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ABSTRACT

THE MORPHOLOGY AND KINETICS CONTROL OF CALCIUM
PHOSPHATE MINERALIZATION USING TINY ENZYMES
IDENTIFIED THROUGH DEEP-DIRECTED EVOLUTION

Biomineralization is a critical natural process through which organisms produce
minerals to harden or stiffen tissues, forming structures such as bones, shells, and teeth.
Controlling biomineralization is vital for addressing medical and dental disorders, which
significantly impact healthcare costs and quality of life. Effective management of
biomineralization can prevent undesirable occurrences, such as vascular calcification, and
promote beneficial processes, like bone and dental remineralization. While the chemical
mechanisms inducing demineralization are well understood, the ability to rebuild a
molecularly integrated mineral layer at a useful rate remains elusive. A fundamental
aspect of this process involves the precise control of the morphology and Kinetics of
mineral formation, which can yield materials with specific properties and functions. This
thesis aims to control the morphology and kinetics of calcium phosphate mineralization
using tiny enzymes identified through deep-directed evolution. A peptide-phage library
was utilized to select short-sequence peptides (12 amino acids) from a physiological
environment, significantly impacting the mineralization kinetics and morphology of
calcium phosphate minerals. Through iterative experimentation, the optimal conditions
for variables such as pH, temperature, and molarity were adjusted, acknowledging their
dynamic influence on the mineralization process. Structural characterization using SEM,
XRD, and FTIR analyses confirmed the formation of hydroxyapatite in the presence of
these peptides. Kinetic measurements revealed that these peptides catalyze calcium
phosphate mineralization approximately an order of magnitude faster under physiological
conditions. These peptides hold the potential for developing clinical products, such as

dental gels, toothpaste formulations, and treatments for bone regeneration.
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OZET

KALSIYUM FOSFAT MINERALIZASYONUNUN
MORFOLOIJiSi VE KINETIGININ DERIN YONLENDIRILMIS EVRIM
YOLUYLA GELISTIRILMIS KUCUK ENZIMLER ARACILIGIYLA
KONTROLU

Biyomineralizasyon c¢esitli organizmalarda inorganik iyonlarin organik protein
molekiilleri ile birlikte koordineli bir sekilde ¢okelmesine ve biiylimesine rehberlik eden
temel biyolojik olgudur. Insanlar basta olmak {izere omurgalilarda kemik ve dis
omurgasizlarda  yumusakcalarin  kabuklar1  gibi  sert dokularmin  olusumu
biyomineralizasyonun bir pargasidir. Biyomineralizasyonun etkili yonetimi, vaskiiler
kalsifikasyon gibi istenmeyen olusumlar1 onlemek ve kemik ve dis remineralizasyonu
gibi faydali siirecleri tesvik etmektir. Biyomineralizasyonunda yer alan molekiiler
mekanizmalarin ve diizenleyici yollarin anlasilmasi, tibbi ve dental arastirmalarin,
terapotik miidahalelerin ve biyomimetik materyal tasariminin ilerletilmesi i¢in gereklidir.
Bu siirecin temeli, belirli 6zelliklere ve iglevlere sahip mineral malzemelerin olusumunun
morfolojisinin ve kinetiginin hassas bir sekilde kontrol edilmesini igerir. Bu tez, derin
yonlendirmeli evrim yoluyla tanimlanan kii¢iik enzimler kullanarak kalsiyum fosfat
mineralizasyonunun morfolojisini ve kinetigini kontrol etmeyi amaglamaktadir.
Kalsiyum fosfat minerallerinin mineralizasyon kinetigini ve morfolojisini 6nemli 6lgiide
yonlendirerek kontrol eden kisa dizili peptitleri (12 amino asit) fizyolojik bir ortamdan
secmek icin bir peptit-faj kiitiiphanesi kullanilmigtir. Mineralizasyon siireci iizerindeki
dinamik etkileri bilinen, pH, sicaklik ve molarite gibi degiskenlerin mineralizasyon i¢in
en uygun kosullar1 yinelemeli deneylerle ayarlanmistir. Bu peptitlerin varliginda
hidroksiapatit kristallerinin olusumu yapisal karakterizasyon i¢in kullanilan SEM, XRD
ve FTIR analizleri ile kanitlanmistir. Kinetik dl¢timler, bu peptitlerin fizyolojik kosullar
altinda kalsiyum fosfat mineralizasyonunu yaklasik bir kat daha hizli katalize ettigi
kinetik Ol¢limler ile ortaya koymustur. Mineral kristalleri lizerinde etkisi dogrulanan bu
peptitler dis jelleri, dis macunu formiilasyonlar1 ve kemik rejenerasyonu tedavileri gibi

klinik tiriinlerin gelistirilmesi i¢in potansiyel tasimaktadir.
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CHAPTER 1

INTRODUCTION

1.1 Dentin Diseases and Etiology of Dental Diseases

Dental disease is the most common disease globally, affecting all segments of
society. According to the World Health Organization, almost 3.5 billion people worldwide
have oral disease. 3 out of 4 people have a dental disease. Also, 2 billion people and 621
million children worldwide have dental cavities. Dentin is the mineralized tissue
component that makes up the majority of the tooth structure. it is the crucial mineralized
tissue that provides structural support and integrity to maintain the integrity and strength
of the tooth(Kassebaum et al, 2015). Various dentinal diseases can be caused by different
etiologic factors such as genetic predisposition, trauma, inadequate oral hygiene, and
microbial infections, or an intersection of such factors (Mathur, and Dhillon, 2018).
Understanding the etiology of these dental diseases is essential for effective prevention,
diagnosis, and management strategies for these conditions. The etiology of dental disease
involves a multifactorial interaction of poor oral hygiene practices, dietary habits, genetic
predisposition, systemic conditions, and environmental influences(Kim et al, 2006;
Wright, 2006). Bacterial infections, caused by Streptococcus mutans and Lactobacillus
species, are major contributing factors in the development of dental caries and periodontal
disease. These pathogens use dietary sugars to produce acids that demineralize enamel
and dentin, leading to cavity formation and gingivitis (Kim et al, 2006; Mira, Simon-Soro,
and Curtis, 2017). A comprehensive understanding of the etiology and impact of dentin
diseases, which pose various challenges in dental pathology, is imperative. By elucidating
the factors that cause these conditions to occur and discovering and developing
appropriate preventive and therapeutic strategies, researchers can effectively manage and
reduce the impact of dentin diseases on patient oral health (Cummins, 2013; Kassebaum

et al, 2015).



1.1.1 Dental Tissues

Dental tissues are specific types of hard and soft tissues composed of highly
specialized structures that play critical roles in oral health and function (Goldberg et al,
2011). There are four main dental tissues: enamel, dentin, cementum, and pulp. The
outermost layer, enamel, is the hardest and most mineralized tissue in the human body.
Enamel is composed of minerals, mainly hydroxyapatite crystals. It covers the outer
surface and crown of the tooth. It protects the tooth tissue by forming the first line of
defense against wear and decay caused by mechanical forces and chemical erosion
(Kinney, Marshall, and Marshall, 2003). Beneath the enamel is dentin, a less mineralized
but more flexible tissue composed of microscopic tubules that transmit sensory signals to
the pulp. Underneath the enamel is dentin, a tissue that makes up the majority of the
tooth's structure. it contains microscopic tubules that transmit sensory signals to the pulp.
less mineralized but more flexible, dentin tissue is not as hard as enamel but is still quite
durable. The pulp is the soft tissue in the center of the tooth, below the dentin. the pulp is
vital for the vitality of the tooth. It is made up of nerves, blood vessels, and connective
tissue (Gronthos et al, 2000). The cementum is a hard tissue that covers the tooth root and
connects it to the surrounding alveolar bone (jawbone) through the periodontal ligament.
This tissue is less mineralized and less hard than enamel and dentin but plays a crucial
role in maintaining tooth stability. These tissues work together to provide structure,
support, and protection to the teeth and are essential for proper (Kinney, Marshall, and

Marshall, 2003; Bosshardt, 2005).

1.1.2 Dental Demineralization: The Loss of Natural Minerals from the

Tooth

Dental demineralization is the process of loss of essential minerals in teeth that
triggers dental caries and other oral pathologies. Demineralization begins with the
dissolution of hydroxyapatite crystals, which are sensitive to acidic dissolution, that make

up tooth enamel and dentin (Featherstone, 2008). Demineralization occurs when the



intraoral pH drops below the critical values of pH 5.5 for enamel and pH 6.5 for dentin
(Featherstone, 2008). With the onset of the demineralization mechanism, these dental
tissues weaken and caries and other damages begin to occur (Chaffee, Feldens, and
Vitolo, 2014). Etiological factors causing demineralization: Acidic environment, poor
oral hygiene, reduced salivary flow, high carbohydrate diet, and orthodontic treatments.
Frequent consumption of acidic foods and beverages causes a decrease in the pH of the
oral environment. Thus, demineralization has been shown to occur significantly (Larsen,
and Nyvad, 1999). Poor oral hygiene leads to insufficient removal of bacterial plaque in
the oral environment. These bacteria metabolize dietary sugars to produce acid, leading
to the accumulation of bacterial biofilms (Garcia-Godoy, and Hicks, 2008). Saliva buffers
acids and provides calcium and phosphate ions to maintain a healthy oral environment
and acts as a protector against demineralization (S6derling, 2009; Slots, and Slots, 2011;
Kleinberg, 2002). The use of orthodontic appliances interferes with oral hygiene
practices, leading to increased plaque retention and subsequent enamel demineralization
(Fleming et al, 2009). Signs and symptoms of dental demineralization are as follows:
white spots on the teeth show the early stages of enamel erosion (Featherstone, 2008).
Symptoms of tooth aching and pain in response to hot, cold, or sugary foods and drinks,
and increased tooth sensitivity in these conditions (Kim et al, 2006). The appearance of
visible pits or holes indicates advanced tooth decay. If there is yellowing or darkening of
tooth color, these signs and symptoms indicate dental demineralization of tooth tissue

(Wright, 2006; Paris, and Meyer-Lueckel, 2009).

1.2 Treatment Approaches and Issues

1.2.1 Clinical Treatments

Dental diseases are tried to be prevented with various treatment methods in clinics.
The most common of these treatment elements are as follows: Fluoride therapy can help
rebuild the weakened structure of enamel tissue with in-office fluoride applications and
prescription fluoride toothpaste. This treatment modality is often used to create a

temporary barrier against demineralization. However, it is only used in the absence of



cavitation (Gao et al, 2016). Another treatment method is techniques such as resin
infiltration. These resins include binders and repair resin composites. The composites
form a hybrid layer that effectively seals white spots and early caries lesions without the
need for drilling or filling. This treatment method aims to prevent white spots and early
caries (Doméjean et al, 2015). The last treatment is the laser. They provide treatment by
coagulation of the proteins of the fluid in the dentinal tubules and partial melting and
occlusion of the tubules. It also depresses the nerves inside the tubules and prevents their
conduction function (Asnaashari, and Moeini, 2013). However, these treatments are

short-lived and require repetition.

1.2.2 Commercial Products

Some dental products used in daily life also have principles of approach to the
treatment of these diseases. The first example of these approaches is Potassium Nitrate.
Potassium nitrate-based products are agents that disrupt the transmission of nerve
impulses. Toothpaste containing potassium nitrate is used for desensitization (Benson et
al, 2013). The second example of these approaches is bioglass. The main component of
bioglass is silica, which acts as a nucleus for the precipitation of calcium and phosphate.
Bioglass causes the formation of an apathy layer that leads to blockage of the dentinal
tubules (Vollenweider et al, 2007). The use of products based on oxalates is a move
towards the treatment of dental diseases. Oxalates can clog dentinal tubules and reduce
the permeability of dentin. Findings have shown that the reduction in dentine
hypersensitivity with oxalate remains for a short period of time. Potassium oxalate should
not be used for long periods of time as it may cause some digestive disorders. Kinds of
toothpaste-containing agents such as casein phosphor peptide-amorphous calcium
phosphate (CPP-ACP) have been shown to promote remineralization of initial caries
lesions in vitro studies. However, only partial remineralization has been clinically proven
(Reynolds, 1998). All of these studies are temporary solutions. In these types of
treatments, the tubules are not completely closed permanent treatments are not provided
or the nerves are numbed and the pain is silenced with these types of treatments, they are

not treated completely.



1.2.3 Biomimetic Study: Protein-Guided Remineralization and Their
Limitation

Due to the inadequacy of dental products and clinical treatments we use in daily
life, the protein-guided remineralization approach has been a promising approach in the
field of biomimetic mineralization. Repair and regeneration of damaged tooth enamel
tissue with the aim of restoring its structural integrity and function has been achieved by
a protein-guided remineralization approach. The basic principle of this approach is the
use of bioactive proteins to regulate the nucleation and growth of mineral crystals on
damaged tooth surfaces. This biomineralization approach involves the use of dental
tissue-specific proteins to control the highly organized formation of dental mineral
structures in living organisms (Cochrane et al, 2010; Bertassoni et al, 2011). The
amelogenin protein in enamel, which provides templates for mineral nucleation,
influences the size, orientation, and organization of mineral crystals. Phosphoproteins,
like casein phosphopeptides, bind to calcium ions and can prevent them from
precipitating and thus promote their incorporation into mineral crystals, thus promoting
the growth of mineral crystals (Bertassoni et al, 2011). The local concentrations of
calctum and phosphate ions are regulated by proteins to create a suitable environment for
mineral deposition. The surface properties of damaged tissues are altered by proteins to
create an interface that enhances mineral adhesion and promotes remineralization (Young,

Neel, and Chrzanowski, 2014; Deshpande et al, 2010).

Protein-guided remineralization can lead to the formation of irregular or
amorphous mineral precipitates during the nucleation of mineral crystals. This can limit
the mechanical strength and aesthetic quality of the repaired tooth tissue (Gower, 2008).
When a protein-driven remineralization approach is used instead of traditional
remineralization methods, the kinetics of remineralization are slower and the restoration
of tissue functionality is delayed. Some proteins that nucleate mineral crystals on
damaged tooth surfaces may have cytotoxic effects and pose a risk to surrounding tissues
and cells in the remineralization process. The stability and long-term durability of mineral
deposits nucleated by protein-driven remineralization pose a problem. There is concern
that these mineral crystals may be susceptible to degradation or dissolution over

time(Bertassoni et al, 2009; Walsh, 2009).



However, more research is needed to resolve the limitations of protein-driven
remineralization and to increase its clinical applicability. In this context, the use of
peptides directed from amelogenin protein, a protein specific for dental tissues, has been
proposed to direct remineralization (Dogan et al, 2018). The main advantage of using
short peptides is that they can easily escape components of the immune system. With
peptide-driven remineralization, the formation of HAp mineral precipitates, a more
regular and tooth tissue mineral phase, was observed during the nucleation of mineral
crystals. Therefore, the problem of limiting the mechanical strength and aesthetic quality

of the repaired tooth tissue was solved (Cao et al, 2015).

1.3 Biomineralization

Biomineralization is a fundamental biological phenomenon that guides the
coordinated precipitation and growth of inorganic ions together with organic protein
molecules in various organisms (Mann, 2001; Sharma et al, 2019). It is hypothesized that
this process is driven by protein molecules and determines the hierarchical structure of
the formed tissue (Mann, 2001; Weiner, and Lowenstam, 1986). The unique properties of
hard mineral tissues produced by the biomineralization process in living organisms such
as durability, hardness, and flexibility are regulated by this process. The formation of hard
tissues such as bones and teeth (calcium phosphate) in vertebrates, especially humans,
and shells (calcium carbonate) in invertebrate mollusks is a part of biomineralization.
Hard tissue biomineralization (the process of bone and tooth mineralization) is the process
of producing bioceramic materials with exceptional material properties composed of
organic-inorganic composites (Li et al, 2004; Studart, Erb, and Libanori, 2015). The
existing literature is full of studies on the application of nanotechnology in hard tissue
research and dentistry to mimic the in vitro synthesis of such materials (Smith et al, 2018;
Melo et al, 2013; Khurshid et al, 2015).

When a tooth is examined anatomically, the visible part consists of two parts, the
crown and the root covered by the periodontium (McKee, Addison, and Kaartinen, 2006).
The enamel, the outermost layer of the tooth, contains little or no protein. About 95% by

weight of enamel is composed of tightly packed crystals of hydroxyapatite



(Cai10(PO4)6(OH)2), an inorganic material, and <1% by weight of organic matrix (Bartlett,
and Simmer, 1999; Simmer, and Fincham, 1995). Enamel tissue is formed by the secretion
of enamel matrix proteins by ameloblasts. The key proteins amelogenin, ameloblastin,
and enamelin regulate the nucleation and growth of hydroxyapatite crystals in enamel.
After initial matrix formation by ameloblasts, ameloblasts increase mineral density by
facilitating the removal of organic compounds and water (Beniash, Simmer, and
Margolis, 2012). Immediately below the enamel is the dentin tissue, which forms the main
component of teeth. Approximately 70% of the weight of dentin tissue is composed of
hydroxyapatite crystals, which are inorganic material, 20% is composed of organic
matrix, which 1s primarily type I collagen, and the remaining 10% is composed of water
(Chen et al, 2003). Odontoblasts, specialized cells, form the dentin matrix or pre-dentin
and thus synthesize mineralization in the biological process (Goldberg et al, 2006). In this
phenomenon, dentin sialophosphoprotein (DSPP) and other non-collagenous proteins are
important parameters without promoting hydroxyapatite deposition (George, and Veis,
2008). Cementum, another tissue of the tooth, is located just below the dentin tissue. The
pulp, which is important for tooth function, is located in the innermost part of the tooth
tissue. It is a connective tissue that contains nerves, blood vessels, and highly specialized
cells for dental tissue (Sloan, 2015). In this tissue, bone sialoprotein (BSP) and cementum
attachment protein (CAP) promote hydroxyapatite deposition, involving a similar but

different mechanism facilitated by cement oblasts (George, and Veis, 2008).

