play the key part in driving the inter-bundle 

assembly process, also the controlling of the assembly kinetics. The ionizable free 

amine groups of H-P422_1 are located at the N-terminus, which has the less important 

role among the interactions that determine the assembly process. 

 As mentioned above, H-P422_1 assembles rapidly at pH 7 forming visible 

precipitates; certain thermal annealing method also can be applied to control this fast-

kinetic process. Figure 2.17 is showing H-P422_1 peptide assembly result obtained 
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from the room temperature and elevated temperature conditions. It can be observed 

that H-P422_1 peptide mainly formed appeared disordered agglomerations at room 

temperature; however, these appeared disordered structures did not transform into 

regular platelets even after 30 days of aging (Figure 2.17A). Once the elevated 

solution assembly temperature was used (for example 30˚C and 50˚C, as shown by 

Figure 2.17B and 2.17C), the two-dimensional plate-like structures formed quickly 

within 24 hours. More interestingly, the SAXS results (Figure 2.17D) obtained from 

either room temperature long-term aged samples, or elevated temperature short-term 

assembled samples exhibited the distinctive scattering peaks located in the same 

scattering angles. This is indicating the existence of ordered lattice structures for all of 

the samples, even for the sample appeared as disordered under TEM observation 

(Figure 2.17A). Therefore, those appeared disordered agglomerations should be the 

aggregation of lattice nuclei. The nucleation process of bundles into lattices is a 

relatively fast kinetic process for H-P422_1 at pH 7 room temperature, creating the 

aggregation of nuclei. According to classic nucleation theory, elevated temperature 

can slow down the nucleation process, but accelerate the growth process, to create 

larger crystals. This is the case for H-P422_1 at pH 7 as well. At elevated temperature, 

because of fewer nuclei formed, aggregation can be eliminated, while the growth of 

large, regular lattice plates can be promoted. 
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Figure 2.17 A: TEM image of H-P422_1 peptide assembled at room temperature with 
concentration of 0.1 mM pH 7 and observed after incubation for 30 days. 
B: TEM image of H-P422_1 peptide assembled at 30˚C with 
concentration of 0.1 mM pH 7 and observed after incubation for 24 hours. 
C: TEM image of H-P422_1 peptide assembled at 50˚C with 
concentration of 0.1 mM pH 7and observed after incubation for 24 hours. 
D: SAXS result measured from H-P422_1 peptide assembly solution at 
pH 7 with concentration of 1 mM treated with different temperature and 
different aging time; the distinctive peaks indicate the existence of 
ordered lattice structures. 

2.5 Irregularly Assembled P422_2 Sequence 

Ac-P422_2 or H-P422_2 did not show evidence for the existence of ordered 

lattice structure by TEM or SAXS. The reason for the failure of P422_2 sequence will 

be discussed based on the solved crystal structure of H_P422_1. 
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Through the method of single crystal diffraction, Dr.  Huixi Violet Zhang and 

Dr. Matthew Eilbling have solved the crystal structure of H-P422_1, which is 

important in the determination of the key interactions driving the assembly process. As 

shown in Figure 2.18, each asymmetric unit contains three helical bundles. And 

instead of the originally designed parallel packing, bundles are packed with a twisted 

angle in respect to each other. The reason for the discrepancy between designing and 

actual result still remains for the further investigation. The key information we can 

obtain here is the interactions stabilize the bundle-bundle interface, which will be 

helpful in explaining the failure of P422_2 sequence. Along the interfaces of H-

P422_1 crystal, there are two pairs of hydrophobic interaction between Met17-Trp10-

Met21 (black dashed box in Figure 2.18), and four pairs of hydrogen bonding 

interaction between Lys13-Gln16 (blue, red and purple dashed boxes in Figure 2.18). 

Therefore, from the solved crystal structure of H-P422_1, the hydrogen bonding 

between Lys13-Gln16 plays an important role in the interactions that stabilize the 

bundle-bundle interface. As comparison, P422_2 is very similar to P422_1 from the 

sequence designing aspect. Both molecules are designed to form the same P422 

symmetry lattice with very close lattice parameter. The only difference is the in 

position 16 of the sequence: for P422_1, it is Gln in position 16, whereas, for P422_2, 

it is Leu. The side chain of Leu is hydrophobic and cannot form hydrogen bond with 

other side chains. Therefore, P422_2 peptide bundles lose the important hydrogen 

bonding interaction, which possibly causes the failure of P422_2 peptide lattice 

assembly. 
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Figure 2.18 Analysis of the crystal structure of H-P422_1. Top: Two asymmetric 
unites each containing three helical bundles, presented by ribbon drawing. 
Within each bundle-bundle interface, sidechains of critical stabilizing 
interactions are rendered as sticks and colored by atom type: C (white), N 
(blue), O (red) and S (yellow). Colored dash boxes correspond to the 
enlarged and reoriented regions of the interfaces on the bottoms. Bottom 
left: Two example Met-Trp-Met motifs at the bundle-bundle interface are 
shown in sticks and electron density map. Dashed black lines between 
Trp10 and Met21, and Trp10 and Met17 label two consistent distances 
across twelve motifs in three bundle-bundle interfaces. The packing of 
the motifs (spheres) on the top is shown in the bottom box. Bottom right: 
The hydrogen bonds between Lys13 and Gln16 are shown (black dashed 
lines) with distance between donors and acceptors labeled. Outline colors 
correspond to the boxes on the twisted ribbon structure.  
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2.6 Conclusion 

In this Chapter 2, we investigated the assembly behavior of two designed 

peptide sequences P422_1 and P422_2 and their N-terminus acetylated and un-

acetylated variants, totally four molecules. For P422_1 peptide, we have demonstrated 

that our synthetic peptide-based assembly system can tolerate various solution 

conditions and still assemble into a desired two-dimensional plate nanostructure with 

embedded lattice symmetry. Due to the design of the robust hydrophobic interior core, 

the stable, initial tetrameric bundle can form under different solution pH and 

temperatures. Given the charged state of the bundle exterior amino acids, variations in 

pH lead the bundles to repel each other or attract and aggregate, either slowly or 

rapidly. At room temperature when peptides are the least charged at pH 8 and pH 7, 

disordered aggregates are first formed then slowly transformed into the desired lattice 

structures over long periods of time (weeks). This is because the presence of 

disordered aggregate as kinetic traps that exist intermediately during plate formation. 

These aggregates are observable during slow inter-bundle assembly. At the same pH, 

elevating the temperature provides extra energy for bundle reorganization and a faster 

assembly process for peptide bundles to pack into two-dimensional lattices and to 

form plates, even at early assembly stages. Slight changes in solution conditions lead 

to significant morphological differences.  At pH 8, quick plate growth leads to 

separate plates with intra-plate uniformity in thickness but large differences in 

thickness between individual plate structures.  However, at pH 7, slower plate growth 

leads to the fusion of smaller plates with similar thickness into large, compound 

structures. This work clearly demonstrates the capacity to control the kinetics of the 

assembly process by simply changing inter-bundle interactions via temperatures and 

pH, while the computationally-designed tetrameric building blocks remain intact. 
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Expansion of these approaches will enable the construction of more complex 

nanostructures with simple building blocks. 
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NANOTUBES, PLATES, AND NEEDLES: PATHWAY-DEPENDENT SELF-
ASSEMBLY PROCESS OF COMPUTATIONALLY DESIGNED PEPTIDES 

3.1 Introduction  

As discussed in Chapter 1, we take the approach of using computationally 

designed peptides combined with the control of the intermolecular interactions to build 

specific, programmable structures in a hierarchical fashion. The kinetic control of self-

assembly processes with computationally-designed peptides remains largely 

unexplored. In this presented Ph.D. work, the computational design identified peptide 

molecules that can assemble into a desired coiled-coil building block and, 

subsequently, into desired inter-bundle nanostructures targeting desired assembled 

states.1 Kinetic products from different assembly pathways are often in non-

equilibrium states and their formation is sensitive to specific assembly solution 

conditions; this makes a priori, computational prediction and design of kinetically 

trapped products difficult. However, the manipulation of assembly pathways is 

productive in generating various hierarchical assembly products from a single, primary 

building block. In addition to earlier-mentioned synthetic polymer examples in 

Chapter 1, studies of conjugated molecules, such as π-conjugates,2–4 or polymer-

peptide conjugates 5–8 exhibit common, structural transitions when different 

intermolecular interactions are involved during an assembly process.  For example, 

strong interactions such as hydrophobic interactions and π-π stacking occur and 

initially define a nanostructure. Then, subsequent, intermolecular reorganization can 

Chapter 3 
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occur, modulated by other interactions such as local steric effects, that produce, for 

example, more ordered intermolecular stacking 2,5 or a variety of curved surfaces.3,6,8–

11  Similarly, due to the combination of hydrogen-bonding and chirality, peptides with 

β-sheet domains first fold and assemble into intermolecular β-sheet structures such as 

1D ribbons or 2D laminates directed by hydrogen-bonding. Then, further driven by the 

minimization of hydrophobic faces exposed to aqueous solution, various types of 

curved surface such as twisted, helical, and even closed, tubular structures can form, 

even converting between structures in a kinetic manner.12,13  

In Chapter 2, we discussed the kinetically-controlled assembly process of 

computationally designed P422 sequence peptide, where kinetic traps can cause the 

formation of disordered aggregate structures. Additional manipulation, such as thermal 

annealing, is required to achieve the originally targeted, ordered assembly. In the work 

presented in this Chapter 3, shows that different assembly pathways using different 

pH conditions can result in unique, different ordered assemblies of a single type of 

computationally designed peptide. Specifically, solution pH control allows the 

reproducible formation of coiled-coil bundle building blocks that hierarchically 

assembled into regular, but uniquely different, peptide nanostructures spanning plates, 

remarkably uniform nanotubes, and needles. 

3.2 Materials and Methods 

3.2.1 Peptide Synthesis 

Peptides synthesis was performed similar as described in Chapter 2.14 

Peptide cleavage was performed similarly as descripted in Chapter 2.  
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3.2.2 Peptide Purification   

Purification was performed similarly as described in Chapter 2.  

Analytics was performed similarly as described in Chapter 2. Representative 

mass spectroscopy and chromatographic data are shown in Figure 3.1 and Figure 3.2. 

 

Figure 3.1  Representative ESI-mass spectrometry data for H-P222_9 peptides. 
Designed molecular weight: [M] 3168 Da. The accordingly calculated 
mass is: [M+2H+] 3170 Da, [M+3H+] 3171 Da, [M+4H+] 3172 Da. The 
experimental measured mass is: [M+2H+] 3170 Da, [M+3H+] 3171 Da, 
[M+4H+] 3172 Da. 
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Figure 3.2  Representative analytical HPLC chromatographic data for H-P222_9 
peptide. The single elution peak indicates the high purity of the peptide 
products. 

3.2.3 Peptide Solution Self-assembly Experiments 

The purified peptides were dissolved in buffer solutions to give a desired 

peptide concentration. Sodium acetate buffer pH 4.5, phosphate buffer pH 7.0 and 

borate buffer pH 10.0 were all 10mM, and no excess salt was added. The samples 

were heated to 90°C for 1 hour to assure complete dissolution of the peptides. All 

peptide self-assembly solutions were kept at room temperature during the course of 

the study. The assembly process was monitored with TEM, AFM and SAXS 

techniques.  
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3.2.4 Transmission Electron Microscopy  

TEM sample grids preparation and images collection are as similar as being 

described in Chapter 2. 

3.2.5 Cryogenic TEM (Cryo-TEM) 

For cryo-TEM, lacey/carbon-coated 200 mesh copper grids (LC200-Cu, 

Electron Microscopy Sciences, Inc.) were used. The grids were freshly treated by glow 

discharge using a plasma cleaner (PDC-32G, Harrica Plasma, Inc.) before sample 

preparation. 3 μL of sample was applied on to the grids, then blotted and plunged into 

liquid ethane cooled by liquid nitrogen using a Vitrobot vitrification system with blot 

force 0, blot time 1 second and blotted once. The grids were then kept in liquid 

nitrogen and quickly transferred to a Gatan 626 cryo-holder pre-cooled to below -

170°C for TEM observation. The images were taken using TALOS microscope (FEI 

Company). 

3.2.6 Scanning Transmission Electron Microscopy Mass-mapping 
Measurement 

Microtubules formed by tubulin proteins (Cytoskeleton, Inc.) purified from 

bovine brain were used as structure standard materials for mass-mapping 

measurement. The carbon-coated 200 mesh copper grids (CF200-Cu, Electron 

Microscopy Sciences, Inc.) were freshly treated by glow discharge using a plasma 

cleaner (PDC-32G, Harrica Plasma, Inc.) before sample grid preparation. Firstly, 4 μL 

of tubulin protein solution was applied on to the grids and blotted after 1 min 

incubation. Same amount of Milli-Q water drop was applied on to the grids, then 

immediately blotted for wash. This wash step was conducted three times. The grids 

containing tubulin proteins were firstly examined using microscope (TALOS, FEI) to 
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ensure the existence of protein microtubules. Then, 3 μL of peptide nanotube solution 

was applied on to the same grids and blotted after 1 min incubation. Same wash step 

was conducted three times as well. The grids containing a mixture of protein 

microtubules and peptide nanotubes were subjected to microscope examination.  

Grid was firstly examined under bright field mode to find the area of interest 

(AOI) that containing both protein microtubules and tubes (both appeared as dried out 

ribbons, but exhibited different contrast and width), and was adjusted to eccentric 

height, any astigmatism was also corrected as well. Then microscope was switched to 

STEM mode; and the following imaging was conducted by the use of high-angle 

annular dark field (HAADF) detector. A small part of the AOI was sacrificed for the 

focus adjustment. After focus adjustment, the imaging objects were brought into view 

for image collection. Single dark-field image was collected using 0.8 second dwell 

time setting. The collected dark-field STEM images intensity was analyzed using 

ImageJ. The intensity of select area is contributed by generally 3 components: 

𝐼Z[[\]^_`\[ is from the object of your interest, such as protein microtubules or peptide 

tubes; 𝐼a`_]is from carbon support film of grid; : 𝐼[Z_b[	is from residue salts remained 

from washing. Therefore, 𝐼a`_]	and	𝐼[Z_b[ can be combined as 𝐼 Zdefghijk, and should 

be subtracted from 𝐼Z[[\]^_`\[  to evaluation the true intensity contribution from 

assembly structures. Tilted-beam dark field imaging was also conducted; however, the 

intensity is not good enough for high-quality imaging 

3.2.7 Atomic Force Microscopy  

AFM measurement was conducted using the same instrument and AFM tip 

with similar procedure as described in Chapter 2. 
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3.2.8 Circular Dichroism  

Secondary structure and coiled-coils were analyzed with the same method and 

procedures as described in Chapter 2.  

3.2.9 Small Angle X-ray scattering  

SAXS measurements were conducted at 5ID-D DND-CAT beamline at the 

Advanced Photon Source (APS) of Argonne National Laboratory (Argonne, IL). The 

beamline was operated at 17 keV corresponding to a wavelength of 0.7293 Å. A 

triple-detector setup was used to collect scattering data from small-angle, mid-angle 

and wide-angle regime simultaneously. The detector for small-angle scattering data 

collection was set at an 8507 mm sample distance to collect data from 2θ = 0.015 °-

0.910 ° range. The detector for mid-angle scattering data collection was set at a 1013.6 

mm sample distance to collect data from 2θ = 0.872 °-5.500 ° range. The detector for 

wide-angle scattering data collection was set at a 200.46 mm sample distance to 

collect data from 2θ = 4.500 °-30.000 ° range. Only small-angle scattering data was 

presented in this work. For measurement, 100 µL of peptide assembly solution in 

buffer was transferred into quartz glass capillaries with a diameter of around 0.1 cm, 

which would be exposed in X-ray beam. 5 exposures of 1 sec were recorded. 

Scattering from buffer was recorded in the same way for background subtraction. The 

single spectra were averaged and subtracted for background using GSAS-II software 

package.15 Background subtracted SAXS curve was fit using the SasView software 

(www.sasview.org). A hollow cylinder model as in below was used for the form factor 

of a right circular hollow tube with a uniform scattering length density.16  
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The 1D scattering intensity is calculated in the following way: 

𝑃(𝑞) = (𝑠𝑐𝑎𝑙𝑒)𝑉[p\__(∆𝜌)@ s 𝛹@
D

u
v𝑞, 𝑅𝑠ℎ𝑒𝑙𝑙(1 − 𝑥@)D/@, 𝑅𝑐𝑜𝑟𝑒(1

− 𝑥@)D/@{ |
𝑠𝑖𝑛	(𝑞𝐻𝑥)
𝑞𝐻𝑥 ~

@

𝑑𝑥 

Ψ(q, y, z) =
1

1 − 𝛾@ [Λ
(𝑞𝑦) − 𝛾@Λ(𝑞𝑦)] 

Λ(a) = 2𝐽D(𝑎)/𝑎 

𝛾 = 𝑅𝑐𝑜𝑟𝑒/𝑅𝑠ℎ𝑒𝑙𝑙 

𝑉[p\__ = 𝜋(𝑅𝑠ℎ𝑒𝑙𝑙@ − 𝑅𝑐𝑜𝑟𝑒@)𝐿 

where scale is a scale factor based on peptide concentration, 𝐽D(𝑥) = (𝑠𝑖𝑛𝑥 −

𝑥𝑐𝑜𝑠𝑥)/𝑥@ is the first order Bessel function, 𝑞  is the scattering vector, 𝑅𝑠ℎ𝑒𝑙𝑙 is the 

tube shell radius, 𝑅𝑐𝑜𝑟𝑒 is the tube core radius, 𝐿 is the cylinder length. 

3.3 Peptide Sequence 

The computational design strategy is same as described in Chapter 1 and 

Chapter 2. The sequence P222_9 investigated in this Chapter 3 was designed based 

on the same homotetrameric coiled-coil bundle model, but differently, in the context 

of P222 lattice. The ionization state of the individual amino acid residues during the 

computational modeling was set according to neutral pH conditions. This coiled-coil 

bundle has a cylindrical shape with an estimated size of 4 nm in length and 2 nm in 

diameter. The sequence is DGRIEGM AEAIKKM AYNIADM AGRIWGE A-NH2, 
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with estimated IEP of 7.13. Herein, we explored the assembly process for the N-

terminus un-acetylated variant of this peptide sequence, denoted as H-P222_9 

hereafter, in different assembly solution pH conditions. 

