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The field of biomimicry spans many disciplines, with the common goal being to bring natural advances to 

modern technology. Understanding how organisms are capable of forming and modifying solids has been 

a fundamental question for decades. Organisms often utilize proteins in their interactions with inorganic 

materials. Despite many years of intense research, the key mechanism(s) of protein-mineral interactions 

and their pathways to mineralization still eludes us. Our lab’s research delves into genetically designing 

and engineering peptides that have an affinity for solids with the purpose of using them as molecular 

building blocks in materials synthesis, assembly, and formation. As part of developing these tools for 

biotechnology, solid-binding peptides found via several methods were used in a variety of proof-of-

principle applications. The research herein encompasses: 1. Self-assembly of peptides on solid substrates; 

2. Selection of peptides for distinct polymorphs and their biomineralization; and 3. Peptide-ion 

interactions, via solution processing and peptide-controlled biomineralization. The research was 

undertaken using an array of molecular biology, genetic engineering, materials science and engineering 

techniques and approaches. Selected peptide structures and solid interactions were studied using 

computational biology, molecular dynamics and bioinformatics, while the solid formation was studied 

using solution and gel biomineralization. In research 1, sequences have been rationally designed, based on 

self-assembled peptide (SAP) nanostructures on atomically flat surfaces, from an Alzheimer’s protein, 

Aβ, for assembly on a highly ordered pyrolytic graphite surface (HOPG) that mimic amyloid formation. 

Not only can this research advance technology, but it may also bring about a better understanding of 

protein fibrillation in neurodegenerative diseases. Research 2 was undertaken using the example of 



 
 

 
 

calcium carbonate, which is known to be a major biomineral constituent in shells of numerous mollusks. 

In this research a cell surface library was used to select peptides that bound to two polymorphs of CaCO3:  

calcite and aragonite. The genetically selected peptides were used to modify the polymorph and to 

understand possible functional domains of their biological counterparts. Finally in research 3, a 

biomineralizing soft-matter diffusion couple has been developed to control interface formation between 

two hard tissues mimicking the dentin-enamel junction (DEJ) in mammalian teeth containing 

hydroxyapatite (HAP). In all three cases, the peptides used are significantly shorter and simpler (7-18 

amino acids) than their counterpart proteins in biology (100s of AAs long), but yet enabled material 

formation under controlled biological conditions of neutral pH in water at room temperature. A list of 

molecular biomimetic lessons learned from this study will have significant implications in future practical 

technologies. 
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 Why Peptides? 
 

Proteins are one of the main biological workers in the cell and allow it to maintain 

homeostasis, multiply, create inorganic structures and fascinate the field of biomimetics trying to 

understand and incorporate nature into technology. An individual protein can often exhibit many 

functions, such as the potassium channel where one segment allows it to cross the cell 

membrane; another recognizes the ion which then changes its conformation and another for 

binding with more potassium channel proteins to make the finished channel.1 Each of these 

functions are very important to the cell, but not so to the scientist who often wish to do one of 

these functions, but not necessarily all of them. For this reason, peptides can be a very useful tool 

in helping understand and provide similar functionality as the full-length protein.  

Peptides are defined as short amino acid chains that only differ from proteins in that they are 

smaller than an arbitrary cut off. For many the cut off is approximately 50 amino acids though it 

varies between groups, with many considering Aβ (1-42) a protein and insulin (1-51), a set of 

two peptides combined with a disulfide bridge. For this thesis, a peptide will be defined as any 

amide chain that can be synthesized easily using solid phase synthesis, roughly 32 amino acids. 

Amino acid chains of this length and shorter have many advantages over the larger sized proteins 

typically used. One of the main advantages is the ease of synthesis and modification since solid 

phase synthesis does not require as many steps as other methods. Another feature of having 

smaller sequences is how easy mutations are to make that can lead to understanding which amino 

acids are crucial to its purpose. Understanding how these peptides work both as a possible 

segment of the larger protein in the cell or having their own function can be crucial in allowing 

us to mimic how nature is able to design material morphologies at the nanoscale.    

As a materials scientist and engineer the function that is often the most intriguing is how 

organisms recognize and organize the large plethora of inorganic substrates they incorporate into 

their structures. Over the years material scientists have needed to engineer ways to interact with 

inorganic materials to create biological and molecular functionalized devices, often without this 

understanding to help them out. Methods for adhering organic and inorganic materials without 

examining nature’s techniques have several drawbacks when compared to peptides, which will 

be discussed with these procedures in the follow sections: thiol-based “click” chemistry and 

silanes.  
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1.1. Thiols-based “click” chemistry 

Thiol-based “click” chemistry is when sulfur is used as the main linker between a ligand and 

either a surface, another sulfur group, amino acid, polymer or molecule.2 Sulfur based chemistry 

has been a tool for organic synthesis since 1964 when it was first reported and has become a 

staple in materials development in recent years.3-6 The weak sulfur-hydrogen bond allows for a 

the reaction to occur under fairly mild, solventless reaction conditions with a wide range of 

substrates.4,6 Weak bonding such as this can often lead to a false sense of security when working 

with biological systems. For instance, when attaching molecules to gold nanoparticles making 

the surface chemically inert if these molecules could be removable under biological conditions 

which some studies have found, that could be dangerous depending on the molecule or the 

substrate it is coating.3,7,8 Reversibility can be an advantage if used properly, but can also 

complicate matters when the sulfide bonds are removed from the surface and oxidize or form 

disulfide bonds with each other. Peptides can mitigate their removal by having multiple contact 

points to a surface rather than one weak bond as seen with results from several of our lab’s 

papers.9-11 Multiple points of interaction also allows peptides to recognize a surface rather than 

indiscriminately bind.   

The versatility that “click” chemistry provides is considered to be a positive aspect of this 

method, but can limit its usefulness in certain situations. Thiol-based chemistry becomes 

extremely complex when trying to functionalize proteins or enzymes onto a surface that contain 

a cysteine or methionine within their sequence due to the difficulty in selecting which sulfur 

group attaches to the surface. Solid binding peptides are able to mitigate this since there is no 

separate “click” reaction that needs to take place, but rather the peptides preferentially bind 

displaying the protein or enzyme accordingly.10-12 Just one example of this has been in 

displaying a maltose-binding protein on a gold surface using a gold binding peptide with just 

water as the solution and having it still be functional.12  

Surface specificity is another aspect that thiol-based chemistry often lacks due to its versatile 

nature. Thiols do not have the ability to differentiate between different noble metals or polymers 

that it binds to. Genetically engineered peptides on the other hand have shown that they can 

selectively bind to one noble metal over another.13 For instance a gold binding peptide (AuBP1) 

was shown to selectively bind to gold over an equally reactive noble metal, platinum, which 
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would not be possible with any of the thiol methods.13 “Click” chemistry is a very useful method 

for certain processes, but does have its limitations which peptides can possibility mitigate giving 

scientists another tool in their molecular  toolbox.  

1.2. Silanes 

Silane is another coupling agent used to attach organics to inorganic components. As 

dangerous as this pyrophoric gas is, many industries utilize it in both material science and 

biomedical applications. Some applications silane can be used for are coatings in composites and 

attaching bio-inert layers to titanium implants and even dental cements.14-17 Being liable to ignite 

spontaneously when exposed to air is one of the major drawbacks for this method compared to 

the use of peptides for adhesion layers. Even though there have been some fatalities in the 

industries that use this attachment method many electrical companies do not see that there are 

other ways of being able to attach gold onto quartz successfully.  18,19 These companies are not 

noticing that peptides have shown time and time again that they are up to this task as an interface 

layer.12,20-25 Our group has shown that using a bifunctional peptide with a quartz binding peptide 

on one side and a gold binding peptide on the other we can create patterned gold film arrays on 

the micron scale.25 These patterns can be fine-tuned with stamping and other methods to create 

intricate 2D structures on a surface.  

Unlike thiols, silanes are often very specific and prefer interacting with transition metals, 

with silicon and oxide layers being more advantageous to adhesion.26,27 Peptides can be selected 

for these types of layers and rather than needing to be the adhesion layer they can be the inert or 

functional layer needed as the coating.28,29 Titanium is one example where our group was able to 

functionalize the surface to be antimicrobial with the help of peptides selected for a specific 

titanium alloy and even to current implant devices.28,30 As stated in the thiol section our peptides 

can be very specific as well, but if material needs an adhesion layer we merely need to select a 

new solid binding peptide for it using one of the many ways discussed in the next chapter.      

Dental applications for silanes are mainly due to their adhesion promotion between resin 

composites and silica restorative materials.17,31 Fillers made of these materials are then put into 

caries or as preventative on the enamel surface where adhesion is often very difficult. Inevitably 

due to the harsh conditions within the mouth for inorganic materials they often wear away and 

need to be replaced periodically.31 32 Our group has also done work on peptides binding to the 
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hydroxyapatite surface using peptides derived from the amelogenin protein as well as from 

selection processes.33,34 These peptides are not only able to bind to the hydroxyapatite surface 

very well, but can help mineralize it as well.33,34 In a later chapter further work is done on how 

these peptides are able to do this remarkable repair.  

These surface modification methods have their place in many processes, but peptides offer 

many advantages in this field. Many of the benefits that the peptides have for specificity and 

versatility is conferred by the way they are found.  

 

 

 

 

 

 

Figure 1.1: Schematic of Thiol Click Reactions, Silane Reactions and Peptide Assembly on a surface. [Adapted from 

Nair et. al. 2014, Wan-Ta et. al. 2015, and So et. al. 2014]4,9,18 
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 Finding Solid Binding Peptides 
Even though proteins are what are found to be interacting with surfaces when taking apart a 

cell, peptides often provide more answers due to how complex the system is when analyzed as a 

whole. Unlike with proteins, lysing a cell and sequencing what comes out is not helpful so other 

methods must be employed. Literature has given us many ways to find, create or functionalize fa 

peptides for specific tasks, which will be discussed in the following sections: combinatorial 

selection, computational, rational design and functionalization of peptides.  

2.1. Combinatorial Selection of Peptides 

Combinatorial peptide libraries have been used for decades to find peptides that are able to 

bind to biological particles and in more recent years solid surfaces. 35-37 There is very little 

difference between selecting a peptide for an organic molecule vs inorganic, though there are 

some experimental design characteristics to take into account. First is selecting the material 

crystallinity or alloy, since a single crystal may result in different binders than a poly crystal or 

from one alloy to another since peptides can be specific enough to recognize these intricacies. 

Along with this one must make sure the material is not hazardous to the cells or phage that is 

attempting to bind to the surface. The material also must not be reactive or changing its surface 

chemistry due to buffer or cell interactions.38 Once the ideal material is chosen, the combinatorial 

library and processes can then be selected.  

There are many similarities between all the combinatorial selection techniques found out 

there and what makes each special and why they are used. First off, all of these procedures 

involve fairly large randomly created libraries and some method of screening them for binding 

activity. The most common technique many of these processes use is the creation of a large pool 

of random DNA sequences with differing lengths, using PCR or other methods, which are then 

incorporated within the genome of a host organism. Each display technique has their own unique 

locations where the DNA sequences are spliced so that the peptide is displayed on a permissive 

site within the host’s display mechanism. The length of the peptide sequence is also a 

determining factor in what display method is used since some sites are better equipped to handle 

larger peptides. For instance, longer peptides are more difficult to display on P8 which is the 

major coat protein in the M13 bacteriophage, but easier on other minor coat proteins such as P7 

and P9, but have fewer copies found around the phage.39,40 Several groups have gotten around 

this size limitation for certain permissive sites by creating their peptide library via solid phase 
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peptide synthesis using different methods to create random sequences.41-43 Once the correct site 

and host organism is decided or method of random sequences generation, the library can then be 

screened against the ideal material to determine which peptides bind the best.  

 The screening procedure for the organic libraries within in the organism is analogous with 

evolutionary selection processes where we are providing the selective pressure of surface binding 

affinity as a way to increase an organism’s survival and by proxy the peptide’s percentage in the 

population.  This is done by a technique called biopanning, where we incubate the full library of 

random peptide displaying microorganisms with the solid surfaces chosen with the 

considerations explained above. After incubation the surfaced is washed, removing all hosts that 

are not binding and then amplifying those that are still bound to be used in further biopanning 

rounds and/or sequenced. Depending on the display technique the amplification can either be 

quick in the case of bacterial surface display or long in yeast display.  The complexity of the 

library also varies between display systems though most have above 108 peptides with each of 

these being displayed on a hundred or so clones so that there is a high likelihood of at least one 

clone reaching the surface for possible binding. If even one of these clones is able to bind, then it 

will be multiplied significantly during the amplification round allowing the peptide to survive on 

in subsequent biopanning. On the other hand, if the peptide doesn’t bind to the surface than the 

host is more likely to be washed off and not contribute this sequence in future rounds.  

The wash step is not sadly not a hundred percent in terms of some organisms are able to stay 

on the surface even after washing and so our group often does further binding characterization to 

test how well our peptides are binding to the surface. Some groups believe having multiple 

copies of the same sequence in later biopanning rounds to be a sign that these peptides are 

stronger binders, but this is not the case in the fact that the repeating sequence could be providing 

a growth advantage to the host or be selected by happenstance instead of a stronger binder.44,45  

The fact that some peptides are able to confer a slight growth advantage or disadvantage is why 

doing a very large number of panning rounds is not as beneficial as it might seem. Where as in 

the beginning of biopanning there is a large number of peptide hosts to choose from after only 3 

or 4 rounds it often reduces considerably and enrichment occurs of preferential, easy to grow, 

peptides.45 This is one advantage of the solid phase peptide synthesis technique in that the 

peptide cannot confer this growth advantage to the hosts though a related disadvantage is the 

need to sequence and synthesize after every step of biopanning since there is no amplification 
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that can be done naturally.41-43 In the following sections there is breakdown of each of these 

selection processes with what sets 

them apart from the others in terms 

of why a group would use them and 

how each differ from each other.         

Three main combinatorial 

selection processes have been 

utilized in the literature for finding 

solid surface binding peptides: Cell 

Surface Display, Phage Display and 

Combinatorial Solid Phase Peptide 

Bioassays. Schematics of the two 

biological based ones are shown in 

Figure 2.1.46 In each of the 

following sections further 

characterization of what each of 

these broader categories will be 

discussed. These processes have 

many similarities, which are 

discussed above and so these 

sections will be going into the 

differences in further depth.  

 Cell Surface Display 

Cell surface display (Figure 2.1b) comprises of two main categories: bacterial cell surfaces 

(Escherichia  coli) and yeast cell surfaces (Saccharomyces cerevisiae). These categories are very 

different, but still are considered a part of this broader section since they both display the peptide 

on their outer membrane or flagella and do not need a secondary organism for their 

amplification. The bacterial cell surface display system was first discovered by Roland et al, 

when they found a permissive site on the outer membrane protein OmpA of E. coli.36,47 Since 

this study came out several other permissive sites have been found on this very versatile bacteria, 

though only one has been commercialized due to the ease of modification and the range of 

 

 
Figure 2.1: Schematic of cell surface and phage display techniques 

[Courtesy of Sarikaya et al 2004]46 

a) Phage Display  b) Cell Surface Display  
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peptides it can display. The FliTrx bacterial flagellar display (Thermo Fisher Scientific) was the 

second display library available commercially from what was then Invitrogen. This display 

library contains 1.77x108 random dodeca-peptides cloned into the active site of the thioredoxin 

protein, which is displayed on the flagella of the cell.38,48 These peptides are constrained in a 

cyclic loop via a disulfide bond and in multiple copies on one E. Coli.38 One of the major 

advantages in this display is that there is no separate organism needed for amplification and that 

E. coli grows very quickly.41Along with this several groups have a method called fluorscence 

activated cell sorting (FACS) that allows for high throughput screening of bound cells.41   

Yeast display on the other hand doesn’t possess many of these advantages that the bacterial 

claims, but has its own. The advantages it shares with the bacterial selection is that there is no 

other organism needed in any part of the selection, but unlike the bacterial display yeast has a 

much longer growth curve. Along with this both can be fluorescently labeled and screened 

through FACS to reduce sorting time. Unlike in any bacterial display, the yeast display fuses the 

protein or peptide to the Aga2p protein, a mating mediator protein on the surface of the cell, and 

displayed above the cell surface.49,50  One of the biggest advantages of the yeast display system 

is that these cells are eukaryotic and allow for post-translational modification, which is 

something no other systems provides.50 Along with this they can display much larger sequences 

even protein length on their surface, which are not easily handled by the much smaller bacterial 

cells or phage.  

  Due to not needing the larger peptide and eukaryotic ability of the yeast cell for our 

surface functionalization our group mainly utilizes the bacterial cell surface or phage display 

when interrogating surfaces binding. The bacterial displays that we have done were on gold to 

provide a different set of possible sequences due to the difference in amino acid content between 

these two different displays.   

 Phage Display 

Phage display (Figure 2.1a) has become the most common combinatorial display system since 

the idea was first introduced in 1985. 35 The reason for this is due to the many advantages this 

system possesses and that it is commercially available as the Ph.D. M13 bacteriophage display 

(New England Biolabs).38 One of the advantages that the M13 bacteriophage possesses is that 

there are multiple permissive sites throughout its coat protein and so it can offer different length 

peptide libraries or if they are constrained by a disulfide bridge or not.38,41 The one commercially 
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available from Biolabs uses the minor coat protein P3 to fuse the peptide to since it can have 

longer sequences of up to 11 amino acids where as it would  need to be shorter if the major coat 

proteins were used.40,51 That being said these peptides must be short in order to not affect the 

phages function and so protein length peptides are not feasible. One of the major drawbacks that 

this display system suffers from is that it is a two-step process that requires amplification in a 

different bacterial host cell and this extra pressure can reduce the libraries diversity. That being 

said phage display does have a library that ranges from 108 to 1011 clones available which is on 

par and even higher than cell surface display. Phage are also very resilient compared to their 

cellular counterparts and so can bind to surfaces that might be more toxic to the cell since the 

bacteria doesn’t need to interact with the material only the phages that are sonicated off. Along 

with this phage can survive in a -80°C freezer almost indefinitely and tolerate a wide range of pH 

and salt conditions allowing storage for later amplification or sequencing or different buffer 

conditions.        

   Phage display has been used by many to find solid binding peptides and has even been 

utilized for calcium carbonate, which we did cell surface display on to vary the amount of 

sequences found (Chapter 4). In comparison to our selection one set of researcher just used the 

phage with the peptide expressed on both calcite and aragonite to see how it would modify 

CaCO3 growth.44 They found that their peptides while on the phage would just inhibit the growth 

of CaCO3 and create some irregularities, but not throughout the entire sample.44 Another 

researcher then selected for just calcite and pick a few from the binders and synthesized them.52 

They had slightly better success in the fact that one of their binders stabilized vaterite in their 

solution, though they did not quantify how much vaterite was present, nor did they give any 

other selection results.52  Aragonite has also been used as a substrate for selection and three 

binders have been selected from this and used in a vapor diffusion and kinetics experiment.53 In 

the vapor diffusion experiment the peptides did slight etching to the calcite crystals, but in the 

kinetics they were shown to slow the transformation of vaterite slightly.53 None of these peptides 

were classified as strong or weak binders so it is uncertain if binding strength has an effect on 

being able to control crystal structure.  

 Along with this our group has used phage display to select peptides for hydroxyapatite 

(Chapter 5), graphite, gold, quartz, titanium and are currently in the process of selecting for even 

more materials that has not yet been publish.9,30,34,54,55. Unlike in the previous examples of phage 
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display our lab does binding characterization and synthesizes several sequences from the 

selection to test their interactions with the material. The binding information is then inputted into 

a computational program to help find still more sequences or interrogate larger proteins for 

binding sites.    