The formation of specialized hard tissues containing calcium crystals such as
hydroxyapatite, which occurs in the context of tooth formation, is called dentin
biomineralization. Tooth biomineralization is a dynamic process that is essential for
dental health, tooth development, and repair. A better understanding of Tooth
biomineralization at the molecular level and new insights into the hierarchical mechanism
have been provided by advances in molecular biology and materials science (Smith, 2003;
MacDougall, and Javed, 2010). Regulated by a network of cells and proteins, the Tooth
biomineralization process involves a series of complex steps (Cobourne, and Sharpe,
2014). Extracellular matrix vesicles derived from odontoblast cells serve dentin formation
as nucleation sites for hydroxyapatite crystals (MacDougall, and Javed, 2010). Tooth
biomineralization is also accomplished through this dentin formation pathway by a tightly

regulated series of events (Smith, 2003). Advancing dental research, treatment strategies



and biomimetic material development is possible by understanding the complex process

of dentin biomineralization.

1.4 Nucleation Theories of Mineralization

The process by which minerals are formed from ions in solution is called the
mineralization process (Wu, 1996). These mineralization processes play an important role
in a wide range of natural phenomena, from the formation of geological formations to the
growth of biological structures such as shells and bones in living organisms (Oxtoby,
1998). The process of mineralization is a complex process involving a mechanism that is
influenced combinatorial by many parameters such as temperature, pressure, chemical
composition, and biological activity (Anisimov, 2003). The basis of mineralization is the
nucleation process, the first step in which atoms or molecules become a stable nucleus
(crystal). Three dominant theories of nucleation explain the mechanisms of this
nucleation process. Studying the thermodynamics, kinetics, and molecular dynamics
related to nucleation, the first step in the process of mineralization, and elucidating the
underlying mechanisms of'this process is essential for further advancement in both natural

and synthetic systems (Vehkamaiki, 2006).

1.4.1 Classical Nucleation Theory

Classical nucleation theory (CNT), the most well-established nucleation model
proposed in the 1930s, clarifies how higher-order nucleation occurs in supersaturated
solutions (De Yoreo et al, 2015). It provides a framework for how this stable nucleation
is controlled by kinetic and thermo-dynamic parameters (De Yoreo et al, 2015; Wallace
et al, 2013; Kalikmanov, 2013). Classical nucleation theory (CNT) suggests that
nucleation is a stochastic process controlled by the interaction of thermodynamic
variables such as temperature and interfacial tension between the nucleus and the

surrounding medium under supersaturation conditions (Bostanov, Mladenova, and



Kashchiev, 2000). This stochastic process involves random thermal fluctuations forming
small clusters of solutes in a supersaturated solution. Suppose these crystalline clusters
are smaller than the critical radius and hence of insufficient size. In that case, they may
redissolve in solution or, if they have a critical radius, they may grow to form a stable
nucleus depending on their size (Oxtoby, 1998). In classical nucleation theory, the main
parameters affecting the nucleation mechanism are the concepts of supersaturation,
critical radius, and energy barrier. If a solution has a solute concentration higher than the
solubility limit at a given temperature and pressure, it is a supersaturated solution and an
ideal environment for classical nucleation theory. The nucleus cluster formed in this type
of solution environment tends to dissolve clusters smaller than the critical radius, while
larger ones tend to grow. The critical radius of these nucleus clusters determines the size
at which they can reduce their free energy by growing instead of dissolving (Kashchiev,
2000).

In the mathematical framework of CNT, the Gibbs free energy concept, where the
change in free energy (AG) is given, is the thermodynamic variable necessary for the
formation of a nucleus. The activation energy for nucleation can be calculated as follows

according to classical nucleation theory;

AG = —%nr?’pA,u + 4mr2y (1.1)

Where 7 is the radius of the nucleus, p is the density of the core material, Ay is

the chemical potential difference and Y is the surface tension (Oxtoby, 1998).



St/ \______ F St isoachio BB
3 B I | i
A § : : Growth by diffusion
2 S I |
¥ | [ i | | s m——
Z ] : | :' Solubility line
: » O
p é ! OO oo O
g I I
| 1 @
I i
Driving encrgy ' :
1 | o | 1
Time —

Figure 1.1. Free energy plot versus radius of nuclei in CNT. (Source: Flatken, 2022)

As seen in Figure 1.1., the bulk energy of a newly formed nucleus (AGv) drives
nucleation, but the formation of a phase interface and hence interfacial tension (y) hinders
nucleus growth. It is clear from this indication that the free energy (which has a negative
value) decreases with the third power of the radius. Figure 1.1 shows the growth curve of
nuclei crystals when the sum of bulk energy and surface energy is greater than the critical
size (rc). Due to the formation of a phase interface, the mass energy starts to offset the

energy costs. The activation energy at the critical radius (rc) can be expressed as:

16my3  16my39?

AGT = 3(AGy)?2  3(kTInS)? (1.2)

By decreasing the interfacial tension (y) and/or increasing the saturation (S) in
solution, the activation energy can be reduced, which helps the clusters reach a critical
size to form stable nuclei.

It is the most common theorem used to explain CNT homogeneous nucleation in
organic and inorganic systems. The fact that this theorem assumes isotropic and
homogeneous nucleation conditions limits its applicability to heterogeneous nucleation
and complex biological environments. In biomineralization processes, this theorem is

tightly regulated through protein molecules. In this process, protein molecules help in the
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formation of appropriately structured initial nucleating ion clusters and lower the energy

barrier (Sharma et al, 2021).

1.4.2 Non-Classical Theory

Challenging some of the implications of Classical Nucleation Theory (CNT),
recent studies have developed non-classical nucleation theory (Gebauer, Volkel, and
Colfen, 2008; Rao et al, 2014). This non-classical nucleation theory generally emphasized
the formation of pre-nucleation clusters early in nucleation and suggested that these
precursor clusters assimilate to form amorphous mineral phases at later stages (Gebauer,
Volkel, and Colfen, 2008; Rao et al, 2014; Gebauer et al, 2010; Kellermeier, Colfen, and
Gebauer, 2013). Recent studies have developed new nucleation theories of non-classical
nucleation theories. These theories include two-stage nucleation, cluster-based models,
and Ostwald's rule of stages (Gebauer et al, 2010).

The two-stage theory of nucleation suggests that nucleation occurs through an
intermediate metastable phase, in contrast to the direct phenomenon of forming a crystal
nucleus in the classical theory of nucleation (Vekilov, 2010). In the first stage of the
formation process of nucleation, a dense liquid or amorphous precursor phase is formed,
followed by the transformation of this precursor phase into a crystalline nucleus in the
second stage (Rao et al, 2014; Gebauer et al, 2010). In systems where the crystallization
phase of ions is inhibited by kinetic or energetic barriers, it is argued that the mechanistic
functioning of this theory takes place (Gebauer et al, 2010; Kellermeier, Colfen, and
Gebauer, 2013). This theory is particularly relevant in the processes of controlled
mineralization and the formation of complex minerals in biological organisms. It is
inferred that organic matrices mediate the formation of amorphous precursors in the
biomineralization process. As a result of the studies, it was understood that the phases
leading to nucleation are highly sensitive to pH in addition to protein molecules (Gebauer,
Volkel, and Colfen, 2008).

Cluster-based models argue that mineral nucleation begins with the formation of

stable, pre-nucleation clusters that are structurally distinct from both the solute and the
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final crystalline phase. These clusters can become more integrated over time, leading to
nucleation and growth (Célfen, and Mann, 2003).

Ostwald's Rule of Stages suggests that the emerging phase in a supersaturated
solution is not necessarily the most stable phase, but proceeds to this stable phase through
a series of metastable intermediate phases, each with the lowest free energy barrier
(Navrotsky, 2003; Sohnel, and Mullin, 1988). According to Ostwald's Rule of Stages, in
the process of successive transformations of different polymorphs of minerals, the least
stable but kinetically preferred phase is formed as the precursor phase, which then evolves
to the more stable phase through the transformation process (S6hnel, and Mullin, 1988).
Mineralization processes have been rationalized by understanding the sequential nature

of kinetic factors and phase transformations.

1.4.3 Crystallization by Particle Attachment

The third hypothesis of the nucleation theory, Crystallization by Particle
Attachment (CPA), is a crucial mechanism for the mineralization process and has
challenged conventional views on the phenomenon of crystal growth. In the conceptual
approach, crystallization by particle attachment (CPA) emerges as a combination of
classical and non-classical theories (Sharma et al. 2021). In the traditional crystallization
process, the theories of crystal formation and growth from ions, atoms, or molecules in a
supersaturated solution or vapor environment were primarily conceptualized (De Yoreo
et al, 2015). However, what distinguishes and differentiates the particle bonding
crystallization (CPA) theory from traditional approaches is that classical and non-classical
theories cannot fully explain the various morphologies and sizes of natural and synthetic
crystals formed as a result of the mineralization process (De Yoreo et al, 2015;
Andreassen, and Lewis, 2017; Wang et al, 2019). A new perspective, the CPA hypothesis
of crystallization by particle binding, is advocated as an alternative mechanism by which
mineral particles (from clusters to nanoparticles) rearrange to form crystal structures by
integrating and growing (De Yoreo et al, 2015). In the CPA hypothesis of crystallization
by particle binding, interactions with ion clusters, gels, oligomers, and liquid phases form

amorphous or crystalline mineral phases and ultimately promote the formation of larger
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crystal structures (Wallace et al, 2013). In addition to the multiple pathways to the
resulting structured crystals, energy kinetics, phase stabilities and the presence of
additives such as gels, polymers, and small molecules are several factors that influence
the organization of the crystal structure (De Yoreo et al, 2015). The researchers observed
the crystal growth process in real-time using advanced imaging and spectroscopic
techniques, thus experimentally validating the CPA hypothesis (Mirabello et al, 2019).
Visualization of quartz growth in geochemical processes and observation of the formation
of biomineral structures in marine organisms are important studies (L1 et al, 2012). While
the CPA hypothesis has proven strengths, it also has several challenges. The main ones
are the precise control of particle properties and the scaling up ofthe hypothesized process

for industrial applications (De Yoreo et al, 2015).

1.5 Biomimetic Synthesis of Calcium Phosphate (Ca/P) Minerals

Biomimetics of calcium phosphate (Ca/P) minerals for biomedical applications
can be performed at different levels depending on the morphology, composition,
structure, bulk, and surface chemical-physical properties of the synthetic mineral
material. The interaction of synthetically produced mineral materials with living tissue
should be optimized (Roveri, and Iafisco, 2010). This optimization is achieved by
synthetic mineral biomaterials mimicking all the properties of biological tissues and
biogenic materials in terms of functionality (Enax, and Epple, 2018). The high degree of
complexity, miniaturization, hierarchical organization, hybridization, reliability,
efficiency, resistance and adaptability characteristics of biogenic materials are quite
astonishing for researchers working in this field (Roveri, and lafisco, 2010). The inability
of biomimetic materials to mimic 100% original natural biogenic materials in terms of
their characteristics may cause limitations (Eliaz, and Metoki, 2017). Biomimetic studies
are very important for the design and synthesis of innovative and progressive materials
and structures (Meyer et al, 2018).

Specific strategies for the long-term chemical construction of well-engineered
architectures from pre-formed nano- or microcrystalline inorganic-organic building

blocks in biomineralization are related to the morphology of the biogenic material (Eliaz,
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and Metoki, 2017). The nanometer-scale conformational variability of biological complex
compact structures triggers biological macromolecules to promote the formation of
specific junctions (Layrolle et al, 2001). Hydroxyapatite (HA), Caio(PO4)s(OH)2, the
major inorganic compound of mammalian bone and dental tissues, is one of the most
stable forms of calcium phosphates. A better understanding of the crystallization
mechanism of hydroxyapatite (HA) in its natural mineralization synthesis process and its
applicability as an industrial material is being deeply investigated in numerous
interdisciplinary fields.In synthetic HA crystals, morphology, biocompatibility,
bioactivity, absorbability, osteoconductivity, and surface functionalization represent the
physical and chemical properties required to optimize applicability as industrial materials
(Limeback, Enax, and Meyer, 2021).

Specifically, biomineralization for dental applications aims to develop durable,
functional, bioactive, and biocompatible dental restoration materials that closely mimic
the natural properties of the hierarchical and complex structure of the tooth mineral
(Meyer et al, 2018). Biomineralization for dental applications is a technology that could
potentially revolutionize restorative dentistry. Moreover, these technologies not only
replace damaged dental tissues but also actively contribute to the healing and regeneration
of dental tissues (Enax, and Epple, 2018).

Enamel is the most robust mineralized tissue formed by vertebrates and is the most
highly mineralized skeletal tissue found in the mammalian body (Robinson, Kirkham,
and Shore, 2017). Approximately 95% by weight of enamel tissue is composed of tightly
packed hydroxyapatite crystals, which are inorganic material, and <1% by weight
contains organic matrices (Bartlett, and Simmer, 1999; Simmer, and Fincham, 1995). The
high mineralization content of enamel tissue makes it a very impressive model for
understanding both the basic mineralization processes in enamel tissue and the processes
occurring in the extracellular matrix. The parameters that distinguish enamel from the
mineral structure of bone tissue are the architecture, pathology, and biological
mechanisms mediating the formation of enamel mineral tissue. In addition, mature
enamel is essentially cell-free and does not self-renew or remodel. This structure is the
main feature that distinguishes enamel from other biomineralized tissues such as bone
and dentin. Mineralization of enamel tissue is a highly regulated process involving precise
genetic control and protein-protein interactions, protein-mineral interactions, and cell
membrane interactions (Tamerler, and Sarikaya, 2008). Dentin is the tissue located just

below the enamel and forms the main component of the teeth. It absorbs stresses from
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physical activities such as chewing and prevents the enamel tissue from breaking. The
composition of dentin is similar to bone in terms of the structure of the mineral tissue.
Cementum, another tissue of the tooth, is a tissue that surrounds the tooth root. However,
it is the mineralized layer that covers the dentin layer and part of the enamel layer.
Through the cementum, teeth are attached to the alveolar bone (jawbone) via the
periodontal ligament (PDL). The pulp, another structure of the tooth, contains nerves,

blood vessels, fibroblasts, and lymphocytes.

1.5.1 Synthesis Methods of Biomimetic Hydroxyapatite Nanocrystals

The synthesis of biomimetic hydroxyapatite nanocrystals from Ca/P minerals
involves complex interactions between chemical, biological, and physical factors.
Biomaterial synthetic hydroxyapatites synthesized from Ca/P minerals by mimicking
natural biomineralization processes exhibit good properties such as direct binding to
tissue, biocompatibility, bioactivity, osteoconductivity, etc., which is exciting for
applications in restorative dental treatment fields (Dorozhkin, 2010). Biomimetic
approaches have been proposed to prepare nanoscale or nanocrystalline structures
through many different methodologies (Schmidt, 2000; Mao et al, 2007). Some of these
methods include hydrothermal synthesis (Guo et al, 2007; Mao et al, 2007),
mechanochemical synthesis (Yeong, Wang, and Ng, 2001), wet chemical precipitation
(Wang, and Shaw, 2007; Zhang, and Lu, 2007), sol-gel synthesis (Sun et al, 2007),
microwave processing (Liu et al, 2004), vapor diffusion (Iafisco et al, 2010), co-
precipitation (Chai, and Ben-Nissan, 1999), silica gel template (Iafisco et al, 2009),
emulsion-based synthesis (Phillips et al, 2003), and several other methods by which
nanocrystals of various shapes and sizes can be obtained (Layrolle, and Lebugle, 1996).

Biological fluids become supersaturated concerning calcium phosphate salts,
resulting in their deposition on surfaces in contact with hard tissues. The supersaturated
simulated body fluid (SBF) method, which mimics this physiological process, is one of
the most widely used methods for the biomimetic synthesis of dental tissues (Oyane et al,

2003).
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Preparation of Simulated Body Fluid: Depending on the purpose, an aqueous
solution that mimics the ionic composition of human saliva or plasma is a
simulated body fluid. In vitro studies of the synthesis of biomimetic
hydroxyapatite nanocrystals from Ca/P minerals can be performed in simulated
body fluid (SBF) with ion concentration levels close to the chemical composition
of human blood plasma or saliva (Kokubo et al. 1990).Saliva-like environments
are the target point for dental applications. Ca/P minerals solutions contain
calctum, phosphate, sodium, potassium, magnesium, chloride, and bicarbonate
ions as standard (Spanos et al, 2006).