3.4 Different Morphology Structures at Different pH Condition 

The cast film transmission electron microscopy bright field data in Figure 3.3 

show assembly behavior of the same peptide sequence (H-P222_9) but reveal 

distinctly different nanoscale structures formed at pH 4.5, pH 7, and pH 10, 

respectively: nanoribbon-like structures (shown to be hollow nanotubes in situ, vide 

infra), 2D platelets and needle-like structures. 
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Figure 3.3  Designed H-P222_9 peptide coiled-coil bundle model and the TEM 
images of designed peptide assembled in aqueous solution with different 
pH values. A: The assembly building block is a cylinder-like 
homotetrameric coiled-coil bundle, with that is approximately 4 nm in 
length and 2 nm in diameter. The α-helices of designed sequence 
DGRIEGM AEAIKKM AYNIADM AGRIWGE A-NH2 are represented 
by ribbon drawings (the exterior residues are colored according to amino 
acid properties: blue indicates basic residues, red indicates acidic residues, 
green indicates polar residues, and yellow indicates hydrophobic residues. 
Interior residues are colored grey). B: TEM image of 0.25 mM peptide 
assembled in 10 mM pH 4.5 sodium acetate buffer; observed are 
flattened assembled peptide nanotubes. C: TEM image of 1 mM peptide 
assembled in 10 mM pH 7 phosphate buffer; observed are 2D platelets. 
D: TEM image of 1 mM peptide assembled in 10 mM pH 10 borate 
buffer; observed are elongated, micrometer-long, needle-like structures. 

Circular dichroism spectra of peptides in pH 4.5 and pH 10 buffers exhibit ellipticity 

minima typical for the α-helical conformation (Figure 3.4). Additionally, the ratios of 
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the two minima, [MRE]225nm/[MRE]210nm =1.11 at pH 4.5 and  

[MRE]222nm/[MRE]208nm=0.99 at pH 10, are both close to 1 and are thus indicative of a 

stabilized coiled-coil bundle at both pH conditions.17,18  Circular dichroism data could 

not be obtained in pH 7 buffer due to the solution turbidity caused by the fast 

assembly of the 2D plate nanostructure. However, the plate formation is consistent 

with the original bundle-based assembly design. Therefore, the designed peptide is 

able to form coiled-coil bundles at all three different pH values, which are thus 

indicated to serve as building blocks for the three different assembled structures. 

Further analysis from TEM images in Figure 3.3B-D reveal that the nanoribbons 

formed at pH 4.5 show high homogeneity with dimensions of 21.3 nm ± 2.8 nm in 

width and an aspect ratio of over 100. The platelets and needle-like structures are 

consistent morphologies at pH 7 and pH 10, respectively, but are more heterogeneous 

in their dimensions. The lateral dimension of platelets varies from 50 nm to 500 nm, 

while the needle-like structures also have a broad distribution in width ranging 

between 100-250 nm. Both plates and needles show significant difference in thickness 

as observed from differences in TEM image contrast, the darker objects having larger 

thickness and exhibiting a larger mass-thickness contrast to the electron beam. 
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Figure 3.4 Circular dichroism spectroscopy data for H-P222_9 peptide measured at 
20˚C in pH 4.5 sodium acetate buffer and pH 10 borate buffer. Data is 
plotted with buffer background subtracted. Both spectrum show typical 
α-helical conformation. And at pH 4.5, the ratio of two ellipticity minima 
[MRE]225nm/[MRE]210nm = 1.11; at pH 10, the ratio of two ellipticity 
minima [MRE]222nm/[MRE]208nm = 0.99. The ratios are close to 1 
indicating the stabilized coiled-coil formation in both pH conditions.  

The corresponding atomic force microscopy (AFM) measurement results for 

the three assembled structures are shown in Figure 3.5, indicating morphologies that 

are consistent with the TEM results. The height scans of the flattened nanoribbon 

assemblies formed at pH 4.5 yield a narrow distribution of heights (4.4 nm with a 

standard deviation of 0.5 nm (Figure 3.5D)). The height scans for platelets and 

needle-like assemblies formed at pH 7 and pH 10 revealed much larger and varied 

thicknesses, varying from 17 nm to 33 nm for the platelets, and 50 nm to 200 nm for 

the needles (Figure 3.5E and 3.5F). Given that the estimated length of a coiled-coil 
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bundle in the z-direction is 4 nm (Figure 3.3A), it is reasonable that the observed 

nanoribbon structures could comprise one layer of assembled bundles with the bundle 

axis arranged perpendicularly to the AFM substrate or two layers of assembled 

bundles that lie flat on the AFM substrate. However, as will be seen, comparison with 

in situ cryo-TEM and SAXS data will show the ribbons to be dried tubes. The plate 

and needle-like structures formed at pH 7 and pH 10, respectively, clearly are made up 

of multiple layers of bundles stacking in the z-direction. 
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Figure 3.5 AFM of H-P222_9 peptide assembled in aqueous solution with different 
pH values. A: 0.25 mM peptide assembled in 10 mM pH 4.5 sodium 
acetate buffer. B: 1 mM peptide assembled in 10 mM pH 7 phosphate 
buffer. C: 1mM peptide assembled in 10mM pH 10 borate buffer. D: The 
corresponding height analysis histogram of the nanoribbon assemblies. E: 
The height scans of the platelet assemblies. F: The height scans of the 
needle-like assemblies. 
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3.5 Nanotube Structure Analysis 

Because both conventional TEM and AFM detect structures in the dried state, 

cryogenic TEM and solution small-angle X-ray scattering (SAXS) were employed to 

observe in situ structure and whether or not the observed nanoribbons at pH 4.5 are 

due to drying and sample preparation on the solid substrates used in TEM and AFM. 

Figure 3.6A shows cryo-TEM observations of samples under the same pH 4.5 

conditions as in Figure 3.3B. Figure 3.6B presents the SAXS results measured from 

the peptide assembly solution at the same pH condition (pH = 4.5). 

 

Figure 3.6  A: Cryo-TEM images of 0.2mM H-P222_9 peptide assembled in 10mM 
pH 4.5 sodium acetate buffer showing hollow nanotubes. Inset is higher 
magnification image showing tubes with tube diameter 13.3 nm ± 0.7 nm 
and tube wall thickness 3.1 nm ± 0.5 nm.  B: SAXS result measured from 
H-P222_9 peptide assembly solution at pH 4.5. The experimental data is 
plotted in blue, and the calculated curve using a hollow tube model is 
plotted in red. 

3.5.1 TEM and SAXS Result and Analysis 

Cryogenic conditions preserve the hydrated state of sample even under the 

electron microscope vacuum.19–24 As shown in Figure 3.6A, the nanostructure at pH 

4.5 is clearly hollow nanotubes as indicated by the image contrast changing from tube 
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edge to center. From the average of measurements of the cryo-TEM images, the tube 

diameter was determined to be 13.3 nm ± 0.7 nm (measured from wall center to wall 

center across the tube diameter), and the wall thickness 3.1 nm ± 0.5 nm. The 

histogram is shown in Figure 3.7. 

 

Figure 3.7 H-P222_9 peptide nanotube diameter and wall thickness measurement 
distribution. 10 different cryo-TEM images taken from the same samples 
were used for measurement in ImageJ. Left: The tube diameter was 
measured from wall center to wall center across the tube diameter. Total 
119 different areas were measured giving the mean tube diameter value 
of 13.3 nm and standard deviation of 0.7 nm. Right: For nanotube wall 
thickness, total 146 different areas were measured giving the mean 
thickness value of 3.1 nm and standard deviation of 0.5 nm. 

Given the similarity of the measured wall thickness value with the length of the 

designed bundle, the data are suggestive that the tube wall comprises a single layer of 

bundles. Further confirmation is obtained from the SAXS results shown in Figure 

3.6B, where the scattering curve contains several, distinct intensity maxima and 

minima in the mid- to high-q region, a strong indication of ordered nanostructure. 

These oscillation peaks can be fit using a hollow cylindrical tube model with 

parameters obtained from the cryo-TEM results (tube width = 13.3 nm ± 0.7 nm; wall 
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thickness = 3.1 nm ± 0.5 nm; the outer radius of the tube, Rshell = 8.2 nm ± 0.6 nm; the 

inner radius of the tube, Rcore = 5.1 nm ± 0.1 nm). As shown in Figure 3.6B, the red 

calculated curve determined with these values matches very well with the 

experimentally measured data. The tube dimensions calculated from the model fit to 

the SAXS data reveal Rshell = 9 nm and Rcore = 5.5 nm (polydispersity was not included 

for calculation), values that are very close to those measured from cryo-TEM images. 

Therefore, the consistency of the scattering and microscopy data confirms the hollow 

tube structure with a wall structure consisting of a single layer of bundles. 

Commonly reported self-assembled peptide nanotubes generally have three 

types of structures. One is the lipid-like bilayer hollow tube structures,25 which is not 

an applicable structure model to the peptide nanotubes reported here due to the coiled-

coil formation for our designed peptides. The other two are the helical wrapping of β-

sheet 6,8,26 or coiled-coil subunits,27 and the end-to-end connected coiled-coils.28,29 

Both of them are crystal-like, tight packing structure models. However, after careful 

evaluation of the high magnification cryo-TEM images of our peptide nanotubes, the 

nanotubes didn’t exhibit surface morphology features that would lead to a possible 

helical wrapping or end-to-end connection structure. Therefore, we hypothesize that 

the bundles are packed in a looser manner within the nanotubes, as compared to the 

helical wrapping or end-to-end connection. Based on the results from cryo-TEM, 

SAXS and the individual bundle dimensions, two possible loosely packed bundle 

models within the peptide tube are proposed as shown in Figure 3.8. 
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Figure 3.8 Possible structure models for peptide nanotubes formed at pH 4.5. A, B: 
Tilted single bundle-layered tube model. The tube wall is a single layer 
of peptide bundle. The cross-section schematic (B) reveals the bundles to 
be packed in a tilted angle to the tube wall. The tilted angle can be 
calculated as 40°. The corresponding central angle can be calculated as 
30.3°. A single slice contains approximately 11 bundles. C: 
Perpendicular-packing tube model. Bundles are proposed as being 
packed perpendicularly to the tube wall. The wall thickness is 
approximately 3 nm accroding to TEM and SAXS results. The bundle 
length is approximately 4 nm accroding to design. A single cross-section 
contains approximately 16 bundles. 

As mentioned above, the peptides adopt an α-helical secondary structure in pH 4.5 

solutions, and concurrently assemble into coiled-coil bundles (CD data in Figure 3.4) 

prior to assembly into nanotubes. Considering the thin tube wall (approximately 3 nm) 

and the theoretically predicted bundle length (approximately 4 nm), the peptide tube 

wall is proposed as a single layer of peptide bundles, as shown in Figure 3.8A-B. The 
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first packing model assumes the tilted alignment of peptide bundles with respect to the 

tube wall, as shown in Figure 3.8B. The tilting could be caused by the repulsive 

interaction between positive charges located near the end of the bundles (the amine 

group at the uncapped N-terminus and arginine at position 3 are both positively 

charged). Based on the measured tube wall and bundle dimensions (wall thickness ≈ 3 

nm, bundle length ≈ 4 nm), the tilted angle for the peptide bundles in the tube wall can 

be calculated as approximately 40°. One cross-sectional slice can accommodate 

approximately 11 bundles in the tilted model. More slices could stack beside one 

another along the tube axis forming the long aspect ratio nanotubes. Moreover, as 

coiled-coil bundles with anti-parallel organization, the bundle tilting offsets the bundle 

ends on the inner surface and outer surface of the peptide nanotube to alleviate the 

repulsive interactions of the positively charged ends. This model also explains the 

dried nanoribbon thickness measured via AFM: as peptide tubes dried and flattened, 

the tilted peptide bundles tend to lay down flat on the substrate, instead of standing 

straight. In this way, two layers of collapsed bundles produce a thickness of about 4 

nm, which is close to the summation value of two bundle diameters. Similar tilted 

molecular arrangement has been suggested in lipid nanotube assemblies.30,31 Another 

possible perpendicular-packing tube model is illustrated in Figure 3.8C. This model 

assumes the perpendicular packing of peptide bundles to the tube wall, which would 

dictate that at the inner surface of the peptide tubes, the bundle-ends would be in a 

close contact. From a cross-sectional view of the tube, one cross-sectional slice can 

accommodate approximately 16 bundles restricted by the known tube dimension. 

However, for this model, a size discrepancy exists between the tube wall value (3 nm) 

and the bundle length value (4 nm). Another flaw is the close contact between bundles 
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at the inner tube surface. The separation among the bundle-ends in the outer surface of 

the peptide tubes was rationalized because of positively charged bundles ends 

repelling each other. But as coiled-coil bundles with anti-parallel organization, the 

same positive charge should exist at both bundle ends. This would disrupt the 

curvature formation and should disallow the inner tube surface having close contacting 

bundle packing. Therefore, the firstly described tilted-bundle tube model shown in 

Figure 3.8B is a more feasible model. 

3.5.2 STEM Mass-Mapping Analysis 

Since the structure of the assembly building block, the peptide coiled-coil 

bundle, is well-defined, the density of the assembled structure should provide an 

additional strategy to verify the bundle packing organization within the tubes. 

Scanning transmission electron microscopy (STEM) mass-mapping method 32,33 is 

applied to evaluate the mass-per-length value of peptide nanotubes, with the use of 

microtubules formed by tubulin proteins (mass-per-length = 181.5 kDa/nm) as 

standard sample. The structure details of protein microtubules are described in Figure 

3.9. 
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Figure 3.9 Negatively stained protein microtubules used as standard sample in 
STEM mass-mapping measurement. The microtubules are formed by the 
tubulin proteins (from Cytoskeleton, Inc.). Tubulin is composed of a 
heterodimer of two 55 kDa proteins. The microtubules formed from 
tubulin proteins have the mean diameter of 25 nm, and each micrometer 
of microtubule containing 1650 heterodimers (more information seen in 
Cytoskeleton, Inc. https://www.cytoskeleton.com/tubulins/microtubules). 
Therefore, the mass-per-length value of protein microtubules can be 
calculated as:  55 × 2 × 1650 ÷ 1000 = 181.5	kDa/nm. 

The standard sample protein microtubules and the peptide nanotubes in the present 

work were applied to the same TEM grids for investigation. The areas containing both 

protein microtubules and peptide nanotubes were imaged under STEM mode and 

collected with the high-angle annular dark field (HAADF) detector, as shown in 

Figure 3.10A. The protein microtubules and peptide nanotubes are easily 

distinguished from each other. As indicated in Figure 3.10A, the brighter tube 

structures with larger width are from dried protein microtubules, the darker structures 

with smaller width are from dried peptide nanotubes. The lower intensity of peptide 
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nanotubes already indicates a loose-packing structure. The image intensity was 

analyzed using ImageJ, as indicated in Figure 3.10A. For protein microtubules, a box 

with dimension of 𝑎	𝑛𝑚 × 𝑏	𝑛𝑚 was drawn to include the whole section of protein 

microtubules (𝑎	𝑛𝑚	 in the direction of tube long axis) to obtain the intensity, 

𝐼[bZjkZgk. The same area box was also drawn in the nearby empty area to obtain the 

intensity of background, 𝐼 efD . For peptide nanotubes, a series of boxes with 

dimension of 𝑐	𝑛𝑚 × 𝑑	𝑛𝑚  were drawn to include whole sections of peptide 

nanotubes (𝑐	𝑛𝑚	in the direction of nanotube long axis) to obtain the intensity of 

peptide nanotube, 𝐼bi^\ . The same area box was also drawn beside the peptide 

nanotube in the empty area to obtain the intensity of background, 𝐼 ef@. The mass-per-

length value of peptide nanotubes was calculated using the following equations: 
𝐼	[bZjkZgk − 𝐼 efD

𝑀[bZjkZgk
=
𝐼bi^\ − 𝐼 ef@

𝑀bi^\
 

𝑀[bZjkZgk(𝑘𝐷𝑎) = 181.5	(
𝑘𝐷𝑎
𝑛𝑚 ) × 𝑎	(𝑛𝑚) 

𝑀𝑎𝑠𝑠	𝑝𝑒𝑟	𝑙𝑒𝑛𝑔𝑡ℎ𝒕𝒖𝒃𝒆 =
𝑀bi^\(𝑘𝐷𝑎)
𝑐	(𝑛𝑚)  

A minimum of 300 measurements from 10 different recorded STEM images were 

conducted to obtain statistically significant information of the mass-per-length value 

for the peptide nanotubes, as shown in Figure 3.10B. 
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Figure 3.10 STEM mass-mapping results of peptide nanotubes with the use of protein 
microtubules as standard samples. A: As indicated, the relatively brighter 
1D ribbon-like structures are the protein microtubules, while the 
relatively darker and more abundant 1D ribbon-like structures are the 
peptide nanotubes. In ImageJ, a box with dimension of 𝑎	𝑛𝑚 × 𝑏	𝑛𝑚 
was drawn to include whole section of protein microtubules to obtain the 
intensity. A series of boxes with dimension of 𝑐	𝑛𝑚 × 𝑑	𝑛𝑚 was drawn 
to include whole section of peptide nanotube to obtain the intensity. B: 
Mass-per-length of peptide nanotube histogram obtained from STEM 
measurement, fitted to a single Gaussian peak (red curve) at 50.1 
kDa/nm, with 32.8 kDa/nm full width at half maximum (FWHM). 

The histogram of peptide nanotubes is fitted to a single Gaussian peak at 

approximately 50 kDa/nm, with FWHM at approximately 33 kDa/nm. The relatively 

large deviation arises largely from two factors: 1) The remaining salt residues from 

assembly buffer solution on the TEM grids could contribute to the intensity in STEM 

causing the inaccuracy in background subtraction. 2) The observed nanoribbon-like 

structures are the flattened nanotubes due to the drying effect discussed earlier. 

However, the flattening process may not be uniform, causing the peptide bundles to 

unevenly collapse, which could also contribute to the measurement error. For the two 

previously described bundle-packing models, shown in Figure 3.8, the mass-per-



 111 

length values can be calculated approximately as 70 kDa/nm for tilted-bundle model 

(Figure 3.8B) and 100 kDa/nm for the perpendicular-bundle model (Figure 3.8C). 