 Combinatorial Solid Phase Peptide Bioassays 

Combinatorial solid phase peptide bioassays are relatively recent in terms of selection systems 

and most are used for finding ligands or other biological binding peptides, with none currently 

being used for inorganic binding. One of the first of these bioassays created was the one-bead 

one-compound (OBOC) library by Lam et al in 1991.41,56 The OBOC library has peptides 

synthesized on small resin beads displaying around 1013 copies and uses a “split mix” 

method.41,56  Split mix synthesis separates the resin beads into different pools each containing an 

amino acid that is desired in the sequence they are then conjugated with that sequence and from 

there each group of resin is then split again and randomly coupled with the other amino acids and 

so on and so forth until you have every combination of those amino acids.41 This easy of library 

generation and size of the library which is often in the 108 different peptides is one major 

advantage of this method. The OBOC library can also incorporate non-natural and chiral amino 

acids as well as secondary structures that would disrupt other natural combinatorial displays.  

Even with these advantages this library is not widely used due to how involved this technique is 

and the equipment needed to create larger sequences in comparison to the biological systems. 

Along with this there is no commercially available OBOC library out there at this time, making it 

difficult for new labs to pick up this method.  

The other well-known combinatorial solid phase peptide bioassay makes use of positional 

scanning synthetic peptide combinatorial libraries (PS-SPCLs). These libraries are created by 

holding one of the amino acids constant while varying those added onto it and then “scanned” by 

changing that one amino acid and doing it again.41,42,57 If one is interested in moieties being 

present they can hold one those set of amino acids constant while varying those around it or its 

location in the sequence. So even though this bioassay’s library size is comparable to the OBOC 

and it can be modified with non-natural amino acids it suffers from a similar problem in that 

specialized equipment is needed and it is not commercially available. Along with this it is 

difficult to find an ideal peptide sequence since the binding motifs must first be found and then 

held the same and another library created to get the best binding possible.  
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Both of these bioassays provide ideas of what might be used in the future to discover more solid 

binding peptides, but at this time they are only used for ligand and finding organic binding 

peptides. They might be valuable when combined with computational methods since then only 

the amino acids that are believed to be valuable in binding will be tested instead of starting from 

all 26 available.  

2.2. Computationally Derived Peptides 

Computational creation of peptides can be broken down into two major categories: structure-free 

and structure based analysis.58 Structure-free models like the name implies does not take 

structure into account and is focused completely on sequence interaction with the surface. On the 

other hand, structure based models focus mainly how what structure the sequence might convey 

to the peptide.  A schematic depicting the two different categories is shown in figure 2.2. 

Sequence focused methods primarily consider that similar protein sequences develop between 

species for similar functions, due to several constraints such as biochemistry and evolution. 59,60 

Protein alignment has been used for decades in inferring possible evolutionary relationships 

between proteins and often utilize an optimization procedure to do so. Dynamic programming is 

one such procedure that allows for amino acid arrangement to be found maximizes the similarity 

score between two different proteins.61,62  Scoring matrices are also used to determine a score for 

two aligned amino acids in two separate sequences where the higher score indicates a high 

similarity between the biochemistry or side groups of the amino acid. The most widely known 

scoring sequences are BLOSUM and PAM which were developed from natural occurring 

sequences.61,63-65  They have been used widely to evaluate evolutionary relationships found in not 

just protein sequences but also nucleotides in nature. The major limitation with these techniques 

is that they often require a significant amount of experimental data already gathered to be 

reasonably accurate. They also are only good at determining how well a computational peptide 

might compare to those found already and not as good about creating new ones other than simply 

modifying already found ones to be better.  

Computational models have been used to create new peptides with possible binding motifs 

incorporated based on the proteins found in nature. For instance, some groups have developed 

models for interacting with CaCO3 based on charge interactions and possible binding motifs to 

create de novo designed peptides that interact with the CaCO3 surface.66,67 These peptides often 

inhibit growth formation in certain directions since they bind to that area and slow precipitation 
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creating irregular step edges or etching, but so far none have been able to control the crystal 

structure. 66,67

 

More recently structure-based peptide design has become popular to help find peptides that are 

able to interact with proteins as possible drug solutions. This method like the other 

computational method relies heavily on there being some experimental results already found and 

in this case for the structural conformation between the peptide and protein or ligand or surface 

that it is trying to predict binding to. Luckily, for many structural-based researchers there is a 

databased that contains around 505 peptide-mediated interactions identified that can be mined for 

designing new peptides.58,68 Of these 505 many have exhibited unique packing structure which 

contains more hydrogen bonding making it tighter than the protein interfaces previously found.58 

This structure difference is mostly likely due to the fact that peptides can only be so hydrophobic 

in solution before they began aggregating and so in order to maintain this high level of bonding 

they must compensate with side-chain hydrogen bonds and main chain interactions.58 This 

database has been utilized by many along with the protein database to find peptides that interact 

 
Figure 2.2: Schematic of the two computational categories for deriving peptides. [Adapted from Vanhee, P. et 

al. 2011 and E.E. Oren et al. 2007] 
   



 
 

13 
 

with many cell surfaces, from ones that can apparently target cancer cells to antimicrobial 

ones.69,70 As for structural peptide designed for a inorganic surface one group just recently 

published a paper concerning their attempt at creating a benchmark for peptide-biomineral 

interactions.71 They used the RosettaSurface algorithm to attempt to predict the binding of 

multiple peptides on the surface of brushite.71 They found that this algorithm was great at 

determine which mineral face and step-edge would bind certain peptides the strongest, but due to 

several key feature missing out of their program they were unable to determine which peptides 

would bind strongest out of a set when compared with the experimental results.71  The future of 

computational design is creating these benchmarks experimentally that allow better 

characterization and prediction in the programs. Experiments such as the ones presented in this 

thesis help increase our understanding of these peptide interactions and so create more 

benchmarks that computational methods must live up to.   

 

2.3. Rationally Derived Peptides 

Due to the incredible amount of data provided by both the combinatorial and computational 

methods some groups choose to use a rational approach to determine possible new peptides. This 

approach is often difficult to distinguish from computational since it still sometimes use 

computer analysis to help determine possible binding motifs, but human understanding of the 

molecular basis of the protein’s property is what separates it from pure computation.72,73 Human 

understanding of not only the biochemical properties of amino acids, but also recognizing the 

similarities found structurally or through sequences between proteins and the peptides one is 

hoping to create. For some this rational designing is which part of a protein might be the 

functional group or motif and removing that to test it on its own or to do knock out mutations to 

see how the rest of the protein is affected.73 For instance in finding possible peptides that interact 

with calcium carbonate several groups tried to rationally design shorter peptides off the full 

length protein through different rationalized methods.    

The most common sequences are either the N or C terminus of the protein which 

encompasses approximately 30 amino acids off one of these ends since they are often assumed to 

be exposed to the environment. Five proteins called: AP7, AP24, AP8α, AP8β and Lustrin A, 

were separated from the pacific red abalone (Haliotis rufescens) while only Asprich originates 

from Atrina rigida .74-77 AP7 was shown to form aragonite when mineralized on Kevlar, and 
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irregular step edges in mineralizing calcite in solution. A group then synthesized the N and C 

terminus and found that the N-terminus, AP7-N, also creates irregular step edges, but did not 

form aragonite on Kevlar and the C-terminus of this protein did not show any change from the 

control. From the japanese pearl oyster (Picntada fucata) six proteins were extracted from 

different areas and called: N16, ACCBP, Nacrein, CaLP, n19, PFMG1, Aspein and 

Prismalin14.78-83 N16 has been shown to form aragonite in certain cases but it needs the help of 

beta chitin a structural matrix found within certain marine animals generally squid.84,85 When the 

N-terminus of N16 was used it was also able to synthesize aragonite, with beta-chitin with 

similar morphology to the complete protein, indicating that this sequence is involved with 

polymorph switching.85 AP24’s terminus peptides did not show as strong of inhibiting affects as 

the full length, but were still able to etch the calcite slightly on the Kevlar threads.86 PFMG1-N 

term was able form aragonite particles while the C-term is only able to create twinning calcite.81 

D4 is a peptide created from Lustrin A that exhibits calcium and mineralization interactions by 

changing the morphology of the overgrowth layer.87 All of these were rationally designed one 

way or another from the full length peptide to have an effect on this mineral and many of them 

did, but not all indicating that human rationality is not full proof.   

Others have also rationally designed peptides to have their own functionality and not just for 

binding. For instance a group rationally designed a peptide’s assembly to be pH sensitive, which 

it was. Below a pH of 5.8 it would not assembly into larger fibrils, but above this pH it would 

due to the protonation state of the imidazole side chain.88 These examples show the many 

different ways that researchers are able to design new peptides from either the larger proteins, 

combinatorically, computationally and rationally. We use several of these techniques in the 

studies that follow to find our own peptide that are able to interact with solid surfaces.     
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 Rationally Designed Solid-Binding Amyloid Assembly Peptide  
Surface recognition is one the main traits that peptides selected using combinatorial display 

have if they are able to last more than one biopanning round. This binding is not always the 

found in other naturally occurring peptides or proteins especially against materials that are not 

found in nature or have similar biogenic properties. Using information gathered from these 

displays about what motifs are important for binding we can then look into how other peptides or 

protein in nature exhibit these sequences and so could be also interact with said material.  

Assembly for any peptide onto a surface is even more unlikely given the fact that the peptide 

not only has to bind, but also interact with others to create wires or other ways to organize while 

still attaching to the material. Several proteins found in nature already possess a strong tendency 

to amass into highly ordered structures, which could be useful in biotechnology to provide 

scaffolding on devices or these devices could be used to help investigate the assembly process. 

Amyloids are the most well-known examples of unplanned molecular level fibrillation that 

occurs within the body and are found in many different diseases. These unintended assembly 

structures are created by misfolded proteins and peptides that form wires, which then 

agglomerate together into the larger amyloid. Instead of this structure forming within the body, it 

could be used technologically outside the body by forming an ideal framework to provide a 

conductive path along a semiconductor material. Along with this the material could be used as a 

mimic for biological surfaces and so provide more information on how this assembly occurs in 

nature.  

For our studies, an amyloid peptide was rationally selected from the larger full-length 

amyloid-β (Aβ) protein involved in Alzheimer’s disease to bind and assemble on graphite. The 

selection was done by comparing different regions in the full length Aβ known to have some 

influence on its assembly process for similarity to a known graphite binding peptide found in our 

group, GrBP5. Once the sequence was selected many conditions were then tried to see which 

would result in possible assembly and how that might compare to the selected solid binding 

peptide. We were as interested in determining which amino acids were instrumental in the 

binding and assembly functions for this amyloid peptide which was determined via mutations of 

different regions. These mutations were mainly knockouts, though in one of them we switched 

known weak binding amino acids with known strong binders to graphite to see how this might 

affect the surface assembly.   
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3.1. Background 

 Defining Amyloid Formation  

The term amyloid was first coined for human plaques by a German physician and scientist 

Rudolph Virchow in 1854 to denote an abnormal growth in brain tissue that stained blue with 

iodine and purple with sulfuric acid. 89,90  Due to the current medical knowledge at the time he 

categorized this plaque as a cellulose deposit, which was often confused with starches though 

these have sense been shown to be very inaccurate.89,90 In 1859 just 5 years after this term 

originated researchers Friedreich and Kekule demonstrated that this masses were not 

carbohydrate based as previously thought due to their high nitrogen content, but instead were 

formed from proteins.89 Once electron microscopy was invented, further research done by Cohen 

and Calkins in 1959 showed that amyloids were formed of highly ordered fibrils of proteins 

which is where our current definition comes from.90,91 After this study, the amount of research 

has exploded in this area with the number of publications increase more than 500 times in recent 

years to over 24000 in last four years alone giving us a much better definition of what an 

amyloid is though there is still debate within certain fields on exactly what classifies.90              

Amyloids in the broadest sense are currently defined as insoluble plaques caused by proteins in a 

cross- β sheet structure.92,93 In histology, they further define that this plaques must be found in 

the body and show birefringence when stained with Congo Red to be considered an amyloid.89  

The proteins that make up these masses are found harmlessly throughout the body until at some 

point their assembly is triggered and the disease state begins. Even though many of the amyloid 

proteins probably serve other purposes before amassing they appear to lose whatever their 

original function was. So far there have been only a few studies on what might be triggering this 

aggregation and will be discussed in further detail in the follow section. There have been some 

 

Figure 3.1: Schematic of protofibril formation  
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studies as to how this aggregation progresses even though there are very few ways to accurately 

determine when it first begins.  

Peptide aggregates, called amyloid fibrils, are often preceded by smaller discrete 

intermediates termed protofibrils that could be influential in the toxicity of the disease (Figure 

3.1). 93-97 Protofibrils are generally less than 400nm long and have diameters of 2-5nm making it 

very difficult to observe using classic light scattering techniques, which is how they are 

commonly found in clinics. 96,98,99 For this reason, protofibrils are generally only observed during 

in vitro studies where they can be monitored using AFM or other more accurate techniques.    

As for observing the aggregated amyloid plaque, at this point there are very few ways that 

researchers and physicians use, with many of them being discovered post mortem. The most 

common practice used today for determining if a mass is an amyloid plaque is observing the 

birefringence upon staining with Congo Red.93,100 This staining happens once the tissue is dead 

to determine the cause and whether it is a cancerous growth or other abnormalities vs an 

amyloid. This method is so instrumental in historically defining what an amyloid is that some 

fields still use it as the only way a mass can be considered this type of plaque. Recent studies 

have shown though that this stain is not as specific to only beta sheet forming proteins as 

previously thought.101-103 How this stain works is fairly complex and some evidence supports 

electrostatic interaction while others appear to indicate it is more specific than that.101  For the 

studies that indicate a specificity of binding they suggest that the Congo red forms rod-like 

stacking of the aromatic groups between the molecules which then interact with the β sheets, due 

to the regular spacing both possess.104 A more recent study on the other hand shows Congo red 

binding to native proteins with a wide variety of secondary structures, indicating the dye might 

be intercalating between multiple protein layers which is typical in β-sheets, but not specific to 

them.101 In order to insure that this staining technique is accurate many groups do other 

techniques to insure that there are fibrils and that they are displaying the β-sheet structure.   

Another major characterization technique for determination of fibrils within the plaque is with 

transmission electron microscopy (TEM). The major consideration when doing TEM is making 

sure that the sample composition doesn’t harm the EM grids and that salt is avoided since it can 

obscure the fibrils. Another thing with this technique is that many artifacts of the procedure can 

sometimes look like agglomeration, but with careful observation and focusing on different 

depths they can be separated out from true fibrils.93 Even though this technique can observe 
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protofibril formation or segments of it, the small sample size limits the capability of observing 

this very often and can definitely not be done to observe any living tissues.    

Finally, if staining and fibrils have found amyloids being formed then it is often beneficial to 

check to insure that they express a β-sheet structure under Fourier transform infrared (FTIR), X-

ray diffraction or other methods of protein structural analysis. Fourier transform infrared 

spectroscopy is a technique that obtains an infrared spectrum of absorption or emission of the 

sample over a wide spectral range and can observe the formation of β-sheet conformation. This 

technique is very useful though can be difficult since one needs to start with sample that doesn’t 

have the secondary structure to provide a control and then it can detect the change once 

fibrillation is occurring. There has been some modification of the standard technique in order to 

get consistency for the rate of fibrillation in a specific amyloid protein.93 Along with this due to 

the high level of hydrogen bonding within many of the amyloids even before secondary structure 

formation that can affect the wavelength found on the FTIR, so that must also be taken into 

account when using this method. For the X-ray diffraction method the amount of amyloid that is 

necessary is often large enough that it is beneficial for this to come from the dissection of the 

infected tissue. The sample for X-ray diffraction also needs to be pure enough that this 

diffraction pattern can be read as well as it should be devoid of salts and other possible 

contaminants. Having dehydrated samples often makes this technique significantly easier since it 

often concentrates the fibril so a better pattern can be found.93    

All of the techniques discussed previously are useful for either determining if a protein has 

amyloid forming potential or as a forensic analysis after death. The only technique that has 

shown any kind of diagnosis ability is magnetic resonance imaging (MRI) since one can observe 

the effect that the amyloid has on the tissue, with reduction in size for most organs.105-109 Most 

MRI imaging is unable to detect the early stages of amylogenesis that involve protofibrils since 

they are merely observing the plaques effect on surrounding organs. One group did show some 

success with detecting early stage Alzheimer before symptoms developed by doing regular scans 

on those patients whose family history indicated a high risk of the disease, but unfortunately 

there was only so much the treatment could do to slow it down.105 There are many diseases 

associated with this protein misfolding and unfortunately we only have so many techniques that 

can be employed to discover them and only one that has any chance of diagnosis.          
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 Amyloid Formation in Different Diseases 

Amyloid formation is one of the most biologically damaging examples of molecular self-

assembly in nature and has been linked to Alzheimer’s, Parkinson’s, type II diabetes and at least 

20 other diseases.98 Alzheimer’s diseases is the most common form of age-related 

neurodegenerative disorders and is possibly caused by highly insoluble aggregation of amyloid-β 

(Aβ) peptide in the brain. 96,110 This slow moving disease makes up 60-70% of dementia patients 

with early symptom’s being short term memory loss and progresses to language problems, 

disorientation, and gradually the loss of bodily functions and death.111 Aβ is also associated with 

another disease that is highly linked with sever forms of Alzheimer’s, Cerebral Amyloid 

Angiopathy (CAA). Even though this disease is rarely found on its own it is associated with 

amyloid depositions in the walls of small brain arteries and reduces blood flow to the brain with 

respect to how large the plaque is.112   Another well-known amyloid related disease is 

Parkinson’s which also effects the brain, but has a slightly different progression than that of 

Alzheimer’s. Unlike Alzheimer’s, Parkinson’s disease mainly affects the motor system, though 

there are occurrences of thinking and behavioral problems as well.113,114 The protein involved in 

this disease is alpha-synuclein and can often be confused with Lewy body dementia which 

involves the same protein, but has different 

early symptoms.115  Type II diabetes 

mellitus might not be caused by the 

amyloid, IAPP (Amylin), and its 

disruption of a particular organ, but instead 

it could be through this plaques ability to 

form permeant toxic oligomers.116 These 

are probably some of the most well-known 

disease and with the others being less 

common with the amyloids being found in 

many different locations around the body 

and are often confused with other diseases 

such as cancer or normal arthritis when 

first found.100,109,117 One of the possible 

triggers behind Alzheimer’s disease could 

 

Figure 3.2: Schematic of how Aβ might inhibit Candida 

cells from binding to the host cell and agglomerating 

them together. [Adapted from Balin et al] 
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be a pathogen infection since Aβ is able to bind to bacteria cells in culture to prevent them from 

binding to the host cell and then agglomerate them to prevent further spread (Figure 3.2).118-120  

The results from Kumar et al. shows distinct antimicrobial properties as well as shows increase 

life expectancy for mice that had Aβ vs the knock out mice when their brain was infected with 

bacteria.120 Aβ has also been found to bind to the herpes simplex virus and appears to be acting 

as a defensive mechanism against its continued spread.121,122  Along with pathological triggers, 

brain trauma also increases the risk of Alzhiemer’s, perhaps due to lipid bilayer damage.123 

These triggers all indicate that Aβ most likely preferentially binds to a surface to start 

misfolding, and not just spontaneously in the solution giving us a way to possible sense this 

diseases development.        