Supersaturation: The simulated body fluid is prepared by supersaturating it with
calcium and phosphate ions. Supersaturation in terms of the ionic concentration
of the solution is very important as it allows precipitation of Ca/P minerals
(Nancollas, 1984).

Surface Immersion: The researchers noticed the problem of slow formation
kinetics of Ca/P minerals precipitates. To overcome this problem, they used
alternative liquid compositions defined as revised SBF (Dorozhkin, Dorozhkina,
and Epple 2003). The inorganics tested in these alternative SBF compositions
included various types of glass ((Bigi et al, 2000), Si02, TiO2, ZrO2, Ta205,
Nb205) gels (Kokubo et al, 2001), and NaOH-treated Ti (Fujibayashi et al, 2001),
and Ta (Miyazaki et al, 2001), silylated HAP (Santos et al, 2001)) and organic
(poly(L-lactic acid), arachidic acid monolayers with carboxyl groups (Sato et al,
2001), and polyethylene terephthalate (Kim et al, 2000) substrate groups. Besides
these, various organic structures such as biodegradable polymers and even
collagen matrices can be used. This mineralization kinetically accelerating

substrates are immersed in SBF.

In addition, nucleating agents can be added to the SBF solution medium to control

the morphology and size of Ca/P crystals more precisely. Biological molecules such as

collagen and amelogenin can be used as nucleating agents. Amelogenin protein

specifically regulates the growth of hydroxyapatite crystals during tooth development and

plays a natural role in the formation of enamel tissue (Rapaport et a 2000). Artificial

nucleating agent templates are synthetic polymers or nanomaterials. These artificial

polymers and nanomaterials can act as templates to induce and direct mineralization in
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desired patterns and directions (Rapaport et al, 2000). Scaffold integration agents are
usually integrated directly into the scaffolds or coated onto them. These agents are then
treated with mineralizing solutions. This method is ideal for achieving a more uniform
and oriented crystal growth (Francis Suh, and Matthew, 2000).

The conditions under which biomimetic mineralization occurs are crucial for the
morphology and formation kinetics of Ca/P minerals crystals. The pH of the
mineralization solution is maintained at a neutral or slightly basic level (about 7.4), which
is optimal for hydroxyapatite formation. It is possible to mimic the dynamic changes in a
biological environment by pH fluctuations occurring in the solution. The pH control in
SBF solution can be adjusted, maintained, and changed in the liquid phase by
equilibration using a suitable buffer (Tas, 2000). Specific buffer matrices at different pH
values are commercially available to researchers (McPherson, and Cudney,
2014).Considering the pH values of the intraoral environment, the most appropriate
buffers can be selected. Mimicking body conditions is necessary to influence the rate of
mineral deposition and crystal morphology. Here the solution is kept and maintained at
physiological body temperature (37°C). Temperature is another parameter that facilitates
the kinetics of precipitate formation. Mimicking body conditions is an important step in

influencing the rate of mineral deposition and crystal morphology (Tas, 2000).

1.6 Effect of Ca/P Manipulation on The Formation of Mineral Phases
(Component Phases of Calcium Phosphate Minerals)

In liquid calcium phosphate solutions, all minerals formed in the Ca(OH)2-H3PO4-
H>O system can be precipitated at appropriate pH and temperature. Very few are stable
under physiologically favorable conditions. The solubility of Calcium Phosphate minerals
determines the stability of these components. The content of Calcium Phosphate minerals
with variable stability in order of decreasing solubility is quite complex: Dicalcium
Phosphate (CaHPOs4, DCP), Octacalcium Phosphate (CasH2(POa4)s.5H2O, OCP),
Tricalcium Phosphate (B-Ca3(PO4)2, B-TCP) and Hydroxyapatite (Cas(PO4);OH, HAP).
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Figure 1.2. The inverse relationship between the increase in Ca/P ratio and solubility of

calctum phosphates (Source: Leén and Jansen 2009).

The solubility and acidity of the component phases of calcium phosphate minerals
are inversely proportional to the Ca/P ratio as shown in Figure 4. In short, solubility and
acidity increase with decreasing Ca/P ratio (Ledn, and Jansen, 2009). The properties of
common calcium phosphate phases are listed in Table 1.1, along with some other common
precursors (Led, and Jansen, 2009). The in vivo behavior of calcium phosphate
components is largely inferred and understood from their solubility. The in vivo

degradation rate ranking of calcium phosphate components at pH 7.0 is as follows:

MCPM > TTCP = o-TCP > DCPD > DCP > OCP > 3-TCP > HAP (1.2)

The surface of a component of calcium phosphate with low stability in solution is
reactive and can be coated with a more stable calcium phosphate component, thus
increasing the stability of the component with low stability. Therefore, although all
parameters except the calcium phosphate component are kept constant in the

experimental environment, this order is not always observed experimentally (Bohner,

2000).
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Figure 1.3. SEM image of the morphology of MCPM crystals. (Source: Unosson, 2014)

Monocalcium phosphate monohydrate (MCPM; Ca(H:PQ4):. H20O) is the
least stable and most acidic calcium phosphate component phase. It has a monoclinic
crystal structure with lattice parameters a) 5.812 b) 15.180 c¢) 6.239A, B) 116.42°. Figure
1.2 shows the crystal morphology of MCPM and the morphology of this component phase
resembles thin plates (Unosson, 2014). The precipitation conditions of the anhydrous
form of the monocalcium phosphate phase are at temperatures above 100 °C and in highly
acidic solution conditions. In terms of biocompatibility, MCPM alone is not sufficient
for tissue substitution due to its acidic phase and low stability. However, it is suitable for
tissue substitution in combination with basic calcium phosphate compounds (Bohner,
2000). An example of this situation is the transition of the MCPM component phase to
the DCPM component phase by forming a compact structure with the basic CaO structure.

The reaction formulation of this situation is as follows:

3Ca(H,P0,),H,0 + 3Ca0 + 6H,0 — 6CaHPO,.2(H,0) (1.3)
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Figure 1.4. SEM image of the morphology of DCP crystals. (Source: Tas, and Bhaduri,
2004)

Dicalcium phosphate (DCP; CaHPOQy) is a calcium phosphate component phase
with very good stability. This component phase is biocompatible and biodegradable. It
has a triclinic crystal structure with lattice parameters a) 6.91, b) 6.627, c) 6.998A, «)
96.34°, B) 103.82°, v) 88.33°. Mohr hardness is 3.5 (Kodaka et al, 1999). The molecular
structure of the DCP component phase consists of CaHPO4 chains linked by Ca-O bonds

and three types of hydrogen bonds. Figure 1.3 shows the crystal morphology of DCP (Xu,
Butler, and Gilson, 1999).

Figure 1.5. SEM image of the morphology of B-TCP crystals. (Source: Bohner 2000)
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B-Tricalcium phosphate (B-TCP; B-Ca3(PQ4):) has lattice parameters a=b)
10.4183, c) 37.3464 A, v) 120°. B-TCP has a rhombohedral crystal structure. It can be
synthesized by heat treatment at 650°C and above. Figure 1.3 shows the crystal
morphology of B-TCP. B-TCP phase components have degradable structures and are
synthesized by osteoclastic activity. B-TCP is the main building block of brushite CPC
(Bohner, 2000). The formulation of brushite is as follows:

B-Caz(POa4)2 + Ca(H2PO4)2.H>0 + 7TH,0 —4CaHPO4.2H,0 (1.4)

Figure 1.6. SEM image of the morphology of B-TCP crystals (Source: Bohner 2000).

o-Tricalcium phosphate (a-TCP; a-Ca3(POs):) has the same chemical
composition as [B-TCP, but these two structures have a completely different
crystallographic structure. a-TCP has a monoclinic structure with lattice parameters of a)
12.887, b) 27.280, ¢) 15.219A, B) 126.20°. This difference makes the a-TCP component
phase more soluble than B-TCP. a-TCP is a biocompatible component phase. The
biodegradability of a-TCP is better than that of B-TCP (Bohner, 2000). The crystal
morphology of a-TCP is shown in Figure 1.5. The a-TCP component phase is synthesized
by heating the B-TCP component phase to a minimum of 1125°C and quenching it to

prevent reverse transformation. o-TCP can easily transform into the HA component phase
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thanks to a Ca/P molar ratio of 1.50 in an aqueous Ca/P solution used to make apatite

CPC. The reactions of a-TCP with water are as follows:

a-Caz(POy), + 6H,0 — 2CaHPO,-2H,0 + Ca(OH),  (in acidic region) (1.5)

30-Ca3(POy), + 7TH,0 — CagH,(POy4), - SH,O + Ca(OH),  (in neutral region)  (1.6)

Figure 1.7. FESEM and TEM image of the morphology of B-TCP crystals (Source: Zhu
et al. 2020).

Octacalcium phosphate (OCP; CagH2(PO4)6.5H20) has a leading role in the
formation of apatite calcium phosphates, especially in teeth, bones, and other biominerals.
It has a triclinic crystal structure with lattice parameters a) 19.692, b) 9.523, c) 6.835A,
a) 90.15°, B) 92.54°, y) 108.65°. The crystal morphology of OCP is shown in Figure 1.5
and the morphology of this component phase has a needle-like crystal structure (Zhu et
al, 2020; Gbureck et al, 2004). The OCP component phase is a highly biocompatible
structure and can be biodegradable and osteoconductive. This component phase is
difficult to obtain because OCP is a very slow crystallizing structure. The OCP component
phase is a metastable structure. OCP usually occurs as a transient intermediate in the

precipitation of HA, which is thermodynamically more stable (Bohner, 2000).
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Hydrolysis of OCP to apatite phases can occur by dissolution of OCP followed by

precipitation of HA or by direct solid-state transformation:

CasH2(PO4)s  5SH20 + 2Car+—Caio(PO4)s(OH)2+4H" + 3H,0 (1.7)

OCP has a crystal structure similar to HA. These two component phases grow
epitaxially on each other. OCP has an appetite structure. A layered structure of OCP
includes hydrated layers (Johnsson, and Nancollas, 1992).

Figure 1.8. Morphology of HA crystals (Source: Ishikawa, Eanes, and Tung 1994).

The component phase of precipitated hydroxyapatite (PHA; Cajo-
x(HPO4)x(PO4)x(PO4)sx(OH)2x) is a highly complex structure. The reason for this
complex chemistry may be that precipitated hydroxyapatite is synthesized at a Ca/P molar
ratio between 1.50 and 1.67. This difference in the Ca/P molar ratio causes differences in
the chemistry of the component. For example, when the Ca/P molar ratio is 1.50, PHA
components form the so-called calcium-deficient hydroxyapatite (CDHA) or tricalcium
phosphate (TCP). a) 9.84214, b=2a, c) 6.8814A, v) 120° lattice parameters with a more
stable monoclinic or hexagonal crystal structure. In the phase component structure of

PHA, the phosphate ion rows are located along the a-axis, while calcium and hydroxide

24



ions are located between the phosphate groups (Wang, and Nancollas, 2008). The PHA
phase component in biological apatite has the lattice parameters a=b) 9.4302, ¢) 6.8911A,
v ) 120° and has a structure close to hexagonal and monoclinic form. With decreasing
Ca/P molar ratio, the crystallinity and crystal size decrease, increasing PHA solubility.
PHA can transform into different phase forms when heated. For example, -TCP (Ca/P =
1.50), a mixture of B-TCP and HA (1.67 > Ca/P > 1.50), or pure HA (Ca/P = 1.67)
decomposes upon heating the PHA compound form (Bohner, 2000). When the solution
medium is prepared at low supersaturations and low pH, the crystalline forms grow into
needle-like structures in the c-axis direction, the length of which increases with the degree
of reaction. Figure 1.6 shows the needle morphology of the PHA component form. This
type of nucleation at low supersaturations is called primary nucleation. PHA precipitates
faster at higher supersaturations. HA is the most stable phase for a wide pH range

(Ishikawa, Eanes, and Tung, 1994).

1.7 Hypothesis and Objective of Thesis

The formation of hard tissues such as bones and teeth in vertebrates, especially
humans, and shells in invertebrate mollusks is part of biomineralization.
Biomineralization is a fundamental biological phenomenon that drives the coordinated
deposition and growth of inorganic ions and organic protein molecules in various
organisms. The unique properties of hard mineral tissues produced by the
biomineralization process in living organisms, such as strength, hardness, and flexibility,
are regulated by this process. Controlling biomineralization is vital for addressing medical
and dental conditions significantly impacting healthcare costs and quality of life.
Effective management of biomineralization can prevent undesirable occurrences such as
vascular calcification and promote beneficial processes such as bone and tooth
remineralization. Hydroxyapatite (HA), Caio(PO4)s(OH)2, the major inorganic compound
of mammalian bone and dental tissues, is one of the most stable forms of calcium
phosphates. A better understanding of the crystallization mechanism of hydroxyapatite
(HA) in the natural mineralization synthesis process and its applicability as an industrial

material is being deeply investigated in numerous interdisciplinary fields. Morphology,
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biocompatibility, bioactivity, bioactivity, bioabsorbability, osteoconductivity, and surface
functionalization in biomimetic HAp crystals represent the physical and chemical
properties required to optimize applicability as industrial materials. Synthetic
hydroxyapatites synthesized from Ca/P minerals by mimicking natural biomineralization
processes exhibit good properties such as direct binding to tissue, biocompatibility,
bioactivity, osteoconductivity, etc., which is exciting for applications in restorative dental
treatment fields. A fundamental aspect of this process involves precisely controlling the
morphology and kinetics of mineral formation, which can produce materials with specific
properties and functions.

This thesis aims to control the morphology and kinetics of calcium phosphate
mineralization using small enzymes identified through deep-directed evolution. A
peptide-phage library was used to select short-sequence peptides (12 amino acids) from
a physiological environment that significantly influences the mineralization kinetics and
morphology of calcium phosphate minerals. Through iterative experiments, the optimal
conditions for variables such as pH, temperature, and molarity were set, recognizing their
dynamic impact on the mineralization process. Structural characterization using XRD and
FTIR analyses confirmed the formation of hydroxyapatite in the presence of these
peptides. Kinetic measurements revealed that these peptides catalyze calcium phosphate
mineralization approximately one order of magnitude faster under physiological
conditions. These peptides have the potential for the development of clinical products

such as dental gels, toothpaste formulations, and bone regeneration treatments.
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CHAPTER 2

MATERIAL AND METHODS

2.1 Optimizing the Selective Pressure for Identifying Mineralizing

Peptides

2.1.1 Optimization of Ca/P Precipitation in HEPES Buffer with pH,

Temperature, and Ionic Concentration

50 mM HEPES, 9.6 mM CaCl,.2H,0, and 5.76 mM KH,PO4 buffers were
prepared. Each solution was divided into 7 and these solutions were pH adjusted with 1M
NaOH at 25 °C to pH 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8. Then each solution was heated to 37
°C and pH changes were controlled. To test the mineralization kinetics of these solutions,
100 pl of CaCl>.2H0 buffer (9.6 mM, pH 6.6- 7.8) and 100 ul of KH>PO4 buffer (5.76
mM, pH 6.6- 7.8) (total volume 200 pul; Ca**/PO4>: 4.8/2.88(1x) mM) were mixed in well
plates respectively and mineralization kinetics were measured with a spectrophotometer
(Thermo Fisher Scientific, Multiscan go 1510, Spectrophotometer) at 820 nm at 25 °C
for 1 hour. The experiment was repeated 3 times.

The solutions were heated to 37 °C in a water bath (Nuve, NB 20, Water Bath).
100 pl of CaCl2.2H2O buffer (9.6 mM, pH 6.6- 7.8) and 100 pl of KH2PO4 bufter (5.76
mM, pH 6.6- 7.8) (total volume 200 pl; Ca?*/PO4>: 4.8/2.88(1x) mM) were mixed in well
plates respectively and mineralization kinetics were measured with a spectrophotometer

at 820 nm at 37 °C for 1 hour. The experiment was repeated 3 times.
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2.1.2 Optimization of Ca/P Precipitation in Tris Buffer with pH,

Temperature, and Ionic Concentration

20 mm Tris, 9.6 mM CaCl>.2H>0, and 5.76 mM KH>POj4 buffers were prepared.
Each solution was divided into 7 parts and these solutions were pH adjusted with 1M
NaOH at 25°C to pH 6.6, 6.8, 7, 7.2, 7.4, 7.6, 7.8. Then each solution was heated to 37°C
and pH changes were controlled. To test the effect of molarity on mineralization kinetics,
100 pl CaClL.2H>O solution (9.6 mM, pH 6.6- 7.8) and 100 ul KH2PO4 solution (5.76
mM, pH 6.6- 7.8) (total volume 200 ul; Ca?*/PO4*: 4.8/2.88(1x) mM, each sample was
added to 3 wells) were mixed in well-plats respectively. Mineralization kinetics were
measured with a spectrophotometer at 820 nm at 25°C for 1 hour. The experiment was
repeated 3 times.