Considering the measured mass-per-length value 50 kDa/nm, the tilted-bundle model 

is more reasonable. The measured value (50 kDa/nm) is relatively small comparing to 

the theoretically calculated value (70 kDa/nm). This suggests the packing along the 

tube axis is possibly looser than the close-stacking of cross-sectional peptide tube 

slices depicted in Figure 3.8B. This is reasonable considering other positively charged 

regions along the bundles could also cause the separation of bundles (e.g., the lysines 

in position 12 and position 13). While the measurement error and resolution limitation 

does not allow the STEM mass-mapping to lead to a precise structure model, the 

results support our hypothesis about the loose-packing structure of peptide nanotubes. 

3.5.3 Tube Formation Discussion 

A hollow tube structure is an attractive structure in self-assembled materials 

due to the existence of internal channel that could provide avenues for transport of 

small molecules; selective transport should be possible on the basis of the identity of 

the peptides comprising the tube. As previously described, different from commonly 

reported peptide self-assembled nanotubes, the unique feature of the peptide nanotubes 

reported here is the assembly of the coiled-coil bundles into nanotubes when triggered 

by inter-bundle electrostatic repulsions under acidic solution conditions, although 

these coiled-coil bundles were designed to form 2D lattices at neutral pH.1 These 

results underscore the highly sensitive nature of the assembly; it is likely that the 

specific distribution of positively charged amino acid residue patches along the bundle 

causes the formation of homogenous nanotubes.  As is apparent from the sequence, 

DGRIEGM AEAIKKM AYNIADM AGRIWGE A-NH2, the amine group of the un-
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capped N-terminus and arginine at position 3 are positively charged. This positive 

patch is located near the end of the bundle, which almost certainly creates a repulsive 

force between the bundle-ends to produce the curvature for the tube formation. As 

described in Figure 3.8B, the bundles arrange in a tilted fashion within the tube wall 

in order to more homogeneously distribute the charge. The additional positively 

charged patch located in the middle part of the bundle (due to the lysine at position 12 

and position 13) may further contribute to the repulsive forces, leading to further 

separation between the bundles in the wall and resulting in loose packing along the 

tube axis. Given that the bundles are organized in a highly homogenous nanotube 

structure, there must also exist interactions that keep bundles together. Considering the 

contacts shown in the tilted-bundle model shown in Figure 3.8B, it is possible that the 

arginine in position 3 forms hydrogen bonds and salt bridges with the aspartic acid in 

position 1 and glutamic acid in position 5. These attractive interactions may maintain 

the bundles in a tubular organization, while not solubilizing them. 

To further elucidate the formation mechanism of the peptide nanotubes, the H-

P222_9 peptide sequence was modified to create 3 variant sequences AC, R3K and 

E5Q as shown in Table 3.1. 
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Peptide Sequence code 

AC Ac-DGRIE GMAEA IKKMA YNIAD MAGRI WGEA-NH2 

R3K       DGKIE GMAEA IKKMA YNIAD MAGRI WGEA-NH2 

E5Q       DGRIQ GMAEA IKKMA YNIAD MAGRI WGEA-NH2 

Table 3.1  The modified H-P222_9 sequences. AC is the original sequence with 
acetylated N-terminus. R3K is the original sequence with arginine in 
position 3 being substituted by lysine. E5Q is the original sequence with 
glutamic acid in position 5 being substituted by glutamine.     

The assembled structures formed by these modified peptide sequences are 

shown in Figure 3.11. For the AC peptides, in contrast to the unmodified peptide 

where almost exclusively nanotubes have been observed at pH 4.5, a mixture of two-

dimensional plates and nanotubes were observed at the same pH 4.5 by cryo-TEM 

(Figure 3.11A). The acetylation eliminated the positively charged amine group at N-

terminus, which resulted in a reduction of the repulsive interaction between bundle 

ends and the corresponding loss of curvature and the resultant more two-dimensional 

plates. However, nanotubes still exist for the acetylated peptide at pH 4.5, suggesting 

that the charge of the amine groups at the N-terminus is not solely responsible for the 

curvature but that other charged amino acid residues (arginine 3) located near the end 

of the bundle also contribute. 
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Figure 3.11  Cryo-TEM micrograph of modified sequences assembly structures. A: 
0.2 mM AC sequence in 10 mM pH 4.5 sodium acetate buffer, assembled 
at room temperature for 24 hours. A mixture of two-dimensional plates 
and nanotubes can be observed. B: 0.2 mM R3K sequence in 10 mM pH 
4.5 sodium acetate buffer, assembled at room temperature for 24 hours. 
Nanotubes are observed with width of 11.7±1.1 nm and wall thickness of 
4.0±0.7 nm. 

For the R3K sequence, in contrast, only nanotube structures were observed at 

pH 4.5, as shown in Figure 3.11B, which is similar to unmodified peptide. However, 

the dimensions of the tubes are slightly altered from the original sequence. From the 

average of measurements of the nanotubes cryo-TEM images (histogram shown in 

Figure 3.12), the R3K tube diameter was determined to be 11.7±1.1 nm, and wall 

thickness 4.0±0.7 nm (compared to the original H-P222_9 peptide sequence which 

produced nanotubes with a width of 13.3±0.7 nm and wall thickness of 3.1±0.5 nm). 

The replacement of the large, positively charged arginine by lysine, which has a lower 

pKa and a smaller functional group on the side chain, leads to a slightly smaller 
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nanotube but with a slightly thicker wall, indicating a reduction in the tilt angle of 

bundles and a correspondingly thicker tube wall. The reduced tilt angle also results in 

more tightly packed bundles, which results in higher curvature and smaller tube 

diameter, as shown in Figure 3.13. 

 

Figure 3.12 R3K peptide nanotube diameter and wall thickness measurement 
distribution for Figure 3.11B. 10 different cryo-TEM images taken from 
the same samples were used for measurement in ImageJ. Left: R3K 
peptide nanotube diameter distribution. The tube diameter was measured 
from wall center to wall center across the tube diameter. Total 296 
different areas were measured giving the mean diameter value of 11.7 nm 
and standard deviation of 1.1 nm. Right: R3K peptide nanotube wall 
thickness distribution. Total 304 different areas were measured giving the 
mean thickness value of 4.0 nm and standard deviation of 0.7 nm. 
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Figure 3.13 Comparison between nanotube structure models between un-modified H-
P222_9 peptides and R3K modified peptides. A: The original tilted-
bundle model of un-modified H-P222_9 peptide nanotubes, same as in 
Figure 3.8B, depicting the hollow tube with diameter 13.3 nm ± 0.7 nm 
and tube wall thickness 3.1 nm ± 0.5 nm. B: The less tilted-bundle model 
of R3K modified peptide nanotubes, depicting the tube with diameter 
11.7±1.1 nm and wall thickness of 4.0±0.7. The bundles are less tilted, 
and packed more towards center, resulting in the thicker wall thickness 
and smaller tube diameter. 

For E5Q, no assembled structures were observed after assembly at pH 4.5 

(data not shown). The replacement of the negatively charged glutamic acid by the 

polar glutamine abolishes the formation of nanotubes, although CD spectroscopy 

indicates the formation of individual coiled-coil bundles (Figure 3.14). A salt bridge 

that possibly formed between negatively charged side chain of glutamic acid and other 

positively charged amino acid residues is a key interaction for tube organization, 

consistent with our previous hypothesis. 
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Figure 3.14 Circular dichroism spectroscopy data for the modified sequence E5Q 
measured at 20˚C at pH 4.5. 0.1 mM concentration peptide in pH 4.5 10 
mM sodium acetate buffer. Data is plotted with buffer background 
subtracted. The spectrum shows typical α-helical conformation. The ratio 
of two ellipticity minima [MRE]222nm/[MRE]208nm = 1.18. The ratio is 
close to 1 indicating the stabilized coiled-coil formation. 

Moreover, the nanotube structures assembled from the original, un-modified 

H-P222_9 peptides were observed to be able to eventually convert to two-dimensional 

platelets with long-term aging (over 6 months) while being kept in the same acidic pH 

condition, as shown in Figure 3.15. The design of two-dimensional lattice structures is 

based on the neutral pH condition, and the estimated pI of this designed peptide (pI = 

7.1) is also near neutral pH. The peptide assembles are able to reform platelets due to 

alleviation of significant electrostatic interactions that forced the formation of 

nanotubes. Results from all coiled-coil bundle assembly observed to date reveal that 

peptide bundle assembly occurs most effectively at a pH near the pI of the bundle 
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resulting in large, mature assemblies and thick plates when designed to form a two-

dimensional lattice.34 Therefore, the transition from tube to plate can be rationalized 

with the reorganization into more stable assembly products. 

 

Figure 3.15 TEM image of 0.25 mM H-P222_9 peptide assembled in 10 mM pH 4.5 
sodium acetate buffer, same condition as in Figure 3.3B, but with longer 
aging time (several months). Platelets can be observed. Image was taken 
under high defocused condition to reveal the tubes structure in 
background. 

3.6 Needle-like Structure Analysis 

For the needle-like structures that the peptides formed at pH 10 (as shown in 

Figure 3.3D), the high magnification image reveals the existence of orderly lattice 

strands within the assemblies, as shown in Figure 3.16A. Therefore, the needle-like 

structures are still composed of peptide bundle lattices but with a preferential growth 

direction. Similar to the discussion of nanotube formation, a driving force for 

preferential growth can also be rationalized by the charged state of the amino acids 

under basic conditions. When peptides are assembled at pH 10, the amine group at the 
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N-terminus become less protonated (and thus less charged), reducing the repulsive 

driving force for curvature and resulting in assemblies that tend to remain flat. 

Additionally, in the original bundle lattice design, two different bundle-bundle 

interfaces can be identified within the lattices, as shown in the inset model of Figure 

3.16A. The specific interactions involved in the needle formation is in interface 2. At 

pH 7 the positively charged lysine at position 12 and position 13 were supposed to 

form a salt bridge with the negatively charged aspartic acid at position 20 between 

neighboring bundles to stabilize the interface 2, as drawn in Figure 3.16B. However, 

when the assembly pH was increased to 10 (near pKa of the lysine side chain), the 

reduced lysine charge weakens the salt bridge at the bundle-bundle interface 2, as 

drawn in Figure 3.16B. The destabilization of this interface could result in the 

preferential assembly of the peptides into elongated needle-like structures, as 

illustrated in Figure 3.16C. Importantly, the lattices did not completely disassociate 

into purely 1D assemblies, maintaining some growth in the y-direction and revealing 

that the bundle-bundle interface 2 for lattice assembly was not completely 

disassociated. Part of lysine side chains are still in charged state keeping the salt 

bridge interactions, and some other interactions at interface 2, such as π-π stacking 

from tyrosine in position 16, may also help to maintain certain stability for the needle 

formation process. 
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Figure 3.16 Schematic of needle-like structure formation process at pH 10. A: High-
magnification TEM image of needle-like structure revealing the details of 
orderly spaced strands. Inset is the HRTEM showing the lattices 
superimposed with designed lattice model, viewing from coiled-coil 
bundle axis. Red dashed lines indicate the two bundle-bundle interfaces. 
B: At pH 7, at interface 2, lysine can form a salt bridge with aspartic acid. 
At pH 10, due to the partial deprotonation, salt bridge was weakened, 
partially destabilizing the designed bundle-bundle interface 2. C: The 
original design is for bundles to organize into two-dimensional lattices in 
both x- and y-directions, which is the case at pH 7. Two-dimensional 
plates were formed, even stacking in the z-direction. At pH 10, the 
partially destabilized interface 2 caused the assembly to preferentially 
form needle-like structures with preferential growth in x-direction.   

3.7 Conclusion 

The manipulation of the pH of peptide assembly solutions provided pathways 

of assembly to form a diverse set of self-assembled structures from a single de novo 
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designed peptide tetramer bundle. Nanotubes formed at low pH (4.5) are comprised of 

walls made from a single layer of peptide bundles in a tilted-alignment caused by 

repulsion of the positively charged N-terminus and amino acid residues located near 

the end of the bundle-bundle interfaces. At pH 7, which is near the pI of the peptide 

sequence, this repulsive interaction is weak, and the self-assembly process leads to the 

formation of two-dimensional platelets. At pH 10, the interaction along a bundle-

bundle interface in the two-dimensional assembled state becomes weakened, causing 

some disassociation of this particular interface and resulting in needle-like structures. 

These three different nanostructures are able to form with the same designed peptide 

molecules and the same self-assembled tetrameric coiled-coil building blocks but with 

different inter-bundle interactions introduced by variations in solution pH. 

Computational design of the stable coiled-coil building blocks ensures a robust coiled-

coil structure to form various inter-bundle assemblies under a variety of solution 

conditions, suggesting important opportunities to tailor the structures of this class of 

associating peptides. 
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PEPTIDE-GOLD HYBRID MATERIALS DEVELOPMENT 

4.1 Introduction 

Nanomaterials possess unusual properties relative to their respective bulk state 

such as high catalytic activity 1,2 and surface plasmon resonance.3 With these special 

properties, nanomaterials have great technological potential in the fields of chemical 

catalysis,2 fuel cells,1 molecular sensors,4,5 optics,6,7 surface-enhanced Raman 

spectroscopy,8 and enhanced imaging.9 Therefore, significant effort has been devoted 

to the study of nanomaterials regarding how to control the diameter, shape, and 

assembly of materials for desired properties. There usually are two strategies to 

produce nanomaterials. Top-down strategies, such as lithography, are expensive 

because of the need to pattern and grow materials at the nanometer scale. Bottom-up 

strategies, in contrast, are relatively less expensive and involve the reaction of 

precursor molecules or individual atoms to nucleate and grow into nanoparticles.10 In 

order to achieve high homogeneity of the nanoparticles formed via this chemical 

method, all of the particles in solution need to terminate growth at the same time.11  

Therefore, additive ligands are usually used in the synthesis of nanoparticles to 

passivate the surface growth. In the bottom-up production of gold nanoparticles, for 

example, there exist many, commonly used ligands such as ketones,10 amino acids,12,13 

sulfur ligands,6 polyelectrolytes,10,11,14–16 surfactants,17, phosphines,18,19 ionic 

liquids,20–22 and solution ions, such as hydride and  boride.23–27 Synthesis conditions 

can be controlled using a variety of conditions, including the choices of ligands, the 

Chapter 4 
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ratio of ligands to precursor molecules, the choice of reducing agents, and solution pH.  

Such variation of solution conditions allows control over the diameter distributions 

and shapes of nanoparticles, 26–29 and examples include dendritic particles,1 polyhedral 

particles,1 nanoplates,30 branched nanostructures,30 nanorods,10,31 nanochains 22 and a 

variety of anisotropic particles.7,10,11,15,16,31  

In addition to the control of individual nanoparticle structure, inter-particle 

interactions can be utilized to direct higher-order assembly of nanoparticles. For 

example, ligand-stabilized nanoparticles can pack into close-packed symmetries in 

which the inter-particle spacing can be adjusted by the alkyl chain length and branches 

of ligands.17,24,32 More specific organization of nanoparticles, such as directional end-

to-end connection, can be achieved via the controlling of inter-particle polymer ligand 

interaction in certain solution conditions.33 Peptides have been used to modify 

nanoparticles where the inter-particle assembly can be induced or disrupted depending 

on the formation or dissociation of inter-particle peptide coiled-coils.34–37 Other 

assembled structures, such as hollow capsids, have been formed from assembled 

cobalt nanoparticles directed by the hydrogen bonds of ligands.38 One-dimensional 

nanoparticle chains were reported to have assembled with the guidance of oleylamine-

ligated lead sulfate clusters.39 More complicated and controllable nanoparticle 

assemblies can be constructed with pre-formed templates interacting with desired 

nanoparticle ligands or nanoparticle surfaces.40–44 For example, adenine-functionalized 

carbon nanotubes were reported to template the one-dimensional growth of sliver 

nanoparticles through adenine-metal coordination.45 Polymer self-assembled 

micelles,46,47 self-assembled lamellae 48 and polymer single crystals49,50 were reported 

to precisely guide the organization of nanoparticles through electrostatic interaction, 
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hydrogen bonding, gold-thiol bonds, gold-pyridine bonds, or other coordinate 

bonding. Thiol-functionalized DNA can be grafted on to gold nanoparticles through 

gold-thiol bonds and can be used to guide programmable and directional inter-particle 

assembly51–53 or precisely controlled deposition of nanoparticles onto existing 

complex DNA scaffolds.54,55 Even without thiol-functionality, electrostatic interaction 

between DNA and inorganic precursor ions or nanoparticle ligands were reported to 

guide the patterning of inorganic species on DNA scaffolds.56,57 In nature, organisms 

can exhibit the ordered formation of inorganic species guided by proteins, also known 

as biomineralization.58 Therefore, more assembled structures and choices of binding 

moieties can be explored with the use of proteins and peptides to template the 

formation of inorganic nanomaterials. For example, certain short peptide sequence, 

such as CALNN was rationally designed and identified as a highly effective binding 

ligand to gold nanoparticles.59 Charged amino acid residues on self-assembled 

peptides, proteins and virus capsids can be used as generic binding sites for the 

formation of site-specific metallic nanoparticles.60–65 Nanoparticle-binding sites also 

can be created by conjugating peptide binding domains to alkyl chains. The self-

assembled nanofibers from these amphiphilic molecules have successfully templated 

of a variety of different inorganic nanomaterials66–69 into  tunable morphologies.70–72 

By deliberately modifying self-assembled peptide/protein structures with a short 

peptide sequence as an inorganic-binding epitope or single amino acid ligand such as 

cysteine, the inorganic species can be templated on these self-assembled structures and 

exhibit the same nanostructure as the biomolecular template.73–78 Therefore, via 

templated growth and assembly of inorganic nanoparticles, a path is provided from 

nanoparticles to ordered nanomaterials and potential nanodevices. 
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In this Chapter 4, we present the templated growth of gold nanomaterials on 

computationally designed self-assembled peptide nanostructures. Fundamental to this 

work is the peptide computational design which makes it possible to create peptide 

self-assembled nanostructures with desired shape and organization, thus allowing the 

programmable construction of inorganic nanomaterials. We investigated different gold 

nanoparticle growth pathways during the in-situ solution peptide-templated synthesis 

process as well as the adsorption of pre-made gold colloidal nanocrystals on pre-

existing peptide templates. The peptide templates can effectively direct the 

organization of gold nanoparticles. Moreover, with the control of the underlying 

peptide assembly kinetics, various template morphologies can be formed that allow a 

variety of templated gold nanostructures to be produced. 