 Aβ in Literature  

Using a full length Aβ 1-40 or 1-42 increases the complexity of interactions and makes analyzing 

specific domains very difficult. NMR studies have shown that the regions 12-24 and 30-40 in the 

Aβ protein adopts similar -strand conformation to the full length peptide.124 Researchers have 

also shown that the hydrophobic core (A 16-20: LVFFA) is essential for fibril formation and 

will form β-sheets in solution though its interactions with surfaces is unknown.125-130 Any 

sequence less than 11 amino acids does not form fibrils with the same morphology as the full 

length A.127 Due to the difficulty of dissolving the full length A peptide, DMSO is often used 

while the smaller fragment A12-24 is highly water soluble which adds less non-natural 

elements to the experiment.126,131 Mutations to investigate potential mechanisms of binding and 

assembly can be done easily with the smaller peptides.  

Surface interaction mechanisms are important for understanding Aβ fibril formation since there 

are many surface characteristics found inside the body all of which can influence aggregation 

leading to possible toxicity in the body.132 For example, Aβ tends to be localized around lipid 

bilayers and has been shown to undergo a conformation change from random to β-sheet in their 

presence.131-133  Hydrophobic graphite has been used as a model substrate for the interior of the 

lipid bilayer and allows more sensitive characterization since it is an atomically flat single layer 

material.131 Graphite also has many unique properties such as high conductivity, and optical 

transparency, which make it attractive for a variety of nanomaterial applications.134  Being able 

to control and understand these surface interactions can open new avenues to forming unique 
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nanostructures via self-assembly as well as sensors that allow early detection of these fibrillation 

processes before they become a problem in the body.21,135,136  

Previous experiments use high concentrations above 10µM of the full-length peptide, which 

from our group’s previous experience often began fibrillating in the solution rather than on the 

surface.   With these high concentrations it is likely that other researchers are observing solution 

fibrillation due to homogeneous nucleation and fibril deposition onto the substrate rather than the 

peptide-surface interactions and heterogeneous nucleation, and therefore the initial stages of the 

formation are not observed. 95,97,99,131,132,137-139 

 Graphite Mineral 

Graphite has many unique properties that make it ideal 

for biotechnology and device creation due to its 

structure and elemental make up. Hexagonal carbon 

structures make up each layer of graphite which when 

layered together by Van der Waals is called graphite 

(Figure 3.3).140 Many of this material’s properties such 

as its high electrical, thermal and acoustic conduction 

are very anisotropic and travel along the layers. Another 

property that is often utilized for mechanical 

applications is graphite’s amazing ability to lubricate 

joints and other moving parts. Another than its 

lubricating properties graphite’s mechanical properties 

can vary considerably depending on how the layers are 

stacked on one another, though in all arrangements it is very brittle. Even though mechanically it 

might not seem useful it can still be used in composites to lead strength to the carbon fiber-

reinforced plastics and heat resistant composites. The properties that are instrumental in this 

study though is the fact that graphite is atomically flat and due to the carbon-carbon chain and 

hydrophobicity it can be considered a decent  mimic for the inner surface of the lipid bilayer. 

Being atomically flat allows for easier characterization of assembly on the surface with the 

atomic force microscope. Highly oriented pyrolytic graphite (HOPG) is used widely in research 

since it is organized so that the degree between planes is minimized sometimes even being less 

than 1° of spread between them. 

 

Figure 3.3: Graphite structure schematic where 

the gray spheres are carbon and the dotted lines 

are secondary structure [Adapted from Delhaes 

et al]133 
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 Solid Binding Peptide on Graphite  

Due to the many advantageous properties that graphite possesses many groups are interested in 

trying to harness this material for many device and other applications. Our group has done a 

significant amount of work on selecting peptides that are able to interact with the surface of 

graphite. We have done selection on graphite for strong binding peptides using phage display.9 

Due to the quenching ability of graphite we were unable to perform normal fluorescent 

microscopy techniques to characterize the peptides found, but instead used absorbance scanning 

to determine the level of binding onto graphite particles. Once characterized, several of the 

strong binders were synthesized and binding was tested on the surface of graphite. One of the 

peptides, GrBP5, showed remarkable ability to recognize and assemble onto the surface of the 

mineral as seen in Figure 3.4.9 Several mutations were chosen rationally that would help 

determine which motifs within GrBP5 were responsible for binding and assembly. From these 

mutations it was found that the two 

tyrosines near the C terminus were 

heavily involved with binding and that 

the N-terminus region was amphiphilic 

which was involved in the assembly 

process.9 From this discovery others in 

our lab have proceeded to 

functionalize this peptide even more 

by adding hydrophilic groups on the 

N-terminus that would be displayed at 

assembly and biotin to then attach 

other peptides onto the surface.11,29 

GrBP5’s motifs have been 

instrumental in helping rationally 

decide which possible segment of the 

larger amyloid proteins could possibly 

be involved with assembly.             

 

 

Figure 3.4: AFM image of GrBP5 in water on graphite at 1µM 

at 1hr incubation. [Courtesy of Tamon Page] 
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3.2. Methods 

 Sample Preparation for Microscopy  

Ex situ imaging was done on freshly cleaved HOPG surfaces mounted on a nickel specimen 

puck (Ted Pella Inc., Redding, CA) and incubated with 30uL of aqueous peptide solution for 1hr 

to 3hrs in a 100RH sealed chamber at room temperature. As shown in figure 3.5 the liquid was 

wicked off with a KimWipe and dried under a gentle stream of N2 gas. For the rest of the images 

the sample was places on a piece of copper submerged in liquid nitrogen and it would freeze in 

less than 10sec. The samples were then quickly moved to a modified scintillation vial that 

contained a glass column elevating the sample to minimize contact to any warm elements. These 

vials were then immediately places in a standard freeze-drier with a liquid N2 condensing plate to 

sublime the frozen incubation solutions. The samples were left for 3hrs to dry with a rate of 

~10µL/h. We performed wide-ranging concentration and time measurements using the Aβ 

peptide and mutants and found similarities in coverage, height and density trends taking at least 3 

images per sample.  

      

 Atomic Force Microscopy 

 AFM was done on a Digital Instruments (Veeco, Santa Barbara, CA) Multimode Nanoscope IIIa 

scanning probe microscope equipped with high frequency NanoSensors PPP-NCHR 

(NanoandMore, USA, Lady’s Island, SC, USA) noncontact probes, with a 42N/m spring 

constant at a 2-3 amplitude set point. 

 

 AFM Image Processing 

Topographic features that originate from the HOPG surface were removed by image subtraction 

to allow large area coverage analysis of peptides. The image filters and simple image operations 

 

Figure 3.5: Sample preparation for microscopy of peptide solution. 
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were applied by the software Gwyddion (Czech Metrology Institute, Czech Republic) to the raw 

AFM data. Images were corrected for tilt by a first order plane subtraction, while fast scan lines 

were corrected by aligning their median z-offset. If large wavy features were present an erosion 

filter was applied to get a secondary image with only the topography of the bare surface present. 

Subtracting this secondary image from the original AFM image yielded a background subtracted 

image that was used for surface coverage analysis.  

 Molecular Structure Modeling 

HyperChem 7.5 modeling system was used to determine the possible binding motifs of Aβ on a 

graphite surface. First the lowest energy was found in a vacuum with no surface added and then 

the lowest energy state was put into a system that contained water and then a multi-layered 

graphite surface (5 layers). The lowest energy state was also rotated when created to help with 

finding its lowest energy state on the surface. Once the energy state was finished visualization of 

the lowest energy structure was done on VMD (Visual Molecular Dynamic) an open source 

visualization program provided by the University of Illinois.141     

 Contact Angle  

The samples were incubated in the same conditions as AFM in order to get similar assembly 

results. Static contact angles were measured using an FTA1000B Goniometer (First Ten 

Angstroms, Inc., Portsmouth, VA) with an automatic camera system by placing 1µl of the same 

solution as was used to produce the sample in two to three different locations on each surface. 

The measurement was made immediately. The liquid surface tension was determined by pendant 

drop shape method, and was found not to vary significantly for different solutions. In all, at least 

two measurements were taken on two different samples for each data point. The samples were 

then dried with nitrogen and the coverage was measured by AFM. 

  



 
 

25 
 

3.3. Results and Discussion 

 Aβ Fragment Wild Type Characterization 

We analyzed the interaction of the A 12-

24 fragment (VHHQKLVFFAEDV, Figure 

3.6a) with a graphite surface over several 

time points. The atomic force microscope 

(AFM) image of the HOPG substrate 

incubated in 1µM of A 12-24 for 3hrs 

shows unique organized self-assembly 

(Figure 3.6b). The highest point on the 

image is at ~1.8nm indicating that the 

peptide is likely not fully stretched at this 

point and that a monolayer is forming on 

the surface since the longest dimension of 

the fully stretched peptide is ~5nm. This 

effect has been observed in an elastin-like 

amyloid forming peptide that formed 

several layers on the AFM at ~50C with 

the layers having a height of 0.65nm.142 

Though this is a possibility it would 

require that the surface of the first layer be 

atomically flat since in the 1µM case the 

area surrounding the wires had a change of 

less than 0.5nm in height, which is consistent with flat graphite. The discrete maxima on the fast 

Fourier transform, FFT, (Figure 3.6c) shows six-fold symmetry that is off by 7 and 4 degrees 

which can be due to scanning artifacts in the AFM or might be due to the peptides organizing 

slightly off from the carbon patterning. From this symmetry is it is clear that this fragment is also 

able to recognize the hexagonal graphite lattice and preferentially grow along the specific 

crystallographic directions similar to the full length protein on graphite.131  

Further investigation on the formation of organized assembly was done by varying 

concentrations and times while calculating coverage (Figure 3.7). These samples were produced 

 

Figure 3.6: Chemical properties of A12-24 sequence and 

its ordered self-assembly nanostructure on graphite. (a) 

A12-24 sequence with hydropathy (defined by Hopp-

Woods) being negative for hydrophobic regions and 

positive for hydrophilic regions. (b) AFM image of A12-

24 on graphite showing ordering and displaying unique 

symmetry in (c) the FFT of the AFM image. 
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using a freeze drying approach discussed in the methods section to reduce the amount of drying 

affects that are sometimes seen at lower concentrations using the wicking method, but 

organization can still be seen at around 1µM concentration. For the lower concentrations below 

1µM for both the 1hr and 3hrs unorganized agglomerations are seen with a higher frequency near 

cleavage planes (Figure 3.7). At 1µM peptide concentration after 1hr small wires appear though 

small and disorganized while after 3hrs organized self-assembly is apparent in many areas with 

some amorphous agglomerations surrounding it (Figure 3.7). From the coverage analysis it 

appears that coverage changes slightly from 1hr to 3hrs which can be expected since the peptides 

would have more time to interact with the surface and grow after 3hrs than just 1hr (Figure 3.8).  

 Finding Domains using 

Computational Method 

In order to demonstrate that this film of A 

12-24 can be further interrogated by rational 

mutations of the peptide we identified two 

unique regions that we classified as the 

binding domain and the assembly domain. 

These domains were chosen based on the 

minimum energy conformations that Aβ (12-

24) forms on the surface as determined by 

molecular dynamics (Figure 3.9). 

 

Figure 3.8: Plot of peptide coverage showing differences 

between the 3hrs and 1hr incubation times. 

  

 

Figure 3.7: Time-lapsed images of A12-24 at different concentrations  
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In this model the wild type Aβ appears to be binding with the phenylanalines exclusively and 

displaying the histadine for possible assembly. In order to test this we did a knock out of the 

phenylanalines and the histadine to see how this might affect the conformation via the 

comutational model. In the knock out mutation, KOFF, the binding region switches to be 

histadine which was expected since they can function similar to aromatic groups under certain 

siutations. The histadine knockout did not seem to affect the binding motif which is good, but 

due to computational limitations assembly affect is unknown via this method. In the tyrosine 

substitution both the histadine and the tyrosine bound to the surface, which would probably 

create a better binder to the surface, but not so much to other peptides so the assembly may or 

may not occur.     

 Mutation Characterization 

  The binding domain is shown to be comprised of the two phenylalanines present in the peptide, 

while the histidines appear to have a large role in assembly. To experimentally confirm this 

hypothesis, we did two sets of alanine knockout mutation: KOFF targeted the phenylalanines in 

the hydrophobic core while KOHH removed the histidines believed to be the assembly domain 

(Table 3.1). Knockout of HH did show small wires being formed even at 0.5µM, but they 

appeared to be in random orientations and never reached the level of ordering as see in the 

 

Figure 3.9:  Minimum energy conformation of Aβ (12-24) and mutations. Images created in HyperChem7. The 

orange regions are the phenylanalines, the blue is histadine, yellow is alanine and green is tyrosine.  
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wildtype peptide (Figure 3.10). From the structural analysis (Figure 3.9) it appears that the 

histidines began binding to the surface once the phenylalanines are removed. This is consistent 

with other literature indicating that histidine binds to carbon surfaces, though it is much weaker 

than other aromatic groups.143,144  Knockout of FF at the lower concentrations acted very similar 

to the wild type peptide in that small wires could be seen, but mostly small agglomerations were 

apparent after 3hrs (Figure 3.10).  Even at the higher concentrations no organized self-assembly 

was seen unlike with the wild type peptide (Figure 3.10).  For mutant 1 KOFF, the coverage 

actually seems to increase compared to the wild type, reaching 80% at 2µM concentration 

(Figure 3.10). This increase in binding could be due the switching of the binding domain to the 

histdines which may have a stronger interaction with the surface for this peptide. At the same 

conditions as the wild type peptide this mutant is unable to form organized wires, but instead 

forms agglomerates. On the other hand, KOHH has a decrease in binding compared to the 

wildtype since at 2µM it reaches 50% coverage unlike the wildtype which reaches it at 1µM 

(Figure 3.10). These results indicate that these amino acids contribute significantly to, but are not 

solely responsible for binding. One possibility is that for this mutant the phenylalanine is 

switched over to the role of binding and so only slight amphiphilic bonding remains to form 

wires and so they are unable to organize on the surface as well as the wild type. In order to 

further investigate these domains a knock in mutant was created where a known strong binding 

amino acid, tyrosine (Y), was substituted for the phenylalanines (F), and called Aβ FFtoYY 

(Table 3.1).  The knock in mutant showed an increased coverage, but did not show organization 

until it reach a certain concentration where it created a multilayer and began organizing. These 

results conclude that A 12-24 is able to recognize the HOPG surface using its binding domain 

of phenylalanines to assistant with complex organized assembly (Figure 3.10). 

 

Table 3.1: Mutations made in  12-24 Aβ. Positively Charged  AA (K,R) – blue,  Negatively Charged AA (E,D) – red, 

Hydrophobic AA  (A,I,L,M,P,V,G) – black,  Polar AA (N,Q,S,T,C) - bright green, Aromatic AA (F,W,Y) - orange, 

Histidine (H) - light blue,  pI and charge computed using ProtParam Tool at expassy.org  

 

Peptide Sequence MW pI 

WT Aβ (12-24)  VHHQKLVFFAEDV 1568.80 5.99 

Aβ KOHH VAAQKLVFFAEDV 1436.67 4.37 

Aβ KOFF VHHQKLVAAAEDV 1416.60 5.99 

Aβ FF to YY VHHQKLVYYAEDV 1600.79 5.99 
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Figure 3.10: AFM images of Aβ WT peptide and mutates under the same conditions, 1µM and 3hr incubation time.  
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  Contact Angle 

Contact angle measurements were done on each of the mutants to see how they affect the surface 

hydrophobicity and to help with determining possible display groups (Figure 3.11). Bare graphite 

has a surface a contact angle of 79.5°.11 The wild type and the tyrosine knock in both were very 

similar to the bare graphite surface, having an average contact angle of 75.6° +/- 6° and 80.7° +/- 

3.6° though the wild type being slightly more hydrophilic than the FF to YY mutant. Both knock 

outs KOHH and KOFF dropped the hydrophobicity with average contact angles of 75.9° and 

64.2°. This drop makes sense due to the fact that they are missing an aromatic or aromatic-like 

group which contributes significantly to a peptide’s hydrophobic profile. The KOHH had low 

enough coverage of around 28% that the standard deviated was very high  of 8.5°, due to if the 

drop was placed on an area was bare or not.   

 

 Inhibiting Fibril Formation 

The fact that the Aβ KOFF mutant does not bind well to the surface, but is still able to form 

fibrils, indicates that this mutant could also be able to form complexes with the wild type peptide 

and reduce surface binding. To test whether Aβ KOFF could be used as an inhibitor, 1µM of the 

wild-type Aβ peptide was incubated with different concentrations of the mutant for 3 hours to 

see if assembly would be able to proceed (Figure 3.12). Figure 3.12 (b), shows that small 

concentrations of KOFF is able to inhibit formation, but at a certain concentration, 0.5 µM, the 

overall coverage increases significantly to the same level as the 1 µM wild-type alone, but does 

not assemble on the surface. When the concentration of the mutant is increased further the 

 

Figure 3.11: Contact Angle measurements on the surface modified with Aβ and mutates 
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coverage decreases on the surface. These results are consistent with the idea that the mutant is 

binding to the wild-type and inhibiting assembly, though binding is only affected at very low and 

high concentrations. 

 

 

Figure 3.12: Effect of KOFF on Aβ mineralization a) Schematic of KOFFs hypnotized effect on Aβ assembly  

b) AFM of Aβs assembly being disrupted by addition of KOFFs at different concentrations. All images were 

taken at conditions that allow Aβ to assemble normally without KOFFs addition.    

 



 
 

32 
 

3.4. Conclusion 

The detailed investigation discussed in the previous sections indicates that there are domains 

associated with the organized formation of the A 12-24 fragment on HOPG. Domains within 

this peptide were identified that influenced its binding to the surface as well as fibril assembly. 

When the binding domain, which involved two histidines was knocked out binding was reduced 

and fibril formation was still seen though the six fold organization found on the surface was non-

existent. Knockout of the two phenylalanines in the assembly domain increased the amount of 

binding to the surface resulting in a higher overall coverage at lower concentrations most likely 

due to removing the steric hindrances affecting the histidines. The knock-in mutation did provide 

some amount of assembly at higher concentration, perhaps this is when the histadine is not being 

needed to bind on the surface as indicated by the molecular dynamic computations.  

Identification of these different binding and assembly domains for this A 12-24 fragment can 

give insight into the importance of this fragment in the full length protein used for medicine and 

help toward the development of new nanotechnology. Mutant inhibition work can also give 

many insights that might help with understanding possible treatments for this misfolded 

assembly process.   
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 Control of crystal polymorph by peptides 
For millions of years, nature has created complex mineral systems that have unique 

mechanical properties due to their delicate organization of inorganic materials that have been 

molded into intricate architectures. The most well-known and abundant of these biominerals is 

calcium carbonate (CaCO3).
145  Calcium carbonate is found in diverse geography and geology all 

over the world. Technologically, its one form or another has been used in almost every industry 

from paper (as filler particles) to pharmaceuticals for hundreds of years. Even with many 

researchers working on it for the last 100 years the current technology is nowhere close to the 

level of control that nature exhibits over this material’s formation, crystallography and 

morphology with just proteins.146,147 In spite of these extensive studies, however, the exact 

mechanism(s) of calcium carbonate (for that matter any kind of) biomineralization are still not 

well understood. Calcium carbonate is also a great model system for understanding polymorph 

determination in biology, which can then be utilized for different practical applications in 

everyday technology. Mainly because of the complexity of the naturally occurring proteins and 

their multi-faceted effects on a variety of biofabrication, the in depth study of biomineralization 

has been next to impossible so far.148 Therefore, this chapter will focus on the effect of 

combinatorial selected short polypeptides on biominealization in a molecular biomimetics 

platform. Specifically, using a cell-surface display library, two sets (containing more than 50 

sequences each) of dodecapeptides were selected using two forms of CaCO3, aragonite and 

calcite, as substrates. These peptides were then characterized in terms of their binding 

characteristics to the respective forms of carbonates and then mineralization assays were 

generated using several of the peptides from each set to find out if they are able to exhibit 

specificity in binding and a control over polymorph formation through well-established 

biomineralization assays.   