20 mm Tris, 9.6 mM CaCl,.2H»0, and 5.76 mM KH>POj4 buffers were prepared.
The solutions were heated to 37°C in a water bath (Nuve, NB 20, Water Bath). Each
solution was divided into 5 and the pH of each solution was adjusted with 1M NaOH to
pH 6.6, 6.8, 7, 7.2, and 7.4 at 37°C. Then each solution was cooled to 25°C and pH
changes were controlled. To test the effect of molarity on mineralization kinetics, 100 pl
of CaCl,.2H»O solution (9.6 mM, pH 6.6- 7.4) and 100 pl of KH2PO4 solution (5.76 mM,
pH 6.6- 7.4) (total volume 200 pl; Ca>"/PO4>": 4.8/2.88(1x) mM, each sample was added
to 3 wells) were mixed in well-plats respectively and mineralization kinetics were
measured by spectrophotometer at 820 nm at 37°C for 1 hour. The experiment was

repeated 3 times.

2.1.3 Optimization of Ca/P Precipitation by Ionic Concentration at
Constant pH, Temperature, and HEPES Buffer

50 mM HEPES, 19.2 mM CaCl,.2H,0 and 11.52 mM KH;PO4 buffers were
prepared at 25C, pH 7. To test the effect of molarity on mineralization kinetics, 66 pl
CaCl,.2H>0 solution (19.2 mM, pH 7), 66 ul KH>PO4 solution (11.52 mM, pH 7), and
66 ul HEPES buffer (50 mM, pH 7) (total volume 200 pl; Ca**/PO4*" molarity = 1.32X
(6.46/3.8 mM), each sample was added to 3 wells) were mixed in well plates respectively.
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50ul CaCl,.2H20 solution (19.2 mM, pH 7), 50ul KH2PO4 solution (11.52 mM, pH 7),
and 100ul HEPES buffer (50 mM, pH 7) (total volume 200ul; Ca®*/PO4* molarity = 1X
(4.8/2.88 mM), each sample added to 3 wells) were mixed in well-plats respectively.
37.5ul CaCl2.2H>0 solution (19.2 mM, pH 7), 37.5u1 KH2POs solution (11.52 mM, pH
7), and 125ul HEPES buffer (50 mM, pH 7) (total volume 200ul; Ca?*/PO4>" molarity =
0.75X (3.6/2.16 mM), each sample added to 3 wells) were mixed in well-plats. 33 pl
CaCl,.2H20 solution (19.2 mM, pH 7), 33 ul KH2PO4 solution (11.52 mM, pH 7), and
132 pl HEPES buffer (50 mM, pH 7) (total volume 200 ul; Ca®**/PO4>": molarity = 0.66X
(3.17/1.9 mM), each sample was added to 3 wells) were mixed in well plates respectively.
25 ul CaCl,.2H20 solution (19.2 mM, pH 7), 25 ul KH,POy4 solution (11.52 mM, pH 7),
and 150 ul HEPES buffer (50 mM, pH 7) (total volume 200 pl; Ca?*/PO4*" molarity =
0.5X (2.4/1.44 mM), each sample added to 3 wells) were mixed in well plates.
Mineralization kinetics of all these mixtures were measured with a spectrophotometer
(Thermo Fisher Scientific, Multiscan go 1510, Spectrophotometer) at 820 nm at 25°C for
2 hours.

50 mM Tris-HCI and 150 mM NacCl buffers were prepared at 25°C (total volume
15 ml pH 7.5). The buffer was mixed with 15 ml glycerol. 50ul CaCl,.2H>O solution
(19.2 mM, pH 7), 50ul KH2PO4 solution (11.52 mM, pH 7), 90ul HEPES buffer (50 mM,
pH 7), and 10ul TBS buffer with glycerol (total volume 200ul; Ca**/PO4* molarity = 1X
(4.8/2.88 mM), each sample added to 3 wells) were mixed in well plates respectively.
37.5ul CaCl,.2H>0 solution (19.2 mM, pH 7), 37.5ul KH2POs solution (11.52 mM, pH
7), 115ul HEPES buffer (50 mM, pH 7), and 10ul TBS buffer with glycerol (total volume
200ul; Ca**/PO4* molarity = 0.75X (3.6/2.16 mM), each sample added to 3 wells) were
mixed in well-plates. 33 pul CaCl>.2H>O solution (19.2 mM, pH 7), 33 ul KH2PO4solution
(11.52 mM, pH 7), 122 ul HEPES buffer (50 mM, pH 7), 10 ul TBS buffer with glycerol
(total volume 200 pl; Ca?*/PO4> molarity = 0.66X (3.17/1.9 mM), each sample added to
3 wells) were mixed in wellplats respectively. 25 pl CaCl,.2H>0O solution (19.2 mM, pH
7), 25 ul KH2POy4 solution (11.52 mM, pH 7), 140 pl HEPES buffer (50 mM, pH 7), 10
ul TBS buffer with glycerol (total volume 200 ul; Ca**/PO4*" molarity = 0.5X (2.4/1.44
mM), each sample added to 3 wells) were mixed in well plates. Mineralization kinetics
of all these mixtures were measured with a spectrophotometer (Thermo Fisher Scientific,
Multiscan go 1510, Spectrophotometer) at 820 nm at 25°C for 2 hours.

To prepare the precipitate, 333ul HEPES solution (50 mM, pH 7.00), 333ul
KH>PO4 buffer (11.52 mM, pH 7.00), and 333ul CaCl,.2H>O buffer (19.2 mM, pH 7.00)
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were mixed in a 2 ml centrifuge tube with a total volume of 1000 pl respectively. The
centrifuge tube was shaken on an orbital shaker (Maxi Lab Biotechnology, MS3-Maxi
Shake60R, Shaking Incubator) at 150 rpm at 25°C for 2 hours. The sample was then
precipitated in a centrifuge at 14000 rpm for 10 min. The supernatant was carefully
transferred to a new tube and left in the tube without damaging the pellet.

30 ml of 0.2 mM Glycine buffer was prepared and the pH of the buffer was
adjusted to pH 2.2 at 25°C by adding 1M HCl solution. 1M Trima Base (pH 9.13) solution
was prepared at 25°C. The pH of the glycine buffer solution was increased to 7.5 by
adding 1M Trisma Base solution in certain ratios (1000 pl, 500 pl, and 50 pl) to 0.2 mM
Glycine buffer (pH 2.2) and the pH change was monitored with a pH meter (Thermo
Scientific, Orion Star A211, pH Meter). It was determined that 5.4 ml Trisma Base
solution was needed to increase the pH of 30 ml Glycine buffer to 7.5, and it was
calculated that 160 pl Trisma Base solution was needed to increase the pH of 1 ml Glycine
buffer to 7.5. 1 ml of 0.2M Glycine buffer was added to the mineral pellet left in a 2 ml
centrifuge tube. The centrifuge tube was shaken on an orbital shaker at 100 rpm for 15
minutes at 25°C. 160 ul Trisma Base was added to the centrifuge tube. 200 pl of the
solution was added to 3 wells of the centrifuge tube and the mixtures were monitored for
mineralization formation by spectrophotometer (Thermo Fisher Scientific, Multiscan go

1510, Spectrophotometer) at 820 nm at 25°C for 1 hour.

2.2 Selection of Mineralizing Peptides by Directed Evolution Method

2.1.1 Biopanning 1

While the precipitation is being prepared, 240 pl HEPES solution (50 mM, pH
7.00), 125 pl KH2PO4 buffer (11.52 mM, pH 7.00), 125ul CaClL.2H>O buffer (19.2 mM,
pH 7.00), and 10 pl Phage (2x10'! pfu/ml; Ph.D.-12 Phage Display Peptide Library) total
volume of 500 pl respectively, 2 ml mixed in a centrifuge tube. The centrifuge tube was
shaken for 17 hours at 150 rpm at 25°C on an orbital shaker. The samples were

precipitated for 10 minutes in a centrifuge at 14000 rpm. The supernatant was transferred
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to a fresh tube and kept at +4°C. 1 ml of Glycine solution (0.2 M pH: 2.17) was added to
the pellet to dissolve the precipitate. The pellet was thawed by placing the centrifuge tube
in an orbital shaker at 100 rpm for 15 minutes. Then, the solution was neutralized with
160 pl of Trisma Base solution (0.91 M pH: 9.1).

The neutralized phage was stored overnight at +4. LB agar previously prepared
and stored at room temperature was melted with a microwave oven for about 20 minutes.
Then the temperature of LB agar was adjusted to 55°C with a hot water bath. The LB agar
brought to 55°C was taken into 3 centrifuge tubes of 50 ml. To each LB agar, 50 pl
tetracycline (1:1000 ratio) and 50 pl X-gal/IPTG (1:1000 ratio) were added and the tubes
were turned upside down and poured into small petri dishes. LB agar was refrozen in petri
dishes and stored at +4°C. In a 50 ml centrifuge tube, 20 ml of LB broth prepared in
advance and stored at room temperature was taken. 20 pl tetracycline (1:1000 ratio) and
100 pl inoculation (1:200 ratio) were added to LB broth. E. coli culture was grown
overnight at 37°C with an orbital shaker at 250 rpm. Then 50 pltetracycline (1:1000 ratio)
was added to a new 50 ml LB broth medium in a 250 ml flask 20 ml O/N culture was
inoculated into this LB medium and E. coli culture was grown. When the O/N inoculated
E. coli culture reached the early log phase (OD600: 0.01-0.05) (within 1-2 hours), 800 ul
Phage was transferred to a 250 ml shaking flask (E. coli culture) and 250 ml and incubated
at 37°C with shaking at 250 rpm for 4 hours. After 4 hours of growth, 50 ml of E.
coli/phage culture was transferred to 250 ml Nalgene sterile centrifuge tubes. Nalgene
centrifuge tubes were spun at 8000 rpm for 20 min and E. coli was precipitated. The
supernatant containing phage was transferred to a sterile 250 ml Nalgene centrifuge tube.
8.3 ml of PEG/NaCl solution was added to ~ 50 ml of supernatant (1:6; v/v), mixed
thoroughly on the vortex and left at O/N at 4°C. The centrifuge temperature was adjusted
to 4°C. E. coli/phage culture treated with PEG and stored o/n 4°C was spun at 8000 rpm
for 20 min. the phage pellet was obtained at the bottom of a 250 ml Nalgene centrifuge
tube. the supernatant containing E. coli was transferred to a 50 ml sterile centrifuge tube
labeled BP1-S2 (amplified) and stored at 4°C. The phage pellet was resuspended with 5
ml TBS buffer, thawed by pipetting and vertexing, and transferred to a 50 ml sterile
centrifuge tube, centrifuged at 8000 rpm for 10 min. The phage supernatant was
transferred to a sterile 50 ml Nalgene centrifuge tube. 830 ul PEG/NaCl solution was
added to ~ 5 ml supernatant (1:6; v/v), mixed thoroughly, and left on ice for 2 hours for
phage precipitation. It was spun at 10000 rpm for 10 min to obtain precipitated phages.

The supernatant containing E. coli was collected in a 15 ml sterile centrifuge tube labeled
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BP1-S3 (amplified) and stored at 4°C. The phage pellet was resuspended in 1 ml TBS
buffer and dissolved by shaking. The solution was transferred to a 1.5 ml sterile centrifuge
tube and spun at 10000 rpm for 10 min. The phage-containing supernatant was transferred
to a 1.5 ml sterile centrifuge tube and spun at 13200 rpm for 3 min. E. coli-containing
supernatant was removed into a 1.5 ml sterile centrifuge tube labeled BP1-S4 (amplified)
and stored at 4°C. The phage pellet was resuspended with 200 pl TBS buffer and the pellet
was gently dissolved by pipetting. the solution was spun at 13200 rpm for 2 min. The
phage supernatant was transferred to a 1.5 ml sterile centrifuge tube labeled BP1-M2
(amplified, purified) and stored at 4°C. BP1-M2 (Phage pellet) was kept in O/N at 4°C.
200 pl of glycerol (50% glycerol, total volume 400 ul) was added to 200 pl of BP1-M2
(amplified, purified) solution, the solution was mixed thoroughly with the help of a vortex
and stored at -20 °C.

190 ul TBS buffer was added to the A1-B1 well of the 96-well plate. 180 ul TBS
buffer was added to the A2-A9, B2-B12 wells of the 96-well plate. 10 ul BP1-M1 phage
solution was added to well A1, 10 ul BP1-M2 solution was added to well B1 of 96-well
plate. solutions were mixed by pipetting up and down for 10 seconds with sterile pipette
tips. The 96-well plate was placed on an orbital shaker (lid closed) and shaken at 150 rpm
for 2 min. 20 pl of solution mixture was transferred from Al to A2; B1 to B2; C1 to C2;
D1 to D2. solutions were mixed by pipetting up and down for 10 seconds with sterile
pipette tips. The 96-well plate was placed on an orbital shaker (lid closed) (Hangzhou
Miu, GS-20, Orbital Shaker) and shaken at 150 rpm for 2 min. These steps were repeated
until a solution was transferred to wells A9-B9-C12-D12.

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation
(1.200 ratio) were added to LB broth. E. coli culture was grown overnight at 37°C at 250
rpm with an orbital shaker. Then, 50 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250 ml flask and the E. coli culture was grown by
inoculating this LB medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the mid-log phase (OD600: 0.34) (in 3-4 hours). LB Agar/IPTG/X-gal
plates were placed at 37°C for warming (not more than 1 hour). The top Agar medium
(100 ml) was melted in the microwave and the flask was placed in a 55°C water bath. 50
ml of the melted Top Agar was aliquoted into a 50 ml sterile falcon tube. 50 pl tetracycline
(1:1000) was added to the Top Agar. 3 ml of LB agar was divided into 15 ml falcon tubes

(6 portions in total). Falcon tubes containing Top Agar were placed in a 45°C water bath
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(Nuve, NB 20, Water Bath) to be kept in the molten state. 180 pl of E. coli culture was
mixed with 20 pl of phage from selected wells (A5-7-9; B10-11-12) in a sterile 1.5 ml
sterile centrifuge tube (6 plates in total). The E.coli and phage were mixed by pipetting
and each mixture (200 pl E.coli/phage) was mixed into 3 ml of molten Top Agar. The
E.coli and phage mixture was poured onto the LB Agar/X-gal/IPTG-tetracycline plates.
The plates were kept at room temperature for 5 minutes until the ball agar solidified. The
agar plate was inverted and incubated (Nuve, EN 500, Incubator) at 37°C overnight (not
more than 18 hours). Blue colonies were counted and the amount of phage in each elution
fraction was calculated. 6 ul BP1-M2 solutions were taken into ependorf tubes. Both
samples were subjected to 2 technical repetitive nanodrops (Thermo Fisher Scientific,
Nanodrop 8000, Spectrophotometer) measurements, and the amount of phage in each
elution fraction was calculated.

To test the effect of BP1-M2 phage libraries on mineralization kinetics, 200ul
HEPES buffer (50mM, pH 7, each sample was added to 2 wells) was added in well-plats.
40ul CaCl.2H>0 solution (19.2 mM, pH 7), 40ul KH>PO4 solution (11.52 mM, pH 7),
and 1201 HEPES buffer (50 mM, pH 7) (total volume 200pu1; Ca?*/PO4* molarity = 0.8X
(3.84/2.3mM), each sample was added to 3 wells) were mixed in well plates respectively.
50ul CaCl.2H20 solution (19.2 mM, pH 7), 50ul KH>PO4 solution (11.52 mM, pH 7),
100ul HEPES buffer (50 mM, pH 7) (total volume 200ul; Ca?*/PO4* molarity = 1X
(4.8/2.88 mM), each sample added to 3 wells) were mixed in well plates respectively. 50
ul CaCl,.2H>0 solution (19.2 mM, pH 7), 50 ul KH2PO4 solution (11.52 mM, pH 7), 97.6
ul HEPES buffer (50 mM, pH 7) and 2.4 ul BP1-M2 phage library (8, 14E+12 pfu/ml,
with glycerol) (total volume 200 pl; Ca*/POs* molarity = 1X (4.8/2.88 mM), each
sample was added to 3 wells) were mixed in well plates respectively. 60 nl CaCl,.2H>O
solution (19.2 mM, pH 7), 60 pul KH2PO4 solution (11.52 mM, pH 7), and 80 ul HEPES
buffer (50 mM, pH 7) (total volume 200 ul; Ca?*/PO4+* molarity = 1.2X (5.76/3.46 mM),
each sample added to 3 wells) were mixed in well plates respectively. 66 pul CaCl>.2H>O
solution (19.2 mM, pH 7), 66 ul KH2POj4 solution (11.52 mM, pH 7), and 66 ul HEPES
buffer (50 mM, pH 7) (total volume 200 pl; Ca**/PO4* molarity = 1.33X (6.46/3.84 mM),
each sample added to 3 wells) were mixed in well plates respectively. Mineralization
kinetics of all these mixtures were measured by spectrophotometer (Thermo Fisher

Scientific, multiscan go) at 820 nm at 25°C for 17 hours.
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2.1.2 Biopanning 2

While the precipitation is being prepared, 240 pl HEPES solution (50 mM, pH
7.00), 125 ul KH2PO4 buffer (11.52 mM, pH 7.00), 125ul CaCl,.2H20 buffer (19.2 mM,
pH 7.00), and 5 ul BP1-M2 Phage (Final Volume: 500 ul; 2x10'! pfu/ml), respectively, 2
ml mixed in a centrifuge tube. The centrifuge tube was shaken for 17 hours at 150 rpm at
25°C on an orbital shaker. Following that, the samples were precipitated for 10 minutes
in a centrifuge at 14000 rpm. The supernatant was transferred to a fresh tube, labeled as
BP2-S1, and kept at +4 °C. 500 ul of Wash Buffer I was added to the pellet and the pellet
was thawed at 25°C for 5 minutes on an orbital shaker at 100 rpm. the samples were
precipitated for 10 minutes in a centrifuge at 14000 rpm. The supernatant was transferred
to a fresh tube, labeled as BP2-S2, and kept at +4 °C. 500 pl of Wash Buffer I was added
to the pellet and the pellet was thawed at 25°C for 5 min on an orbital shaker at 100 rpm.
the samples were precipitated for 10 minutes in a centrifuge at 14000 rpm. The
supernatant was transferred to a fresh tube, labeled as BP2-S3, and kept at +4 °C. 1 ml of
Glycine solution (0.2 M pH: 2.17) was added to the pellet to dissolve the precipitate. The
pellet was dissolved by placing the centrifuge tube on an orbital shaker at 100 rpm for 15
min. The solution was then neutralized with 160 pl of Trizma Base solution (0.91 M pH:
9.1).