 

4.2 Materials and Methods 

4.2.1 Peptide Synthesis 

Peptides were synthesized at a 0.1 mmol scale on an Automated microwave 

solid phase peptide synthesizer Liberty Blue (CEM Corporation). Standard Fmoc 

chemistry protocols were used.79 Amino acids and rink amide resin were purchased 

from ChemPep Inc. Solvent dimethylformamide (DMF) and acetylation agent acetic 

anhydride were purchased from Fisher Scientific; both are certified ACS reagent grade 

with assay percent range ≥ 99.8%. Deprotection agent piperidine and activator N,N’-

Diisopropylcarbodiimide (DIC) were purchased from Sigma-Aldrich; both are reagent 

grade with assay percent rage ≥ 99%. Activator base ethyl(hydroxyimino) 

cyanoacetate (oxyma) was purchased from CEM corporation. All reagents were used 
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as received. Swelling step was performed for resin with 10 mL DMF for 5 min at 

room temperature. Deprotection was accomplished using 10 eqv. piperidine (20%-vol 

in DMF) with a two-step microwave heating program: 75˚C-15s and 90˚C-50s. 

Coupling was achieved using 5 eqv. oxyma (1 M in DMF), 5 eqv. DIC (0.5 M in 

DMF) and 5 eqv. amino acid (0.2 M in DMF) with a two-step microwave heating 

program: 75˚C-15s and 90˚C-110s. Final acetylation was performed using 5 eqv. 

acetic anhydride (10%-vol in DMF) with single step microwave heating program: 

65˚C-120s. Peptide cleavage was achieved by shaking in a cleavage cocktail of 9.5 mL 

trifluoroacetic acid (TFA), 2.5 mL triisopropylsilane, 2.5 mL 1,2-ethanedithiol, and 

2.5 mL Milli-Q water for 2 hours. The peptide was then precipitated by adding the 

cleavage cocktail and cleaved peptide to diethyl ether. The mixture was centrifuged 

and washed and centrifuged three times with diethyl ether. The resulting peptide was 

dried in air, dissolved in water, and lyophilized. 

4.2.2 Peptide Purification   

Purification was performed similarly as described in Chapter 2. 

The collected fractions were examined by Xevo G2-S QTof time of flight mass 

spectrometry (Waters Corporation). Injection was run through an UPLC system 

(Waters Corporation) using ACQUITY UPLCÒ Protein BEH C4 1.7 µm column 

(Waters Corporation), with gradient from 95% Milli-Q water (containing 0.2%-vol 

TFA)/5% acetonitrile (containing 0.2%-vol TFA) v/v to 5% Milli-Q water (containing 

0.2%-vol TFA)/95% acetonitrile (containing 0.2%-vol TFA) v/v in 5min. Pure 

fractions were combined and lyophilized. TOF mass chromatographs and combined 

mass spectra are shown in Figure 4.1 and 4.2. 
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Figure 4.1  A: Time-of-flight mass chromatograph for Ac-C-P222 peptide. Peptides 
were eluted during the gradient of 95% solvent A to 5% solvent A in 5 
min with first 0.5 min elution uncollected, in which solvent A is Milli-Q 
water containing 0.1%-vol TFA, solvent B is acetonitrile containing 
0.1%-vol TFA. B: Combined mass spectrum of the major peak in mass 
chromatograph showing the m/z values. Designed molecular weight: [M] 
3313 Da. The accordingly calculated mass is: [M+3H+] 3316 Da, 
[M+4H+] 3317 Da. The experimental measured mass is: [M+3H+] 3315 
Da, [M+4H+] 3316 Da. 
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Figure 4.2  A: Time-of-flight mass chromatograph for Ac-C-P422 peptide. Peptides 
were eluted during the gradient of 95% solvent A to 5% solvent A in 5 
min with first 0.5 min elution uncollected, in which solvent A is Milli-Q 
water containing 0.1%-vol TFA, solvent B is acetonitrile containing 
0.1%-vol TFA. B: Combined mass spectrum of the major peak in mass 
chromatograph showing the m/z values. Designed molecular weight: [M] 
3717 Da. The accordingly calculated mass is: [M+4H+] 3721 Da, 
[M+5H+] 3722 Da, [M+6H+] 3723 Da. The experimental measured mass 
is: [M+4H+] 3720 Da, [M+5H+] 3720 Da, [M+6H+] 3726 Da. 

4.2.3 Peptide Solution Self-assembly Experiments 

The purified peptides were dissolved in buffer solutions to give a desired 

peptide concentration. 2.5 eqv. tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 

Sigma Aldrich) with respect to the amount of peptides was added to prevent di-sulfur 

bond formation. 50 mM sodium acetate buffer in pH 4.5 and 50 mM phosphate buffer 

in pH 7 were used without extra salt addition. The solution was heated to 90°C for 2 

hours to assure complete dissolution of the peptides, then was let to cool ambiently to 

room temperature or incubated at 50°C to start assembly. 
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4.2.4 Templating of Gold Nanoparticles 

Two strategies were applied for the gold nanoparticle templating purpose. The 

first strategy is in-situ solution synthesis with the use of chloroauric acid (HAuCl4) 

and sodium borohydride (NaBH4). Following the above described peptide self-

assembly process, cysteine-modified peptide solution was first allowed to assemble at 

desired temperature for desired amount of time. Then, desired amount of HAuCl4 

solution (20 mM in DI water) and fresh NaBH4 solution (20 mM in DI water) were 

successively added to peptide solution. Additional bis(p-

sulfonatophenyl)phenylphosphane dehydrate (Sigma-Aldrich) was used for pH 7 

condition for further gold particle stabilization purpose. The solution was gently 

mixed and kept at room temperatures for the growth of gold nanomaterials. The 

second strategy is to use pre-made gold colloidal nanocrystal solution for templating 

via a ligand-exchange mechanism. Commercially available 5 nm gold colloidal 

nanocrystal solution (stabilized suspension in 0.1 mM PBS, reactant free, Aldrich 

number 752568) was purchased from Sigma-Aldrich and used as received. Only Ac-

C-P422 at pH 7 condition was investigated as templates due to the PBS buffer that the 

gold colloidal nanocrystals are dispersed in. Similarly, Ac-C-P422 peptide solution 

was firstly allowed to assemble for the formation of two-dimensional platelets at 

50°C. Then same volume of pre-made gold colloidal nanocrystal solution was mixed 

with peptide solution and kept at room temperature for the adsorption of gold 

nanocrystals to the plates. 

4.2.5 Transmission Electron Microscopy  

TEM sample grid preparation and image collection were performed similarly 

as described in Chapter 2. 
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4.2.6 Cryogenic TEM (Cryo-TEM) 

Cryo-TEM sample grid preparation and image collection were performed 

similarly as described in Chapter 2. 

4.2.7 Circular Dichroism  

Secondary structure and coiled-coils were analyzed with the same method and 

procedures as described in Chapter 2.  

4.2.8 Gold Nanowires Deposition  

Surface deposition method was applied for the fabrication of gold nanowire. A 

freshly Plasmon cleaned mica sheet was used a substrate. The mica sheet was firstly 

submerged into Ac-C-P222_9 peptide tube solution for peptide tubes to be deposited 

onto mica substrate. Then the mica sheet was submerged into 20 mM HAuCl4 solution 

for 30 min for the AuCl4 - to be absorbed onto peptide tubes. In the last step, the mica 

sheet was submerged into 20 mM NaBH4 solution for 1 hour for reduction reaction. A 

red-ish thin layer was formed after these steps. 

4.2.9 Atomic Force Microscopy  

Atomic force microscopy was performed on a Bruker Multimode using Bruker 

ScanAsyst Air ultra-sharp tips with a nominal tip radius of 2 nm and a spring constant 

of 0.4 N/m. Samples were prepared by casting 15 µL of assembly solution on a freshly 

cleaved mica disc, the solution retained for 5 min on the disk, excess liquid blotted 

from the substrate with filter paper, and any remaining solution dried with application 

of compressed air. The instrument was operated in contact mode. Micrographs were 

recorded digitally using Bruker nanoscope software using 512 to 1024 lines at 0.5-1 

Hz scan rate. 
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4.2.10 Wide and Small Angle X-ray scattering  

SAXS measurements were conducted at 5ID-D DND-CAT beamline at the 

Advanced Photon Source (APS) of Argonne National Laboratory (Argonne, IL). The 

beamline was operated at 17 keV corresponding to a wavelength of 0.7293 Å. A 

triple-detector setup was used to collect scattering data from small-angle, mid-angle 

and wide-angle regime simultaneously. The detector for small-angle scattering data 

collection was set at an 8507 mm sample distance to collect data from 2θ = 0.015 °-

0.910 ° range. The detector for mid-angle scattering data collection was set at a 1013.6 

mm sample distance to collect data from 2θ = 0.872 °-5.500 ° range. The detector for 

wide-angle scattering data collection was set at a 200.46 mm sample distance to 

collect data from 2θ = 4.500 °-30.000 ° range. Only wide-angle scattering data was 

presented in this work. For measurement, 100 µL of peptide assembly solution in 

buffer was transferred into quartz glass capillaries with a diameter of around 0.1 cm, 

which would be exposed in X-ray beam. 5 exposures of 1 sec were recorded. 

Scattering from buffer was recorded in the same way for background subtraction. The 

single spectra were averaged and subtracted for background using GSAS-II software 

package.80 

4.2.11 Ultraviolet-visible Spectroscopy (UV-vis) 

UV-vis spectra of the in-situ solution gold nanoparticle synthesis process 

templated by Ac-C-P222 peptide were recorded using a Cary 60 UV-Vis 

spectrophotometry (Agilent Technologies). The sample solution was transferred into a 

quartz cuvette with 1mm path length (110-QS, Hellma, Inc.). Blank buffer solution 

with 0.5 mM TCEP was used for the background subtraction. Sample spectra were 
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recorded from 200-1000 nm at room temperature, every 30 min, with a	scanning rate 

of 600 nm/min during the continuous monitoring process.  

4.3 Peptide-mediated Gold Nanoparticle Structures 

4.3.1 Cysteine-modified Peptide Assemblies 

In Chapter 2 and Chapter 3, we have demonstrated the designed P222_9 and 

P422_1 sequences (sequences details seen previous chapters) can assemble into one-

dimensional nanotubes at pH 4.5 and two-dimensional plate-like lattice structures at 

pH 7, respectively. Here we add a single cysteine to the acetylated N-terminus of the 

sequences to introduce thiol groups into the peptide assemblies for the templating of 

gold (Au) nanomaterials. Therefore, two sequences (Ac-C-P222 (Ac-C DGRIE 

GMAEA IKKMA YNIAD MAGRI WGEA-NH2) and Ac-C-P422 (Ac-C DQEIR 

QMAEW IKKMA QMIDK MAHRI DREA-NH2)) were produced. The self-

assembled structures of the cysteine-modified peptides examined by TEM are shown 

in Figure 4.3. The Ac-C-P222 assembled into nanotubes after being incubated in pH 

4.5 buffer at room temperature for 18 hours, as previously observed for the P222_9 

peptides. For Ac-C-P422, two-dimensional lattice structures can be observed after the 

incubation in pH 7 buffer, at 50˚C for 7 hours, which are similar to the structures 

assembled from the P422_1 peptides.81,82 Therefore, these two types of peptide 

nanomaterials were used for further studies of templating. 
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Figure 4.3 TEM micrographs of cysteine-modified peptide assemblies. A: Ac-C-
P222 with 0.2 mM concentration, in 50 mM pH 4.5 buffer with 0.5 mM 
TCEP, assembled at room temperature for 18 hours. Hollow nanotubes 
can be observed under cryo-TEM. B: Ac-C-P422 with 0.5 mM 
concentration, in 50 mM pH 7 buffer with 1.25 mM TCEP, assembled at 
50˚C for 7 hours. Inset is the HRTEM image showing the lattice 
structures. 

4.3.2 One-dimensional and Two-dimensional Gold Nanoparticle Arrays 
Templated by Peptide Assembly 

Two strategies were applied for gold nanoparticle templating. The first strategy 

involved in-situ solution synthesis of inorganic particles with the use of chloroauric 

acid (HAuCl4) and sodium borohydride (NaBH4). The second strategy was to employ 

pre-made gold colloidal nanocrystals in solution for the templating of desired, inter-

particle arrays via a particle-ligand exchange mechanism. For templating purposes, 

peptide solutions were allowed to assemble into desired template morphologies before 

the addition of gold species. 

In the case of one-dimensional nanotube-templating, 0.2 mM Ac-C-P222 

peptides were pre-assembled in pH 4.5 buffer at room temperature for 18 hours (one-

dimensional nanotubes were formed similarly to those shown in Figure 4.3A). In-situ 
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gold nanoparticle synthesis was performed on the nanotubes by the successive 

addition of 2 equivalents HAuCl4 and 2 equivalents NaBH4 into the peptide nanotube 

suspension to reach the final concentration of 0.4 mM for each precursor reagent. 

Upon mixing of the gold synthesis reactants and the peptide nanotube templates, the 

solution exhibited a slow color transition from pale yellow to pink over a period of 12 

hours.  After 2 hours of room temperature growth, the templated gold nanoparticle 

morphology was examined via TEM. The results, shown in Figure 4.4A-4.4C, 

indicate the formation of gold nanoparticles and the ordered organization of gold 

nanoparticles into one-dimensional chain-like structures. In the case of two-

dimensional templating of gold nanoparticles, 0.5 mM Ac-C-P422 peptides were pre-

assembled in pH 7 buffer at 50˚C for 6 hours (two-dimensional plate-like structures 

were formed similarly to those shown in Figure 4.3B). 10 equivalents HAuCl4, 10 

equivalents NaBH4, and 5 equivalents bis(p-sulfonatophenyl)phenylphosphane 

dehydrate (for gold nanoparticle stabilization purposes) were added successively into  

solutions of pre-formed peptide plates to reach the final concentration of 5 mM for 

each precursor reagent and 2.5 mM for the stabilizing agent. Upon mixing, the color of 

the solution quickly turned red. After 24 hours of room temperature inorganic particle 

growth, TEM images indicated the formation of two-dimensional gold nanoparticle 

arrays as shown in Figure 4.4D-4.4F. For both cases, HAADF images were recorded 

as shown in Figure 4.4C and 4.4F to reveal and confirm the formation of inorganic 

particles. 
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Figure 4.4 TEM images show the nanostructures of solution synthesized gold 
nanoparticles templated by cysteine-modified peptides. A: One-
dimensional gold nanoparticle chains templated by peptide nanotubes in 
50 mM pH 4.5 buffer with 0.2 mM Ac-C-P222 peptides, 0.4 mM 
HAuCl4 and 0.4 mM NaBH4, and incubated at room temperature for 2 
hours. B: High magnification image showing individual gold 
nanoparticles. C: HAADF image with bright dots showing the inorganic 
nanoparticles. D: Two-dimensional gold nanoparticle arrays templated by 
peptide plates in 50 mM pH 7 buffer with 0.5 mM Ac-C-P422 peptides, 5 
mM HAuCl4, 5 mM NaBH4 and 2.5 mM bis(p-
sulfonatophenyl)phenylphosphane dehydrate and incubated at room 
temperature for 24 hours. E: High magnificant image showing individual 
gold nanoparticles. F: HAADF image with bright dots showing the 
inorganic nanoparticles. 

As a comparison study, assembled nanotubes and plates of the peptides 

without cysteine, P222_9 and P422_1, also were applied as templates for the solution 

synthesis of gold nanoparticles. The structures of synthesized gold nanoparticles 

examined by TEM are shown in Figure 4.5. The formed gold nanoparticles exhibit no 
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templated organization effect from the peptide assembled morphologies. Therefore, it 

is clear that inclusion of thiol-functionalization of the assemblies is critical as a 

binding site for gold nanoparticle nucleation and growth, yielding the templated 

particle arrays. 

 

Figure 4.5 TEM images show the nanostructures of solution synthesized gold 
nanoparticles templated by non-cysteine peptides. A: Gold nanoparticles 
templated by peptide nanotubes in 50 mM pH 4.5 buffer with 0.2 mM 
P222_9, 0.4 mM HAuCl4 and 0.4 mM NaBH4. Image was taken under 
high defocus condition to reveal peptide nanotubes. The formed gold 
nanoparticles exhibit no templating effect. B: Gold nanoparticles 
templated by peptide plates in 50 mM pH 7 buffer with 0.5 mM P422_1, 
5 mM HAuCl4, 5 mM NaBH4 and 2.5 mM bis(p-
sulfonatophenyl)phenylphosphane dehydrate. Inset is the zoom-in image 
showing individual nanoparticles. The formed gold nanoparticles exhibit 
no templating effect. 

In the absence of assembled peptide templates, solution synthesis produced 

irregular gold nanostructures, as shown in Figure 4.6. When HAuCl4 reacted with an 

equal molar ratio of NaBH4 (at a concentration of 1 mM) in either 50 mM pH 4.5 

sodium acetate buffer or 50 mM pH 7 phosphate buffer, the color of the solution 

turned from pale yellow to deep purple/black immediately and produced irregular, so-
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called “star gold” structures or network-like structures, as shown in Figure 4.6A and 

4.6B, respectively. NaBH4 is a strong reducing agent, that is usually used as initial 

nucleation agent.27 When gold is reduced for nucleation and growth with the 

assistance of NaBH4 and no molecular ligands to stabilize forming particles, irregular 

structures as observed here are likely to be formed.83 

 

 

Figure 4.6 TEM images show the morphologies of un-templated growth of gold 
materials in solution. A: 1 mM HAuCl4 in 50 mM pH 4.5 buffer and 
reduced by the same molar ratio of NaBH4 and examined at 5 min time 
point. Inset is the electron diffraction pattern showing the crystalline 
gold. B: 1 mM HAuCl4 in 50 mM pH 7 buffer and reduced by the same 
molar ratio of NaBH4 and examined at 5 min time point. Inset is the 
electron diffraction pattern showing the crystalline gold. 