4.1. Background  

 Calcium Carbonate Mineral           

To understand calcium carbonates’ versatility in biology and industry, one must first recognize 

the different crystal structures that it possesses. Calcium carbonate exists in three anhydrous 

crystalline forms: calcite (Rhombohedra), aragonite (Orthorhombic) and vaterite (Hexagonal) 

and two hydrated forms: calcium carbonate hexahydrate and calcium carbonate 

monohydrate.145,149,150 There is also an amorphous form which  highly unstable at standard 
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conditions.145 The anhydrous structures are the most commonly found with some being more 

prevalent than others.  

Calcite is the most abundant polymorph since it is thermodynamically stable under ambient 

conditions of room  temperature and atmospheric pressure, and has a Gibbs free energy of - 

1129.176 kJ/mol.151 This low G originates from the fact that calcite has a face-centered 

rhombohedral unit cell that allows for the distance between the calcium atom and the oxygen 

atoms to be shorter than any other crystal structures of CaCO3, as seen in figure 4.1 (a).145,149 

Even though the distances between these atoms are very small, the overall density of the calcite 

mineral is actually quite low compared to, for example, the aragonite phase. The density of 

calcite is 2.71 g/cc while that of 

aragonite is 2.93 g/cc; this 

difference is due to the unique 

packing of the aragonite structure 

that allows the CO3
-2 ion groups to 

be closer to Ca+2 ions than those in 

calcite.149   The aragonite phase 

(orthorhombic) has a slightly more 

positive gibbs free energy of -

1128.355 kJ/mol compared to 

calcite. 151 Even though aragonite is 

metastable, if stored in dry 

conditions it will remain unaltered 

for tens of millions of years at 

temperatures below 400C.149 If water is present, however, aragonite will convert to calcite in a 

matter of months due to its solubility.149 The difference in solubility is one of the reasons why 

aragonite is not as common in geological beds and is rarely found outside of organically 

controlled systems. As seen in figure 4.1 (b) the calcium ion is very close to the limiting value 

for transition making aragonite’s orthorhomobic structure fairly easy to shift into the 

thermodynamically stable rhombohedral structure, though depending on approach the activation 

energy ranges from 159 to 452 kJ/mol.145,149,150  

 

Figure 4.1: Unit cells of the three anhydrous CaCO3 polymorphs: 

a) calcite b) aragonite c) vaterite1 Grey circles are calcium, white 

circles or line endpoints are oxygen and black dots are carbon. 
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Figure 4.3: SEM and EDS showing the average magnesium percentage 

for different areas of a nacre tablet within an abalone shell.    

 

 

Figure 4.2: Abalone shell image with a SEM image of the nacre and 

prismatic layer at 15,000X magnification 

 

 The kinetically favored 

polymorph of calcium carbonate 

is vaterite, which has a hexagonal 

unit cell with the CO3 groups 

parallel to the c-axis (fig 4.1 

(c)).145 This metastable form has a 

density of 2.65 and requires a 

loosely packed structure which 

coincides with its low stability.149 

Vaterite is rarely found in nature 

since it is not thermodynamically 

favored and will often transform 

quickly into one of the other 

anhydrous polymorphs. If 

inhibitors to the calcite and 

aragonite polymorph are present 

however, vaterite can stabilized, 

which is why it can be found in 

laboratory experiments.  

  Calcium Carbonate in 

Nature  

Throughout nature organisms have 

created structures out of inorganic 

minerals, with up to 60 

biominerals being recognized, but 

none have achieved the prevalence 

of CaCO3 within biological 

systems.145 This extensiveness has 

led to a wide variety of functions 

and unique architectures. Different 

arrangements of CaCO3 have been 
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known to increase its strength from 30MPa in its geological form to between 100-300MPa in 

shells.152 Mollusks that live in colder environments, fresh water or have high levels of predation 

tend to form the toughest shells that have two different polymorph layers. The top prismatic layer 

(calcite) and the inside, nacre layer, (aragonite) helps protect the mollusk within by exemplifying 

the different physical properties of these crystal structures as seen in figure 4.2. In environments 

lacking high Mg concentration calcite is necessary on the outside of the shell to slow the 

dissolution of the ions back into the environment. Even though it does not have a well-defined 

microstructure the prismatic layer also has a higher compressive strength than the inside and acts 

like armor protecting the creature from piercing damage.153 The nacre layer on the other hand is 

arranged in a brick and mortar configuration where aragonite tablets are stacked with an organic 

layer in between. This formation prevents uncontrolled crack growth if the stress is normal to the 

shell while if it is shear stress the tablets are able to slide over each other with the help of the 

organic matrix.153 Also this inside layer has a very high bend and tensile strength that further 

deters predators.153 Along with this being in two different crystal structure layers produces 

residual stresses that help absorb energy from the impact further lengthening the time before 

failure.154 

Another unique finding of these shells is the lack of Mg that is incorporated within these layers 

even though the surrounding fluids contain a significant amount of this ion. Mollusk’s 

extrapallial fluid where they build the shells has a similar ratio of magnesium to calcium as the 

surrounding ocean which can vary from 3:1 to 5.2:1 depending on the location.155,156,157 In one of 

Gower’s papers she shows that with a 3:1 and 5:1 ratio of Mg to Ca and same amount of polymer 

added there is 20% to 30% of Mg incorporating into the films.158 From the EDS on three 

different locations on several nacre tablets of an abalone shell there is an average of less than one 

percent on any particular area as seen in figure 4.3. These results are consistent with those in the 

literature which is around 60ppm of Mg in aragonite shell layers.159 The level of control of all 

these aspects is done by the organism’s use of proteins to organize this amazing biomineral.  

 Calcium Carbonate in Industry 

Calcium carbonate is found in almost every major industry due to its versatile nature. In ancient 

societies shells were used as prestige goods that were fashioned into jewelry or other 

ornaments.160 Today shells and pearls are still prevalent in the jewelry industry for their unique 

appearance. In pharmaceuticals CaCO3 is found in calcium supplements as well as is often the 
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Figure 4.4: Schematic of cell surface display with counter 

selection. 

 

binder in many chewable pills.161,162 The paper and paint industry use CaCO3 as a filler or 

pigment due to its high brightness and apparent light scattering coefficient.163  In the paper 

industry the size of the filler particles are very important since it determines how stiff and glossy 

the page is.163 In the construction industry CaCO3 is found almost everywhere since it is a major 

component of marble and limestone which is used in cement. Nature long ago realized CaCO3’s 

building potential and has been using proteins to model with it for millions of years.      

4.2. Experimental Approaches 

                      

 Selection and Characterization of Peptides (CalBPs and AraBPs) Using Cell Surface 

Display 

Calcite and aragonite binding 

peptides were selected from the 

FliTrx random peptide display 

library (Invitrogen, USA). This 

library contains FLITRX bacteria 

that have randomized 

dodecapeptides inserted into their 

flagellin protein allowing the 

bacteria to stick to a specific 

substrate. The two different 

polymorphs of calcium carbonate 

were both from Agate Design in 

Seattle and considered very pure.  

Cleavage of calcite was done with a 

razor, while a saw was used to cut 

the aragonite into approximately 

0.5 cm square samples for the 

panning experiment. Several of 

these substrates were then cleaned 

using standard washing procedures 



 
 

38 
 

where methonal/acetone (50:50), then isoproponal and then deionized water were added to the 

sample and sonicated after each addition.54 Three rounds of panning were performed according 

to the method developed by Invitrogen on both materials. Afterwards a “counter selection” was 

done to insure the chosen peptides were specific to a particular polymorph of calcium carbonate.  

A schematic of the normal and counter selection rounds is shown in Figure 4.4.  For the counter 

selection the amplified cells from the previous round were incubated with a different polymorph 

of CaCO3 for 1 hr. Then the substrate was removed and the cells that did not bind were amplified 

in IMC overnight. Sequencing was done by the University of Washington Microbiology 

department. Molecular weight, pI and charge were calculated using the ProtParam Tool at 

expassy.org.  

FM was used for the characterization experiments of all 86 clones. For the FM characterization, 

the aragonite was polished to create a more uniform surface while the calcite was freshly 

cleaved. Binding affinity for the clones was determined by comparing the number of adhering 

cells in at least three different fields on the substrate. By comparing the number of cells found on 

each substrate the clones were sorted into three groups: strong, medium and weak binders.  

 Synthesis and Purification of Calcite and Aragonite Binding Peptides (CalBPs and 

AraBPs) 

Calcite and aragonite binding peptides were synthesized using a Fmoc solid-phase peptide 

synthesizer (CS336X, CSBio Inc., Menlo Park, CA) and purified using C-18 reversed-phase 

high- performance liquid chromatography (RP-HPLC) to a purity > 95% (Bio-Peptide Co.). 

During purification, several fractions were collected from the scaled semipreparative separation 

(Waters Deltaprep 600, semiprep mode). The collected high-peak solutions were later identified 

by MALDI-TOF mass spectrometry.  The purified aqueous peptide was lyophilized overnight in 

a Vertis Benchtop K cryodessicator (SP Industries, Inc., Warminster, PA).  

 Amino Acid Composition Calculations 

An expected and observed frequency of occurrence was found for each amino acid based on 

calculations done by Hnilova et al.54 To get the expected frequency randomized dodecapeptide 

were synthesized as (XNN)12, where N was any nucleotide and X was a nucleotide that had a 

biased ratio of G:A:C:T of 7:7:7:3. The observed frequency was generated by sequencing all 86 

clones that bound to substrates and counting the number of each amino acid using protparam. 
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These were then compared to create the relative abundance for a particular amino acid in the set 

of binders as seen in figure 4.6.  

 Similarity Analysis and Protein Derived Peptides 

Protein derived peptides were selected using a knowledge based design approach developed by 

E. Emre Oren54,60. The binding characteristics of a set of calcite and aragonite binders (CalBP 

and AraBP) were compared with sequences of naturally occurring proteins to create new 

peptides with enhanced binding affinities. A similarity analysis was used to make these 

comparisons that utilized the Needleman-Wunsch dynamic programming algorithm, giving an 

optimal scoring alignment with a given scoring matrix.60 This matrix was used to find the overall 

similarity score by summing all of the similarity values of the aligned residue pairs and 

subtracting a gap penalty of every insertion or deletion introduced into the alignment.60 The 

similarity matrix was then applied to sequences found in nature to determine areas that may 

function as binding sites. 

 Characterization of Synthesized Peptides using FM 

Synthesized peptides were functionalized with biotin while still on the resin and purified using 

RP-HPLC. Calcite and aragonite substrates were first crushed into a fine powder using a mortar 

and pestle and 10mg of each were weighed out into microcentrifuge tubes and cleaned using the 

method described in section 2.1. The clean substrates were then incubated with 100l of 1mg/ml 

pure peptide stock solution for 2hrs. After this time the substrates were washed with 1X PBS 

solution twice. Then 50l of 1:200 diluted fluorescent quantum-dot nanocrystals (QD) were 

added and allowed to incubate for 15mins. The substrates were then washed 3 times with PBS 

solution and dissolved in 30l of this buffer. Only 10l of this mixture was then plated onto a 

glass slide and mounted on a Nikon Eclipse TE-2000U Florescence Microscope (Nikon, Japan). 

This microscope is coupled with a Hamamatsu ORCA-ER cooled charged coupled device (CCD) 

camera for taking images and a QD605 (exciter 320-460, dichroic 475, emitter 605/40nm 

Chroma Technology Co, Rockingham, USA) filter set was used for QD detection. The images 

were recorded through Metamorph Software (Universal Imageing, USA) and the threshold and 

intensity were normalized to the control which did not contain any peptide.   
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 Mineralization approach to create calcite without peptides 

Calcite was consistently created using a slight modification of the approach developed by 

Coelfen et al.164 This method uses vapor diffusion from ammonium carbonate to slowly add 

carbonate to a CaCl2 system as shown in Fig 4.5. Instead of using glass beakers for holding the 

mineralization solution, 10ml petri dishes were used that contained a cleaned glass cover slide on 

the bottom so XRD sampling would be consistent. The ammonium carbonate (Sigma) and CaCl2 

97% pure (Riedel-deHaen) were used without further purification. The aqueous solution of 

CaCl2 (20mM) was freshly prepared before every experiment and 10ml was transferred into the 

petri dishes. The dishes were covered with Parafilm and several holes were punched into the film 

to allow for slower diffusion. This was then put into a desiccator with 20mg of the ammonium 

carbonate in a large petri dish covered with Parafilm punched with several holes. After 24 hours 

incubating at room temperature (~22° C) in a dark closet the precipitate was removed from the 

desiccator and rinsed with distilled water and allowed to dry at   room temperature.       

 

 Mineralization approaches with peptides       

Peptides were added to the mineralization approach to observe formation differences. Amount of 

peptide was varied to find an optimum level that stabilized the most uncommon polymorph. Two 

concentrations (0.05mM and 0.1mM) showed creation of a different polymorph in calcite 

Figure 4.5: Schematic of biomineralization approach for forming calcite consistently.  
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forming mineralization experiments as well as in aragonite formation experiments. The peptide 

was added to the petri dish at the same time as the CaCl2 and mixed by pipetting to create an 

even concentration of peptide.    

 Scanning Electron Microscope (SEM)      

A JSM 7000F (JEOL) SEM was used at 10kV in secondary electron imaging mode to view 

particles and discover morphology changes. The CaCO3 samples were first pipetted from the 

bottom of the petri dish and placed on carbon tape attached to a SEM sample holder. The 

precipitates were allowed to settle for 10mins and then extra liquid was absorbed using a 

kimwipe. This was then lypholized for at least an hour before viewing under the microscope.   

 X-ray Diffraction (XRD) 

Polymorph identification and quantification were performed using X-ray Diffractometer D8 

Focus (Bruker) at a constant current of 40mA and voltage of 40 kV. Scans were done in a 

continuous scan mode at step size 0.02, with time/step = 1 seconds, and a locked coupled angle 

2θ between 10 and 95 or 135 degrees. The following slit sizes were used: divergence and 

antiscatter were set to 0.6 mm, detector was set to 6 mm and monochromator was set to 2 mm. 

The calcium carbonate samples were allowed to dry over night at room temperature.  Slide 

containing the sample were attached to a polymer holder that allowed x-ray diffraction to occur 

consistently throughout the entire area. The scans were collected and then analyzed using Jade 7 

analytical software, powder diffraction files (PDF) and excel. The percentage of the different 

polymorphs was calculated using equations from Konotoyannis et al.  
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4.3. Results and Discussion  

 Sequence Selection 

The sequences in Tables 4.1 and 4.2 were selected using cell surface display and found using a 

BDSF's 3730XL sequencer. Strong aragonite binders (AraBP) had an average pI of 8.8 with a 

standard deviation of 2.9, which was lower than the overall average of 9 +/- 2.5. The strong 

calcite binders (CalBP) have an average pI around 9.3+/- 2.5 which is higher than the overall 8.5 

+/- 3. A general trend for the calcite binders was that the stronger they interacted with the 

mineral the higher the average pI, while aragonite binders were the opposite. The charge varied 

considerably from the different binders. For aragonite a charge of zero had the highest 

prevalence with positive two charges a close second. The charges on the calcite binders varied 

considerably for the strong binders though most of the strong binders were positively charged.  
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Table 4.1: Sequence, molecular weight, pI and charge of aragonite binding peptides 

  Clone Sequence MW pI Charge Average Cell Count 

  4Ara17 GDAACLSLHDMR 1288.4 5.21 -1 61 

  3Ara11 VARDPRVRSERG 1397.5 11.52 2 57 

  4Ara5 KFAVNWDVGNLI 1375.5 5.84 0 53 

  3Ara13 GVEKIVPVSNWA 1298.5 6 0 53 

 

3Ara9 GGPQCTLMQLLF 1307.5 5.52 0 48 

Strong 3Ara5 ARGRAERREQGL 1398.5 11.52 2 41 

  3Ara1 QHNLLPLGAVIM 1305.6 6.74 0 40 

  3Ara12 QHVREILKGVIR 1447.7 10.84 2 39 

  4Ara3 KGEYGLRKPIGW 1403.6 9.7 2 37 

  4Ara14 LRRAVHREWTLS 1523.7 11.7 2 36 

  4Ara33 QVRRNNLMRHRD 1594.8 12 3 35 

  4Ara21 TRGRPCNSDDRD 1391.4 5.84 0 30 

  4Ara9 ASRRLAGAELRQ 1327.5 11.7 2 28 

  4Ara23 MNVHKRRTRWAQ 1582.8 12.02 4 27 

  4Ara2 WGGKVWGDSRGA 1275.3 8.75 1 26 

 

4Ara22 SSVRLAKRTAVK 1315.5 12.05 4 22 

Medium 3Ara17 VTTAHGSDPKAQ 1211.3 6.71 0 20 

  4Ara18 RRGSDIKIGDAV 1286.4 8.75 1 19 

  4Ara11 TVTPNIQDCKPS 1302.4 5.5 0 18 

  3Ara7 AGYRGKSEVIRQ 1363.5 9.99 2 18 

  3Ara8 LRREEAGRVIGV 1354.5 9.51 1 17 

  4Ara29 HRRRSRTGSPAW 1466.6 12.48 4 16 

  3Ara16a VGVMGVRKVATQ 1244.5 11 2 15 

  3Ara10 WASGCRRVRIIA 1387.6 11.7 3 14 

  4Ara30 GHGFWGRTRGRH 1423.3 12.3 3 14 

  4Ara39 GGRLRLRPRHRW 1559.8 12.6 5 14 

  4Ara20 SAEGVTLMRRLV 1331.6 9.31 1 11 

 

4Ara19 HGFRNSKALTTR 1387.5 12.01 3 11 

Weak 3Ara3 QRKIPTHKLQWE 1563.8 9.99 2 10 

  3Ara6 GGREAASSAILQ 1159.2 6 0 10 

  4Ara16 KWFTHDVGVGGR 1358.5 8.75 1 9 

  3Ara4 QVHLGWPVPSIL 1345.6 6.74 0 8 

  4Ara8 SLFYSRVVHEHA 1444.6 6.66 0 7 

  4Ara36 GGLVVDFSPRPY 1306.4 5.84 0 6 

  3Ara2 CSRGGKDGLQCK 1251.4 8.9 2 3 
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 Table 4.2: Sequence, molecular weight, pI and charge of calcite binding peptides  

 

Clone Sequence MW pI Charge Average Cell Count 

 

1Cal6 VDKRIGEGGPGR 1240.3 8.72 1 31 

 

1Cal13 SGTCLLHDSEKA 1260.3 5.3 -1 31 

Strong 1Cal15 PLSSRQCRPVNS 1343.5 10.39 2 29 

 

1Cal17 LSLPHFRSRRIQ 1509.7 12.3 3 28 

 

4Cal 31 GVSRQSAILHLC 1283.5 8.26 1 23 

 

2Cal15 STSGRKGFVIPP 1245.4 11 2 21 

 

2Cal12 RRWDWVLKPVNG 1525.7 10.84 2 16 

 

2Cal20 GIGGCMGDRVAI 1148.3 5.83 0 16 

 

4Cal 30 RLRVREWMPLTT 1557.8 11.7 2 16 

 

1Cal7 RGCEVGSRSIAN 1248.3 8.25 1 16 

 

2Cal9 QYYQRKRNSHID 1607.7 9.7 2 15 

 

4Cal 7 GTTCRYLMKGGR 1342.6 10.05 3 13 

Medium 3Cal28 KVGGAGGRLLLG 1097.3 11 2 13 

 