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation
(1.200 ratio) were added to LB broth. E.coli culture was grown overnight at 250 rpm at
37°C with an orbital shaker. Then, 50 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the early log phase (OD600: 0.01-0.05) (in 1-2 hours), 800 pl Phage was
transferred to a 250 ml shake flask (E. coli culture) and 250 ml. It was incubated for 4
hours with shaking at 250 rpm at 37°C. After 4 hours of growth, 50 ml of E. coli/phage
culture was transferred to 250 ml Nalgene sterile centrifuge tubes. Nalgene centrifuge
tubes were spun at 8000 rpm for 20 min and E. coli was precipitated. The supernatant
containing phage was transferred to a sterile 250 ml Nalgene centrifuge tube. 8.3 ml of

PEG/NaCl solution was added to ~ 50 ml of supernatant (1:6; v/v), mixed thoroughly on
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the vortex and left at O/N at 4°C. The centrifuge temperature was adjusted to 4°C. PEG-
treated e.coli/phage culture stored at O/N 4°C was spun at 8000 rpm for 20 min. The
phage pellet was obtained at the bottom of a 250 ml Nalgene centrifuge tube. The
supernatant containing the e.coli was transferred to a 50 ml sterile centrifuge tube labeled
BP2-S4(amplified) and stored at 4°C. The phage pellet was resuspended with 5 ml TBS
buffer, thawed by pipetting and vortexing, and transferred to a 50 ml sterile centrifuge
tube, centrifuged at 8000 rpm for 10 min. The supernatant containing phage was
transferred to a sterile 50 ml Nalgene centrifuge tube. 830 pul PEG/NaCl solution was
added to ~ 5 ml supernatant (1:6; v/v), mixed thoroughly, and left on ice for 2 hours for
phage precipitation. The precipitated phages were spun at 10000 rpm for 10 min to obtain
the precipitated phages. The supernatant containing E. coli was collected in a 15 ml sterile
centrifuge tube labeled BP2-S5 (amplified) and stored at 4°C. The phage pellet was
resuspended in 1 ml TBS buffer and dissolved by shaking. The solution was transferred
to a 1.5 ml sterile centrifuge tube and spun at 10000 rpm for 10 min. The phage-containing
supernatant was transferred to a 1.5 ml sterile centrifuge tube and spun at 13200 rpm for
3 min. The supernatant containing E. coli was removed into a 1.5 ml sterile centrifuge
tube labeled BP2-S6 (amplified) and stored at 4°C. The phage pellet was resuspended
with 200 pl TBS buffer and the pellet was gently dissolved by pipetting. the solution was
spun at 13200 rpm for 2 min. The supernatant containing phage was transferred to a 1.5
ml sterile centrifuge tube labeled BP2-M2 (amplified, purified) and stored at 4°C. Bp2-
m2 (phage pellet) was kept in O/N at 4°C. 200 pl of glycerol (50% glycerol, total volume
400ul) was added to 200 ul of BP2-M2 (amplified, purified) solution, the solution was
mixed thoroughly with the help of a vortex and stored at -20 °C.

190 pl TBS buffer was added to well A1-B1 of the 96-well plate. 180 ul TBS
buffer was added to wells A2-A9, and B2-B12 of'the 96-well plate.10 pl BP2-M1 solution
was added to well A1, 10 pl BP2-M2 solution was added to well B1 of the 96-well plate.
solutions were mixed by pipetting up and down for 10 seconds with sterile pipette tips.
The 96-well plate was placed on an orbital shaker (lid closed) and shaken at 150 rpm for
2 minutes. 20 pl of the solution mixture was transferred from Al to A2; and B1 to B2.
solutions were mixed by pipetting up and down for 10 seconds with sterile pipette tips.
The 96-well plate was placed on an orbital shaker (lid closed) and shaken at 150 rpm for
2 min. These steps were repeated until a solution was transferred to wells A9-B12.

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at

room temperature was taken. 20 ul tetracycline (1:1000 ratio) and 100 pl inoculation
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(1:200 ratio) were added to LB broth. E. coli culture was grown overnight at 37°C at 250
rpm with an orbital shaker. Then, 50 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the mid-log phase (OD600: 0.34) (in 3-4 hours). LB Agar/IPTG/X-gal
plates were placed at 37°C for warming up (not more than 1 hour). The top Agar medium
(100 ml) was melted in the microwave and the flask was placed in a 55°C water bath. 50
ml of the melted Top Agar was divided into a 50 ml sterile falcon tube. 50 pl tetracycline
(1:1000) was added to the Top Agar. 3 ml of LB agar was divided into 15 ml falcon tubes
(6 portions in total). Falcon tubes containing Top Agar were placed in a 45°C water bath
to be kept in the molten state. 180 pl E. coli culture was mixed with 20 ul phage from
selected wells (A5-7-9; B10-11-12) in a sterile 1.5 ml sterile centrifuge tube (6 plates in
total). The E. coli and phage were mixed by pipetting and each mixture (200 pl E.
coli/phage) was mixed into 3 ml molten Top Agar. The E. coli and phage mixture was
poured onto the LB Agar/X-gal/IPTG-tetracycline plates. The plates were kept at room
temperature for 5 minutes until the ball agar solidified. The agar plate was inverted and
incubated overnight at 37°C (no longer than 18 hours). Blue colonies were counted and
the amount of phage in each elution fraction was calculated. 6 ul of BP1-M2, and 6 ul of
BP2-M2 phage solutions were added to Eppendorf tubes. Both samples were subjected
to 2 technical repetitive nanodrop measurements and the amount of phage in each elution

fraction was calculated.

2.1.3 Biopanning 3

While the precipitation is being prepared, 240 pl HEPES solution (50 mM, pH
7.00), 125 ul KH2PO4 buffer (11.52 mM, pH 7.00), 125ul CaCl>.2H>O buffer (19.2 mM,
pH 7.00), and 14 pl BP2-M2 Phage (Final Volume: 500 pul; 2x10'" pfu/ml), respectively,
2 ml mixed in a centrifuge tube. The centrifuge tube was shaken for 17 hours at 150 rpm
at 25°C on an orbital shaker. Following that, the samples were precipitated for 10 minutes
in a centrifuge at 14000 rpm. The supernatant was transferred to a fresh tube, labeled as

BP3-S1, and kept at +4 °C. 500 pl of Wash Buffer I was added to the pellet and the pellet
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was dissolved for 5 min at 25°C on an orbital shaker at 100 rpm. Samples were
precipitated for 10 min in a centrifuge at 14000 rpm. The supernatant was transferred to
a new tube, labeled BP3-S2, and kept at +4 °C. 500 pl of Wash Buffer II was added to the
pellet and the pellet was thawed for 5 min at 25°C on an orbital shaker at 100 rpm. samples
were precipitated for 10 min in a centrifuge at 14000 rpm. The supernatant was transferred
to a new tube, labeled BP3-S3, and kept at +4 °C. 1 ml of Glycine solution (0.2 M pH:
2.17) was added to the pellet to dissolve the precipitate. The pellet was dissolved by
placing the centrifuge tube on an orbital shaker at 100 rpm for 15 min. The solution was
then neutralized with 160 pl of Trizma Base solution (0.91 M pH: 9.1).

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation
(1,200 ratio) were added to the LB broth. E. coli culture was grown overnight at 37C at
250 rpm with an orbital shaker. Then 50 pl tetracycline (1:1000 ratio) was added to a new
50 ml LB broth medium in a 250 ml flask 20 ml O/N culture was inoculated into this LB
medium and E. coli culture was grown. When the O/N inoculated E. coli culture reached
the early log phase (OD600: 0.01-0.05) (within 1-2 hours), 800 ul Phage was transferred
to a 250 ml shaking flask (E. coli culture) and 250 ml. Incubated at 37°C with shaking at
250 rpm for 4 hours. After 4 hours of growth, 50 ml of E. coli/phage culture was
transferred to 250 ml Nalgene sterile centrifuge tubes. Nalgene centrifuge tubes were
spun at 8000 rpm for 20 minutes and E. coli was precipitated. The supernatant containing
phage was transferred to a sterile 250 ml Nalgene centrifuge tube. 8.3 ml of PEG/NaCl
solution was added to ~50 ml of supernatant (1:6; v/v), mixed thoroughly on the vortex
and left at O/N at 4°C. The centrifuge temperature was adjusted to 4°C. E.coli/phage
culture treated with PEG and stored o/n at 4°C was spun at 8000 rpm for 20 min. the
phage pellet was obtained at the bottom of a 250 ml Nalgene centrifuge tube. The
supernatant containing E. coli was transferred to a 50 ml sterile centrifuge tube labeled
BP3-S4 (amplified) and stored at 4°C. The phage pellet was resuspended with 5 ml TBS
buffer, thawed by pipetting and vortexing, and transferred to a 50 ml sterile centrifuge
tube, centrifuged at 8000 rpm for 10 min. The supernatant containing phage was
transferred to a sterile 50 ml Nalgene centrifuge tube. 830 pl of PEG/NaCl solution was
added to ~ 5 ml of supernatant (1:6; v/v), mixed thoroughly, and left on ice for 2 hours
for phage precipitation. The supernatant was spun at 10000 rpm for 10 minutes to obtain
precipitated phages. The supernatant containing E. coli was collected in a 15 ml sterile

centrifuge tube labeled BP3-S5 (amplified) and stored at 4°C. The phage pellet was
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resuspended in 1 ml TBS buffer and dissolved by shaking. The solution was transferred
to a 1.5 ml sterile centrifuge tube and spun at 10000 rpm for 10 min. The phage-containing
Supernatant was transferred to a 1.5 ml sterile centrifuge tube and spun at 13200 rpm for
3 minutes. E. coli-containing Supernatant was removed into a 1.5 ml sterile centrifuge
tube labeled BP3-S6 (amplified), and stored at 4°C. The phage pellet was resuspended
with 200 pul TBS buffer and the pellet was gently dissolved by pipetting. the solution was
spun at 13200 rpm for 2 min. The supernatant containing phage was transferred to a 1.5
ml sterile centrifuge tube labeled BP3-M2 (amplified, purified) and stored at 4°C. BP3-
M2 (phage pellet) was kept in O/N at 4°C. 200 pl of glycerol (50% glycerol, total volume
400 pl) was added to 200 pl of BP3-M2 (amplified, purified) solution, the solution was
thoroughly mixed using a vortex and stored at -20°C.

190 ul TBS buffer was added to well A1-B1-C1-D1-E1 of the 96-well plate. 180
ul TBS buffer was added to well A2-A9, B2-B9, C2-C12, D2-D12, E2-E12 of the 96-
well plate. 10 pl BP3-M1 solution was added to well A1 and 10 pl BP3-M2 solution was
added to well B1 of the 96-well plate. solutions were mixed by pipetting up and down for
10 seconds with sterile pipette tips. The 96-well plate was placed on an orbital shaker (lid
closed) and shaken at 150 rpm for 2 minutes. 20 pl of the solution mixture was transferred
from Al to A2, and B1 to B2. solutions were mixed by pipetting up and down for 10
seconds with sterile pipette tips. The 96-well plate was placed on an orbital shaker (lid
closed) and shaken at 150 rpm for 2 min. These steps were repeated until a solution was
transferred to wells A9-B12.

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation
(1:200 ratio) were added to LB broth. E. coli culture was grown overnight at 37°C at 250
rpm with an orbital shaker. Then, 50 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250 ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the mid-log phase (OD600: 0.34) (in 3-4 hours). LB Agar/IPTG/X-gal
plates were placed at 37°C to warm up (maximum 1 hour). The top Agar medium (100
ml) was melted in the microwave and the flask was placed in a 55°C water bath. 50 ml of
the melted Top Agar was divided into a 50 ml sterile falcon tube. 50 ul tetracycline
(1:1000) was added to the Top Agar. 3 ml of LB agar was divided into 15 ml falcon tubes
(total 6 portions). Falcon tubes containing Top Agar were placed in a 45°C water bath and

kept thawed. 180 ul of E. coli culture was mixed with 20 pl of phage from selected wells
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(A5-7-9; B10-11-12) in a sterile 1.5 ml sterile centrifuge tube (total 6 plates). E. coli and
phage were mixed by pipetting and each mixture (200 ul E. coli/phage) was mixed into 3
ml of molten Top Agar. E. coli and phage mixture was poured onto LB Agar/X-gal/IPTG-
tetracycline plates. The plates were kept at room temperature for 5 minutes until the ball
agar solidified. The agar plate was inverted and incubated overnight at 37°C (no longer
than 18 hours). Blue colonies were counted and the amount of phage in each elution
fraction was calculated. 6 ul BP3-M2 phage solutions were taken into Eppendorf tubes.
Both samples were measured by nanodrop with 2 technical repetitions and the amount of

phage in each elution fraction was calculated.

2.1.4 Biopanning 4

While the precipitation is being prepared, 240 ul HEPES solution (50 mM, pH
7.00), 125 ul KH2PO4 buffer (11.52 mM, pH 7.00), 125ul CaCl,.2H>O buffer (19.2 mM,
pH 7.00), and 50 ul BP3-M2 Phage (Final Volume: 500 pl; 2x10'!" pfu/ml), respectively,
2 ml mixed in a centrifuge tube. The centrifuge tube was shaken on an orbital shaker for
17 hours at 150 rpm at 25°C. The samples were precipitated for 10 minutes in a centrifuge
at 14000 rpm.

The supernatant was transferred to a fresh tube, labeled as BP4-S1, and kept at +4
°C. 500 pl of Wash Buffer I was added to the pellet and the pellet was thawed for 5
minutes at 25°C at 100 rpm on an orbital shaker. the samples were precipitated for 10
minutes in a centrifuge at 14000 rpm. The supernatant was transferred to a fresh tube,
labeled as BP4-S2, and kept at +4 °C. 500 pl of Wash Bufter III was added to the pellet
and the pellet was thawed at 25°C for 5 minutes on an orbital shaker at 100 rpm. the
samples were precipitated for 10 minutes in a centrifuge at 14000 rpm. The supernatant
was transferred to a fresh tube, labeled as BP4-S3, and kept at +4 °C.1 ml of Glycine
solution (0.2 M pH: 2.17) was added to the pellet to dissolve the precipitate. The pellet
was thawed by placing the centrifuge tube in an orbital shaker at 100 rpm for 15 minutes.
Then, the solution was neutralized with 160 pl of Trizma Base solution (0.91 M pH: 9.1).