When employing pre-made 5-nm gold colloidal nanocrystal (denoted as 5 nm 

AuNP hereafter) solutions for assembly, Ac-C-P422 platelets at pH 7 were used as 

templates because the received pre-made gold colloidal nanocrystals are dispersed in a 

pH 7 PBS buffer. The Ac-C-P422 peptides at 0.5 mM were pre-assembled in pH 7 

buffer at 50˚C for 6 hours to permit platelet formation. The same volume of 5 nm 
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AuNP solution was mixed with pre-assembled peptide solution and incubated at room 

temperature for 24 hours. A precipitate with red color formed gradually and the 

supernatant, which was initially light red, became colorless during incubation. The 

templated 5 nm AuNP morphology revealed by TEM micrographs in Figure 4.7 

shows that 5 nm AuNPs were adsorbed on the peptide plates in two-dimensional 

arrays. This templating process likely occurred via a ligand-exchange mechanism.25 In 

this case, the peptide with the thiol-functionality can serve as the binding ligands for 

the 5 nm AuNPs and drive the ligand-exchange reaction.84 

 

Figure 4.7 TEM images show the nanostructure of templated, pre-made 5 nm 
AuNPs. A: Two-dimensional 5 nm AuNP arrays templated by Ac-C-
P422 peptide plates in 50 mM pH 7 buffer. The peptide plate solution and 
pre-made 5 nm AuNP solution were mixed and incubated at room 
temperature for 24 hours for examination. B: High magnification image 
showing individual 5 nm AuNPs. 

4.3.3 Optical Property of Templated One-Dimensional Gold Nanoparticle 
Chain 

As mentioned in the introduction, surface plasmon resonance (SPR) resulting 

from the collective oscillation of free conduction electrons, is an important feature of 

nanoparticles.11 Colloidal gold nanoparticle solutions can exhibit different 
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characteristic colors from red to deep purple depending on the size of nanoparticles 

and the interparticle assembled state. Furthermore, the electromagnetic coupling 

between nanoparticles becomes more pronounced when the particle-particle distance 

is smaller than five times the particle radius, and this coupling can lead to a red-shift in 

the wavelength of the SPR peak.85–87 The plasmonic property has been utilized with 

gold nanoparticles in applications such as high sensitivity sensors,11 enhanced imaging 

agents,9 surface-enhanced Raman spectroscopy,8 and plasmon solar cells.88,89  

For the above one-dimensional chain-like gold nanoparticle assemblies, gold 

nanoparticles were synthesized in situ, and the Ac-C-P222 nanotubes templated chains 

particles (shown in Figure 4.4A-4.4C). These colloidal solutions were stable and 

exhibited a pink color, indicative of the collective plasmon phenomena.3,11 The gold 

nanoparticle growth solution was incubated with Ac-C-P222 nanotubes for an 

extended time, and the nanostructure of the templated gold nanoparticles after 4 days 

of growth was examined by TEM, shown in Figure 4.8A. UV-Vis spectra were 

recorded to reveal the optical properties of ordered one-dimensional gold nanoparticle 

chains during the growth process (Figure 4.8B).  
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Figure 4.8 A: TEM image of peptide nanotube-templated growth of gold 
nanoparticle-chains (0.2 mM Ac-C-P222 nanotubes with 2eqv HAuCl4 
and 2eqv NaBH4 with respect to the amount of peptides) after 4 days, 
inset is the gold nanoparticle diameter distribution width diameter of 6.4 
nm ± 3.4 nm. B: UV-Vis spectra recorded during gold nanoparticle 
growth process using 18 hour-assembled Ac-C-P222 peptide nanotubes 
as templates with 2eqv. HAuCl4 and 2eqv. NaBH4 with respect to the 
amount of peptides. The SPR peak at about 528 nm started to emerge at 
about 12 hours of gold nanoparticle growth. 

The gold nanoparticles remain well organized in one-dimensional chain-like 

ensembles templated by the peptide nanotubes (Figure 4.8A, similar to Figure 4.4A) 

after 4 days of growth. The particle size analysis of the templated gold nanoparticles 

reveals the mean diameter of the gold nanoparticles to be 6.4 nm ± 3.4 nm. (Histogram 

is shown in the inset of Figure 4.8A). Furthermore, the UV-Vis spectra exhibit SPR 

properties that are consistent with the close spacing of gold nanoparticles provided by 

the underlying peptide nanotube template (Figure 4.8B). During nanoparticle growth 

process, an SPR maximum at approximately 528 nm emerges beginning after at 

approximately 12 hours.11 The intensity of this SPR peak continued to increase over 

the 72-hour time period. An SPR peak located at 528 nm usually corresponds to much 
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larger gold nanoparticles (diameter > 30 nm) than are observe in the TEM (diameter < 

22 nm) (Figure 4.8A).3 Therefore, considering the much smaller gold nanoparticles 

observed in our study, the SPR peak at 528 nm is consistent with the coupling of the 

surface plasmons of closely packed, adjacent gold nanoparticles within the chain-like 

ensemble.51,90 Apart from this, the UV absorption features at approximately 219 nm 

and 280 nm persisted, indicative of little degradation of the peptide molecules 

throughout the reaction. As a comparison study, the UV-Vis spectra were monitored 

during gold nanoparticle synthesis using only HAuCl4 and NaBH4, in pH 4.5 buffer, in 

the absence of peptides (Figure 4.9).  With no template present, only an absorption 

shoulder develops in the wavelength region of 500-550 nm; no distinctive SPR peak is 

observed. 

 

Figure 4.9 UV-Vis spectra recorded during gold nanoparticle synthesis process only 
using 0.4 mM HAuCl4 and 0.4 mM NaBH4, without peptide nanotubes as 
templates. No distinctive SPR peak is be observed.  Only an absorption 
shoulder appears in the wavelength region of 500nm-550nm. 
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4.3.4 Peptide Assembly Kinetic-Control of Gold Nanoparticle Organization  

As discussed in Chapter 2, the assembled peptide morphologies used herein 

are strongly dependent on the kinetics of assembly.81,82 In a time-dependent, 

hierarchical manner, the designed peptides proceed through different assembly states: 

from random coils, to coiled-coil bundles, to inter-bundle morphologies. With 

knowledge of the assembly pathway of the peptides, gold precursor molecules or 

colloidal gold nanocrystal solution were introduced to the peptide templates at various 

peptide assembly time points to study the effect of different stages of peptide assembly 

on the type of gold nanostructures formed. 

Ac-C-P222 was used first for the study of peptide assembly pathway effects on 

templated synthesis of gold nanoparticles. The peptide solution was first heated to 

90˚C for 2 hours to denature the peptides for a homogenous solution starting 

condition. In this stage, peptides existed in the form of dissolved random coils in 

solution (as shown by circular dichroism spectra in Figure 4.10, α-helical structures 

were mostly denatured after being incubated at 85˚C for 30 min). After denaturing, the 

peptide solution was incubated at room temperature to start the isothermal peptide 

folding and assembly process. Gold precursor solutions (HAuCl4 and NaBH4) were 

added at three different peptide assembly time points: 1) 0 min at room temperature, at 

which point the peptides exist as denatured random coils (stage 1 in Figure 4.11A); 2) 

10 min at room temperature, at which point the peptide coiled-coil bundles have been 

mostly formed while no significant peptide nanotubes are yet formed (stage 2 in 

Figure 4.11A), as shown by CD spectra in Figure 4.10,	and 3) 18 hours, at which 

point well-assembled peptide nanotubes exist (stage 3 in Figure 4.11A). This last 

condition is the solution condition described in the previous section used to template 

the formation of one-dimensional gold chains. The gold nanostructures templated by 
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the peptides at different assembly stages were examined by TEM and are shown in 

Figure 4.11B-4.11D. 

 

 

Figure 4.10 Circular dichroism spectroscopy data for Ac-C-P222 peptide with 0.1mM 
concentration measured at different temperatures in pH4.5 buffer 
condition containing 0.5mM TCEP. Data is plotted with buffer 
background subtracted. The spectrum measured at room temperature 
show typical α-helical conformation. The spectrum measured from 85˚C-
30min incubated the solution shows the melting of α-helical structures. 
The α-helical conformation can be recovered immediately once the 
solution is cooled, as shown by the spectrum measured from the solution 
cooled from 85˚C to 20˚C in time 0 point. 
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Figure 4.11 A: The schematic of the kinetic assembly process of Ac-C-P222. In stage 
1, peptides exist as denatured random coils. In stage 2, peptides mainly 
exist as folded coiled-coil bundles, depicted by cylindrical ribbon-
drawings. In stage 3, peptides mainly exist as assembled nanotube 
morphologies. B: TEM image showing the nanostructures formed from 2 
eqv. gold precursor solution added at stage 1 of the peptide assembly 
process. The structure was examined 2 hours after mixing. C: TEM 
image showing the nanostructures formed from 2 eqv. gold precursor 
solution added at stage 2 of the peptide assembly process. The structure 
was examined after 24 hours from the point of mixing. Inset is the HR-
TEM of an individual gold nanoparticle. D: TEM image showing the 
nanostructures formed from 2 eqv. gold precursor solution added at stage 
3 of the peptide assembly process. The structure was examined after 2 
hours from the point of mixing. E: The corresponding structure models 
illustrating the nanostructures formed in B-D, respectively. The sizes of 
objects are not in scale. After the attachment of gold nanoparticles, the 
peptide nanotubes exhibit more flexibility.   
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When gold precursor solution was mixed with denatured Ac-C-P222 (stage 1 in 

Figure 4.11A), white/yellow precipitate formed immediately, indicative of a 

disordered aggregate morphology (Figure 4.11B). This is likely from the interactions 

of the tetrachloroaurate anions with the positively charged peptides (Ac-C-P222 is 

expected to be positively charged at pH 4.5). When the AuNP precursor reagents were 

added to Ac-C-P222 solution at the time point of 10 minutes (stage 2 in Figure 

4.11A), no precipitate formed. However, after 24 hours, only a few gold nanoparticles 

were observed, and most peptide nanotubes were devoid of gold nanoparticles (Figure 

4.11C). This is due to the existence of coiled-coil bundles as the major specie in stage 

2 when the gold precursors (HAuCl4 and NaBH4) were added to the solution. As 

shown by the cryo-TEM images in Figure 4.12, after 20 minutes of assembly only a 

limited number of short nanotubes were formed. Therefore, at the time point of 10 

minutes peptide assembly, gold nuclei formed through a heterogeneous nucleation 

process mostly on the individual bundles. Bundles could act as surface passivation 

ligands and stabilize the gold nanoparticles, resulting in the formation of extremely 

small gold nanoparticles (not easily detectable under the TEM magnification for 

Figure 4.11C) not associated with any larger peptide template. When gold precursor 

solution was added to Ac-C-P222 solution at the time point of 18 hours (stage 3 in 

Figure 4.11A), well-assembled peptide nanotubes was the major template structure 

present, and gold nuclei formed on these one-dimensional peptide nanotubes giving 

the ordered gold nanoparticle chain structures as shown by Figure 4.11D. Another 

interesting structural feature that can be observed when comparing gold nanoparticle-

attached peptide nanotubes with pure peptide nanotubes (Figure 4.3C) is that the gold 

functionalized peptide nanotubes exhibit more flexibility along the tube length. The 
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more flexible peptide nanotubes may be caused by local structural frustration and 

disruption when the gold nanoparticles are located within the tube wall and disrupt the 

bundle packing.  The slightly disrupted packing seems to cause a local defect in tube 

wall providing for bends in the local tube morphology. The structure models of the in-

situ synthesized gold nanoparticles mediated by Ac-C-P222 in different assembly 

stages is illustrated in Figure 4.11E. 

 

 

Figure 4.12 Cryo-TEM images show the morphology of Ac-C-P222 peptide 
assembly structures formed after 20 min of room temperature incubation. 
A and B were taken from different areas indicating the existence of only 
short peptide nanotubes. Individual un-assembled peptide coiled-coil 
bundles cannot be directly detected under TEM due to the small size and 
low electron density. 

 

To study the peptide assembly pathway effects on the templated organization 

of pre-made colloidal 5 nm AuNPs, Ac-C-P422 in pH 7 buffer was used. The peptide 

solution was first thermally denatured at 90 ˚C for 2 hours, followed by 50˚C 

isothermal incubation for peptide platelet formation. Peptides existed as random coils 
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at the higher temperature (as shown by circular dichroism spectra in Figure 4.13), 

while the refolding of 𝛼-helices and the formation of coiled-coil bundles was very 

rapid once the 50˚C isothermal incubation started.82 During the assembly process of 

Ac-C-P422 peptide platelets, 5 nm AuNPs were added at two different time points of 

peptide assembly: 1) 0 min at 50˚C (solution was just quenched to 50˚C from 90˚C) at 

which point all the peptides were still denatured and 2) 6 hours at 50˚C incubation in 

which peptides existed in the state of well-assembled platelets. 

 
Figure 4.13 Circular dichroism spectroscopy data for Ac-C-P422 peptide with 0.1mM 

concentration measured at different temperatures in pH7 buffer condition 
containing 0.5mM TCEP. Data is plotted with buffer background 
subtracted. The spectrum measured at room temperature show typical α-
helical conformation. The spectrum measured from 85˚C-30min 
incubated the solution shows the melting of α-helical structures. The α-
helical conformation can be recovered immediately once the solution is 
cooled, as shown by the spectrum measured from the solution cooled 
from 85˚C to 20˚C in time 0 point. 
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In Figure 4.14, the TEM images show the morphology of the 5 nm AuNPs organized 

by Ac-C-P422 from these two assembly stages with the structures observed after 24 

hours from the 5 nm AuNP-peptide mixing. When the 5 nm AuNP colloidal solution 

was mixed with denatured peptides, two types of gold nanocrystal organizations were 

observed after 24 hours due to the lack of pre-existing ordered peptide template 

morphologies: 1) disordered, aggregated 5 nm AuNPs, as shown in the area 1 of 

Figure 4.14A and 4.14B or 2) the hexagonally packed 5 nm AuNPs, as shown in the 

area 2 of Figure 4.14A and 4.14C. It has been reported that peptide random coils and 

coiled-coils can be used as linkers to mediate the assembly of inorganic 

nanoparticles.34–36,91,92 The disordered, aggregated 5 nm AuNPs are most likely 

mediated by denatured peptide random coils, which displays a similar morphology as 

observed previously.36 The hexagonally patterned 5 nm AuNPs are likely mediated by 

rigid peptide coiled-coil bundles. The distance between neighboring 5 nm AuNPs 

within the hexagonal pattern is 6.4 nm ± 1.8 nm, which is approximately twice the 

bundle length value. The theoretical neighboring AuNPs distance is approximately 8 

nm, and drying of the sample may cause a slight shrinkage of the bundles. In such a 

system, the bundles form a shell outside of the 5 nm AuNPs, and the hexagonal pattern 

results from dense, close packing. This hexagonal dense packing is unique among 

reported work of using coiled-coils as inter-particle linkers. Previous reports 

demonstrated the successful construction of binary particle assemblies. However, no 

patterns with clear symmetries were observed.36,91 The coiled-coil-mediated 5 nm 

AuNP packing is similar to that observed with DNA-linked gold nanoparticles.51 

When the 5 nm AuNP colloidal solution was mixed with well-assembled peptide 
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platelet solution, two-dimensional 5 nm AuNP arrays were formed as shown in Figure 

4.14D. 

 

Figure 4.14 TEM images show the nanostructures of pre-made 5 nm AuNPs 
templated with Ac-C-P422 peptide assembled at different stages at 50˚C 
in pH 7 buffer. A: 5 nm AuNP solution mixed with peptides in denatured 
state and examined after 24 hours from the mixing. B: High 
magnification image of indicated area 1 in A showing disordered, 
aggregated 5 nm AuNPs. C: High magnification image of indicated area 
2 in A showing hexagonally packed 5 nm AuNP. D: 5 nm AuNP mixed 
with peptide solution after 6 hours of peptide plate-assembly at 50˚C and 
evaluated after 24 hours from the mixing; two-dimensional 5 nm AuNP 
arrays can be observed. Inset is the high magnification image from plates 
showing the individual 5 nm AuNPs.  

4.4 Fabrication of Gold Nanowires 

Optical (SPR) properties that result from templated one-dimensional gold 

chains have motivated the development of simple fabrication methods for producing 

gold nanowires in this study. By using peptide nanotubes as a template, a solution-

phase chemical deposition method has been developed based on the in-situ gold 

nanoparticle synthesis procedure described earlier. A mica sheet was used as a solid 

substrate to be exposed to three baths in succession: A) peptide solution of Ac-C-P222 

nanotube, B) 20 mM HAuCl4 solution, and C) 20 mM NaBH4 solution, for the coating 
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of peptide nanotubes and the subsequent gold formation. The process is illustrated in 

Figure 4.15A. AFM evaluation of the nanowire structures yielded measurements of 

nanowire height (Figure 4.15B), indicating an average height of 8.8 nm ± 1.3nm 

(Figure 4.15C). As demonstrated in Chapter 3, the average height of uncoated 

peptide nanotubes measured by AFM was 4.4 nm ± 0.5nm, strongly suggesting that 

the increased height observed can be attributed to the nanotube gold coating. The 

results demonstrate a facile and effective process of reproducibly producing gold 

nanowires deposited on solid substrate. The high binding affinity of gold species to 

cysteine-modified peptides ensures the efficient coating of peptide tubes with gold. 

Further processing has the potential to control the orientation of nanowires and the 

thickness of the gold coating. Such control may allow modulation of electronic 

conductivity and SPR properties of the gold nanowires, which can be leveraged in 

functional devices such as solar cell and implantable electronic devices. 
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Figure 4.15 Gold nanowire deposition process. A: Three different baths including 
peptide solution, HAuCl4, and NaBH4 solution were exposed to a mica 
substrate successively for gold nanowires fabrication. B: AFM 
micrograph of the deposited gold nanowires on mica sheet. C: Height 
analysis reveals the average height as 8.8 nm with a standard deviation of 
1.3 nm. 

4.5 Conclusion 

In this Chapter 4, we used computationally designed peptide sequences that 

can assemble into highly ordered nanostructures for gold nanoparticle templating 

applications. The designed, cysteine-modified peptides maintain self-assembled 

nanostructures and exhibit effective gold-binding, yielding one-dimensional and two-

dimensional gold nanoparticle arrays. The kinetic features of the peptide assembly 

process also have been explored to direct the organization and growth of gold 

nanoparticles into various pathways. For the templated the one-dimensional gold 

nanoparticle chains, surface plasmon resonance properties are consistent with the 
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observed inter-particle distances. Furthermore, a deposition method was developed to 

deposit peptide-templated gold nanowires onto solid substrates in a scalable method. 