3Cal9 LIGGVAVSANAR 1127.3 9.75 1 11 

 

3Cal7 RVWLSGGAKGAG 1158.3 11 2 11 

 

4Cal 23 LAWWMNLQATPG 1387.6 5.52 0 11 

 

3Cal2 GRKVGLRSVSNT 1273.4 12.01 3 11 

 

2Cal13 IKGVLVQNAADE 1256.4 4.75 -1 10 

 

4Cal 13 MVRSWRGSVGLL 1360.6 12 2 10 

 

3Cal29 RTWLWSHDVVTG 1456.6 6.74 0 10 

 

3Cal20 VGRSSSRLGRAG 1202.3 12.3 3 9 

 

2Cal5 TFKGEATFPARG 1281.4 8.41 1 9 

 

2Cal6 EIFANGGLCMRR 1366.6 8.35 1 8 

 

3Cal23 VRRRPSRLEGFE 1501.7 11.52 2 8 

 

4Cal 1 AAPERGPTPIAQ 1207.3 6.05 0 8 

 

2Cal8 EPAKSASPIVAM 1200.4 6.1 0 8 

 

1Cal18 RLTWMLVKVVLF 1504.9 11 2 7 

 

4Cal 28 SGRGRARGPTLI 1240.4 12.3 3 7 

 

3Cal14 GGWLEDTLIVDL 1330.5 3.49 -3 7 

 

3Cal19 AGGCAKQESERD 1250.3 4.87 -1 7 

 

3Cal25 QLAKRKPHKAKG 1361.6 11.33 5 7 

 

3Cal16 RGLRWTGLIPGV 1324.5 12 2 7 

 

3Cal24 ELANEFECNIRR 1493.6 4.79 -1 7 

 

4Cal 11 GKRSASMAQKSS 1237.4 11.17 3 7 

 

4Cal 17 TGLKPHRIGDEG 1279.4 6.42 0 7 

Weak 4Cal 9 AGKKPPRMSGKS 1243.4 11.26 4 7 

 

1Cal3 GWFSLGTDGTQS 1255.3 3.8 -1 6 

 

4Cal 15 FTVHIEIPGGSA 1227.3 5.24 -1 6 

 

4Cal 21 KGAAEADDAGFV 1150.2 4.03 -2 6 

 

2Cal14 SLRNIKMGSEGM 1322.5 8.46 1 5 

 

3Cal21 AVRWRGVLRGGA 1297.5 12.3 3 5 

 

1Cal11 LLIKPKMATLVK 1354.8 10.3 3 4 

 

2Cal11 EAEYVGLHVLEA 1329.4 4.24 -3 4 

 

1Cal10 RHRKLKVGVNIR 1475.8 12.31 5 4 

 

1Cal14 PGRIGIPYRRSP 1368.6 11.71 3 4 

 

2Cal3 KGSMWRCANLLV 1377.6 9.51 2 3 

 

4Cal 22 RLAYPGDEEKVL 1389.5 4.68 -1 3 

 

1Cal20 DTAFVADISVGS 1181.2 3.56 -2 2 

 

4Cal 12 ACENKRMDIGSE 1352.5 4.94 -1 2 

 

1Cal1 VAIIPGAFLEKG 1214.4 5.97 0 2 

 

2Cal19 WKSETIWGQRRM 1577.8 10.84 2 2 

 

3Cal30 TGVVSGDGKGGT 1034 5.5 0 1 
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(a)  

 

(b)  

 

(c)  

Figure 4.6:  Relative abundance of amino acids in strong and weak groups of a) calcite and b) aragonite binding 

peptides and c) cell surface display’s observed vs. expected percent differences. The columns are colored as blue = 

weak calcite, red = strong calcite, green = weak aragonite and yellow = strong aragonite binders. The numbers on 

the side are percentage away from the observed for the first two graphs and away from the expected for the last 

graph. The amino acids are colored by hydrophobicity and charge. Grey-Hydrophobic, Green-Polar, Red-

Negatively Charged and Blue-Positively Charged 
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  Peptide Selection 

Peptides were synthesized using Solid Phase Fmoc synthesis described in the experimental 

section based on their characterization results while still on the cells. Not all the strong binders 

that showed specificity to a polymorph could be synthesized due to time constraints. For this 

reason a handful were selected based on the strength of their binding as well as their charge and 

pI values. Table 4.3 lists the selected peptides along with their properties that were synthesized 

for this study.   

Amino acid composition among the strong and weak binders of the two different polymorphs 

was compared to the FliTrx unpanned library to find the relative abundances. 

Calculations are found in the materials and methods section. Figure 4.6 shows that Asp, Lys, and 

Trp were all overexpressed in all sequences compared to the native library. Also, Arg, Asn, Gln, 

Gly, His, Leu, Met, Pro, Ser, and Val have significant differences in distribution between AraBP 

and CalBP. The differences between the strong and weak calcite binders were in the Gly, Leu, 

and Phe amino acids.  For the aragonite binders only the Asn amino acid distribution was 

contradictory.      

The first two aragonite binding peptides were selected based on their extremely high binding 

affinity while on the cell along with the fact that they had exactly opposite charges. 4Ara33 was 

picked because it has a high amount of positively charged amino acids which is reported to have 

an effect on CaCO3 formation.74,87 1Cal13 was chosen for its high binding affinity to calcite 

along with its large amount of polar amino acids and negatively charged amino acids which were 

unusual in the selection. Even though 4Ara17 has a negative charge as well, it also has a large 

amount of hydrophobic amino acids that may interfere with the charge being displayed in the 

Table 4.3: Properties of aragonite and calcite binding peptides that were used in this study 

Positively Charged  AA (K,R) – blue,  Negatively Charged AA (E,D) – red, Hydrophobic AA  (A,I,L,M,P,V,G) – 

grey,  Polar AA (N,Q,S,T,C) - bright green, Aromatic AA (F,W,Y) - orange, Histidine (H) - light blue,  pI and 

charge computed using ProtParam Tool at expassy.org  

 

Name Sequence MW pI Total 

Charge 

Polymorph it 

binds to 

Average cell 

count 

Std 

Dev 

3Ara11 VARDDRVRSERG 
 

1415.5 11.52 1 Aragonite 57 5 

4Ara17 GDAACLSLHDMR 
 

1288.4 5.21 -1 Aragonite 61 10 

4Ara33 QVRRNNLMRHRD 
 

1594.8 12 3 Aragonite 35 8 

1Cal13 SGTCLLHDSEKA 
 

1260.3 5.30 -1 Calcite 31 14.03 

1Cal17       LSLPHFRSRRIQ 1509.7 12.30 3 Calcite 28 2.87 
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solution. 1Cal17 was chosen since it has the highest pI of all of the strong binding sequences and 

contains an aromatic amino acid along with its high binding affinity to calcite.  

The distribution of amino acids for the selected peptides shows some overall trends as well as 

distinct tendencies for each of the polymorphs. Aspartic acid, a negatively charged molecule, had 

the highest relative abundance in both the aragonite and calcite binders. In the literature aspartic 

acid chains have been shown to interact with CaCO3 and create unusual helical or layered 

morphologies in the calcite so having a high abundance in our selection would be expected.165   

Tryptophan, an aromatic molecule, was also found in many of the sequences both strong and 

weak, which may be due to van der waals forces being involved with binding to the surface.  

Distribution for the aragonite binders were found to be very similar between the weak and strong 

binders with only the amino acid asparigine (Asn) being different. Asn is a polar uncharged 

amino acid that contains an amide group one carbon from the backbone, while in Glutamine 

(Gln) this group is two carbons away from the backbone. Both sets of aragonite binders have a 

slight increase in Gln abundance, while there are fewer Asn in the weak binders and the expected 

abundance for the strong binders. One possible explanation is that the nitrogen group is not seen 

by the inorganic surface in Asn since it is smaller than the other nitrogen containing amino acids 

which were all selected for. Aragonite peptides also have a higher number of positively charged 

side groups than the library suggesting that the surface of the aragonite is negatively charged. 

Calcite binders on the other hand selected for only Lys that is positively charged while Arg and 

His were found less often than predicted. Aragonite appears to have a slightly higher charge 

density than calcite since its relative abundances for charged amino acids are much higher, which 

is consistent with it being denser. The following sections go into more detail on the peptides 

characterizations and their effect on CaCO3 mineralization.   

 

 Characterization results 

Characterization of the genetically engineered peptides (GEPIS) was done while they were still 

on the cells and after the strong binders were synthesized in order to find the binding capabilities 

to the different polymorphs. These methods were used rather than SPR and QCM for 

characterization because CaCO3 can dissolve in flowing water and create a difference in mass 

possibly altering binding results.   
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  Characterization of cells with peptide on flagella 

Peptides’ binding strength towards a selected substrate was characterized using FM while still on 

the flagella of the E.Coli. Figure 4.7 (a) shows the results of this characterization for CalBPs on 

calcite while Fig 8 (b) shows AraBPs on aragonite. The labeling of the peptides has been 

changed from those present on the graphs in order to simplify and prevent confusion. Arbitrary 

cuts off were used to determine which peptides were considered strong, medium and weak 

binders. The cut off for the calcite binding peptide was anything below 10 adhering cells was 

considered a weak binder while anything above 20 cells was considered a strong binder and 

everything in between a medium binder. For the aragonite binding cells a count below 20 cells 

was a weak binder between that and 40 cells a medium binder and above 40 cells a strong binder. 

The cutoffs were higher for the aragonite binders because of the larger sampling size due to 

lower magnification.  

In the calcite selection a dramatic jump was seen from the medium to strong binders compared to 

aragonite which increased steadily from low to high affinity. Also the error bars are much larger 

for the CalBPs compared to AraBPs. Both of these observations may be due to the larger 

sampling size for calcite and the fact that it was cleaved instead of polished so its surface may be 

rougher. Differences in magnification were because two different people were counting the cells; 

Marketa Hnilova did the aragonite binders characterization while I analyzed the calcite binders. 

Polished aragonite was used because the saw used for cutting left a very uneven surface 

unsuitable for getting accurate FM results.       
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(a) 

 
(b) 

Figure 4.7: Characterization of sequences while still incorporated in the flagella of the E. coli: (a) Cell counts of 

calcite binding peptides on a calcite substrate, magnification 30X. (b) Cell count of aragonite binding peptides on 

aragonite substrate, magnification 20X (Courtesy of Marketa Hnilova).   
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(a)               (b)  
Figure 4.8: Specificity of sequences to their specific polymorph while still incorporated in the flagella of the E. 

coli. (a) Cell count of calcite binding peptides on aragonite substrate. (b) Cell count of aragonite binding peptides 

on calcite substrate. Magnification 30X. 

 For the strong binding peptides further characterization was done to determine if the binding was 

specific to a polymorph or if the peptide bound indiscriminately to any crystal structure of 

CaCO3. Figure 4.8 (a) shows the strong binders for aragonite on calcite and Fig 4.8 (b) shows 

calcite CalBP are specific to calcite while only 4 out of the 7 strong AraBP don’t bind to calcite. 

This shows that even when doing a counter selection, it is difficult to insure that peptides are 

specific to only one polymorph of an element.    

 Similarity Analysis and Protein Derived Peptides 

A similarity analysis was done on all of the characterized peptides to determine if the strong 

binders were more alike than the weak binders. Below in Fig 4.9 are the analyses of both sets of 

peptides which show the predicative power of the calcite binding analysis being 64% while for 

the aragonite binders it is 82%. The predictive power is an estimation of the chance of 

forecasting if a sequence is going to be a strong or weak binder for that specific substrate. The 

Needleman-Wunsch dynamic programming algorithm gives the optimal scoring alignment given 

a scoring matrix. The scoring matrix created by Oren iterative perturbs the known scoring 

matrices BLOSUM 62 and PAM 250 using a greedy procedure.60 Both the total similarity scores 

(TSS) of the strong binders (TSSs-s) and the cross-TSS between strong and weak 

sequences(TSSw-s) were calculated after every perturbation.60 Only perturbations that increased 

the difference between the TSSs-s and the TSSs-w were accepted to create the scoring matrix. 

The TSS were normalized according to equation 1 shown below: 

[1] 𝑇𝑆𝑆𝐴−𝐵([𝐴]𝑁𝐴 − [𝐵]𝑁𝐵) =  
1

𝑁𝐴∙(𝑁𝐵−𝛿𝐴𝐵)
∑ ∑ 𝑃𝑆𝑆𝑖𝑗(1 − 𝛿𝑖𝑗𝛿𝐴𝐵)𝑁𝐵

𝑗=1
𝑁𝐴
𝑖=1  
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Where, δ is the Kronecker delta function (δij = 1 if i = j ∧ δij = 0 otherwise 0). NA and NB are the 

number of sequences in sets A and B, and PSSij is the pairwise similarity scores (PSS) value 

between the i th sequence of set A and j th sequence of set B.60 Once the scoring matrix was 

generated the overall similarity score for a pairwise alignment could be calculated by adding all 

the similarity values of the residue pairs together minus a gap penalty for insertion or deletions 

introduced for each sequence. The formula g(k) = −gop−(k − 1)gep was used to penalize gaps 

where k is the length and gop and gep are the gap openings and extension penalties.60   

 

Using this analysis on a natural protein a peptide was designed and synthesized to see if it would 

be the aragonite binding domain on that protein. The natural proteins that were considered to 

have a domain that bind to aragonite were: AP7, AP24, Nacrein, N16, and Lustrin A. Using the 

similarity analysis developed for aragonite the different areas in the protein sequence were 

compared with the strong binders found using CSD to see how close they match. This involved 

calculating the TSS between each of the amino acids and the corresponding area of the protein. 

Amino acids were given a score based on their similarity to the strong binders as seen in figure 

4.9. Areas that had a very high similarity to the strong binders were recorded as well as those that 

had a very low similarity. The red line in figure 4.10 indicates which amino acids sequences 

were similar enough to the strong binders to be considered as potential aragonite binding areas. 

Cut offs for the strong and weak binders were arbitrary though corresponded with values that 

were well above or below the average. The red box in figure 4.9 indicates the sequence that was 

chosen as a high similarity sections while the blue box indicates the section that has a very low 

similarity to the strong binders. The structure of the protein was also estimated using 

HyperChem to see if the sequences would be easily accessed or if they were folded inside the 

protein. The AP7 protein was the only one that had a sequence with a very high similarity that 

could also be easily accessed for binding. Table 4.4 has the high similarity and low similarity 

sequences found in AP7.    

 

 



 
 

52 
 

 

(a)        (b)     
Figure 4.9:  Similarity analysis of selected peptides (a) Calcite (b) Aragonite 

 

 

 

AP7:MTYMCSILICLVLILCARGAEADDNGNYGNGMASVRTQGNTYDDLASLISYLTRHSFRRPFHECALCY

SITDPGERQRCIDMYCSYTN 

Figure 4.10: Graphical comparison of AP7 with strong aragonite binders using similarity analysis. The x-axis shows 

the TSS score while the y-axis is the amino acid number counting from the N-terminus. The amino acids highlighted in 

blue have low similarity while the pink ones have high similarity. 
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Table 4.4: Properties of Protein Derived peptides that were used in this study 

Positively Charged  AA (K,R) – blue,  Negatively Charged AA (E,D) – red, Hydrophobic AA  (A,I,L,M,P,V,G) – 

grey,  Polar AA (N,Q,S,T,C) - bright green, Aromatic AA (F,W,Y) - orange, Histidine (H) - light blue,  pI and charge 

computed using ProtParam Tool at expassy.org  

 

Peptide Name Sequence pI Charge Similarity to aragonite 

binders 

AP7-PDP1 ITDPGERQRCIDMY 4.56 -1 High Similarity 

AP7-PDP2 ISYLTRHSFRRPFHE

CA 

9.50 2 Low Similarity 

 

 

The similarity analysis of calcite indicated that perhaps the line between strong and medium 

binders may have been set too high, since many of the medium binders were predicted to be 

strong based on their sequence. The aragonite binders have a few weak binders that were 

forecasted to be strong perhaps because of their structure or effect on the cells. All the proteins 

that were used to find an aragonite domain were associated with the nacre of mollusk shells and 

two have been shown to form aragonite in vitro. The AP7 domains were promising mainly 

because the protein by itself can form aragonite without any additives using the desiccator 

method. The protein derived peptides had a considerable amount of charged amino acids, with 

the high similarity one being mostly negative amino acids while the low similarity had positive 

ones. Even though aromatics did not have a high relative abundance in our selection both de 

novo designed peptides contained a few of them, which may be due to the AP7 sequence.  

 

Characterization of synthesized peptides 

Further characterization was done on the CalBPs, AraBPs and the protein designed peptides after 

being synthesized. These experiments were performed in order to find the binding strength of the 

actual peptide without interference from the cell which may have affected the binding since they 

are much larger than the peptide. A schematic of the approach is shown in Figure 4.11. Also this 

experiment allows for better quantification of the binding for the actual peptides using the 

threshold calculator on the Metamorph software. The images in Figure 4.12 were normalized 

with respect to the control, which was incubated with Qdots but was not incubated with peptide. 

The normalization is necessary because Qdots can sometimes bind to a substrate even if no 

biotinylated peptides are present. From the images is it very hard to tell the different protein 

designed peptides apart since they both bind well to aragonite and slightly less to calcite which is 
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why threshold calculations were used.  Along with this 4Ara17 was not able to be biotinylated 

effectively and so was not able to be characterized in this fashion.  

 

 

  

The threshold calculations were adjusted with respect to how much substrate was shown in the 

sample field. For instance 100% coverage would be maximum coverage of all the crystals shown 

in the bright-field image rather than complete coverage of the whole image. Figure 4.13 shows 

 

Figure 4.11: Schematic of FM 

characterization of peptides 

 

Figure 4.12: FM images of biotinylated peptide on aragonite and calcite 

(Images normalized with respect to control).  
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Figure 4.13: Percent coverage calculations for the peptides. (Threshold measurements were done 

using Metamorph software). 

 

the threshold measurements of the four peptides tested. From the graph it is clear that even 

though AraBP2 is the low similarity binder it in fact binds better to aragonite than its high 

similarity counterpart. Also both protein derived peptides show binding to calcite though much 

less than 1Cal13 which shows threshold coverage of about triple theirs. Along with this it 

appears that two of the peptides do not have any binding to CaCO3 after being removed from the 

cells. This may be due to the peptide interacting with the biotin and reducing its binding ability 

to the Qdots. Also the peptide may be interacting with itself and not the substrate which would 

not happen when it is attached to the cell.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Binding affinities changed drastically for some of the peptides once they were synthesized, 

which can be seen in Fig 4.13. For instance, 3Ara11 and 1Cal17 did not show any binding to 

either polymorph even though they were very strong binders when expressed on the cell. One 

explanation for this lack of binding in the peptides is that they need to be cyclic in order to 

interact correctly. On the cell these peptides are displayed as a loop on the flagella and perhaps 

this rigid structure is needed to be able to interact with the surface correctly. Another reason for 

the difference between the characterizations could be that the cells are interacting with the 

surface by other means than the flagella, though this is unlikely since the cells would then all be 
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close to the same binding affinity. Biotin, a hydrophilic molecule that attaches to streptavidin-

Qdots, may also be interfering with the structure of the peptide and not allowing it to bind. 

Another possibility is that the biotin is folded into the peptide and not able to see the 

streptavidin-Qdots.       

 

 Optimization of Procedures 

Optimization of Calcite formation 

Calcite formation was optimized to only produce this polymorph insure that they have all have 

similar morphologies. Three different approaches were found in the literature that would make 

calcite consistently. For some of the approaches the researcher mixed CaCl2 with Na2CO3 or 

NaHCO3 at different concentrations and another used NH4CO3 in a dessicator with the CaCl2. 