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at

room temperature was taken. 20 ul tetracycline (1:1000 ratio) and 100 pl inoculation
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(1:200 ratio) were added to LB broth. E. coli culture was grown overnight at 37°C at 250
rpm with an orbital shaker. Then, 50 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250 ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the early log phase (OD600: 0.01-0.05) (in 1-2 hours), 800 pl Phage was
transferred to a 250 ml shake flask (E. coli culture) and 250 ml. It was incubated for 4
hours with shaking at 250 rpm at 37°C. After 4 hours of growth, 50 ml of E. coli/phage
culture was transferred to 250 ml Nalgene sterile centrifuge tubes. Nalgene centrifuge
tubes were spun at 8000 rpm for 20 minutes and E. coli was precipitated. The supernatant
containing phage was transferred to a sterile 250 ml Nalgene centrifuge tube. 8.3 ml of
PEG/NaCl solution was added to ~50 ml of supernatant (1:6; v/v), mixed thoroughly on
the vortex and left at O/N at 4°C. The centrifuge temperature was adjusted to 4°C. The
PEG-treated E. coli/phage culture stored o/n 4°C was spun at 8000 rpm for 20 min. The
phage pellet was obtained at the bottom of a 250 ml Nalgene centrifuge tube. The
supernatant containing the E. coli was transferred to a 50 ml sterile centrifuge tube labeled
BP4-S4(amplified) and stored at 4°C. The phage pellet was resuspended with 5 ml TBS
buffer, thawed by pipetting and vortexing, and transferred to a 50 ml sterile centrifuge
tube, centrifuged at 8000 rpm for 10 min. The supernatant containing phage was
transferred to a sterile 50 ml Nalgene centrifuge tube. 830 pl of PEG/NaCl solution was
added to ~ 5 ml of supernatant (1:6; v/v), mixed thoroughly, and left on ice for 2 hours
for phage precipitation. It was spun at 10000 rpm for 10 min to obtain precipitated phages.
The supernatant containing E. coli was collected in a 15 ml sterile centrifuge tube labeled
BP4-S5 (amplified) and stored at 4°C. The phage pellet was resuspended in 1 ml TBS
buffer and dissolved by shaking. The solution was transferred to a 1.5 ml sterile centrifuge
tube and spun at 10000 rpm for 10 min. The phage-containing Supernatant was
transferred to a 1.5 ml sterile centrifuge tube and spun at 13200 rpm for 3 minutes. The
supernatant containing E. coli was removed into a 1.5 ml sterile centrifuge tube labeled
BP4-S6 (amplified), and stored at 4°C. The phage pellet was resuspended with 200 pl
TBS buffer and the pellet was gently dissolved by pipetting. the solution was spun at
13200 rpm for 2 min. The supernatant containing phage was transferred to a 1.5 ml sterile
centrifuge tube labeled BP4-M2 (amplified, purified) and stored at 4°C. BP4-M2 (phage
pellet) was kept in O/N at 4°C. 200 pl of glycerol (50% glycerol, total volume 400 pl)
was added to 200 pl of BP4-M2 (amplified, purified) solution, the solution was mixed
thoroughly with a vortex and stored at -20°C.

40



90 ul TBS buffer was added to well A1-B1-C1-D1-E1 of the 96-well plate. 180
ul TBS buffer was added to wells A2-A9, and B2-B12 of the 96-well plate. 10 ul BP4-
M1 solution was added to well Al, 10 ul BP4-M2 solution was added to well B1 of the
96-well plate. solutions were mixed by pipetting up and down for 10 seconds with sterile
pipette tips. The 96-well plate was placed on an orbital shaker (lid closed) and shaken at
150 rpm for 2 minutes. 20 pl of the solution mixture was transferred from Al to A2, and
B1 to B2. solutions were mixed by pipetting up and down for 10 seconds with sterile
pipette tips. The 96-well plate was placed on an orbital shaker (lid closed) and shaken at
150 rpm for 2 min. These steps were repeated until a solution was transferred to wells
A9-B12.

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 ul tetracycline (1:1000 ratio) and 100 pl inoculation
(1:200 ratio) were added to LB broth. E. coli culture was grown overnight at 37C at 250
rpm with an orbital shaker. Then, 50 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the mid-log phase (OD600: 0.34) (in 3-4 hours). LB Agar/IPTG/X-gal
plates were placed at 37°C for warming up (not more than 1 hour). The top Agar medium
(100 ml) was melted in the microwave and the flask was placed in a 55°C water bath. 50
ml of the melted Top Agar was divided into a 50 ml sterile falcon tube. 50 pl tetracycline
(1:1000) was added to the Top Agar. 3 ml of LB agar was divided into 15 ml falcon tubes
(total 6 portions). Falcon tubes containing Top Agar were placed in a 45°C water bath to
be kept in the molten state. 180 ul of E. coli culture was mixed with 20 pl of phage from
selected wells (A5-7-9, B10-11-12) in a sterile 1.5 ml sterile centrifuge tube (6 plates in
total). E. coli and phage were mixed by pipetting and each mixture (200 pl E. coli/phage)
was mixed into 3 ml of molten Top Agar. E. coli and phage mixture ball agar was poured
onto LB Agar/X-gal/IPTG-tetracycline plates. The plates were kept at room temperature
for 5 minutes until the ball agar solidified. The agar plate was inverted and incubated
overnight at 37°C (no longer than 18 hours). Blue colonies were counted and the amount
of'phage in each elution fraction was calculated. 6 ul BP4-M2 phage solutions were taken
into eppendorf tubes. Both samples were measured by nanodrop with 2 technical

repetitions and the amount of phage in each elution fraction was calculated.
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2.3 Selection of Functional Peptides Eliminated from BP4

2.3.1 Selection of Phage Colonies Carrying Functional Peptides

90 ul TBS bufter was added to well A1-B1-C1 of the 96-well plate. 180 ul TBS
buffer was added to well A2-A9, B2-B9, C2-C9 of the 96-well plate. 5 ul BP1-M2 phage
solution was added to well Al, 5 ul BP2-M2 solution was added to well B1, 5 ul BP4-
M2 solution was added to well C1 of the 96-well plate. Solutions were mixed by pipetting
up and down for 10 seconds with sterile pipette tips. The 96-well plate was placed on an
orbital shaker (lid closed) and shaken at 150 rpm for 2 minutes. 20 pl of solution mixture
was transferred from Al to A2; B1 to B2; C1 to C2. solutions were mixed by pipetting up
and down with sterile pipette tips for 10 seconds. The 96-well plate was placed on an
orbital shaker (lid closed) and shaken at 150 rpm for 2 min. These steps were repeated
until a solution was transferred to wells A9-B9-C9.

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation
(1:200 ratio) were added to LB broth. E. coli culture was grown overnight at 37C at 250
rpm with an orbital shaker. Then, 50 ul tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the mid-log phase (OD600: 0.34) (in 3-4 hours). Large LB Agar/IPTG/X-
gal plates were placed at 37°C for warming (no more than 1 hour). The top Agar medium
(100 ml) was melted in the microwave and the flask was placed in a 55°C water bath. 50
ml of the melted Top Agar was divided into a 50 ml sterile falcon tube. 50 pl tetracycline
(1:1000) was added to the Top Agar. 6 ml of LB agar was divided into 15 ml falcon tubes
(16 portions in total). Falcon tubes containing Top Agar were placed in a 45°C water bath
to keep them in the molten state. 180 ul of E. coli culture was mixed with 20 pl of phage
from selected wells (A9; B9, C9, D9) in a sterile 1.5 ml sterile centrifuge tube (total 15
plates, each biopanning). The E. coli and phage were mixed by pipetting and each mixture
(200 pl E. coli/phage) was mixed into 6 ml of molten Top Agar. The E. coli and phage
mixture was poured onto the LB Agar/X-gal/IPTG-tetracycline plates. The plates were
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kept at room temperature for 10 minutes until the ball agar solidified. The agar plate was
inverted and incubated overnight at 37°C (no longer than 18 hours).

150 pl of PC buffer containing 0.02% detergent was taken into 230 1.5ml pre-
autoclaved sterile DNAse free Eppendorf tubes. From the inoculated Petri dishes, 80 blue
colonies for BP4-M2 were scraped off with a sterile pipette tip and transferred into 150
ul of PC buffer containing 0.02% detergent. All eppendorf tubes were shaken for 15 min
at room temperature on a shaker (Hangzhou Miu, GS-20, Orbital Shaker). Incubated in a
hot water bath (Nuve, NB 20, Water Bath) preheated to 60°C for 45 min. They were stored
overnight at +4°C. 230 new 1.5ml pre-autoclaved sterile DNAse free Eppendorf tubes
were filled with 150 pl sterile glycerol. PC buffers containing the colony were added to
the glycerol and mixed thoroughly with a vortex. The tubes were labeled with biopanning

code and colony number. All glycerol colony stocks were stored at -20°C.

2.3.2 DNA Isolation and Sequencing of Functional Peptides

2.3.2.1 DNA Isolation

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at
room temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation
(1:200 ratio) were added to LB broth. E. coli culture was grown overnight at 37C at 250
rpm with an orbital shaker. Then, 350 pl tetracycline (1:1000 ratio) was added to the new
50 ml LB broth medium in the 250ml flask and the E. coli culture was grown by
inoculating this Lb medium with 20 ml O/N culture. When the O/N inoculated E. coli
culture reached the early-log phase (OD600: 0.01-0.05) (in 1.45-2 hours). Early log phase
LB broth was taken 3ml into 15 ml falcon tubes. To each 3ml of LB broth, 10 pul of
glycerol clone phage stocks were added. The E. coli/phage culture was grown until it
reached the mid-log phase (OD600: 0.34) (3-4 hours). 3ml of bacterial cultures were
transferred into a 1.5ml pre-autoclaved sterile DNAse-free Eppendorf tube and spun at
5000 rpm for 15 minutes at room temperature (15-25°C). The 1.4ml supernatant

containing M13 bacteriophage was carefully transferred to a new reaction tube without
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missing the pellet. 14 pl of Buffer MP (1/100) was added for M 13 precipitation. Vortexed,
mixed, and incubated at room temperature for at least 2 minutes. 0.7 ml of sample was
transferred to a QIAprep spin column placed in a 2 ml microcentrifuge tube. The loading
and centrifugation (steps 6 and 7) were repeated until the entire sample was loaded onto
the QIAprep spin column. 0.7 ml of Buffer PB was added to the QIAprep spin column
and centrifuged at 8000 rpm for 15 seconds. 0.7 ml of Buffer PB was added to the
QIAprep spin column and incubated at room temperature for 1 min. Centrifuged at 8000
rpm for 15 seconds. 0.7 ml of Buffer PE was added to the QIAprep spin column and
centrifuged at 8000 rpm for 15 seconds. The QIAprep spin column was centrifuged blank
at 8000 rpm for 15 seconds to remove the buffer PE from the collection tube. The
QIAprep spin column was placed in a clean 1.5 ml microcentrifuge tube. To elute DNA,
100 pl of Buffer EB (10 mM Tris-Cl, pH 8.5) was added to the center of the column
membrane, incubated at room temperature for 10 minutes, and centrifuged at 8000 rpm
for 30 seconds. Tubes were labeled with biopanning code and colony number. All colony
DNA stocks were stored at -20°C. For the calculation of the concentration of all colony
DNA, 6 pl was taken into new eppendorf tubes. Both samples were subjected to 2
technical repetitive nanodrop measurements and the amount of DNA in each elution

fraction, the 260/280 nm value, and the 260/230 nm values were calculated.

2.3.2.2 Spin Colon Prep and Cleaning for Sequencing

Weighed 1 g SephadexG50 and added Sephadex to the Falcon tube. 15 ml of
autoclaved ultra-pure water was added to the Sephadex. The Falcon tube was shaken
vigorously for 1-2 minutes and allowed to rest for 5-10 minutes at room temperature. Spin
columns were labeled with sample names. 650 pl of sphadex mixture was added to each
column. The tubes were allowed to stand for 10-30 min until phage dissociation appeared
and centrifuged at 5400 rpm for 2 min. Water was removed from the collection tube and
labeled. The top was replaced with a new eppendorf as a clean elution tube with the
Sephadex column inside intact. PCR products (at least 10 pl) were pipetted onto the top
of the sphadex column. Tubes were centrifuged at 5400 rpm for 2 min to collect clean

PCR products
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2.3.2.3 Polymerase Chain Reaction (PCR)

Eppendorf tubes were prepared for 37 isolated clone DNAs to be sequenced. 1ul
BigDye 3.1 RRM, 1.5ul 5X buffer, 1.6 -96 gIII Primer (96 gIII sequencing primer 5'-
HOCCC TCA TAG TTA GCG TAA CG -3/, 100 pmol, 1 pmol/ul) were added to each
tube respectively. 5.9ul template DNA/water was added to the tube so that the total
volume of the PCR mixture was 10ul. The templated DNA/water ratio was adjusted so
that the final concentration of DNA samples whose concentration was predetermined by
nono-drop was at least 20 ng. PCR steps are shown in Table 1.1. The PCR reaction was
performed using Real-Time PCR (ROCHE LC480). After the end of the PCR program,
the block was left at room temperature until these products were ready for purification. if
the reaction clean-up was to be performed the next day, the samples would be stored at -

20°C.

Table 2.1. PCR steps of obtaining full-length DNA segment

Temperature Time Cycles
Initial Denaturation 96 °C 1 min 1
Denaturation 96 °C 10 sec
Annealing 50 °C 5 sec 25
Extension 60 °C 4 min
Hold 4°C 5 min 1

2.3.2.4 Cycle Sequencing Reaction Clean-Up Methods and DNA

Sequencing

A premix solution was prepared with 66 pl NaOAc (3M, pH 5.6), 160 ul H>O, and
1600 ul 100% EtOH. 10 pl of sequencing reaction was added to each well of the 96-well
plate. 22 pl of premix solution was added to each 10 pl of sequencing reaction. The wells
were carefully vortexed to prevent the contents of the wells from splashing each other.

Allowed to stand at room temperature for 15 minutes. Samples were spun at 5760 x g for
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20-30 min (CGC-SIGMA plate centrifuge). A folded paper towel was placed on the plate
to drain the contents and the plate was inverted upside down. 125 pl of 70% EtOH was
added to each well and the sealed plate was gently inverted and mixed. The sealing film
from the loop sequence reaction was reused as a cover. The plate was rotated at full speed
(right side up) for 10 min. 70% ethanol was poured and then the plate was inverted on a
folded paper towel and rotated briefly. A hold setting was used for the spin time. The
speed was allowed to reach 600 x g, and then the centrifugation was stopped. If reactions
were not to be loaded into the sequencer immediately, the reactions were stored as dry
pellets in the freezer. Samples were resuspended in formamide immediately before
loading into the sequencer. Sequencing Instrument (Applied Biosystems 3130x1 Genetic
Analyzer) was used for sequencing of DNA sequences. The sequences were analyzed
using FinchTV, Justbio, and Expasy software for fragment analysis and sequence
comparison. From these analyzed DNA sequences, error-free, and different sequences
were selected for purification. Table 2.2 shows the purity and concentration of DNA

sequences isolated from the clones.

Table 2.2 The purified DNA sequences

Concentration (ng/

Sample ID 260/280 260/230 ul)

BP4-M2-Clone 1 2,04 1,93 35,74
BP4-M2-Clone 3 1,95 1,92 38,97
BP4-M2-Clone 4 1,99 2,11 22,62
BP4-M2-Clone 5 1,95 1,95 31,08
BP4-M2-Clone 6 2,03 2,36 33,16
BP4-M2-Clone 7 2,12 2,48 29,95
BP4-M2-Clone 8 1,99 2,09 29,71
BP4-M2-Clone 9 1,95 1,95 26,95
BP4-M2-Clone 10 2,02 2,42 25,46
BP4-M2-Clone 11 1,96 2,12 39,06
BP4-M2-Clone 12 1,72 2,42 31,43
BP4-M2-Clone 13 2,11 0,37 17,3
BP4-M2-Clone 14 1,97 0,59 37,82
BP4-M2-Clone 15 1,97 0,42 23,97
BP4-M2-Clone 16 1,85 0,79 27,42
BP4-M2-Clone 17 1,84 0,54 21,22
BP4-M2-Clone 18 1,93 0,72 25,42
BP4-M2-Clone 19 1,84 2,95 23

BP4-M2-Clone 20 2,02 2,33 13,32
BP4-M2-Clone 21 1,97 3,12 19,63
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2.3.3 Purification of Single Colony Selected via Biopanning Rounds

In a 50 ml flask, 20 ml of LB broth prepared in advance and stored at room
temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation (1:200
ratio) were added to LB broth. E. coli culture was grown overnight at 37°C at 250 rpm
with an orbital shaker. Then 20 pl tetracycline (1:1000 ratio) and 100 pl O/N E. coli
culture (1:200 ratio) were added to a new 20 ml LB broth medium in a 250- or 50-ml
flask. E. coli culture was inoculated and grown. When the O/N inoculated E. coli culture
reached the early log phase (OD600: 0.01-0.05) (within 1-2 hours), 5 ul Phage was
transferred to 20 ml E. coli culture and incubated at 37°C for 4 hours with shaking at 250
rpm. After 4 hours of growth, 20 ml of E. coli/phage culture was transferred to 50 ml
Nalgene sterile centrifuge tubes. Nalgene centrifuge tubes were spun at 8000 rpm for 20
minutes and E. coli was precipitated. The supernatant containing phage was transferred
to a sterile 50 ml Nalgene centrifuge tube. 3.33 ml of PEG/NaCl solution was added to
~20 ml of supernatant (1:6; v/v), mixed thoroughly on the vortex and left at O/N at 4°C.
The centrifuge temperature was adjusted to 4°C. The PEG-treated E. coli/phage culture
stored o/n 4°C was spun at 8000 rpm for 20 min. The phage pellet was obtained at the
bottom of a 50 ml Nalgene centrifuge tube. The supernatant containing the E. coli was
transferred to a 50 ml sterile centrifuge tube labeled BP4-Clone Code-S1 (amplified) and
stored at 4°C. The phage pellet was resuspended with 5 ml TBS buffer, thawed by
pipetting and vortexing, and transferred to a 50 ml sterile centrifuge tube, centrifuged at
8000 rpm for 10 min. The supernatant containing phage was transferred to a sterile 50 ml
Nalgene centrifuge tube. 833 ul of PEG/NaCl solution was added to ~ 5 ml of supernatant
(1:6; v/v), mixed thoroughly, and left on ice for 2 hours for phage precipitation. It was
spun at 10000 rpm for 10 min to obtain precipitated phages. The supernatant containing
E. coli was collected in a 15 ml sterile centrifuge tube labeled BP4-Clone Code-S2
(amplified) and stored at 4°C. The phage pellet was resuspended in 1 ml TBS buffer and
dissolved by shaking. The solution was transferred to a 1.5 ml sterile centrifuge tube and
spun at 10000 rpm for 10 min. The phage-containing Supernatant was transferred to a 1.5
ml sterile centrifuge tube and 166 ul of PEG/NaCl solution was added to ~ 1 ml of
supernatant (1:6; v/v), vortex 5 seconds, and left on ice for 10 minutes for phage

precipitation. It was spun at 13200 rpm for 3 minutes. The supernatant containing E. coli
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was removed into a 1.5 ml sterile centrifuge tube labeled BP4-Clone Code-S3 (amplified),
and stored at 4°C. The phage pellet was resuspended with 200 pl TBS buffer and the pellet
was gently dissolved by pipetting. The solution was spun at 13200 rpm for 2 min. The
supernatant containing phage was transferred to a 1.5 ml sterile centrifuge tube labeled
BP4-Clone Code Purified and stored at 4°C. BP4-Clone Code Purified (phage pellet)
was kept in O/N at 4°C. 200 pl of glycerol (50% glycerol, total volume 400 pl) was added
to 200 pl of BP4-Clone Code Purified solution, the solution was mixed thoroughly with
a vortex and stored at -20°C.