The gold nanowire deposition process gives the potential to allow the control of 

nanowire orientation and homogeneity. Processing methods such as electrospinning,93 

blade-coating,94 and controlled evaporation 95,96 can potentially be used to control the 

alignment of the peptide templates in the fabrication functional novel devices. 
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INTERACTIONS BETWEEN GOLD PRECURSOR ANIONS AND 
POSITIVELY CHARGED CYSTEINE CONTAINING PEPTIDE SCAFFOLDS 

DURING THE TEMPLATED AQUEOUS SYNTHESIS  

5.1 Introduction  

As discussed in Chapter 4, templating methods, combined with colloidal 

nanoparticle synthesis chemistry, provide the facile strategy of producing highly 

ordered inorganic and composite nanomaterials through the templated 

organization/assembly of individual nanoparticles.1 The use of additive ligands to 

control the synthesis process of nanoparticles can be clamied as the most fundamental 

templating method. In the synthesis of gold nanoparticles, a variety of ligands, such as 

sulfur ligands,2 amino acids,3,4 polyelectrolytes,5–9 surfactants,10 phosphine,11,12 and 

ionic liquid,13–15 have been explored to produce gold nanoparticles with tunable sizes 

16–19 and shapes.33,34 Higher order hierarchical structures of nanoparticles can be 

achieved through inter-particle interactions that are mediated by the particle surface 

ligands. For example, the simplest steric effect can lead to the dense packing of 

nanoparticles in which the spacing can be controlled by the chain length of 

ligands.10,24,25 More complicated nanostructures can be produced by the incorporation 

of more specific inter-particle interactions. For example, hollow capsids composed of 

cobalt nanoparticles were assembled directed by hydrogen-bonding among the 

ligands.26 One-dimensional Fe3O4 nanoparticle chains were reported to have 

assembled with the guidance of oleylamine-ligated lead sulfate clusters.27 Binary gold 

nanoparticle assemblies were reported to have assembled under the control of coiled-

Chapter 5  
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coil pairing of peptide ligands.28–30 Programmable inorganic nanoparticle lattices were 

reported to have been produced via the base-pairing interaction of designable DNA 

ligands.31–33 Moreover, inspired by the biomineralization process in nature,34 with the 

use of pre-formed materials as scaffolds, inorganic nanoparticles can be selectively 

attached to the binding sites producing the inorganic and composite nanomaterials 

inheriting the same structure feature of scaffords.35–39 In this process, the key driving 

force is the interaction between particles and the scaffolds. A type of generic 

interaction is the electrostatic interaction that exists between inorganic species and the 

scaffolds. For example, the chargeable poly(acrylic acid) corona in self-assembled 

block co-polymer micelles has shown the strong binding affinity to counter ion-coated 

gold nanoparticles. This affinity has produced the orderly stacked gold nanoparticles.43 

Charged DNA scaffolds were reported to have been used to adsorb oppositely charged 

inorganic precursor anions and nanoparticles producing linear inorganic nanoparticle 

arrays and nanowires.40,41 Acidic and basic amino acid residues in proteins and virus 

capsids were also reported to have shown strong electrostatic binding affinity to 

inorganic species for the formation of scaffold-organized 1D and 2D inorganic 

nanoparticle arrays.42–48 Other than generic electrostatic interactions, more specific 

interactions between certain molecular groups and inorganic species also have been 

identified. For example, the mostly utilized specific bonding is the thiol-gold bonding 

interaction. Thiol-functionalized DNA molecules were reported to have been grafted 

onto gold nanoparticles, and directed the specific decoration of nanoparticles on DNA 

scaffolds.49,50 With a similar mechanism, thiol-functionalized polymer single crystals45 

and thiol-functionalized peptide scaffolds51–54 were also reported to have exhbited 

obvious specific binding to gold specices. Besides gold, the thiol group was reported 
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to have binding affnity to other types of noble metals such as silver and platinum.52,55 

The imidazole group in histidine is identified as an important moiety for the 

templating of inorganic nanoparticles on peptide scaffolds.54,56–59 Although the 

binding mechanism of histidine to inorganic species is the general electostatic 

interaction, specific coordinations between imidazole and metal ions can be formed.60 

Therefore, histidine as binding moiety is listed separately. The bonding between 

aromaic groups and metallic species also has been largely explored. For example, 

pyridine-gold bonds were reported to have directed the 1D and 2D organizations of 

gold nanoparticles on peptide nanofibers and polymer single crystals.61,62  The 

fluorenylmethoxycarbony (Fmoc−) group was used in the synthesis of 1D silver 

nanopartilce arrays on peptide fiber scaffolds.63 Certain short peptide sequences 

containing aromatic amino acid residues such as phenylalanine, tyrosine, and 

tyrptophan have been idenfied as effective metal binding sequnces and used to guide 

the specific decoration or synthesis of inorganic nanoparticles on scaffolds.64–66 Other 

specific bondings, such as adenine-metal coordination,67 hydrogen bonding with silica 

particles 44 and more, are contineously being reported, which enriches the toolbox that 

can be used in the templating study of nanoparticles. However, in most of the reported 

studies, only one type of interaction was utilized and investigated for each templating 

system. This may not be sufficient for the more complicated templating materials, 

such as DNA and peptides, that can contain aromatic, charged and thiol-functionality 

at the same time. In Chapter 4, we demonsrated examples of the successful use of 

thiol-funtionalized, self-assembled Ac-C-P222 nanotubes as scaffolds to template the 

solution synthesis of ordered gold nanoparticle arrays. In addition to the desired thiol-

gold bonding, due to the acidic condition used for peptide self-assembly, the positive 
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charges that peptides carry could impose strong electrostatic interactions to the 

precursor anions (chloroauric acid and sodium borohydride) used in the synthesis. 

Therefore, in this work, further investigation was conducted about the effect of 

precursor molecule ratio on the synthesized gold nanomaterials morphology, the 

precursor molecule addition order on gold nanoparticle growth pathways, and the 

selective peptide-metallic binidng effect in order to discuss the inorganic anion-

peptide and gold-peptide interactions during the templating synthesis process. 

5.2 Materials and Methods 

5.2.1 Peptide Synthesis 

Peptides were synthesized as described in Chapter 4. 

5.2.2 Peptide Purification   

Purification was performed as described in Chapter 3.  

5.2.3 Peptide Solution Self-assembly Experiments  

The self-assembly process is the same as described in Chapter 4. 

5.2.4 Templating of Gold Nanoparticles  

In-situ templating synthesis of gold nanoparticle method was used as described 

in Chapter 4. 

5.2.5 Transmission Electron Microscopy  

TEM sample grids preparation and images collection are as similar as being 

described in Chapter 2. 
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5.2.6 Cryogenic TEM (Cryo-TEM) 

Cryo-TEM sample preparation and images collection are as similar as being 

described in Chapter 3. 

5.2.7 Wide and Small Angle X-ray scattering  

WAXS/SAXS measurements were conducted as described in Chapter 4. 

5.3 Stoichiometry Effect 

In Chapter 4, we have demonstrated the cysteine containing Ac-C-P222 

peptide (Ac- C DGRIE GMAEA IKKMA YNIAD MAGRI WGEA-NH2) can be used 

to effectively template the in-situ solution synthesis of gold nanoparticles. The peptide 

itself can firstly adopt α-helical secondary-structure in aqueous condition for the 

formation of homotetrameric coiled-coil bundle structure and then can further 

assemble into hollow tubular structure with width of 13.0 ± 0.8 nm and wall thickness 

of 3.2 ± 0.4 nm, in acidic buffer (50mM pH 4.5 sodium acetate buffer), as shown in 

Figure 4.3A.68 When these cysteine-containing peptide nanotubes were applied as 

scaffolds for the templated solution synthesis of gold nanoparticles using chloroauric 

acid (HAuCl4) and sodium borohydride (NaBH4) as precursor molecules, clear one-

dimensional chain-like organization of gold nanoparticles can be observed under TEM 

after 2 hours of incubation, as shown in Figure 4.4A. To explore the effect of 

precursor molecule ratio on the morphology of gold nanomaterials, the amount of 

precursor molecules was varied from 1-equivalent to 3-equivalents with respect to the 

peptide concentration. After the sequential addition of HAuCl4 and NaBH4 to peptide 

nanotube suspensions, and 2 hours of incubation, the gold nanomaterials morphology 

was examined by TEM, as shown in Figure 5.1. 
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Figure 5.1 TEM images of Ac-C-P222 peptide nanotube templated solution 
synthesis of gold nanoparticles with different precursor molecule ratio. 
A: 0.2 mM peptide nanotubes with 0.5 mM TCEP, 0.2 mM HAuCl4 and 
0.2 mM NaBH4 in 50 mM pH 4.5 buffer were used as growth solution 
and incubated for 2 hours. (Molar ratio of peptide: HAuCl4: NaBH4=1: 1: 
1). B: 0.2 mM peptide nanotubes with 0.5 mM TCEP, 0.4 mM HAuCl4 
and 0.4 mM NaBH4 in 50 mM pH 4.5 buffer were used as growth 
solution and incubated for 2 hours. (Molar ratio of peptide: HAuCl4: 
NaBH4=1: 2: 2). Inset is HR-TEM of individual gold nanoparticle 
showing gold (111) crystal plane with 2.3 Å spacing. C: 0.2 mM peptide 
nanotubes with 0.5 mM TCEP, 0.6 mM HAuCl4 and 0.6 mM NaBH4 in 
50 mM pH 4.5 buffer were used as growth solution and incubated for 2 
hours. (Molar ratio of peptide: HAuCl4: NaBH4=1: 3: 3). 

The 2-equivalents precursor molecule amount is the optimal templating growth 

condition; clear one-dimensionally organized gold nanoparticle chains can be 

observed in Figure 5.1B. The lower or higher molar ratio resulted in undesired gold 

nanomaterials morphology. As shown by Figure 5.1A, the incubation of peptide 

nanotubes with 1eqv. of HAuCl4 and 1eqv. of NaBH4 did not yield significant 

formation of gold nanoparticles; no obvious particles could be seen with TEM and no 

diffraction peaks could be obtained by solution WAXS (data not shown). When the 

amount of precursor molecules was increased to 3 equivalents (molar ratio of peptide: 

HAuCl4: NaBH4=1: 3: 3), inhomogeneous gold nanoparticle growth is observed as 

indicated by red arrows in Figure 5.1C. When the amount of precursor molecule was 
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further increased to 5 equivalents, even elongated rod shape gold nanoparticles and 

continuous gold nanowires could be observed, as shown in Figure 5.2.  

 

Figure 5.2 TEM image shows the formation of continuous gold nanowire structures 
from the solution condition containing 0.2 mM Ac-C-P222 peptide 
nanotubes, 0.5 mM TCEP, 1 mM HAuCl4 and 1 mM NaBH4, and 
incubated for growth for 2 hours. (Molar ratio of peptide: HAuCl4: 
NaBH4=1: 5: 5) 

Combining the gold nanoparticle growth observation under different precursor 

molecules ratio conditions, we can conclude that a critical molar ratio of precursor 

molecules vs. peptides is needed for the formation of gold nanoparticles, which is 

determined by the number of positive amino acid residues each peptide carries. In our 

studied cases, the critical molar ratio of HAuCl4: NaBH4: peptide is 2: 2: 1. In this Ac-

C-P222 peptide sequence used for templating, there are four positively charged amino 

acid residues (arginine at position 4, lysine at position 13, lysine at position 14 and 

arginine at position 25) that can pair with precursor anions. In the ideal ion-pairing 

condition, each peptide molecule can pair with exact 2eqv. of AuCl4- and 2eqv. of 

BH4- (total 4 equivalents anions). In the actual situation, because peptide molecules 
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are folded and assembled into nanotubes, certain charged residues may not be 

accessible. Therefore, each peptide molecule accommodates less than total 4 

equivalents anions. For the 2-equivalent precursor molecule condition, 2eqv. of AuCl4- 

anions firstly pair with positively charged peptides forming a complex structure that is 

similar to a ligand-stabilized complex.69 Then the sequentially added 2eqv. of BH4- 

will not be completely restricted by ion-pairing with peptides but still can react with 

AuCl4- for gold nucleation and growth. The reduced Au0 can be coordinated with 

cysteine residues through thiol-gold bonding for the formation of ordered one-

dimensional chains. When the amount of precursor molecules is decreased to 1-

equivalent condition, the positively charged peptides are in large excess and can bind 

with most of the AuCl4- and BH4- anions through ion-pairing interaction.69 We 

hypothesize that the formed peptide-BH4- complex reduced the reducibility of BH4- 

hindering the formation of gold nanoparticles. However, the formation of gold 

nanoparticles in this solution condition containing only 1-equivalent precursor 

molecules can be triggered by extra UV radiation. The photo-reduced gold 

nanoparticles can be observed by dark field TEM as shown in Figure 5.3. This proves 

that the loss of reducibility of BH4- is responsible for the lack of gold nanoparticle 

formation; AuCl4- anions are still present in the solution. In high precursor molecules 

ratio conditions, there are not sufficient peptides to coordinate and control the growth 

of gold nanoparticles from being coalesced. Moreover, it is known that initially 

formed gold nanoparticles can catalyze the gold reduction reaction for the formation 

of large gold nanoparticles, elongated rods and wires.5 Therefore, the gold 

nanoparticles that nucleated on the site of peptide nanotubes can recruit excess AuCl4-  

for the further growth into elongated gold nanorods and gold nanowires structures. 
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Figure 5.3 HAADF image of UV photo-induced formation of gold nanoparticles. In 
0.2 mM Ac-C-P222 peptide nanotube solution with 0.5 mM TCEP, 1eqv. 
of HAuCl4 (20 mM in DI water) and 1eqv. of NaBH4 (20 mM in DI 
water) were added successively, to reach the final concentration of 0.2 
mM for each precursor molecule. The solution was then radiated under 
UV lamp with wavelength of 365 nm, 20.1 mW/cm2 for 7 hours. Bright 
particles in the image indicate the existence of inorganic gold 
nanoparticles. 

5.4 Addition Order Effect of Precursor Molecules  

In the previously described gold solution synthesis process, precursor solutions 

were added successively to peptide nanotube solutions in the order of HAuCl4 first and 

NaBH4 second. We then examined the effect of the addition order of precursor 

molecules on the growth pathway of gold nanoparticles. 2eqv. of NaBH4 was firstly 

added to the Ac-C-P222 peptide nanotube solutions then followed by 2eqv. of 

HAuCl4. The solution was incubated at room temperature for gold nanoparticle 
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growth. The resulting nanostructure morphology was examined by TEM, as shown in 

Figure 5.4A.  

 

Figure 5.4 TEM images show the gold nanoparticle growth on Ac-C-P222 peptide 
tubes with precursor molecules in the addition order of NaBH4 as the first 
and HAuCl4 as the second added. A: In 0.2 mM peptide nanotube 
solution containing 0.5 mM TCEP, NaBH4 and HAuCl4 were 
successively added to reach the final concentration of 0.4 mM for each 
precursor molecules. The solution was incubated for 7 hours. B: In 0.2 
mM peptide nanotube solution containing 0.5 mM TCEP, NaBH4 and 
HAuCl4 were successively added to reach the final concentration of 0.4 
mM for each precursor molecules. The solution was then radiated under 
UV lamp with wavelength of 365 nm, 20.1 mW/cm2 for 7 hours. Gold 
nanoparticles were formed in one-dimensional organization. 

Compared with the result of the same 2-equvialents precursor molecule condition but 

in different addition order shown in Figure 5.1B, the formation of gold nanoparticles 

was hindered when NaBH4 was firstly mixed with peptides. The few observed gold 

nanoparticles did not appear to have significant templating order. As discussed in the 

previous section, when BH4- is firstly presented in the solution, peptide- BH4- complex 

structures can be formed through ion-pairing interaction. This decreases the 

reducibility of NaBH4 in solution which inhibits the formation of gold nanoparticles. 
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Although our solution condition is acidic, NaBH4 could be consumed by reacting with 

water. However, during the solution addition process, no incubation time is allowed 

between two additions. Also, as shown in Figure 5.4A, a certain amount of gold 

nanoparticles can be spotted which proves that NaBH4 has not completely reacted with 

water. Therefore, we believe that the interaction between BH4- anions and positively 

charged peptides is the cause of the suppressed gold formation results. Furthermore, 

the unreacted HAuCl4 can be reduced via UV photo-reduction giving the one-

dimensional templated gold chain organization, which can be clearly observed under 

TEM as shown in Figure 5.4B. If the amount of firstly added NaBH4 was further 

increased to 5 equivalents, the reduction of the following added HAuCl4 can be further 

hindered resulting in the observation of salt clusters from unreacted HAuCl4 under 

TEM as shown in Figure 5.5A (spherical structures with the diameters of 100-200 

nm). This is because 5 eqv. of NaBH4 is in excess to peptides. Therefore, most of the 

positively charged sites of peptides will be occupied by BH4- anions. The following 

added HAuCl4 will remain unbound and unreacted in solution which can form salt 

clusters while being dried during TEM sample preparation. Similar unreacted HAuCl4 

salt clusters can be observed by TEM in the early growth stage of gold nanoparticles 

in the solution condition that HAuCl4 was firstly added, as shown in Figure 5.6. These 

salt clusters can react with further added NaBH4 and disappear giving the formation of 

gold nanoparticles, as shown by TEM image in Figure 5.5B. From these results, it can 

be concluded that in our studied case, pre-incubation of NaBH4 with peptide templates 

will inhibit the formation of gold nanoparticles and decrease the templating order. This 

has not been commonly observed or discussed in the field of peptide templating. On 

the contrary, it has been reported that in certain specific cases, the pre-incubation of 

NaBH4 with protein cage scaffolds can promote the templated growth.54 The 

uniqueness of our system is that acidic conditions make the peptide side chains mostly 

in a positively charged state. This brings more complex ion-pairing interactions to the 

system in addition to the desired thiol-gold bonding. Therefore, as being discussed 

here, more attention should be paid in the choice of precursor molecule ratio and 

addition order to achieve optimal templating result. 
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Figure 5.5 TEM images show the gold nanoparticle growth on Ac-C-P222 peptide 
tubes with precursor molecules in the addition order of NaBH4 as the first 
and HAuCl4 as the second. A: In 0.2 mM peptide nanotube solution 
containing 0.5 mM TCEP, NaBH4 and HAuCl4 were successively added 
to reach the final concentration of 1 mM for each precursor molecule. 
The solution was then incubated for growth for 2 hours. Spherical 
clusters are observed along with peptide nanotubes. Inset is the high 
magnification image of spherical clusters revealing the clustered 
structures. B: To the same solution shown in A, extra 5eqv. of NaBH4 
with respect to peptide concentration was added and incubated for 2 
hours. Spherical clusters disappeared after the extra addition of NaBH4. 
Gold nanoparticles formed. Inset is the high magnification image 
showing the individual gold nanoparticles organized into one-
dimensional structures templated by peptide nanotubes. 
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Figure 5.6 TEM images show the time-dependent growth process of gold 
nanoparticles on Ac-C-P222 peptide tubes in 5-equvialent condition. 
0.2mM cysteine modified peptide solution was firstly assembled in 
50mM pH 4.5 buffer with 2 eqv. TCEP for 18hours. 5 eqv. of HAuCl4 
solution and 5 eqv. of NaBH4 with respect to peptide concentration were 
successively added to the solution for the growth of gold nanomaterials. 
A: After 5min of growth, some gold nanoparticles organized in one-
dimension were observed. Spherical salt clusters from not yet reacted 
HAuCl4 were observed as well. Inset is the high magnification image of 
cluster structure. B: After 15min of growth, more gold nanoparticles 
organized in one-dimension were observed. Spherical salt clusters were 
reduced. Inset is high magnification image showing the cluster structure 
and the templated gold nanoparticles. C: After 1h of growth, all the salt 
clusters disappeared, forming gold nanoparticles.  