After trying all of the methods listed above only the NH4CO3 consistently produced only calcite, 

while the others would sometimes produce a mixture of calcite and vaterite. Along with this the 

dessicator approach allowed the peptide the longest time to interact with the solution before 

crystals formed.  This approach is also a slightly better mimic of nature in the fact that there is 

slow addition of carbon dioxide rather than it being instantaneous, which is probably why many 

researchers prefer this method.  

Further optimization was done on the dessicator method since many researchers have slight 

modifications that can often change the results of peptide addition considerably. The two main 

optimizations for the control were in altering the amount of solution and taking samples from the 

bottom, middle and top of the solution for SEM and XRD. Unfortunately, when reducing the 

amount of solution below 10ml there was not enough crystals in the solution to be able to get an 

accurate XRD reading. TEM was also tried for polymorph identification in the smaller solutions, 

but the crystals were too big to be able to get a diffraction pattern from them. The crystals would 

also often break the TEM grid which is why this method is not used for characterization. For this 

reason, a 10ml solution was used in all the peptide mineralization experiments. As for taking 

SEM and XRD samples from different locations in the petri dish the bottom of the solution had 

highest concentration of crystals and so would give a better signal in the XRD compared to the 

middle and top of the petri dish. Also for the SEM images there was very little difference 
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between layers in terms of morphology unless it was at the top of the solution at which point 

there was very little CaCO3 crystals and a lot of salts.   

         

Optimization of Aragonite formation 

Several optimization steps were needed in order to create aragonite consistently without raising 

the temperature above a level that would be harmful to the peptide. The procedures were 

modified in order to create the same level of aragonite every time if a mixture developed. 

Percentages of the different polymorphs were determined by the equations developed by 

Kontoyannis et al, where X is the molar fractions of the polymorph aragonite (A), calcite (C), 

and vaterite (V). 166 The intensities for the peak are represented as I with the peak number and 

the polymorph symbol.  

 

 [2]    𝑋𝐴 =
1.395 ×𝐼𝐴

700

𝐼𝐶
711+1.395×𝐼𝐴

700+ 9.30×𝐼𝑉
750  

 [3]    𝑋𝐶 =
𝑋𝐴 ×𝐼𝐶

711

1.395×𝐼𝐴
700  

 [4]    𝑋𝑉 = 1.0 − 𝑋𝐴 − 𝑋𝐶    

 

 

Several different procedures found in the literature have been used to create aragonite that do not 

raise the temperature and would not take several weeks to complete. Figure 4.14 shows the 

composition of CaCO3 at different temperatures and that you need to go above 100C in order to 

get only aragonite formation.167 An approach developed by Ahn et al was tried that has 0.2 moles 

of Ca(OH)2 and 0.8 moles of MgCl2 mixed with 10mls water at pH 8.7 and put in a dessicator 

with (NH4) 2CO3 overnight to form aragonite.168 Aragonite was not developed for this approach 

but instead a mixture of ammonium magnesium chloride hydrate, magnesium chloride hydrate, 

Mg(OH)2 and calcite was formed instead. 
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After the Ahn approach failed to produce aragonite, an Mg addition approach was used based on 

the ratio between the ions. Figure 4.15 shows which polymorph should develop based on the 

ratio of Mg to Ca using a slow addition of carbon dioxide.156 This figure was used to determine 

the level of Mg to add to the two different approaches to form aragonite. The first approach was 

the optimized calcite procedure with a dessicator filled with NH4CO3 and then adding Mg to the 

CaCl2 solution. The second approach was adding Mg to a CaCl2 solution and then adding 

NaHCO3 to this solution. Both of these approaches yielded aragonite as well as many other 

materials, but the NH4CO3 was more consistent in getting the percentage of aragonite to be 

around 25% of the mixture and so was used for the peptide addition studies.  

 

 Mineralization with Peptides 

Calcite Formation with Peptides 

All the selected peptides and two protein derived peptides were used in gas diffusion 

experiments in order to compare results with other literature studies. The starting pH values were 

not changed and range from around pH of 4-7 and the ending pH is around 8-9. All the peptides 

were tested at a concentration of 0.1mM. Those that showed interesting results were tested at two 

other concentrations of 0.05mM and 5mM. The higher concentration could not be tested on the 

     
Figure 4.14: Composition diagram of CaCO3 using 

the Ca(HCO3)-CO2-H2O approach without MgCl 

[Courtesy of .Kitano et al]167 

 
Figure 4.15: CaCO3 polymorph formed at different 

ratios of Mg:Ca and temperatures. White squares are 

aragonite, black is calcite and mix is situations where 

calcite initially precipitates and then aragonite grows on 

top of it. [Courtesy of Morse et al] 156  
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XRD since not enough crystals were developed indicating that at high enough concentrations the 

peptides are inhibiting the formation of crystals. The mineral is then analyzed using SEM for the 

morphology and XRD to accurately quantify the polymorphs and their concentrations.   

SEM analysis  

As shown in figure 4.16 many of the peptides show what appears to be considerable vaterite 

development in all cases compared to the control which shows only calcite development for the 

gas diffusion experiments. From Fig 4.17 (a) and (b) it appears that both 4Ara17 and 1Cal17 do 

not affect the morphology of the calcite crystals except a slight amount of etching at the 0.1mM 

concentration. The peptide 3Ara11 on the other hand was very unusual in the fact that it would 

sometimes create what appeared to be vaterite but it was not consistent in doing so even at the 

same conditions as seen from Fig 4.16 (c) and (d) which shows the vaterite when it was 

developed and the calcite which did not have any morphology change. When 3Ara11 did form 

vaterite it would sometimes have a very unusual morphology where the vaterite hexagonal 

platelets appeared to go from stacking normally to randomly stacking in different directions as 

seen in (c). Adding 0.1mM of 4Ara33 appears to form a mixture of regular spherical vaterite and 

calcite which appears to have many calcite crystals fused together as seen from Fig 4.16 (e) and 

(f). At lower concentrations of peptide the calcite is similar to that of the control and the vaterite 

looks the same as the slightly higher concentration. The highest concentration of 5mM the 

vaterite is covered by a layer of organic, though still seems to maintain its spherical shape though 

it is hard to tell due to the organic covering. For the 1Cal13 peptide there is no difference from 

the control at the low concentration of 0.05mM, but at 0.1mM, flower like vaterite begins 

forming along with very highly etched calcite as seen in Fig 4.16 (g) and (h). The protein derived 

peptides both produced what appeared to be a mixture of vaterite and calcite at 0.1mM, though 

the morphologies of the vaterite differ depending on which peptide was added. As seen in Fig 

4.16 (i), AP7-PDP1, the high similarity protein derived peptide, produced vaterite that appears to 

be many small vaterite spheres arranged in a ring fashion and stacked on top of each other. The 

low similarity protein, AP7-PDP2, on the other hand has these vaterite spheres attached to one 

point localized in the center which is seen in Fig 4.16 (j).  Control solutions that had no peptide 

added were run during each set of experiments and showed similar results to Fig 4.16 (k). The 

morphology developed by AP7-PDP2 appears to be unique to this peptide in the fact that no 

other researchers have yet shown this morphology using peptide, protein or polymer. On the 
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other hand the morphology of the vaterite developed by the 4Ara33 is pretty standard in terms of 

how it could be developed, but the calcite morphology is also unique to this peptide. The 1Cal13 

creates vaterite similar to one of Coelfen’s polymers, PEG(45)-b-PGL(27), that was found to 

also rely heavily on the surface tension of the solution.169 How these different morphologies 

could have been developed is explained further in the discussion section. XRD was used to 

confirm that many of these morphologies are indeed vaterite.  
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Figure 4.16: Representative SEM images of CaCO3 developed using the gas diffusion method and with 0.1mM 

peptides added to the solution. (a) 4Ara17 (b) 1Cal17 (c) 3Ara11, vaterite’s morphology (d) 3Ara11, calcite’s 

morphology (e) 4Ara33 vaterite morphology (f) 4Ara33 calcite morphology (g) 1Cal13 vaterite morphology (h) 

1Cal13 calcite morphology (i) DN-AraBP1 (j) DN-AraBP2 (k) Control without peptide. All images at 1,000X 

magnification. 
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Figure 4.17: The X-Ray diffraction patterns of crystals created with the incorporation of peptides. (a) 0.1mM DN-

AraBP1 (b) 0.1mM 3Ara11 (c) 0.1mM 4Ara33 (d) 0.05mM 4Ara33 (e) No peptide added (f) 0.1mM DN-AraBP2 (g) 

0.1mM 4Ara17 (h) 0.1mM 1Cal17 (i) 0.1mM 1Cal13 (j) 0.05mM 1Cal13   

XRD analysis 

The XRD was done on at least three different runs for those peptides that produced polymorphs 

other than calcite to insure reproducibility of the quantification. Figure 4.17 shows XRDs of each 

peptide with the different polymorph peaks marked with C for calcite or V for vaterite. There is 

also a quartz peak marked as a Q on some of the images that is present when the crystals don’t 

cover the entire glass slide.  The quartz peaks can also be seen in the control Fig 4.17 (e) as well 

as when small amounts of the pure geological calcite is scanned.   

For the protein derived peptides there was not enough crystal to produce a clear diffraction 

pattern reproducibly and would normally show amorphous crystal. On one occasion a single 

calcite peak was detected for AP7-PDP1 and AP7-PDP2 as seen in Fig 4.17 (a) and (f) though 

this was unable to be reproduced and even in these situations a large amorphous curve was seen. 
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The formation of amorphous crystal in these solutions is unlikely since there is clearly calcite 

and vaterite crystal morphology in the SEM images of the protein derived peptides as seen in Fig 

4.16. As was clear from the SEM images 4Ara17 and 1Cal17 do not appear to affect the 

polymorph of CaCO3 since they produce calcite peaks as seen in Fig 4.17 (g) and (h). Fig 4.17 

(b) shows that 0.1mM of 3Ara11 forms calcite with large quartz peaks since amount of crystal 

produced was small.  

The 4Ara33 and 1Cal13 peptides both produce vaterite at a 0.1mM concentration, which can be 

seen in Fig 4.17 (c) and (i). At the lower concentration of 0.05mM the 4Ara33 is still able to 

produce vaterite, but the 1Cal13 peptide is unable to do so as seen in Fig 4.17(d) and (j).  

Quantification was done using an equation developed by Kontoyannis et al. In their paper they 

discuss that if one has a mixture of calcite, vaterite and aragonite it is possible to get the ratios of 

certain peaks and calculate the percentage of each compared to the whole.166 They also discuss 

this principle if just two of the components are present. The following equation was used to 

calculate the percentage of the vaterite to calcite where 𝐼𝐶
104  stands for intensity of the (104) 

reflection peak for calcite: 

      

 [5]    
𝐼𝐶

104

𝐼𝑉
110 = 7.691 ×

𝑋𝐶

𝑋𝑉
  

                  

This equation can be used for determining the percentage between the calcite and vaterite even if 

other components are present, unless those materials have similar peaks in the diffraction pattern 

which could offset the intensity ratio. For this reason the quartz peaks can be ignored since they 

are not close to the vaterite peak that is used for identification.  Figure 4.18 displays the 

percentage of vaterite present for two different concentrations of the 4Ara33 peptide and the 

1Cal13 peptide. From this graph it is clear that 4Ara33 is able to form more vaterite than 1Cal13, 

and can form this polymorph at a lower concentration then 1Cal13. The 1Cal13 also has a very 

large error bar which may be related to the fact that the vaterite morphology from the SEM 
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image appears to also rely on surface tension, which is very difficult to control. 

 

 

Aragonite Formation with Peptides 

The two peptides that altered the calcium carbonate polymorph, 4Ara33 and 1Cal13 were then 

used for mineralization in the aragonite forming solution described earlier in the materials and 

methods section where the . In the control, about 25% of the crystals formed were aragonite as 

seen from the XRD and SEM in fig 4.19. Aragonite has a needlelike morphology that all 

origninate from a single point while the calcite growth is inhibited so that they form flat ovals. 

When 0.1mM of 4Ara33 was added to the solution a film of unknown crystals were developed 

since the XRD did not show any peaks which indicates that this layer may be salt and so came 

off when the slide was rinsed. 1Cal13 also showed flat layering of crystals developing in the 

SEM and from the XRD they appeared to be calcium nitrate hydrate with a mixture of the three 

other CaCO3 polymorphs.  The calcite nitrate hydrate has a peak very close to the araognite peak 

that is used for calculations, so the percent aragonite was unable to be determined accurately for 

comparison with the control.       

 

Figure 4.18: Percentage of vaterite developed for different concentrations of peptide added. 

Percentages calculated using equation 1.  
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Figure 4.19:  X-ray diffraction and scanning electron microscopy results of peptide addition to 

aragonite forming solution of 3:1 Mg:Cl ratio solution in a desiccator. (a) XRD and (b) SEM of 

with no peptide added, 0.1mM 4Ara33 and 0.1mM 1Cal13 added to the solution.  
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Mineralization was done on all peptides in a calcite forming environment and peptides that had 

the ability to control the polymorph were tried in an aragonite forming environment.  

In the calcite forming environment several of the peptides had very unique morphologies 

compared to those found in the literature. 1Cal17, one of the peptides that were found to not bind 

to the surface also did not affect the morphology or polymorph of the CaCO3. This indicates that 

binding affinity for calcite binding sequences may play a role in whether a peptide is able to 

affect the polymorph of CaCO3. 4Ara17, was unable to be biotinylated so the binding affinity is 

unknown but it also forms calcite that it is similar to the control.  

3Ara11, from the FM results also does not have an affinity to either polymorph, but does appear 

to form an unusual morphology of vaterite under the SEM while the calcite morphology is 

unchanged. The vaterite appears to have started forming normally with hexagonal platelets 

stacking on one another and then the platelets switch directions so that they are stack 

perpendicular to the original in random orientations with each other after that point. This 

morphology could be due to the peptide interrupting the growth of the vaterite at a certain point 

and then directing its organization onto a different pathway. The fact that the peptide does not 

affect the appearance of the calcite in any way is indicative that it does not bind or interact with 

this polymorph which is confirmed by the FM results. Perhaps 3Ara11 doesn’t bind to either 

calcite or aragonite, but to vaterite. Unfortunately, since vaterite is not stable at standard 

condition the binding affinity of 3Ara11 to it could not be tested. Another explanation for this 

unusual platelet growth is perhaps the peptide nucleates vaterite at these odd orientations and 

then when the vaterite is no longer able to see the peptide it starts growing in the normal 

orientation of this crystal. Unfortunate, the formation of vaterite for this peptide was unable to be 

confirmed in the XRD, though from the SEM it appeared to be at least 10% of this polymorph 

formed most having this unique morphology.  

For the aragonite binding peptide, 4Ara33, the vaterite that formed had the same morphology as 

those formed in the literature when stabilized by polymers. The polymers that are able to create 

this polymorph often have disordered structures that optimize the number of binding sites 

indicating that perhaps this peptide also prefers to be disordered. 170 This vaterite formation was 

confirmed and quantified by XRD. The calcite formed from this peptide appeared to form sheets 

normally with a few separate crystals being separate from these large agglomerations. A similar 
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morphology of layered calcite can be seen in Gower’s work concerning poly(asp) chains, though 

our aragonite binding peptide only contains one aspartic acid residue it might have a similar 

mechanism of forming these films.165 In that study the films were made of hexahydrate form of 

CaCO3, a hydrated phase that forms a platy habit, which then changes into the more stable calcite 

while still retaining some aspects of the hydrated form.165 The aragonite peptide may also utilize 

this mechanism, but it can’t be confirmed since the final crystals are calcite and it is difficult to 

get a diffraction pattern from the hydrated CaCO3.  

For the calcite binding peptide, 1Cal13, the vaterite that was formed at 0.1mM concentrations 

had a flower like morphology similar to that found by Coelfen.169 They determined that 

variations in water tension and hydrophobicity were affecting the vaterite superstructure.169 The 

flower like vaterite morphologies were normally only found when there was very high surface 

tension under hydrophilic conditions which occur with phosphorylation.169 The XRD confirmed 

that the crystals with these odd flower morphologies found in the SEM were indeed vaterite.  In 

our case 1Cal13 most likely interacts with the vaterite at the surface of the solution stabilizing it 

and starting formation of the flat platelets next to each other. After the structure gains enough 

mass to break the surface tension the vaterite is then allowed to stack into a sphere. The vaterite 

extensions are flat because our peptide is hydrophilic so the superstructure drops from the 

surface sooner since nothing is keeping it from interacting with the water except surface tension. 

Calcite formed when 1Cal13 is added to the solution appears to have slightly etched surfaces. 

This morphology is most likely due to growth inhibition by the peptide binding to the growing 

edge. 

Both of the de novo designed peptides showed vaterite spheres agglomerating into a larger 

structure though their organization appears to be slightly different as well as calcite crystals that 

looked similar to the control. Unfortunately, the XRD did not confirm that these spheres are 

vaterite, since the amount of peptide was too low to get accurate readings. For the high similarity 

aragonite binder, AP7-PDP1-AP7, the spheres appeared to be arranged in rings stacked on one 

another into a larger sphere. AP7-PDP2-AP7 on the other hand had a superstructure where all of 

spheres appeared to be originating at a single point and growing out into a sphere from there. 

Even though these peptides had different similarity to the aragonite binding peptides they both 

appeared to create vaterite and calcite in the mineralization solution. Comparing the sequences 

one can see why they both behave similar to the selected aragonite binding peptides. Both 
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sequences have a large number of charged groups both positive and negative spread evenly 

throughout the sequence. Even though AP7-PDP2-AP7 had a number of aromatic amino acids 

they did not seem to impede in the binding.  

Aragonite mineralization was done with the two peptides, 4Ara33 and 1Cal13, that were able to 

affect the polymorph of calcium carbonate. The same concentration was used in this experiment 

as the one that created vaterite in the calcite mineralization. For the aragonite mineralization only 

25% aragonite is formed in the original mineralization experiment with a mixture of vaterite and 

calcite present as well. When the aragonite binder is added to the solution a film is formed that 

could be made up of salt though this was not confirmed with XRD since either the amount of 

crystal was too low or it was rinsed off prior to analysis. The calcite binder also created a flat 

film under SEM though this was confirmed under XRD to be a mixture of calcite nitrate hydrate 

and the three polymorphs of calicum carbonate. Exact aragonite percentages were not able to be 

found because no formales have been created for mixtures of CaCO3 polymorphs and calcite 

nitrate hydrate and since this chemical has peaks similar to aragonite it can not be ignored as 

with quartz.   
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4.4. Conclusion 

 

In this study, peptides were selected that bound specifically to different polymorphs of calcium 

carbonate to observe their effect on the crystal structure and morphology. The selection was done 

using cell surface display with a unique counter selection at the end to ensure that the peptides 

only bound to one crystal structure. The cells were then sequenced and characterized on their 

particular polymorph into strong, medium and weak binders using FM. The strong binders were 

then tested for specificity by observing how many of the cells bound on the polymorph they were 

not selected for. Some of these peptides were then synthesized and characterized further. 

A similarity analysis was performed on both sets of binders to see how the different binders 

compared to each other. The predicative power of the analysis was higher for the aragonite 

binders than for the calcite, 82% to 64%, indicating that aragonite strong binders are closer in 

similarity than the calcite ones.  From these results we used the aragonite similarity analysis on 

several natural aragonite binding proteins to determine domains within them that may be 

responsible for their binding. The domains found in AP7 were chosen to be synthesized because 

AP7 has been shown to create aragonite in vitro and these domains were not folded inside the 

protein so could be involved with surface interaction.     