95 ul TBS buffer was added to well Al of the 96-well plate. 180 ul TBS buffer
was added to well A2-A12 of the 96-well plate. 5 ul BP4-Clone Code-Purified phage
solution was added to well Al of the 96-well plate. solutions were mixed by pipetting up
and down for 10 seconds with sterile pipette tips. The 96-well plate was placed on an
orbital shaker (lid closed) and shaken at 150 rpm for 2 minutes. 20 pl of the solution
mixture was transferred from Al to A2. solutions were mixed by pipetting up and down
for 10 seconds with sterile pipette tips. The 96-well plate was placed on an orbital shaker
(lid closed) and shaken at 150 rpm for 2 min. These steps were repeated until a solution
was transferred to wells A12.

In a 50 ml centrifuge tube, 20 ml of LB broth prepared in advance and stored at room
temperature was taken. 20 pl tetracycline (1:1000 ratio) and 100 pl inoculation (1:200
ratio) were added to LB broth. E. coli culture was grown overnight at 37C at 250 rpm
with an orbital shaker. Then 20 pl tetracycline (1:1000 ratio) and 100 pul O/N E. coli
culture (1:200 ratio) were added to a new 20 ml LB broth medium in a 250- or 50-ml
flask. When the O/N inoculated E. coli culture reached the mid-log phase (OD600: 0.34)
(in 3-4 hours). LB Agar/IPTG/X-gal plates were placed at 37°C for warming up (not more
than 1 hour). 50 ml of the melted Top Agar was divided into a falcon tube. 50 pl
tetracycline (1:1000) was added to the Top Agar. 3 ml of LB agar was divided into falcon
tubes. Falcon tubes containing Top Agar were placed in a 45°C water bath to be kept in
the molten state. 180 pul of E. coli culture was mixed with 20 pl of phage from selected
wells (A10 -11-12) in a sterile centrifuge tube. E. coli and phage were mixed by pipetting
and each mixture was mixed into 3 ml of molten Top Agar. E. coli and phage mixture ball
agar was poured onto LB Agar/X-gal/IPTG-tetracycline plates. The plates were kept at
room temperature for 5 minutes until the ball agar solidified. The agar plate was inverted
and incubated overnight at 37°C (no longer than 18 hours). Blue colonies were counted

and the amount of phage in each elution fraction was calculated. Both samples were
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measured by nanodrop and the amount of phage in each elution fraction was calculated.

Purification steps were repeated for all selected clones.

pfu

of vlagues x dilution x volume x pul conversion = g (2.1)

2.4 Mineralization Kinetics of Mineralizing Peptides

For each colony (#1-31), mineralization reactions (pH 7.0 at 25°C) are initiated
with a concentration of 10! pfu. These reactions include 55 ul CaCl2.2H20 buffer (19.2
mM, pH 7.00), 55 ul KH2PO4 buffer (11.52 mM, pH 7.00), and 90 ul HEPES solution
(50 mM, pH 7.00 (Final Volume and Concentration: 200 ul; 1x1011 pfu/ml; Ca/P:
5.28/3.17 (1.1X) mM). The results of the colony mineralization reactions were initiated
together with positive (Ca/P: 6.4/3.84 (1.33X) Mm; Ca/P: 5.76/3.46 (1.2X) Mm) control
group reactions and negative (Ca/P: 4.8/2.88 (1X) Mm; Ca/P: 3.84/2.3 (0.8X) Mm)
control group reactions to support. The amount of each colony used for the mineralization
reaction is listed in Table. Mineralization reaction solutions were mixed in well plates
respectively. Mineralization kinetics were measured by spectrophotometer at 820 nm at

25°C for 7 hours. The experiment was repeated 3 times.

2.5 Characterization of Mineralizing Peptides

2.5.1 SEM Analysis

For SEM analysis, mineralization reactions (pH 7.0 at 25°C) for each peptide (1-
14-21-30) were initiated with 10'" pfu in 500 ul (Final Concentration: 1x10'" pfu/ml;
Ca?*/PO4*: 5.28/3.17 mM) utilizing positive (Ca*/POs>: 6.4/3.84 mM (1.33X);
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Ca?*/PO4>: 5.76/3.46 mM (1.2X)) control group reactions and negative (Ca®'/PO4>":
4.8/2.88 mM (1X); Ca?*/PO4>": 3.84/2.3 mM (0.8X)) control group reactions. The amount
of each colony used for the mineralization reaction is listed in Table 3.2. The reaction
tubes were placed in a shaking incubator for 1-6 hours at a speed of 150 rpm at 25°C.
Mineralization was checked hourly. Mineralized colony tubes were removed from the
incubator and stored at +4 until centrifugation. After the reaction, the samples were
collected in 2ml tubes and centrifuged at 14,000 rpm for 5 min. Supernatants were taken
into new 2ml tubes. The mineral pellet formed by the colonies was stored at -80 C
overnight. The frozen samples were then dried in a lyophilized (FreeZone Freeze Dry
Systems) at 0.04mbar vacuum and -51°C for 24 hours. Before imaging, the samples were
fractured to reveal the cross-section of the mineral layer and coated with Au to ensure
electron conductivity. A scanning electron microscope (SEM; FEI QuantaTM 250 FEG
SEM) was used for surface topography and cross-sectional structure characterization
using secondary electron imaging mode. The SEM was operated at an accelerating

voltage of 10 kV to reduce possible e-beam radiation damage.

2.5.2 XRD Analysis

For XRD analysis, mineralization reactions (pH 7.0 at 25°C) for each colony (#1-
23) were initiated with 10" pfu in 500 pl (Final Concentration: 1x10'" pfu/ml; Ca/P:
Ca/P: 5.28/3.17 mM) utilizing positive (Ca?"/PO4>: 6.4/3.84 mM (1.33X); Ca?"/PO,*:
5.76/3.46 mM (1.2X)) control group reactions and negative (Ca?"/PO+*: 4.8/2.88 mM
(1X); Ca?*/PO4*: 3.84/2.3 mM (0.8X)) control group reactions. Mineralization reactions
for each colony were initiated in 7 tube sets (total volume 3.5 ml). The amount of each
colony used for the mineralization reaction is listed in Table 3.2. The reaction tubes were
placed in a shaking incubator for 1-6 hours at a speed of 150 rpm at 25°C. Mineralization
was checked hourly. Mineralized colony tubes were removed from the incubator and
stored at +4 until centrifugation. After the reaction, the samples were collected in an
eppendorf tube and centrifuged at 14,000 rpm for 5 min. Supernatants were taken into
new eppendorf tubes. The mineral pellet formed by the colonies was stored at -80 C

overnight. The frozen samples were then dried in a lyophilized (FreeZone Freeze Dry
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Systems) at 0.04mbar vacuum and -51°C for 24 hours. Detailed information about the
crystallographic structure, chemical composition, and physical properties of the material
was obtained by X-ray diffraction (XRD; Philips X'Pert Pro) analysis. XRD patterns were
recorded at 25 °C in the range from 10 to 80° 26 with a resolution of 0.1 The patterns
obtained were compared with International Centre for Diffraction Data (ICDD, formerly

JCPDS) files.

2.5.3 FTIR Analysis

For FT-IR analysis, mineralization reactions (pH 7.0 at 25°C) for each colony (#1-
30) were initiated with 10" pfu in 500 pl (Final Concentration: 1x10'" pfu/ml; Ca/P:
Ca/P: 5.28/3.17 mM) utilizing positive (Ca?"/PO4>: 6.4/3.84 mM (1.33X); Ca*"/PO4*:
5.76/3.46 mM (1.2X)) control group reactions and negative (Ca®"/PO4>": 4.8/2.88 mM
(1X); Ca**/PO4*: 3.84/2.3 mM (0.8X)) control group reactions. Mineralization reactions
for each colony were initiated in 4 tube sets (total volume 2 ml). The amount of each
colony used for the mineralization reaction is listed in Table 3.2. The reaction tubes were
placed in a shaking incubator for 1-6 hours at a speed of 150 rpm at 25°C. Mineralization
was checked hourly. Mineralized colony tubes were removed from the incubator and
stored at +4 until centrifugation. After the reaction, the samples were collected in a 2ml
tube and centrifuged at 14,000 rpm for 5 min. Supernatants were taken into new 2ml
tubes. The mineral pellet formed by the colonies was stored at -80 C overnight. The frozen
samples were then dried in a lyophilized (FreeZone Freeze Dry Systems) at 0.04mbar
vacuum and -51°C for 24 hours. FT-IR analysis was performed using a PerkinElmer
UATR Two-FT-IR Spectrometer. The frequency range was computed between 4000-400

cm-1 and spectra were collected at 1 cm-1 resolution over 20 scans.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Optimizing the Selective Pressure for Identifying Mineralizing

Peptides

The Ca**/ PO4* precipitation reactions in HEPES and Tris buffers were monitored
by measuring absorbance values at 820 nm in a 96-well plate format; here the effects of
physicochemical properties pH, temperature, and molarity parameters on Ca*>" and PO4*>"

mineralization precipitate formation were tested.

Table 3.1. Optimization parameters of selective pressure for the determination of

mineralizing peptides

25°C 37°C

BUFFER Ca?*/ POS> pH Ca?*/ POS> pH
- 4.8/2.88 mM 6.6-7.8 4.8/2.88 mM 6.6-7.4
o 3.16/1.9 mM 6.6-7.8 3.16/1.9 mM 6.6-7.6
T 2.4/1.44 mM 6.6-7.8 2.4/1.44 mM 6.6-7.8
" 4.8/2.88 mM 6.6-7.8 4.8/2.88 mM 6.6-7.4
x 3.16/1.9 mM 6.6- 3.16/1.9 mM 6.6-7.4
= 2.4/1.44 mM 6.6- 2.4/1.44 mM 6.6-7.6

The main conditions affecting the precipitation, chemical composition, and crystal
structure of calcium phosphate are physicochemical: pH, temperature, phosphate and
calcium concentrations, and ionic strength (Mekmene, et al, 2009). Optimization is to
consider the effects of these parameters on calcium phosphate precipitation and select the
optimum condition, but it is complicated to select the optimum condition because the

parameters are interrelated.
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In the first experiment, Ca®'/PO4* ratios were kept constant at 1.66 for all test sets.
Ca/P=1.66 is the stoichiometric HAP Caio(PO4)s(OH)> value (Raynaud, et al. 2002). In
previous studies, mineralization nucleation performance was proven when the Ca**/PO4*
ratio was kept at 4.8/2.88 mM (1X) (Dogan et al. 2018). The first conclusion from the
results of this experiment is that, at a constant Ca®"/PO4’ ratio, mineral analysis shows
that changing pH (final pH values were between 6.6 and 7.8) has a significant effect on
the amounts of precipitated calcium and phosphate. (Fig 3.1). One of the most powerful
and effective ways to trigger Ca**/POs>crystallization is pH Without any precipitants,
only small changes in pH can be highly effective on mineralization (McPherson, 1995).
In the process of precipitation and crystal growth, pH affects both the solution and the
mineral surface (Mekmene et al, 2009).

A healthy intraoral pH is physiologically maintained in the range of pH 6.8-7.8.
(Loke, et al. 2016). For this reason, mineralization kinetics were studied with CaCl,.2H>O
and KH,PO4 solutions prepared in the pH 6.6 - pH 7.8 range. Using a suitable buffer, the
pH of the solution can be adjusted, maintained, and changed in the liquid phase by
equilibration. Specific buffer matrices at different pH values are commercially available
to researchers (Slice pH; Hampton Research, Aliso Viejo, California, USA) (McPherson,
and Cudney, 2014). The buffers included in this array are presented in Table 3.2.
Considering the pH values of the intraoral environment, it was decided that the most
appropriate buffers were HEPES and Tris buffers. These 2 buffers were preferred for
preparing CaCl,.2H>0O and KH>POs solutions.

Table 3.2. Specific buffer matrices - Slice buffer matrix

Buffer pH Range Buffer pH Range

Citric acid pH 3.5-4.4 HEPES sodium pH 6.6-7.5
Sodium citrate tribasic dehydrate pH 3.6-4.5 HEPES pH 6.8-7.7
Sodium acetate trihydrate pH 3.7-4.9 Tris hydrochloride pH 7.2-8.1
DI-Mali pH 4.7-5.9 Tris pH 7.3-8.5
Succinic acid pH 4.8-6.0 Tricine pH 7.4-8.6
Sodium cacodylate trihydrate pH5.2-6.4  Bicine pH 7.5-8.7
MES monohydrate pH 5.3-6.5 Glycine pH 8.6-9.5
MOPS pH 6.5-7.7 AMPS pH 8.7-9.6
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3.1.1 Optimization of Ca/P Precipitation in HEPES Buffer with pH,

Temperature, and Ionic Concentration

0,10
W 4.8/2.88 mM
0,09
0,08
0,07
0,06

0,05

0,04
0,03
0,02
0,01

0,00

Absorbance (a.u.)

pH: 6.6 pH: 6.8 pH: 7.0 pH: 7.2 pH:74 pH:7.6 pH:7.8
pH

Figure 3.1. Ca?>"/PO4>" nucleation kinetics spectrum at different pH values (pH values

between 6.6 and 7.8) and 25 °C in HEPES buffer (Ca*"/PO4> ratios: 4.8/2.88 Mm)

The solutions were repeated without changing the parameters (pH: 6.6 to 7.8 and
Ca?*/ PO4* molarity ratios: 4.18/2.88 mM), and the study was repeated only by increasing
the temperature to 37 °C. In this study, the solutions prepared at 25 °C were heated to 37
°C, and the effect of temperature change on the HEPES buffer was controlled. The pH
changes in all solutions decreased by 0.13(+_0.01) on average. Therefore, the pH values
in the study were assumed to be about 0.13 less with this treatment and evaluated
accordingly. Figure 3.2 shows the absorbance values of Ca*/ PO4> precipitates realized
under these conditions. It seems that Ca**/ PO4> precipitates are formed at pH 7.2 and 7.4
when the amounts of Ca** and PO4* in the total solution are 50%. When Figure 3.1 and
Figure 3.2 are compared with each other, it is concluded that the temperature increase
does not change the jump pH values, which is the formation point of Ca*/ POs*
precipitate, while the amount of Ca®"/ PO4> precipitate decreases in the reference of

absorbance values.
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Figure 3.2. Ca?*/PO4>" nucleation kinetics spectrum at different pH values (pH values

between 6.6 and 7.8) and 37 °C in HEPES buffer (Ca®'/PO4™ ratios: 4.8/2.88 mM)

These results show that Ca?>* and PO4>" solutions prepared in HEPES buffer have
a positive effect on Ca*>"/ PO4> mineralization with increasing pH values. In addition, an
increase in temperature has a negative effect on these results, but this effect is only on the
amount of Ca?"/ PO4> precipitate and this effect is negligible. This is evidenced by the
fact that there is no change in the pH value of the cratering point Ca®>*/ PO4> precipitate
formation (Figure 3.5 shows this result). Therefore, the result of the positive effect on the
formation of Ca**/ PO4* mineralization with increasing pH values gives meaning to the
conclusion that the decrease in pH value with increasing temperature reduces the amount
of Ca?"/ PO4>" precipitate. Detailed absorbance graphs of these graphs (Figure 3.1., and
Figure 3.2.) are available in APPENDIX A.