A two-step addition procedure of precursor molecules is proposed to further 

prove our hypothesis about the interactions between precursor anions and positively 

charged peptides. In the first step, 1-equivalent NaBH4 was added to the peptide 

nanotube solution. Successively, 5-equivalents HAuCl4 were added to the same 

peptide solution. The solution was then incubated at room temperature for 2 hours and 

examined by TEM. In the second step, an additional 4-equivalents NaBH4 were added 

to the same incubated solution, and examined by TEM after 5 min. The nanostructure 

morphology revealed by TEM is shown in Figure 5.7. After the first step addition of 

1-equivalent NaBH4 and 5-equivalent HAuCl4, no significant formation of gold 

nanoparticles can be observed; salt clusters from unreacted HAuCl4 are exhibited as 

shown in Figure 5.7A. This meets the expectation that the firstly added BH4- anions 
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should be bound to peptide and, therefore, have lost the reducibility. The following 

added AuCl4- anions can bind to the remaining charged sites on peptide templates that 

remain unreacted. And, since the amount of 5-equivalents HAuCl4 is in excess, the 

unbound HAuCl4 forms salt clusters during the drying process of TEM sample 

preparation. After the second step addition of an extra 4-equivalents NaBH4, the 

orderly templated one-dimensional gold nanoparticles formed very efficiently even 

only being incubated for 5 min as shown in Figure 5.7B. This is because the 

additional 4-equivalents of NaBH4 reduced the unreacted HAuCl4 that was bound on 

the peptide templates during the first step. Since most of the positively charged sites 

on peptides were occupied in the first step, the NaBH4 added in the second step can 

remain unbound and, therefore, has high reactivity. Zeta-potential change of peptide 

solution during this multi-step addition process was also measured to confirm the 

adsorption of precursor anions to positively charged peptides. The zeta-potential value 

of pure peptide nanotubes in 50 mM pH 4.5 buffer is +44.98 mV. This meets our 

expectation that due to the acidic condition, peptides will carry positive charges. After 

the first step addition of 1-equivalent NaBH4 and 5-equivalent HAuCl4, the zeta-

potential value dropped to +12.62 mV. This is showing the adsorption of anions to 

peptides. After the second step addition of extra 4-equivalent NaBH4, the solution 

became ruby-red with flocculation. This is no long a stable colloidal solution, which is 

indicative of the further decrease of zeta potential (the acquired zeta potential is +5.47 

mV).   

 

 



 181 

 

Figure 5.7 TEM images show the gold nanoparticle growth result on Ac-C-P222 
peptide nanotubes through a multi-step addition procedure of precursor 
molecules. A: In 0.2 mM peptide nanotube solution containing 0.5 mM 
TCEP, 1eqv. of NaBH4 and 5eqv. of HAuCl4 with respect to peptide 
concentration were added successively and incubated for growth for 2 
hours. (Molar ratio of peptide: NaBH4: HAuCl4=1: 1: 5) Salt clusters are 
observed along with peptide nanotubes. B: To the same solution, extra 
4eqv. of NaBH4 with respect to peptide concentration was added, and 
incubated for 5 min. One-dimensional gold nanoparticle arrays can be 
observed. 

5.5 Binding Selectivity to inorganic Species 

As can be seen from above, the gold precursor anions have strong binding 

affinity to positively charged peptide side chains. The formed gold nanoparticles have 

clear binding effect to cysteine-modified peptide templates through thiol-gold bonding 

as shown in Figure 5.1B. Cryo-TEM images were also taken, shown in Figure 5.8, to 

confirm the one-dimensionally organized gold nanoparticles are not due to the drying 

accumulation effect, but is because of thiol-gold bonding.  
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Figure 5.8 Cryo-TEM images of Ac-C-P222 peptide nanotube templated solution 
synthesis of gold nanoparticles. 0.2 mM cysteine-modified peptide 
nanotubes with 0.5 mM TCEP, 0.4 mM HAuCl4 and 0.4 mM NaBH4 
were used as growth solution and incubated for 4 days for imaging. A 
and B are taken from the same sample in different areas, showing the 
peptide nanotubes attached with gold nanoparticles. This confirms the 
one-dimensional organization of gold nanoparticles is from the bonding 
between cysteine and peptides, not due to drying accumulation effect.  

Moreover, to further evaluate the selective binding affinity of peptide scaffolds 

to the inorganic species, non-cysteine containing H-P222 peptide nanotubes were 

investigated for the gold nanoparticle binding, and, cysteine containing Ac-C-P222 

peptide nanotubes were investigated for the silver gold nanoparticle binding. The 

selective binding morphology results are revealed by TEM and shown in Figure 5.9. 
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Figure 5.9 TEM images show the growth of gold nanoparticles on non-cysteine 
containing H-P222 peptide tubes and the growth of silver nanoparticles 
on cysteine containing Ac-C-P222 peptide tubes. A: In 0.2 mM H-P222 
peptide nanotube solution, 5eqv. of HAuCl4 and 5eqv. of NaBH4 with 
respect to peptide concentration were added successively and incubated 
for 2 hours. B: In 0.2 mM Ac-C-P222 peptide nanotube solution 
containing 0.5 mM TCEP, 5eqv. of AgNO3 and 5eqv. of NaBH4 with 
respect to peptide concentration were added successively and incubated 
for 2 hours. Both images were taken under highly defocused condition to 
reveal the tubes. Therefore, the observed widths of tubes are not accurate. 

As shown in Figure 5.9A, after 2 hours of incubation of gold precursor 

molecules with H-P222 peptide nanotubes, significant amount of gold nanoparticles 

was observed. However, these gold nanoparticles do not appear to display any obvious 

templating effect. They are observed being randomly distributed among the imaging 

area. There are reported examples that the templated growth of inorganic nanoparticles 

can be achieved just via electrostatic interactions.42–48 In our studied case, the 

electrostatic interactions play an important role in the adsorption of precursor anions 

to peptide scaffolds. However, after the reduction of gold, it seems a strong binding 

moiety such as cysteine is needed for the templating purpose. This may be because of 
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the steric effect that the peptide molecules are packed within the nanotubes in which 

the space is limited for the gold nanoparticle growth. While cysteine is exposed on the 

surface of nanotubes, according to the nanotube model described in Chapter 3, 

without space restriction, reduced Au0 can migrate to the nanotube surface, bind with 

thiol groups and further grow into large nanoparticles. The binding result of silver 

nanoparticles to Ac-C-P222 peptide nanotubes is shown in Figure 5.9B. Significant 

amount of silver nanoparticles were observed as well. But the spatial distribution of 

silver nanoparticles is random without obvious templating order indicating no strong 

binding affinity of cysteine to silver nanoparticles in our case. The binding affinity can 

be quantified by calculating the loading percentage of nanoparticles on peptide 

nanotubes, as well as in empty area, as shown by Figure 5.10. Within the nanotubes, 

~10% of the nanotube area is occupied by silver nanoparticles. In empty area, using 

the same area calculation method, ~10% of the empty area is occupied by silver 

nanoparticle. No significant difference exists between nanotubes and empty area 

indicates that the Ac-C-P222 nanotube does not exhibit strong binding affinity to 

silver nanoparticles. As comparison, the loading percentage of gold nanoparticles on 

Ac-C-P222 nanotubes is calculated to be ~32%, as shown by Figure 5.11. The much 

denser loading confirms the selective binding affinity of Ac-C-P222 nanotubes to 

gold. 
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Figure 5.10 The loading percentage calculation of Ag nanoparticles on peptide 
nanotubes. A: The original TEM image of Ag nanoparticles synthesized 
with Ac-C-P222 nanotubes as templates. The image was taken from the 
same sample shown in Figure 5.9. B: The image with particle area 
information extracted from A using ImageJ. The red outlines indicate the 
areas of Ag nanoparticles. The blue outline indicates the area of the 
peptide nanotube, which can be calculated in ImageJ as Atube. Within the 
nanotube area, the area summation of the silver nanoparticles can be 
calculated as Aparticle. Therefore, the loading percentage can be calculated 
as Aparticle/Atube*100%. 
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Figure 5.11 The loading percentage calculation of Au nanoparticles on peptide 
nanotubes. A: The original TEM image of Au nanoparticles synthesized 
with Ac-C-P222 nanotubes as templates. The image was taken from the 
same sample shown in Figure 4.4B in Chapter 4. B: The image with 
particle area information extracted from A using ImageJ. The red outlines 
indicate the areas of Au nanoparticles. The blue outline indicates the area 
of the peptide nanotube, which can be calculated in ImageJ as Atube. 
Within the nanotube area, the area summation of the silver nanoparticles 
can be calculated as Aparticle. Therefore, the loading percentage can be 
calculated as Aparticle/Atube*100%. 

Although, it has been reported in the literature that cysteine exhibits binding affinity to 

silver nanoparticles as well.52,55 In our studied case, due to the acidic solution 

condition, peptides carry positive charges. This is not facilitating the adsoprtion of 

Ag+ cations to templating scaffolds, which may be the reason of the hindered 

templating effect. Therefore, the results indicate that the adsoprtion of inorganic 

precursor anions and the strong binding moiety in the scaffolds are both important for 

the ordered templating synthesis. 
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5.6 Conclusion 

In this Chapter 5, we examined the electrostatic interactions between 

inorganic species and peptide templating scaffolds in addition to the desired thiol-gold 

bonding. Due to the charged nature of this studied peptide sequence, precursor anions 

can be bound to peptides during the gold nanoparticle synthesis process, which can 

result in successful templating or hinder the formation of gold nanoparticles depending 

on stoichiometry and addition order of precursor molecules. The adsorption of gold 

precursor anions to peptide scaffolds through the ion-pairing is facilitating the 

templated growth of gold nanoparticles. However, the ion-pairing between the 

reductant anions and peptides reduces the reducibility of reductants hindering the 

formation of nanoparticles. 
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CONCLUSIONS AND PERSPECTIVE  

6.1 Conclusions  

This Ph.D. dissertation is based on a collaborative materials research project 

with the goal of establishing computational design methodology for a programmable 

peptide self-assembly system. The peptide self-assembly system features the anti-

parallel, homotetrameric coiled-coil bundle composed of a-helical 29-mer synthetic 

peptides as the fundamental assembly building block. The higher order, programmable 

self-assembly structures can be assembled from the coiled-coils by the variation of 

only certain exterior amino acid residues with the targeting of predetermine structures 

(monolayer of lattices with certain space group symmetries, P622, P222 and P422). 

The formation of coiled-coil bundles and the higher order assembly structures are 

confirmed experimentally and characterized in detail as described in this Ph.D. 

dissertation as well as in the Ph.D. dissertation by Michael Haider (University of 

Delaware, 2018). Due to the robust design of the hydrophobic bundle core, the coiled-

coil bundles can keep intact in a variety of solution conditions (pH = 4.5, 7, 8, 10; 

temperature = 30˚C, 40˚C, 50˚C, 60˚C) other than the neutral pH, room temperature 

condition in which the computational designing is based. The inter-bundle interactions 

are therefore controlled by different solution conditions and utilized in the kinetic 

controlling of the self-assembly process of the coiled-coil bundles. 

The solution pH and temperature-dependent assembly behavior of designed 

P422_1 sequence peptide was thoroughly investigated by the methods of microscopy 

Chapter 6 
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and X-ray scattering and discussed in Chapter 2. A sequence isoelectric point (pI) 

related rule is established for the rational explanation and prediction of peptide 

assembly behavior in different pH conditions. The examined N-terminus acetylated 

P422_1 sequence exhibits fast assembly kinetics in a solution condition of pH 7 and 

pH 8, which are near the pI of this sequence. This is due to the overall neutral net 

charge the peptide coiled-coil bundles carry determined by the solution pH. Therefore, 

there are less electrostatic interactions involved to disrupt the self-assembly of coiled-

coil bundles. The fast assembly kinetics can cause the assembly structures being 

trapped in metastable states as revealed by the slow assembly structure morphology 

transition from initially formed disordered aggregates to the ordered lattices over the 

period of 8 weeks. The thermal annealing method (assembly solution temperature = 

40˚C or 50˚C) is applied to accelerate the lattices formation to a period of several 

hours. As the net charge of peptide coiled-coil bundles increases when peptides are 

assembled in solution pH conditions that are much deviated from the pI of the 

sequence, the assembly kinetic behavior is significantly altered. In the condition of pH 

= 10, due to the increased negative net charge carried by the peptide bundles, the self-

assembly process is slowed by the inter-bundle electrostatic interactions. In the 

condition of pH = 4.5, the even more significant positive net charge that the peptide 

bundles carry completely disrupts the inter-bundle assembly process. Therefore, 

peptides exist as soluble coiled-coil bundles in solution instead of forming higher 

order self-assembled lattices. 

Based on a similar inter-bundle interaction controlling strategy, the self-

assembled structures from designed P222_9 sequence peptides in different solution pH 

conditions (pH = 4.5, 7 and 10) are characterized and discussed in Chapter 3. The 
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peptides also exhibit fast assembly kinetics at pH 7 which is close to the pI of the 

sequence, and form two-dimensional platelets. More diverse nanostructures are 

observed when peptides are assembled in very different solution pH conditions. At pH 

4.5, uniform nanotubular structures with the diameter of around 13 nm are observed. 

At pH 10, anisotropic needle-like structures with length over several micrometers are 

observed. Based on the circular dichroism analysis, the peptide coiled-coil structures 

exist in all of the three pH conditions and act as basic assembly building blocks for the 

higher order self-assembled structures. The self-assembled peptide nanotubes are 

thoroughly analyzed by cryo-TEM, solution small-angle X-ray scattering, STEM 

mass-mapping and site-specific amino acid substitution. A monolayer of tilted-

arranged peptide coiled-coil bundles is proposed as the structure model of peptide 

nanotubes. The positively charged portion (induced by acidic assembly condition, pH 

= 4.5) in the exterior part of the bundle is proposed to be the reason to cause the tilted 

arrangement of the bundles for the formation of curved surface.  

Based on the developed nanostructures, one-dimensional nanotubes assembled 

from designed P222_9 sequence at pH 4.5, and two-dimensional platelets assembled 

from designed P422_1 sequence at pH 7, the templating application of these 

nanostructures is demonstrated in Chapter 4. Cysteine with the thiol-functional group 

is used as a binding site for gold nanoparticles. Therefore, cysteine-modified peptides, 

Ac-C-P222 and Ac-C-P422, were synthesized. The cysteine-modified peptides 

assemble into similar nanostructures compared to the un-modified peptides and were 

used as templates for gold nanoparticles. Both the in-situ solution gold nanoparticles 

synthesis and the ligand-exchange process using premade 5 nm Au nanocrystals 

produced orderly templated gold nanoparticles, including one-dimensional gold 
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nanoparticle chains and two-dimensional gold nanoparticle arrays based on different 

templates. The optical property of one-dimensional gold nanoparticle chains was 

probed using UV-vis spectroscopy. The enhanced plasmonic properties were observed 

due to the coupling effect of the closely arranged neighboring gold nanoparticles 

templated by peptide nanotubes. A facile surface deposition method was developed, 

based on the solution templated gold nanoparticle synthesis process, for the fabrication 

of solid-state gold nanowires. 

In Chapter 5, the solution templating process of gold nanoparticles on Ac-C-

P222 peptide nanotubes formed at pH 4.5 was investigated in detail. Due to the 

positively charged nature of peptide nanotube scaffolds, multiple interactions, 

including gold-thiol bonding and electrostatic interactions between peptides and 

precursor anions are involved during this process. The synergic effect of these 

interactions determines the proper amount of precursor molecules and the addition 

order for the optimal formation of templated gold nanoparticles. The Ac-C-P222 

peptide contains 4 positively charged amino acid residues that can bind with precursor 

anions (AuCl4- and BH4-) via ion-pairing interactions in acidic condition. Therefore, 

the addition of 2-equvialent of HAuCl4 and NaBH4 results in the most homogenous 

formation of templated 1D chain-like gold nanoparticles. The excessive addition of 

precursor reagents gives the formation of aggregated gold nanoparticles. The 

insufficient addition of precursor reagents hinders the formation of gold nanoparticles 

due to the precursor anions being bound by excess peptides. Due to the strong 

electrostatic interactions between precursors anions and peptides, when NaBH4 is 

firstly added to the peptide templates suspension solution, precursor anions are bound 

by the peptides thus losing the reducibility. In this specific case, the first addition of 
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precursor reagents is required to be HAuCl4 for the efficient formation of gold 

nanoparticles. Furthermore, Ac-C-P222 peptide nanotubes exhibit strong binding 

selectivity to gold nanoparticles synthesized using anionic HAuCl4 while less binding 

affinity to silver nanoparticles synthesized using cationic AgNO3. 

6.2 Prospective 

6.2.1 Co-assembly of multiple peptides 

In Chapter 3 and Chapter 4, it was demonstrated that two peptides H-P222_9 

(DGRIE GMAEA IKKMA YNIAD MAGRI WGEA-NH2) and Ac-C-P222 (Ac- C 

DGRIE GMAEA IKKMA YNIAD MAGRI WGEA-NH2) both can assemble into 

homogenous nanotubes in acidic conditions. The morphologies of nanotubes 

assembled from each peptide are shown by cryo-TEM images in Figure 6.1.  
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Figure 6.1 A: Cryo-TEM images of 0.2mM H-P222_9 peptide assembled in 10mM 
pH 4.5 buffer at room temperature for 18 hours. The tube diameter 
measured from wall center to wall center in TEM images is 13.3 nm ± 
0.7 nm. The wall thickness measured from TEM images is 3.1 nm ± 0.5 
nm. B: Cryo-TEM images of 0.2mM Ac-C-P222 peptide assembled in 50 
mM pH 4.5 buffer with additional 2.5 TCEP at room temperature for 18 
hours. The tube diameter measured from TEM is 13.0 ± 0.8 nm, and wall 
thickness is 3.2 ± 0.4 nm. 