The five peptides that were synthesized from the selection all bound strongly to their respective 

substrate on the cells, but varied in charge and pI. The binding affinity of the selected and the 

protein derived peptides for many were not consistent with what was seen with the cells. For 

instance, two of the peptides that showed very strong binding on the cells bound to neither of the 

substrates. Also the protein derived peptides bound to both polymorphs, but two of the selected 

peptides were found to preferentially bind to their selected substrate with little to no binding 

found on the other.  

Calcite mineralization with the peptides produced vaterite for several of the peptides many 

having unique morphologies under SEM. 3Ara11 produced what appeared to be vaterite that has 

never been seen in the literature where platelets are stacked perpendicular at the end of the 

normal spherical superstructure. The XRD was unable to confirm vaterite formation expect for in 

two cases with the specific aragonite and calcite binders, which indicates that binding affinity 
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may play a role in polymorph control.  The vaterite percentage in these mixtures was calculated 

and found to be related to peptide concentration for the aragonite binding peptide. The calcite 

binding peptide was only able to produce vaterite at a high enough concentration while at the 

lower concentrations tested it just formed calcite that showed signs of growth inhibition.  

In the aragonite mineralization experiment 1Cal13 was able to produce calcium nitrate hydrate 

along with the other polymorphs of calcite carbonate in the solution, with the appearance of flat 

platelets. 4Ara33 was unable to produce enough crystals to be analyzed in the XRD, but under 

the SEM it also showed a film like substance forming.  

  



 
 

71 
 

 Peptide Mineral Surface Assembly  

  
Taking the lessons previously learned concerning peptide assembly on surfaces and 

biomineralization the following chapter puts this knowledge together to understand a different 

biological system involving hydroxyapatite (HA). Where graphite is very important for 

technological device creation and calcium carbonate makes an excellent model system, 

hydroxyapatite has many biological and clinical uses. Hydroxyapatite is a major constituent of 

bone and teeth with many proteins being associated with its organization on the microscale level. 

These proteins are often found in organic extracellular matrices that are surrounding the newly 

forming mineral to allow more precise control over its growth. As discussed previously the 

organic matrix between the prismatic and nacre layer found within many shell species allows a 

greater toughness than each of these layers by themselves. One of the more well-known 

examples found in humans of this dynamic of mineral morphological switching is at the Dentin-

enamel Junction (DEJ). These types of interfaces contain proteins and peptides that are able to 

not only bind a specific surface, but also mineralize from that surface a different morphology 

than it is on. Our group has successfully shown remineralization with a longer peptide (ADP5) 

selected from amelogenin using similarity analysis in a buffer solution.171 ADP5 was shown to 

speed up the kinetics and create HA similar to that found from the full length peptide in buffer.171 

For this study we will be using a shorter length peptide (sADP5), which was rationally designed 

from the longer computationally designed peptide ADP5. We will be studying the change in 

kinetics and mineralization caused by the sADP5 using a novel double drop diffusion method 

mimicking the organic matrix and how this affects mineralization on a tooth surface.  

5.1. Background 

After calcium carbonates, calcium phosphates are the next most abundant mineral produced by 

organisms comprising about 25% of biogenic mineral.172 This biogenic mineral is found 

predominately in the skeleton and teeth of vertebrates, though some amorphous forms may serve 

as calcium stores and can be found in diseased tissues.173-175  Calcium apatites, which is just 

calcium phosphate that contains impurities of F-, Cl-, and OH-  is what is what most of these 

biogenic minerals are composed of since getting high purity calcium phosphate is unusual in 

nature. Hydroxyapatite, ([Ca]10[PO4]6[OH]2), is one of the most common of these apatites in 
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Figure 5.1: (a) primitive cell of hexagonal HA (b) unit 

cell of hexagonal HA. Blue circles oxygen, red circles 

phosphorous and grey circles calcium.172 

vertebrates making up 55-70% of the interconnected porosity found in bone, which is why is it is 

the main focus of our study.176  

 Hydroxyapatite Mineral 

Hydroxyapatite is usually written as Ca10(PO4)6(OH)2 to denote that the crystal unit cell contains 

two molecules and comes in either monoclinic or hexagonal. Monoclinic HA forms only when 

the molecule has almost perfect stoichiometry and at low temperature so not particularly relevant 

in biomimicry.177 The hexagonal structure is more common in HA’s natural form since it allows 

for vacancies or impurity ions. These impurities or vacancies act as points that allow the OH- 

ions to be reversed, stabilizing the HA hexagonal phase.178,179 In the pure crystal temperatures 

above 483˚K still allow the OH- groups to reorient and form the hexagonal structure. The 

primitive cell is rarely used to describe HA since it has the form of a triangular prism (Fig 5.1a), 

and lacks the clear symmetry that the rhombic prism has at two cells (Fig 5.1b). Many of the 

properties attributed to hydroxyapatite vary considerably on whether the sample is biological vs 

geological. One example is fracture 

toughness and hardness varies considerably 

depending on if the hydroxyapatite is 

geological or where it is incorporated into 

the body. For instance in geological HA the 

average fracture toughness is 0.37MPam1/2 

where in enamel the roughly 3 times that 

value.180 The hardness on the other is a little 

less than half for the biological specimens 

when doing micro-indentation hardness 

measurements.181 For many biological 

samples it matters which direction or 

orientation the experiment was in since the 

hierarchical structure can preferentially 

strengthen a direction. In the case of 

hardness on enamel for instance the xz 

direction (where the force is normally from 

a) 

b) 
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mastication) is slightly harder than the xy direction which is on the side.181 Vertebrate’s ability to 

modify many aspects of this geological apatite is mostly likely why it is found in so many 

functions in the phyla Chordata.   

 Hydroxyapatite’s Biological Occurrences 

Biological hydroxyapatite is heavily linked with the organic matrix and proteins that make up 

many of the calcified structures in vertebrates. The ratio between the mineral and organic often 

leads to different mechanical properties of material and are quite versatile matching the demands 

of the tissue. Bone, for instance consists of about 70% mineral, 24% water, 6% collagen and a 

small amount of other proteins.182 The collagen percentage in bone gives it overall higher 

toughness, but lowers its ultimate strength compared to higher mineral containing tissues.  

In teeth there are three mineralized tissues, 

cementum, dentin and enamel, with different 

mineral to collagen ratios each based on the job that 

section preforms (Fig 5.2). Cementum is the layer 

bridging the gap between the dentin root and the 

gums. For this reason this layer has significantly 

more organic matter than dentin and even bone, with 

rough percentages of 61% mineral to 27% protein 

and rest being water.183,184 Dentin on the other hand 

is comparable to bone in that it is about 70% 

mineral, but has only 20% proteinaceous material 

and surrounds the pulp providing fluid channels that act as nutrient supply routes.183,184 In this 

layer most of the protein layer is composed of a collagen matrix that forms an intertwined 

network with HA mineralized around it providing strength.181 Enamel the hard outer layer of the 

tooth and is the most mineralized biological tissue found in a healthy human body with around 

96% HA mineral and only 1% protein material.183,184 The increased HA content makes this layer 

ceramic-like, resulting in the highest hardness of any other tissues in the human body, but also 

being very brittle. Organization of the HA by the proteins within this layer gives enamel even 

better mechanical properties than it would on its own. Each enamel rod is a tightly packed mass 

of HA crystals all running in the same direction, that are “woven” together. This interwoven 

structure is created when these rods run obliquely to each other on alternating rows, leaving a 

 

Figure 5.2: Schematic of anatomy of human 

tooth [Adapted from Hanson Fong’s slides]  
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small space for interrod enamel that contains HA that is not as well oriented. The fact that all of 

these organizations are able to happen at body temperature (37°C) and atmospheric pressure is a 

true testament to the control that these proteins have over this mineral system. To date no 

synthetic technique has been able to duplicate the level of complex mineralization under 

biological or any other conditions that the body can achieve. One of the many locations that this 

biomineralization occurs and is well characterized is at the dentin-enamel junction (DEJ).     

 Biomineralization at the Dentin-enamel Junction  

The dentin-enamel junction (DEJ) is the demarcation between enamel and dentin mineralization 

and exists due to the two sets of cells involved within the different processes. Before the start of 

mineralization, ameloblast cells along with odontoblast cells accumulate across from one 

another. Mineralization then begins extracellularly, with first the dentin layer being constructed 

and then the enamel rods being formed.181,185 Ameloblast columns retreat away from the junction 

secreting proteins and ions, perpendicular to the long axis, creating one enamel rod. This 

receding during growth produces the triangulation front known as the Tome’s process.181,186 This 

front is considered to have three major steps: cell secretion of protein matrix, nucleation of HA 

and crystal growth in the [001] direction until the organic volume decreases.181,184,186 Though this 

process sounds as if it would produce a perfectly straight line for the DEJ several studies have 

found this is not the case. Instead the DEJ appears to have a high concentration of sub-

micrometer features as well as larger corrugation structures.181,187-189 Variation in hardness and 

elastic modulus along this region also indicate that this is not as sharp of an interface as one 

might expect from its formation. 181,187,189  The matrix that allows for there to be a junction and 

growth is composed of amelogenins and non-amelogenin proteins. Amelogenin and its cleaved 

fragments make up 80-95% of the matrix and are expressed by the ameloblasts to form the 

enamel. 181,190 Our group has worked with this protein in order to discover possible functional 

sites that are important in the biomineralization process and it will be discussed in the next 

section.   

 Peptide Modification of Calcium Phosphate 

Due to the importance of hydroxyapatite mineralization several groups have searched for ways 

of interacting with this mineral.28,34,191-193 One group has taken the protein statherin which is 

associated with bone/tooth mineralization and found that the N-terminus seemed to be the 
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binding area for this protein.191 They then synthesized a 15 amino acid peptide based on this N-

term and attached multiple different functional groups that were known to have cell adhesion 

properties which were then able to bind to the hydroxyapatite surface to varying degrees.191 

Other groups have loosely found that poly(Aspartic acid) and poly(Glutamic acid) peptides have 

reasonable affinity to the hydroxyapatite surface.192,193 These groups did no such binding assays, 

but rather would attempt to immobilize the functional group onto hydroxyapatite and compare 

the rate of adhesion with and without the peptide. In all of these cases the peptide conjugated 

bound better than just the functional group alone, be it RGD, pamidronate (a drug used against 

osteoporosis) and others.191,192 Our group has also found peptides that preferentially bind to the 

hydroxyapatite surface, specifically synthetic HA powder, using phage display.34 The 56 

peptides found using the Ph.D. phage display peptide library kit were characterized for their 

binding strength by fluorescent imaging and designated as strong, medium or weak binders.34 

The strongest binder, HABP1 and one of the weakest binders, HABP2 were then synthesized and 

used to mineralize hydroxyapatite. HABP1 first off slowed down the mineralization considerably 

compared to the control without any peptide and created much larger needlelike HA spheres 

similar to naturally formed HA.34 This indicated that perhaps these peptides might share a 

similarity to the naturally occurring proteins that are associated with HA’s mineralization.               

As covered briefly in the previous section, amelogenin and its cleaved parts makes up the vast 

majority of the proteins involved in enamel mineralization. Until recently, which segments of 

this large protein were instrumental in tooth creation was unknown. Our group was instrumental 

in determining amelogenin’s possible binding regions and how they affect the kinetics of 

mineralization. Similarity analysis was done on the phage display discussed previously for the 

HABPs and this information concerning strong and weak binders were then compared with the 

full-length protein to see which regions were the most or least similar to the strong binders.  

From this computational analysis eight peptides were created with varying length from 

amelogenin and named and numbered accordingly, amelogenin derived peptide: ADP1-8. ADP1, 

2, 4 and 7 all had high similarity to the strong binders where ADP3, 5, 6 and 8 had low similarity 

(Figure 5.3). These peptides were then synthesized and tested for how they affected the 

mineralization and kinetics and compared to the full length amelogenin protein. ADP7 was found 

to be the best binder and created mineral that morphologically was very similar to what the full-

length protein made, but took a significant amount longer to do so.33 This peptide would produce 
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long needle-like nano crystals bundled together similar to what was formed with the HABP1 

peptide. One the other hand, ADP5, did not bind strongly to the HA mineral, but did affect its 

kinetics. ADP5 showed a significant increase in the speed of hydroxyapatite formation, 

comparable to amelogenin, while still creating a spherical morphology more reminiscent of a 

non-crystalline HA.33 For this reason, further research was done using ADP5 to create a possible 

mineral layer on top of a natural occurring substrate, aka a button of tooth.  

Mustafa Gungormus et al, did a wide range of experiments studying how ADP5 can mineralize 

hydroxyapatite onto a tooth surface under solution conditions. Most of the research published so 

far was on mineralizing the root surface after it was etched and this new layer’s ability to recruit 

human-PDL cell.33 ADP5 preformed remarkably in these cases, first by creating a hydroxyapatite 

layer that appeared to be stable on the surface on the root tooth, and second by allowing this 

layer to be a site that h-PDL preferentially bound to. Along with this ADP5 was shown to be able 

to complex with fluorine to create fluorapatite a stronger mineral on the tooth surface than just 

HA alone.194  

These studies are extremely valuable in understanding how we might be able to mimic the 

natural formation that happens within the DEJ or as a clinical application. There are certain 

things however that are very different between the natural forming peptide and these previous 

studies. First, at this point ADP5, has only been used to mineralize in a solution, and though this 

is a useful tool for understanding the process it is not as good for mimicking how nature is able 

to form this layer, which it does in a more viscous extracellular matrix. Secondly, for clinical 

purposes having ADP5 in a solution is not as advantageous as in a gel form where it can be 

localized to a certain area that it is needed instead of throughout the mouth. Thirdly, 

mineralization in a solution situation doesn’t consider a lot of the complexities that this peptide 

would encounter within the mouth since saliva is not a true solution, being more viscous than 

just plain water and so getting the calcium and phosphate localized in a certain area would be 

difficult in this situation. Fourth, the root surfaces that were used by Mustafa Gungormous et al 

were tested on the cementum layer, but it is uncertain if they work as well with repairing enamel 

surfaces, which is where most caries develop in humans.33 Along with this we found that ADP5 

was often difficult to dissolve fully in just water and so when using a gel in our studies this 

presented an even larger difficulty and required us to rationally design a shorter version of it. 

 

Figure 5.3: Summary of our groups work on amelogenins peptide creation and mineralization with ADP5.33 
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Finally, we created a double drop diffusion couple approach, which allowed use to determine 

mineralization kinetics in a non-solution environment such as this one and can be very useful for 

many other applications.       

5.2. Methods 

 Rationally Design of sADP5 

Creating the sADP5 was done by rationally 

modifying the original ADP5 peptide 

found previously by our group using 

similarity analysis on amelogenin. Due to 

ADP5s low water solubility, modifications 

were needed to get allow the peptide to 

dissolve in the gel formulation at the 

concentrations necessary for kinetic and 

surface modification work. From previous 

studies possible calcium binding sites had 

been identified and shown to be very 

important to the peptides function using 

knock out mutations.33 After carefully 

going through the peptide sequence the 

first 6 amino acids on the N terminus and 

the last amino acid were removed due to 

their high hydrophobicity and distance 

from the known binding sites as seen in 

figure 5.4. The hydrophobicity was 

determined using a Protparam tool from 

expasy.org.195   

 Gel Design 

Development of the gel formulation was based around the idea of toothpaste and the fact that this 

gel substance is able to adhere fairly well to the tooth surface while still allowing fluoride and 

other ions access to the surface. Children’s toothpaste’s viscosity and overall lack of many 

 

Figure 5.4: Rational Design of sADP5 peptide using 

hydrophobicity charts.195 
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additives made an ideal first attempt at a gel recipe to then be modified with added mineral, 

peptide or higher or lower percentage of thickener to dial in the viscosity. So after several 

attempts a recipe was created containing: 30% sweetener (sorbitol), 0.5% surfactant for its 

antifoaming properties, 0.5% preservatives to reduce microbial grow during experiments and 

increase storage life, 19% thickeners and 50% aqueous solution that contained the peptide, 

calcium chloride or potassium phosphate or some combination of them that was prepared in the 

solution preparation section. These ingredients (specifics will not be provided due to 

confidentiality agreement), were one and a time and mixed with an electric stirring machine 

while being heated slightly to 50°C-60°C to insure smoothness. When this formulation was 

viscous enough to stay put when placed on a glass slide and part of the tooth while it was lying 

flat without spreading significantly it was considered ready to be used for experiments.         

 Kinetics 

In order to test the kinetics within the gel a new approach called the double drop diffusion couple 

(DDDC) method was developed to ensure that the sADP5 would still accelerate the 

mineralization within the formulated gel.     

Solution Preparations 

The Tris solutions was optimized by using either Tris HCl or Tris Base and an optimized 

concentration was found to be 24mM by checking the kinetics of several while keeping the 

CaCl2 and KH2PO4 concentrations the same. The optimum pH was found to be pH 7.4 with no 

NaOH added for pH adjustment, since the Na+ appeared to interfere with mineralization due to 

possible competition with the Ca+ ion. Mineral concentration was also varied to be able to start 

mineralization after approximately 20mins in since if it was too early the peptide would not be 

able be able to interact with the mineral before precipitation. The best final concentration found 

for the solution that allowed for this rate of mineralization was 9.6mM CaCl2 and 5.6mM 

KH2PO4 (USB Corp) (MW: 136.08). These concentrations were found to be too low to start 

mineralization in the gel DDDC experiments and so it was multiplied 5, 10 and 100 times and 

tested again. The 10 times amount appeared to work the best for getting the mineralization to 

start after 30 secs which was enough time to have the camera set up and ready to take images. 

Peptide solutions of sADP5 (MW: 1736.8) were prepared fresh every time in 24mM Tris buffer 

pH 7.4 and the concentrations were varied for different runs.     
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Precipitation Kinetics Approach 

The TECAN absorbance reader was set for a wavelength of 820nm with a kinetic cycle selected 

to be approximately 2hrs or 200 cycles. A 96 well plate was used and 50 µl of the peptide 

solution was added to each well. Then 100µl of the CaCl2 was added and then right before 

putting the plate into the reader 100µl of the KH2PO4 would be added and mixed with the pipet 

at least three times. For the absorbance readings the plate was heated to 37°C and shaken 

between each cycle for 3secs so that particles would not accumulate on the bottom of the well. 

These measurements were mainly used for optimizing what the buffer concentration and pH 

should be.     

Double Drop Diffusion Couple 

A novel procedure was created to 

determine the kinetics of the peptide in 

formulation and how the gel might 

affect the mineralization process. The 

method involved observing mineral 

formation at an interface between two 

gel droplets and recording the growth of 

the mineral layer once they came into 

contact with one another. Gels were 

created as described above with several 

different aqueous solutions added some 

of which incorporated peptide in the 

calcium chloride solution or the 

phosphate one or neither. The final ion 

concentrations were held the same 

between those solutions with and 

without peptide by diluting the stocks 

accordingly with the knowledge that a 

certain amount of the water would 

include the peptide. Once all of the 

different formulations were created, and 

 

Figure 5.5: Schematic of double drop diffusion couple 

approach 
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thoroughly mixed they were then put into a syringe for storage as well as application purposes. A 

schematic of the set-up is depicted in Figure 5.5, where we would put equal amounts of gel onto 

the bottom a petri dish using the syringe and as close as possible without touching. Once the 

camera was set up we would then tilt the dish just enough so that the droplets came into contact 

with one another and start mineralizing. We would then put the dish into a container which had 

standing water within it, so that there would be closer to 100% humidity directly around the 

experiment reducing the effects of evaporation on our results. A ruler was also placed to the side 

of the droplets to be able to have some way to measure the mineralization front. Several different 

concentrations were tried so that the rate was such that we could accurately get the beginning of 

mineralization recorded. The 960mM CaCl2 and 560mM KH2PO4 in 24mM Tris buffer at 7.4 

gels appeared to work the best for creating a mineralization front after 30secs which allowed us 

time to set up the camera and get it in focus before then. Images were taken after 10sec, 30secs, 

1min and then every 5 minutes once the rate slowed after tilting for computation analysis later by 

looking through every image and comparing it with the ruler to see its growth pattern. After 

allowing the diffusion coupling to precipitate several hours or overnight the middle interface was 

removed and diluted in water. This was then centrifuged to get the mineral deposit which was 

transferred to ethanol and then pipetted gently onto a TEM grid for further analysis 

(Transmission Electron Microscopy).    