As shown in Figure 6.1, the nanotubes assembled individually from these two 

peptides have almost identical morphology; micrometer-long, rigid nanotubes of 

similar size. Although partially broken points can be spotted, no branches can be 

observed. Serendipitously, it was found that the co-assembly of these two molecules 

yields the unusual branched nanotube structures composed of Y- and T-junctions, as 

revealed by cryo-TEM images in Figure 6.2-6.4.  
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Figure 6.2  Cryo-TEM images of branched nanotubes co-assembled from H-P222_9 
and Ac-C-P222 peptides. 0.2 mM H-P222_9 and 0.2 mM Ac-C-P222 
peptides firstly were allowed to self-assemble in pH 4.5 buffer 
individually. After 5 min of separate assembly, solutions were mixed for 
co-assembly. Nanostructures were examined after 18 hours of co-
assembly.    
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Figure 6.3  Cryo-TEM images of branched nanotubes co-assembled from H-P222_9 
and Ac-C-P222 peptides. 0.2 mM H-P222_9 and 0.2 mM Ac-C-P222 
peptides firstly were allowed to self-assemble in pH 4.5 buffer 
individually. After 30 min of separate assembly, solutions were mixed for 
co-assembly. Nanostructures were examined after 18 hours of co-
assembly.    
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Figure 6.4  Cryo-TEM images of branched nanotubes co-assembled from H-P222_9 
and Ac-C-P222 peptides. 0.2 mM H-P222_9 and 0.2 mM Ac-C-P222 
peptides firstly were allowed to self-assemble in pH 4.5 buffer 
individually. After 3 hours of separate assembly, solutions were mixed 
for co-assembly. Nanostructures were examined after 18 hours of co-
assembly.    

In the co-assembly experiment, the H-P222_9 and Ac-C-P222 peptides were 

firstly allowed to assemble individually. As discussed in the previous chapters, the 

peptide self-assembly process is a time-dependent kinetic process. In the initial 

separate assembly stage, two peptides each can form coiled-coil bundles, and short 

nanotubes. After the mixing of two initially assembled peptides, the co-assembly 

produced the clear branches in the nanotubes. Furthermore, by comparing the 

morphologies of the branched nanotubes in Figure 6.2-6.4, the co-assembly of the 

longest separately assembled sample (3 hours of separate-assembly, shown in Figure 
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6.4) produced the longest nanotubes between the junction points. And the co-assembly 

of the shortest separately assembled sample (5 min of separate-assembly, shown in 

Figure 6.2) produced mostly the branches and the shortest nanotubes between the 

junction points. We hypothesize that the junctions occur when short nanotubes of each 

molecule assembled during the initial separate-assembly stage attempt to fuse into 

longer nanotubes. The possible assembly kinetic difference between two nanotubes 

causes the imperfect fusing thus leading to the formation of junctions.  

 From the observation of the branched nanotubes formation, the structure itself 

is an attractive research object. In the example of self-assembled polymers and 

surfactants, branched cylindrical micelles composed of Y-junctions and bi-continuous 

cylindrical micelles have been observed in some cases such as PS-b-PAA 

(polystyrene-b-poly(acrylic acid), and PB-b-PEO (poly (1,2-butadiene)-b-

poly(ethylene oxide)) existing between the cylindrical and bilayer phases.1–3 Due to 

the surface curvature changes in the junction regions, the energy barrier is usually 

higher for the formation of junctions than the formation of end-capping micelles or 

toroid micelles. Certain molecule composition, such as bi-arm or tri-arm or mixture 

surfactants,4,5 or additives,6 or solvent condition1–3,5 are required to make the branched 

morphology a more energy-favored state. Crystallization-driven self-assembly method 

also has been applied to co-assemble two types of cylindrical micelle seeds with 

different crystalline core sizes so that the micelles with smaller core sizes can be 

attached to thicker core creating branches.7 Branched, hollow tubes are ubiquitous 

morphologies in nature and inorganic materials, such as vesicular, carbon nanotubes,8–

11 which have important impact in materials transporting. Such branched morphology 

is less common in self-assembled soft materials systems. Bilayer branched nanotubes 
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assembled from PS240-b-PEO15 (polystyrene-b-poly(ethylene oxide)) have been 

reported in the late 90s by Eseinberg et al.12 Due to the small weight of hydrophilic 

PEO domain, the more flat bilayer structure lowers the energy barrier for the 

formation of the junctions. And, the junctions reflect the transition morphology from 

tubes to vesicles due to the co-existence of vesicles and vesicle-capped tubes. 

Biomacromolecules, such as polynucleotides and polypeptides offer more designing 

and controlling opportunities to self-assemble complex nanomaterials due to their 

shape and sequence-specificities. Branches in self-assembled biomacromolecular 

nanofibers and nanorods can be deliberately induced using conformational flexible 

molecules13 or junction molecules.14–16 In the aspect of hollow nanotubes, although 

great efforts have been devoted to produce various examples of DNA17–19 or peptide-

based nanotubes, the branched morphology is rarely observed. This is because for 

most cases of DNA- and peptide-based nanotubes, the tube formation is from the 

helical-wrapping or curling-and-closure of layered structures. Thus, molecules within 

the tubes are in a very ordered, crystalline-like packing manner that allows little 

structure frustration or defects for branches to exist. Zhang research group at MIT has 

reported the observation of branched tube structures assembled from short surfactant-

like peptides. The structure defects in the bilayer nanotubes are believed to be the 

cause of tube fusing.20,21 To the best of our knowledge, the branched structure 

presented here is the first example in mono-layer peptide nanotubes. An even more 

attractive point is that there is only one amino acid residue difference within the two 

peptides used in the co-assembly process. Such small difference in molecular structure 

causes the possible difference in assembly kinetics. This is a significant advantage of 

using sequence-specific peptides in the study of molecular self-assembly. The site-
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specific modification of peptide molecules can be achieved precisely, which allows 

the opportunity of detailed interpretation of the assembly behavior from the molecular 

level. Future research effort is worthy of investment in this direction.  

6.2.2 Novel materials development 

As a researcher in the field of Materials Science, the ultimate goal of studying 

self-assembly is to develop novel materials. In the Ph.D. work presented in this 

dissertation, initial effort has been devoted to demonstrate the proof-of-concept for 

peptide-based materials development. As demonstrated in Chapter 4, self-assembled 

peptide nanotubes are used as templates for the fabrication of solid-state gold 

nanowires. Moreover, the abundant functional groups in the side chains of the peptide 

assemblies give more opportunities for the further functionalization. As being reported 

by other groups, glutaraldehyde has been largely utilized as the cross-linking agent in 

peptides and proteins for protein-based materials development.22,23 Inspired by these 

works, a similar strategy was applied in our study to covalently cross-link the self-

assembled peptide nanotubes to improve the nanomaterial’s stability. The obtained 

preliminary results are shown in Figure 6.5. 
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Figure 6.5  TEM images of glutaraldehyde cross-linked H-P222_9 nanotubes. A: 
Peptide nanotubes assembled from H-P222_9 and cross-linked by 
glutaraldehyde in pH 4.5 buffer. B: The cross-linked nanotubes from A 
mixed with DMF. The morphology is showing the nanotube structures 
are able to maintain themselves in the polar solvent.  

As shown in Figure 6.5A, the reaction of cross-linking agent glutaraldehyde with the 

self-assembled peptide nanotubes does not have significant effect on the morphology 

of peptide nanotubes. The stability of cross-linked peptide nanotubes is tested by 

mixing the peptide nanotube suspension solution with the same amount (volume) of 

DMF (dimethylformamide), which can often disrupt the secondary-structures and 

assembled-structures of peptides.24 After 1 day of incubation with peptide nanotube 

suspension solution and DMF solvent, as shown in Figure 6.5B, most of the nanotube 

morphology was maintained. It is likely that the glutaraldehyde cross-linked the 

primary amine groups in the side chains of self-assembled peptide nanotubes resulting 

in the more stable structures. This reveals a great opportunity in our studied case to 

fabricate more stable materials with potential application properties. For example, as 

shown in Figure 6.2-6.4, the branched nanotubes can be constructed by the co-
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assembly of two tube-former peptides. With the glutaraldehyde cross-linking 

modification, the inter-connected structural features of the branched nanotubes can be 

maintained with improved mechanical property. The resulted materials can possibly 

possess foam-like porous structures with potential applications as filtering materials, 

catalysts carriers and a cell-growth medium. 

6.2.3 Conclusion 

The Ph.D. work presented in this dissertation just scratched the surface of two 

focused fields in the study of self-assembly. One is to understand the self-assembly 

behavior from the molecular structure level. Another is to develop novel materials 

based on control of the self-assembly process of molecules. The presented studies 

have revealed the delicate mechanisms governing the inter- and intra-molecular 

interactions during the self-assembly process, as well as shown the fine and high-

quality self-assembled nanostructures. Future research also should be based on these 

two aspects with the ultimate goal of developing robust methods to achieve the high 

complexity and programmability in the self-assembly process. Automated fabrication 

is the future for the industrial manufacturing. Therefore, the robust, reproducible, 

large-scale and efficient application of automated molecular self-assembly will be an 

important factor to revolutionize the future of manufacturing. 
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by-line	or	footnote	but	not	as	a	separate	electronic	link)	or	in	the	place	where	
substantially	all	other	credits	or	notices	for	the	new	work	containing	the	republished	
Work	are	located.	Failure	to	include	the	required	notice	results	in	loss	to	the	
Rightsholder	and	CCC,	and	the	User	shall	be	liable	to	pay	liquidated	damages	for	each	
such	failure	equal	to	twice	the	use	fee	specified	in	the	Order	Confirmation,	in	addition	
to	the	use	fee	itself	and	any	other	fees	and	charges	specified.	
3.6	User	may	only	make	alterations	to	the	Work	if	and	as	expressly	set	forth	in	the	
Order	Confirmation.	No	Work	may	be	used	in	any	way	that	is	defamatory,	violates	the	
rights	of	third	parties	(including	such	third	parties'	rights	of	copyright,	privacy,	
publicity,	or	other	tangible	or	intangible	property),	or	is	otherwise	illegal,	sexually	
explicit	or	obscene.	In	addition,	User	may	not	conjoin	a	Work	with	any	other	material	
that	may	result	in	damage	to	the	reputation	of	the	Rightsholder.	User	agrees	to	inform	
CCC	if	it	becomes	aware	of	any	infringement	of	any	rights	in	a	Work	and	to	cooperate	
with	any	reasonable	request	of	CCC	or	the	Rightsholder	in	connection	therewith.	
4.	Indemnity.	User	hereby	indemnifies	and	agrees	to	defend	the	Rightsholder	and	CCC,	
and	their	respective	employees	and	directors,	against	all	claims,	liability,	damages,	
costs	and	expenses,	including	legal	fees	and	expenses,	arising	out	of	any	use	of	a	Work	
beyond	the	scope	of	the	rights	granted	herein,	or	any	use	of	a	Work	which	has	been	
altered	in	any	unauthorized	way	by	User,	including	claims	of	defamation	or	
infringement	of	rights	of	copyright,	publicity,	privacy	or	other	tangible	or	intangible	
property.	
5.	Limitation	of	Liability.	UNDER	NO	CIRCUMSTANCES	WILL	CCC	OR	THE	
RIGHTSHOLDER	BE	LIABLE	FOR	ANY	DIRECT,	INDIRECT,	CONSEQUENTIAL	OR	
INCIDENTAL	DAMAGES	(INCLUDING	WITHOUT	LIMITATION	DAMAGES	FOR	LOSS	OF	
BUSINESS	PROFITS	OR	INFORMATION,	OR	FOR	BUSINESS	INTERRUPTION)	ARISING	
OUT	OF	THE	USE	OR	INABILITY	TO	USE	A	WORK,	EVEN	IF	ONE	OF	THEM	HAS	BEEN	
ADVISED	OF	THE	POSSIBILITY	OF	SUCH	DAMAGES.	In	any	event,	the	total	liability	of	
the	Rightsholder	and	CCC	(including	their	respective	employees	and	directors)	shall	
not	exceed	the	total	amount	actually	paid	by	User	for	this	license.	User	assumes	full	
liability	for	the	actions	and	omissions	of	its	principals,	employees,	agents,	affiliates,	
successors	and	assigns.	
6.	Limited	Warranties.	THE	WORK(S)	AND	RIGHT(S)	ARE	PROVIDED	“AS	IS”.	CCC	HAS	
THE	RIGHT	TO	GRANT	TO	USER	THE	RIGHTS	GRANTED	IN	THE	ORDER	
CONFIRMATION	DOCUMENT.	CCC	AND	THE	RIGHTSHOLDER	DISCLAIM	ALL	OTHER	
WARRANTIES	RELATING	TO	THE	WORK(S)	AND	RIGHT(S),	EITHER	EXPRESS	OR	
IMPLIED,	INCLUDING	WITHOUT	LIMITATION	IMPLIED	WARRANTIES	OF	
MERCHANTABILITY	OR	FITNESS	FOR	A	PARTICULAR	PURPOSE.	ADDITIONAL	
RIGHTS	MAY	BE	REQUIRED	TO	USE	ILLUSTRATIONS,	GRAPHS,	PHOTOGRAPHS,	
ABSTRACTS,	INSERTS	OR	OTHER	PORTIONS	OF	THE	WORK	(AS	OPPOSED	TO	THE	
ENTIRE	WORK)	IN	A	MANNER	CONTEMPLATED	BY	USER;	USER	UNDERSTANDS	AND	
AGREES	THAT	NEITHER	CCC	NOR	THE	RIGHTSHOLDER	MAY	HAVE	SUCH	
ADDITIONAL	RIGHTS	TO	GRANT.	
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7.	Effect	of	Breach.	Any	failure	by	User	to	pay	any	amount	when	due,	or	any	use	by	
User	of	a	Work	beyond	the	scope	of	the	license	set	forth	in	the	Order	Confirmation	
and/or	these	terms	and	conditions,	shall	be	a	material	breach	of	the	license	created	by	
the	Order	Confirmation	and	these	terms	and	conditions.	Any	breach	not	cured	within	
30	days	of	written	notice	thereof	shall	result	in	immediate	termination	of	such	license	
without	further	notice.	Any	unauthorized	(but	licensable)	use	of	a	Work	that	is	
terminated	immediately	upon	notice	thereof	may	be	liquidated	by	payment	of	the	
Rightsholder's	ordinary	license	price	therefor;	any	unauthorized	(and	unlicensable)	
use	that	is	not	terminated	immediately	for	any	reason	(including,	for	example,	
because	materials	containing	the	Work	cannot	reasonably	be	recalled)	will	be	subject	
to	all	remedies	available	at	law	or	in	equity,	but	in	no	event	to	a	payment	of	less	than	
three	times	the	Rightsholder's	ordinary	license	price	for	the	most	closely	analogous	
licensable	use	plus	Rightsholder's	and/or	CCC's	costs	and	expenses	incurred	in	
collecting	such	payment.	
8.	Miscellaneous.	
8.1	User	acknowledges	that	CCC	may,	from	time	to	time,	make	changes	or	additions	to	
the	Service	or	to	these	terms	and	conditions,	and	CCC	reserves	the	right	to	send	notice	
to	the	User	by	electronic	mail	or	otherwise	for	the	purposes	of	notifying	User	of	such	
changes	or	additions;	provided	that	any	such	changes	or	additions	shall	not	apply	to	
permissions	already	secured	and	paid	for.	
8.2	Use	of	User-related	information	collected	through	the	Service	is	governed	by	CCC’s	
privacy	policy,	available	online	
here:	http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.	
8.3	The	licensing	transaction	described	in	the	Order	Confirmation	is	personal	to	User.	
Therefore,	User	may	not	assign	or	transfer	to	any	other	person	(whether	a	natural	
person	or	an	organization	of	any	kind)	the	license	created	by	the	Order	Confirmation	
and	these	terms	and	conditions	or	any	rights	granted	hereunder;	provided,	however,	
that	User	may	assign	such	license	in	its	entirety	on	written	notice	to	CCC	in	the	event	
of	a	transfer	of	all	or	substantially	all	of	User’s	rights	in	the	new	material	which	
includes	the	Work(s)	licensed	under	this	Service.	
8.4	No	amendment	or	waiver	of	any	terms	is	binding	unless	set	forth	in	writing	and	
signed	by	the	parties.	The	Rightsholder	and	CCC	hereby	object	to	any	terms	contained	
in	any	writing	prepared	by	the	User	or	its	principals,	employees,	agents	or	affiliates	
and	purporting	to	govern	or	otherwise	relate	to	the	licensing	transaction	described	in	
the	Order	Confirmation,	which	terms	are	in	any	way	inconsistent	with	any	terms	set	
forth	in	the	Order	Confirmation	and/or	in	these	terms	and	conditions	or	CCC's	
standard	operating	procedures,	whether	such	writing	is	prepared	prior	to,	
simultaneously	with	or	subsequent	to	the	Order	Confirmation,	and	whether	such	
writing	appears	on	a	copy	of	the	Order	Confirmation	or	in	a	separate	instrument.	
8.5	The	licensing	transaction	described	in	the	Order	Confirmation	document	shall	be	
governed	by	and	construed	under	the	law	of	the	State	of	New	York,	USA,	without	
regard	to	the	principles	thereof	of	conflicts	of	law.	Any	case,	controversy,	suit,	action,	
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or	proceeding	arising	out	of,	in	connection	with,	or	related	to	such	licensing	
transaction	shall	be	brought,	at	CCC's	sole	discretion,	in	any	federal	or	state	court	
located	in	the	County	of	New	York,	State	of	New	York,	USA,	or	in	any	federal	or	state	
court	whose	geographical	jurisdiction	covers	the	location	of	the	Rightsholder	set	forth	
in	the	Order	Confirmation.	The	parties	expressly	submit	to	the	personal	jurisdiction	
and	venue	of	each	such	federal	or	state	court.If	you	have	any	comments	or	questions	
about	the	Service	or	Copyright	Clearance	Center,	please	contact	us	at	978-750-8400	
or	send	an	e-mail	to	info@copyright.com.	
v	1.1	
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or 
+1-978-646-2777. 

 

 