 

 Surface Mineralization 

Human teeth were used as the surface for remineralization. They were obtained with the help of 

dental students in the lab from their clinics. When collected they were stored in 100% alcohol, 

the soft tissues were removed with an explorer and 12-24hrs before experiment stored in 1% 

bleach and dried right before the experiment.  

Tooth Surface Preparation  

Enamel was prepared two different ways depending on the mineralization procedure.  

For the solution mineralization the enamel surface was cut into 4 different sections using a 

microtome to maximize the amount of surface enamel available. Along with this a notch was 

done in the back of each to allow the layer to be exposed for imaging. For each segment, a high 

concentration etch was done on half of the sample by using Ultraetch™ for 10s. After etching the 
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samples were then rinsed with Tris buffer and soaked in buffer solution for at least 2hrs before 

the experiment. This clinical product is used to clean teeth for resin fillers and creates a deep etch 

unlike the gradual etching found from wear, but allowed remineralization to be observed in a 

reasonable amount of time. For our purpose of determining sADP’s remineralization similarity to 

ADP5 this was an acceptable method. 

Gel-formulation mineralization on the other had is meant a mimic for possible DEJ formation 

and as such using such strong etching procedures seemed unwise. Instead a more natural etching 

procedure was used. First a small window was created in the enamel by using nail polish to cover 

the rest of the tooth so that only a section would be demineralized. Then the tooth was incubated 

in a demineralization solution composed of 2.2mM KH2PO4 , 2.2mM CaCl2, 50mM Acetic Acid 

and adjusted to make sure it was around 4.5 pH.  Both were placed into a glass beaker and left on 

a rotator for many days for gentle break-up of the enamel to occur. Once demineralization was 

done the root was removed and the tooth was rinsed and soaked in Tris buffer for at least 2hrs 

before the experiment.    

Remineralization on Enamel Surface in Solution   

To insure that our sADP peptide was still able to mineralize on a tooth surface in the enamel 

region we used a similar approach created by Mustafa Gungormus and others in our group to 

confirm this affect. The prepared etched sample (tooth surface preparation) was fully submerge 

in peptide solution, at the concentrations ideal for solution mineralization (solution preparation), 

normally 100-300 µl, in a 48 or 12 well plate. This was then incubated for at 37°C for 10mins. 

After incubation the tooth sample was moved to a new well (48 or 12 well plate) and 300 µl of 

9.6mM CaCl2 and 300 µl of 5.6mM KH2PO4 was added and quickly mixed with a pipet tip. If 

the sample was very large, more mineralization solution was added making sure the ratios were 

the same. The sample was then incubated in the mineralization solution for 1hr to overnight, at 

37°C. Sample was then rinsed for 20s and quickly dried in a vacuum for at least 30mins. The 

samples were then cracked at the notch to reveal the new layer to be imaged. SEM preparation 

was done by adding the sample to a SEM holder with carbon tape and with one side up so that 

the new layer could be seen as well as the surface and then coated with a small layer, 5nm, of 

gold or platinum (Scanning Electron Microscope). Figure 5.6a shows a schematic of this 

approach.  
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Remineralization on Enamel Surface with Formulation 

The etched prepared sample (tooth surface preparation) was placed in a 12 well plate to reduce 

possible contamination and then enough gel was applied to fully cover the surface, normally 

100µl out of the syringe is enough. This was incubated for at 37°C for 10mins. Near the end of 

this time approximately 100 µl of 960mM CaCl2 and 100 µl of 560mM KH2PO4 gels were 

squeeze out of their syringe onto a petri dish and quickly mix with a pipet tip. After incubation 

rinse the tooth sample and move it to a new well and add mineral formulation mixture. The 

sample was then incubated with this gel for 1hr-overnight (overnight will result in a more 

uniform coverage) at 37°C. Sample was rinsed for 20s and dried in vacuum for at least 2 hrs to 

reduce moisture. The samples were then broken at the notch to reveal the new layer. Microscopy 

preparation was done by adding the sample to an SEM holder with carbon tape in the same 

 

Figure 5.6: Schematic of peptide mineralization approach an enamel tooth surface a) in solution and b) with formulation 

gel  
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orientation as with the solution mineralized and coated with a small layer of gold or platinum to 

reduce charge. Figure 5.6b shows a schematic of this approach. 

 Mineral Microscopy 

Scanning Electron Microscopy  

After coating and applying the Characterization was done using an FEI Sirion microscope 

(Sirion, FEI, Hillboro, OR, USA) operated at 10 keV acceleration voltage.  Chemical 

composition measurements were done by an onboard energy dispersive X-ray spectroscopy 

(EDXS) system (X-MaxN Si drift detector with AZtecEnergy software package, Oxford 

Instruments, Abingdon, Oxfordshire, UK). These measurements were done in at least 4 different 

locations on the different layers of the tooth and averaged. The averages and standard deviations 

were calculated and expressed as the mean ± standard error. 

Transmission Electron Microscopy  

After mineral and ethanol mixture was gently pipetted drop-wise onto the carbon coated TEM 

grid it was then vacuum dried for at last 30mins before being imaged on the FEI Tecnai (FEI, 

Hillboro, OR, USA) operating at 200 keV. The diffraction pattern found from certain crystals in 

the bright field images were then analyzed by comparing them to different calcium phosphate 

diffraction patterns by Deniz Yucesoy and found to be hydroxapatite.        

 

 

5.3. Results and Discussion 

 Kinetics 

The kinetics of our short sADP5 was found via our novel technique of double drop diffusion 

couple since solution mineralization would not be able to determine if our peptide would work 

within the confines of a gel framework. That being said we did some TECAN kinetic work to 

insure that our mineral solutions would still mineralize calcium phosphate in a reasonable 

amount of time with or without peptide. Certain things that were found was the addition of 

NaOH when adjusting the pH would slow down the mineralization considerably and if enough 

was added along with HCl, calcium phosphate refused to form even if the pH was at 7.4. One 

possible explanation for this was the Na+ ion competing with the Ca+ ion for PO stabilization, 

since if enough NaOH was added it could end up being in a higher concentration than the CaCl2. 
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So all later solutions that were created for use in the gels only used HCl to adjust the pH down to 

7.4 as well as a Tris buffer of 24mM since that was enough to stabilize this pH, but not so high 

that it would also affect mineralization time in solution.   

Once these affects were taken into consideration the solutions were then created and mixed with 

the formulation to create the gel form. From many rounds of optimization it was found that gels 

containing 960mM CaCl2 and 560mM KH2PO4 provided the rate we were interested in after 

30secs. Once we were able to get a consistent rate without the peptide we then started adding 

peptide to the gels starting first by just putting the peptide gel in between the two to see if it 

would allow mineralization through it. This slowed the mineralization considerably and we were 

unable to see any precipitation until after 20mins. We would always start the control and peptide 

at the same time since they were both in the same petri dish, so when tilted they would both be 

connected. These droplet couples were places far enough apart that they were not touching, but 

close enough to get them in the same camera shot along with the ruler nearby and this was done 

for all the following experiments. After mineralization slowed with putting the gel between the 

mineral droplets a new peptide incorporated gel was created. The peptide was put into the 

mineral gels so that the final concentration would be 0.8mM sADP5 by first making a 1.6mM 

sADP5 solution in 24mM Tris buffer and diluting it with the CaCl2 solutions and KH2PO4 

doubled in concentration so that the final concentrations were correct and was called F-sADP5. 

When peptide was added to the gels and the droplets were tilted the control appeared to be the 

first to mineralize in all cases, but the mineralization rate appeared to be higher for peptides in 

less than a minute and was able to out –pace the control from then on (Figure 5.7 a, b) After a 

day or so of mineralization the interface layer was removed, rinsed and processed to be imaged 

under TEM. Figure 5.7c shows both the control and the sADP5 creating hydroxyapatite crystals 

highlighted with the red arrows and seen by the diffraction pattern, provided by Deniz Yucesoy. 

The double drop diffusion couple approach is a novel method that provides a way to obverse 

differences in kinetics within a gel. This approached indicated that the sADP5 was able to 

increase the mineralization rate still within a gel type conditions and synthesize hydroxyapatite 

crystals both things that will be necessary for the next step in this study.       
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 Surface Mineralization 

Mineralization was done via two methods: solution and formulation. The solution process was 

done to insure that the sADP5 peptide was still able to bind and mineralize similar to ADP5 even 

on an enamel surface. Gel was used to mimic the DEJ and observe possible morphological 

differences. 

For the solution approach a similar peptide concentration was used in comparison to the DDDC 

work of 0.8mM sADP5 though several concentrations were tired, but this was the lowest that 

still allowed mineralization to be seen on the surface. The enamel was first soaked in this peptide 

solution then dried and added to a different well where mineralization solution was added so that 

the final concentrations of the minerals in solution were 9.6mM CaCl2 and 5.6mM KH2PO4 once 

they were mixed. Figure 5.8 shows the SEM of the newly formed layer in comparison to the 

control enamel cross section. So first off the control samples’ surface, on the side that wasn’t 

etched, had waves on it which is indicative of perikymata, growth lines along the enamel formed 

during crown formation.183 This indicates that there was no growth or deposition of calcium 

mineral onto the tooth surface for the control since they would have obscured this very biological 

 

Figure 5.7: Double drop diffusion couple results. 
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forming morphology. On the samples that were incubated with sADP5 in of them there is 

sometimes a clear demarcation between the new and old layer where the hydroxyapatite crystals 

are very prominently displayed. This clear line between is not always the case as seen in the 2hr 

image that is more difficult to determine where the new layer begins and ends though we have 

tried to mark it accordingly. Depending on incubation time and clear demarcating lines the layers 

varied between 2 to 5µm These new layers are a clear sign that the sADP5 is able to mineralize 

on the enamel surface similar to how the ADP5 did on a dentin tooth surface. The successful 

remineralization indicates this rationally designed peptide still has the similar functional groups 

that ADP5 has to interact with the surface of the mineralized tooth as well as sequester calcium 

and phosphate ions from the solution to aid its continued mineralization. sADP5 is not only 

easier to synthesize and dissolve, but due to this mineralization ability this shorter peptide may 

very well take the place of ADP5 in any potential future commercialized products.     

 

 

 

Figure 5.8: SEM images of the newly formed layer synthesized by sADP5 and it’s the control under solution 

mineralization conditions and at different incubation times.  
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For the gel formulation approach the final peptide concentration within the gel was set so that it 

was at 0.8mM sADP5, same as in the DDDC and solution mineralization. The concentration of 

the calcium and phosphate gel was also kept consistent with the DDDC methodology at 960mM 

CaCl2 and 560mM KH2PO4 and since it was able to show hydroxyapatite growth. After mixing 

equal amount of these two gels together the concentration halved in the final formulation added 

to the tooth after the peptide. Figure 5.9 shows the cross-sectional SEM images of these 

conditions, with and without any peptide after just 1 hr on the surface. In both the peptide and the 

control it is clear there was been serious etching of the enamel layer since what appear to be 

dentin tubules can be seen from the side with very little enamel on top of it. For the control there 

appears to be holes or a very rough surface on the enamel. Peptide exposed tooth on the other 

hand has what appears to be a layer formed which is slightly smoother in comparison. New layer 

thickness appears to be 1-2µm after 1hr.            

 

 

Figure 5.9: SEM images of the newly formed layer created by a) sADP in gel and b) tris buffer (control) on the 

surface of etched enamel under 1 hr incubation 

a) 
a) 

b) 
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The new layer formed from the 1hr incubation with 0.8mM sADP5 formulation was the analyzed 

with EDS to determine if it still contained the organic peptide within it. At least 4 different EDS 

points were taken for each of their respective locations, be it surface or inner part of the enamel. 

Figure 5.10b shows the EDS analysis of the newly formed layer vs the inner layer of the tooth 

sample (Figure 5.10a). The Ca/P ratio for both the new layer and the inner layers were within a 

standard deviation of one another. A calcium phosphate ratio of around 1.62 was found for the 

inner part of the tooth, but the surface was slightly higher at 1.68, but again the standard 

deviation of around 0.3 was such that they were comparable and most likely both hydroxyapatite. 

One of the major differences found the EDS was the amount of the carbon and oxygen elements 

found in the surface indicating that there is most likely organics incorporated within this layer. 

There was also trace amount of gold on the surface which was coated on the tooth to reduce 

charge.      

 

 

 

Figure 5.10: a) SEM images and b) EDS analysis of the newly formed layer created by sADP in gel on the 

surface of etched enamel after 1 hr of incubation 
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5.4. Conclusion 

In the previous sections a shorter sADP5 peptide was rationally designed to having higher 

solubility and still mineralization hydroxyapatite on a tooth surface. This mineralization was 

done in both solution and a formulated gel to simulate the dentin enamel junction found in tooth 

development. The sADP5 mineralization in solution on enamel was able to create a new layer of 

hydroxyapatite that covered the surface of the tooth, unlike in the control. Mineralization with 

the longer peptide ADP5 had up this point only been used to mineralize on dentin button, but this 

confirmed that it would be acceptable to use on enamel as well.33 Formulation was created to act 

similar to the extracellular matrix in terms of viscosity and to see how it would affect the 

mineralization of the peptide on the tooth surface after slight etching with a demineralization 

solution. We found that indeed a layer did appear to form onto the tooth surface and even 

appeared to have incorporated some of our peptide onto the surface during that step. In order to 

determine how this sADP5 was able to affect the kinetics in the gel we created a novel double-

drop diffusion couple technique that allowed us to show that the peptide is in indeed increasing 

the mineralization rate slightly compared to the mineralization gel without it.  
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 Highlights of Personal Contributions and Future Work 

 
The following are the highlights of the work I have accomplished during my graduate studies 

and what I have personally contributed to the field of molecular biomimetics, material science 

and peptide development.  

6.1. Peptide Synthesis and Development 

Many of the chimeric and solid binding peptides discussed in the first chapter from our lab’s 

work I either had a hand in designing to have certain properties or synthesize over the years. The 

knowledge of synthesizing these peptides has helped me in my own work and all peptides used 

in this thesis were designed and synthesized by me with some help from undergraduates in 

training. 

6.2. Rationally Designed Solid-Binding Amyloid Assembly Peptide 

The shorter Aβ (12-24) was chosen after searching the literature for potential amyloid sequences 

that could recognize a graphite surface and retain its fibrillating abilities. This sequences length 

and location within the larger protein was determined by further research into the amyloid fibril 

creation and mechanisms and how they might be influenced by this segment of the full length 

protein. Once chosen I went about synthesizing the peptide and assembling it on the surface of 

graphite. Many different conditions were used including annealing at 37°C at one point to see if 

that would affect the formation. Assembly of the Aβ WT was found at 1µM after 3hrs of 

incubation consistently. After this was found I did molecular dynamics using Hyperchem 7.5 

(taught to me by E.E. Oren) on this sequence and three other mutations as well to see how they 

might affect the conformation of the peptide on the surface. I then synthesized these mutations 

and tested each of them on graphite to see their morphology. Some of these peptides mainly the 

KOHH was able to bind even better to the surface than the wild type, but was unable to assemble 

due to not having the histadine present. None of them were able to assemble as well as the 

control, and only the knock-in mutation FF to YY showed any kind of fibril formation, but at a 

much higher concentration than the wild type, indicating possible assembly on its own 

monolayer rather than on the surface. Contact angle measurements were also done in order to 

determine the peptides effect on hydrophobicity and how much it is able to change the bare 

graphite. Only the knock-outs appeared to affect the angles at all making the surface more 

hydrophilic than either the WT or bare graphite.  This study showed that a rationally designed 
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peptide from a fibril forming protein could be used to recognize and assemble onto a graphite 

surface.  

Possible future paths that can be explored in this work are further analysis of the contact angle 

measurements and seeing how different concentrations might affect the surface coverage and the 

displayed motifs.   Along with this more work concerning the KOFF inhibition could prove 

valuable as a possible anti-assembly approach for device regeneration or other more biologically 

relevant work.  

  

6.3.   Control of crystal polymorph by peptides 

Having peptides recognize a surface and arrange themselves along certain planes indicated that 

they could also be used to recognize polymorphs and control their formation when used as a 

mineralization agent. In order to find these peptides I, with the help of Dr. Marketa Hnilova, 

selected peptides using cell surface display for the calcite and aragonite structures. I did 

everything related to the calcite binders in terms of selection and characterization, where Dr 

Marketa Hnilova did the aragonite binders and I learned from her in the process. These peptides 

were then characterized using fluorescent microscopy to determine binding strength. After 

characterization several of the strong binders were selected from each to synthesize and 

characterized again as peptides.  AP7-derived peptides (DN-AraBP1 and DN-AraBP2) were 

found that had high and low similarities to the aragonite binders using similarity analysis. After 

characterization it was found that one of the strong binding aragonite binders was able to bind 

specifically to aragonite. Both of the AP7-derived peptides shows a high ability to bind to 

aragonite, but still had some slight binding to calcite as well. The calcite binder on the other hand 

bound very well to calcite, but also slightly to the aragonite. After binding characterization the 

peptides were then used to mineralize calcium carbonate using a modification of Colfen’s 

procedure to better mimic natural calcium.  Calcite mineralization with the peptides produced 

vaterite for several of the peptides many having unique morphologies under SEM. 3Ara11 

produced what appeared to be vaterite that has never been seen in the literature where platelets 

are stacked perpendicular at the end of the normal spherical superstructure. The XRD was unable 

to confirm vaterite formation expect for in two cases with the specific aragonite and calcite 

binders, which indicates that binding affinity may play a role in polymorph control.  The vaterite 

percentage in these mixtures was calculated and found to be related to peptide concentration for 
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the aragonite binding peptide. The calcite binding peptide was only able to produce vaterite at a 

high enough concentration while at the lower concentrations tested it just formed calcite that 

showed signs of growth inhibition.  

Possible future paths for this research is doing this mineralization again in a gel formulation 

instead of under diffusion conditions since this might better mimic the extracellular matrix in the 

cell and as such produce aragonite. Another thing that could be done is DDDC on the different 

peptides to see if any significantly increases the kinetics of formation.  

 

6.4. Peptide Mineral Surface Assembly 

For the sADP5 peptide work I helped rationally design the peptide since the ADP5 was unable to 

solubilize at high enough concentrations to work within the formulation. The formulation recipe 

was created by Hanson Fong who was also instrumental in taking many of the SEM images. The 

sADP5 mineralization in solution on enamel was able to create a new layer of hydroxyapatite 

that covered the surface of the tooth, unlike in the control. Formulation was created to act similar 

to the extracellular matrix in terms of viscosity and to see how it would affect the mineralization 

of the peptide on the tooth surface after slight etching with a demineralization solution.  A layer 

did appear to form onto the tooth surface and even to have incorporated some of our peptide onto 

the surface during that step. In order to determine how this sADP5 was able to affect the kinetics 

in the gel I created a novel double-drop diffusion couple technique that allowed us to show that 

the peptide is in indeed increasing the mineralization rate slightly compared to the mineralization 

gel without it.  

Some ideas for future studies that have been done or are ongoing are to use this formulation 

clinically and by using in vivo studies. Due to patent related issues more information concerning 

this is confidential.   
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