3.1.2 Optimization of Ca/P Precipitation in Tris Buffer with pH,

Temperature, and Ionic Concentration

When Figure 3.4 and Figure 3.5 are analyzed in themselves, it is seen that the

absorbance values of Ca**/ PO4’ precipitates increase continuously as the pH values
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increase. This leads to the conclusion that pH increase has a positive effect on Ca*/ PO4>"
mineralization. Again, when Figure 3.4 and Figure 3.5 5 are analyzed, it is seen that when
50% of the solution consists of Ca®>" ions and 50% of PO4* ions, the Ca’’/ PO4>"

precipitate formed is quite high at an acceptable rate.
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Figure 3.3. Ca*"/POs* nucleation kinetics spectrum at different pH values (pH values

between 6.6 and 7.8) and 25 °C in Tris buffer (Ca**/PO4> ratios: 4.8/2.88 mM)

The study was repeated without changing the solution parameters (pH: 6.6 to 7.8
and Ca*'/ PO4*> molarity ratios: 4.18/2.88 Mm), only increasing the temperature to 37 °C.
In this study, solutions prepared at 25 °C were heated to 37 °C to check the effect of
temperature change on Tris buffer. The pH change in all solutions decreased by
0.32(+_0.01) on average. Therefore, it is not appropriate to use the same solutions by
heating as the rate of change of the pH values in the study would change the pH range of
the study. Therefore, the solutions were prepared again by adjusting the pH at 37°C and

these solutions were used for the 37°C experiments.
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Figure 3.4. Ca*/PO4+* nucleation kinetics spectrum at different pH values (pH values

between 6.6 and 7.8) and 37 °C in Tris buffer (Ca**/PO4> ratios: 4.8/2.88 mM)

Figure 3.4. shows the absorbance values of Ca?"/ PO4> precipitates made under
these conditions. It is seen that Ca?"/ PO4>" precipitates are formed at pH 7.0, 7.2, and
7.4 when the amounts of Ca** and PO4*" in the total solution are 50%. Comparing Figure
3.3 and Figure 3.4., it can be concluded that the temperature increase is not consistent at
the jump pH values, which is the point of formation of Ca®*/ POs* precipitate, while the
absorbance values indicate that the amount of Ca®*/ PO4>~ precipitate decreases (Figure

3.5 shows this result).

These results show that Ca?" and PO4* solutions prepared in Tris buffer have a
positive effect on Ca**/ PO4> mineralization with increasing pH values. Furthermore, an
increase in temperature has a negative effect on these results, but only on the amount of
Ca”'/ PO4* precipitate formed, and this effect is negligible. Therefore, the result that
increasing pH values have a positive effect on the formation of Ca**/ PO4* mineralization
gives meaning to the conclusion that a decrease in pH value with increasing temperature
decreases the amount of Ca**/ PO4> precipitate. Detailed absorbance graphs of these

graphs (Figure 3.3., and Figure 3.4.) are available in APPENDIX A.
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B HEPES Buffer 4.8/2.88 mM B Tris Buffer 4.8/2.88 mM
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Figure 3.5. pH jumps at constant Ca®*/PO4> ratios (4.8/2.88 mM) in HEPES and TRIS
buffers and at different temperatures (25°-37 °C)

3.1.3 Optimization of Ca/P Precipitation by Ionic Concentration at

Constant pH, Temperature, and HEPES Buffer

In the 2" set of experiments, the solutions were prepared in HEPES buffer. This
is due to the consistent results exhibited in the first experiment in the formation and
amount of Ca>*/PO4> precipitates under the temperature variation of both pH and molarity
parameters. In this study, the HAp cytometer Ca>*/ PO4* ratio was kept constant at 1.66.
The pH 7.0 value was kept constant after the first experiment showed no Ca*/PO4>
sediments were formed. All studies were performed at 25°C. However, the molarity
values of the CaCL,.2H>0 (19.2 Mm) and KH>2PO4 (11.5 Mm) solutions prepared for this
set of experiments were doubled and absorbance measurements of mineralization kinetics

were performed by molarity scanning.
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Mineral Formation Control at Different Ca®*/PO,* Ratios
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Figure 3.6. Ca**/PO4+* nucleation kinetics spectrum at different ionic concentrations, pH:

7.0 and 25°C in HEPES buffer

Figure 3.6 shows that Ca*"/ PO4> precipitates were formed when Ca®"/PO4>
molarity ratios 0f 6.46/3.8 mM (1.33X) in the total solution were mixed. At the same time,
it was observed that Ca?"/PO4> precipitates were not formed when Ca?"/PO4>” molarity
ratios 0f 4.8/2.88 mM (1X), 3.6/1.9 mM (0.75X), 3.16/1.9 mM (0.66X) and 2.4/1.44 mM
(0.5X) were mixed in the solution.

The amount of Ca?*/ PO4* mineral precipitates formed at which molarity was
determined by the studies. Here, it was determined that the amount of HAp mineral
precipitation at 1.66 Ca?"/PO4* molarity ratio, 2.4/1.44 mM (0.5X), 3.16/1.9 mM (0.66X),
3.6/1.9 mM (0.75X), and 4.8/2.88 mM (1X) concentrations, respectively, was limited and
insufficient. The next step is to incubate the phage display library with the solutions at
these concentrations and examine the effect on mineralization. However, it was checked
that this expected mineralization phenomenon was only an effect of the phages in the

phage display library.
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Mineral Formation Control with TBS Buffer
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Figure 3.7. The spectrum of the effect on Ca*>*/PO4* nucleation kinetics at different ionic
concentrations in HEPES buffer, pH: 7.0 and 25°C, 50% TBS, and 50% glycerol buffer

on Ca>’/PO4* nucleation kinetics

6.46/3.8mM (1.33X)

Absorbance (au.)
=) o
® B

0,03

0,02

oot 6.46/3.8mM (1.33x) after neutralization

60

Figure 3.8. The spectrum of mineralization kinetics after neutralization of Ca?"/POs*

nucleation

The phage display library is 100 ul, has a concentration of ~ 1 x 10'* pfu/ml, and
is in TBS solution with 50% glycerol. Mineralization solutions of 0.5X, 0.66X, 0.75X,
and 1X concentration were prepared respectively, containing 5% TBS (50% glycerol,

pH7.5) in total volume. Figure 3.7 shows the absorbance values of these samples after 1
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hour of mineralization kinetics. According to this result, it was observed that the phage-
free 50% glycerol TBS solution did not affect the formation of Ca?"/PO4*" mineral
precipitates.

Glycine buffer is a Zwitterionic compound and has pKa values of 2.3-2.4 and 9.6-
9.8. The buffering pH range of glycine-HCI combined with hydrochloric acid is 2.2 to
3.6. The pH of the glycine buffer was adjusted to 2.2. It has been proven by previous
studies that the solubility of the component phases of calcium phosphate minerals is
directly proportional to acidity (Leon and Jansen 2009). The purpose of using the acidic
glycine-HC1 buffer prepared in this direction is to dissolve the calcium phosphate
minerals phase formed. In this way, it is aimed to obtain mineralizing peptides by
dissolving the compact mineral structure formed around the phages carrying mineralizing
peptides. The pH value of the phage display library stocking solution is 7.5. In this
neutral-basic environment, the stability of phages is ensured. For this reason, the acidic
environment will negatively affect the petit-phage library by stressing it. After providing
an acidic environment to dissolve the minerals formed by the petit-phage library, this
library must be quickly neutralized to prevent damage. For this purpose, firstly, it was
calculated how much glycine should be added to reduce the pH of the phage library stock
solution of Trima Base buffer, which has a pH 0f9.13, to pH 7.5. Then, according to these
calculations, 1 ml of 0.2M Glycine buffer was added to the previously prepared mineral
pellet formed by the positive control group and separated by precipitation and
redissolved. In order to lower the pH of the dissolved pellet to pH 7.5, 160 ul of Trisma
Base solution was added. After this neutralization process, was followed by a 1-hour
spectrophotometric measurement of whether the calcium phosphates dissolved at pH 7.5
formed minerals again. As can be seen in Figure 3.8, no mineral formation was observed

in all control groups after neutralization.

3.2 Selection of Mineralizing Peptides by Directed Evolution Method

Phage display libraries consist of a structure in which the genetic material
encoding the various variants is located inside and a library of peptide variants is

expressed outside the phage variant (Sidhu, 2000; Croxen, et al. 2013). This phage display
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system is based on a simple M 13 phage vector modified for the pentavalent display of 12
amino acid peptides via N-terminal fusions to the minor coat protein pIII(Scott, and
Smith, 1990; Devlin, Panganiban, and Devlin, 1990). This creates a physical link between
each variant peptide sequence and the DNA encoding it, which is based on its affinity for
the target molecule through an in vitro selection process called panning (Parmley, and
Smith, 1988). This panning is accomplished by incubating a library of phage-displayed
peptides in the target, washing out unbound phage, and panning for phage that specifically
exhibits the sought-after function. At each biopanning step, an initial concentration of
2x10'"" pfu/ml of the phage library was added to Ca®/POs* mineral solution with a
concentration of 4.8/2.88 Mm, where mineralization could not occur on its own, and left
in the mineralization process for approximately 17 hours. The resulting Ca’>”POs*
precipitate pellets were amplified by several washing steps. The eluted phage was then
amplified and passed through additional mineralization/amplification cycles (Biopanning
2, Biopanning 3, and Biopanning 4) to enrich the pool in favor of mineralizing sequences.

The concentrations of the peptide-phage library obtained after each biopanning
step were measured both in plating and nanodrop measurements. In this way, a 2-step
concentration control was ensured. Table 3.3 shows the concentration of the peptide-

phage libraries found as a result of nanodrop.

Table 3.3. Concentrations of peptide-phage libraries obtained from biopanning rounds

as a result of nanodrop measurements and plating calculations

Biopanning Round Concentration
Nanodrop (pfu/ml)
BP1-M2 8,14x10'?
BP2-M2 5,16x10"?
BP3-M2 2,61x10"?
BP4-M2 3,50x10'?

After 1 round of biopanning, the new peptide-phage libraries obtained were
diluted in multiples of 10. The peptide-phage libraries from the selected dilution ratios

(10, 10", and 10'%) are seeded on petri dishes and the number of colonies formed at
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these dilution ratios is counted and the concentration is calculated with the formula below.
As a result of this calculation, the concentration of the peptide-phage library obtained
from the biopanning round is learned, and at the same time, with this concentration
information, it is calculated how many pl of this library will be added to the new

biopanning round and mineralization will start.

To calculate the concentration of the plating result:

f plagues x dilution x volume x pl conversion= pfu/ml (3.1)

Figure 3.9. Plating results of biopanning round 4 at dilution ratios 10'°, 10!, and 10'2
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For calculating the amount to start mineralization with concentration:

( pfu/ml concentrations

5 X Library Volume(ul)) + 1000 = pfu concentrations  (3.2)

(Library Volume(pl) x 10') + pfu concentrations = Initial amount(uL)  (3.3)

Nanodrop measurements and plating calculations showed that the concentration
values were consistent. For this reason, the initial amount determined by the separations
to be made in all steps was calculated with the concentrations obtained as a result of
nanodrop measurements. In fact, the decrease in concentration as the step progresses in
biopanning rounds and the increase in the initial amount added to the mineralization
medium for the start of mineralization at each step indicates that this peptide-phage library

is undergoing a selection and the library is shrinking.
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Figure 3.10. 24-hour mineralization kinetics spectrum of Ca**/PO4>" nucleation of all

biopanning libraries (BP1, and BP4)
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A 24-hour spectrophotometric measurement was taken with the libraries (BP1,
BP2, BP3, and BP4) obtained at the end of all biopanning. Figure 3.10 shows the
absorbance results of the amount of minerals formed as a result of this spectrophotometry.
According to this graph, it firstly shows that the synthesis of mineralization has a sudden
peak at a certain hour and then the amount of minerals remains stable. From this result, it
can be inferred that the mineral crystallizations nucleate and grow at once. Then, again,
this graph shows that there are delays in the time of nucleation and growth of
mineralization as the selection cascade progresses, although not exactly in a sequential

manner.

3.3 Selection of Functional Peptides Eliminated from BP4

3.3.1 DNA Isolation and Sequencing of Functional Peptides

As a result of the selection steps, the BP4-M2 library of the biopanning 4 round,
which includes phage libraries that are assumed to carry peptides specific for
mineralization function, was determined as the plot group for mineralization kinetics and
morphology studies.

For mineralization kinetics and calcium phosphate component phase morphology
studies, the BP4-M2 library was first seeded on a large petri dish and 80 colonies were
selected. Each of these colonies consists of phages with different peptide sequences. Of
course, all these colonies may not be unique from each other. For this reason, the peptide
sequences carried by the phages in these colonies should be obtained first. For this
purpose, the peptides carried by 37 clones were isolated one by one. In parallel
experiments conducted in the Yiicesoy research laboratory, 37 clones were isolated. Table
2.2 gives information about the purity and concentration of the DNA sequences isolated
from some of the clones. Using the absorbance ratio at 260 nm and 280 nm, the purity of
the isolated DNA and RNA is assessed. The values required for DNA and RNA to be pure

are as follows;
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Acratio of ~1.8 for DNA and ~2.0 for RNA is generally considered "pure". Ifthese
purity ratios are significantly lower, it indicates that there may be strongly absorbing
proteins, phenols, or other contaminants in the DNA and RNA media. Another purity ratio
of 260/230 nm is also an indicator for nucleic acids. Expected 260/230 values for pure
nucleic acid isolation are usually in the range 2.0-2.2. Again, if this ratio is significantly

lower, it may indicate the presence of contaminants that absorb at 230 nm.

The remaining clones were identified as suitable samples for mineralization
kinetics and morphology studies of mineral component phases. These isolated clones
were then sequenced individually. The sequences were analyzed by FinchTV, Justbio, and
Expasy software for fragment analysis and sequence comparison. From these analyzed
DNA sequences, sequences that were error-free and different from each other were
selected for purification. Table 3.4 shows the peptide number, molecular weights, Pl and
G.R.A.V.Y. values, and charges of the peptides that were error-free and different from

each other from the DNA sequences from some of the DNA sequences.

Table 3.4. Sequence information of purified peptides

I\Plﬁ"r’rfibd; MW pl GRAV.YY. Charge
1 4695.06 5.24 0.196 1
4 1286.49 8.60 0.333 1
5 1268.43 5.52 0.833 0
7 1507.74 6.07 -1.083 0
8 1100.21 9.76 -0.455 1
9 129851 5.58 0.183 0
10 1218.38 8.80 0.025 1
12 139651 4.09 0.775 3
13 1452.64 8.80 1,158 1
14 1054.71 9.61 0.792 1
17 1380.48 5.84 0817 0
18 1065.11 4.20 -0.582 2
19 134953 8.52 -0.467 1
’ 1280.57 5.97 1342 0
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3.4 Mineralization Kinetics of Mineralizing Peptides

Mineralization reactions for each peptide (#1-31) were initiated under standard
conditions. Each peptide was added to a solution medium with a final concentration of
1x10'"! pfu/ml and a Ca/P ratio of 5.28/3.17 (1.1X) mM (the amount of HEPES in the
solution is different according to the concentration of each peptide). Here, the nucleation
potential of the peptides is added to the concentration at the limit to understand the
mineralization kinetics.

The results of the peptide mineralization reactions were run for support together
with the reactions of the positive (Ca/P: 6.4/3.84 (1.33X) Mm) control group reactions
and the negative (Ca/P: 5.28/3.17 (1.1X) Mm) control group reactions. As a result, each
peptide exhibited almost different mineralization kinetics. mineral nucleation occurred as
soon as Ca’"/PO4> ions were placed together in the tube at 1.33X from the positive control
groups. Within 1 hour, the absorbance of this nucleation reached approximately 0.07. The
negative control group 1.1X (5.28/3.17 mM) nucleation started at 3 h and reached a
maximum nucleation absorbance of approximately 0.025. When the peptide was added
to the mineralization solution prepared at 1.1X (5.28/3.17 mM) concentration, the
nucleation absorbance value either exceeded or almost caught up with the nucleation
absorbance values of the positive control groups for all peptide samples. What makes the
peptides different from each other here is the time of mineralization kinetics and the
absorbance value of nucleation.

In this context, some peptides perform fast mineral nucleation and reach the
standard nucleation absorbance value or there are peptides that perform slower mineral
nucleation and reach more standard nucleation absorbance values. It follows that neither
the speed of mineralization kinetics nor the nucleation absorbance value alone can lead
to the conclusion that the ideal Hap mineral crystal is formed. It needs to be supported by
morphology analysis of the mineral crystals formed by these peptides by directing and

controlling them.
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Mineral Formation Rate of Peptide (1-14-21-MP30)
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Figure 3.11. Ca*/PO.* nucleation kinetics spectrum of peptides (1-14-21), Control-
MP30, negative control (4.8/2.88 mM (1X)) and positive control group (6.46/3.8 mM
(1.33X) (total time: 7 hours; at 25°C; pH: 7.0)

Table 3.5. Sequence information of selected purified peptides with parameters of

mineralization kinetics and nucleation absorbance values

Peptide

Number MW pl G.RAV.Y. Charge
1 4695.06 5.24 0.196 -1
14 1054.71 9.61 -0.792 1
21 1280.57 5.97 1.342 0
30 1220.35 8.76 -0.808 1

For the morphology analysis of the mineral crystals formed by these peptides by
directing and controlling them, 4 peptides were selected which started to nucleate at every
hour interval in terms of the rate parameter of mineralization kinetics and whose
nucleation absorbance values were almost identical to the absorbance value of the positive
control group 1.33X. These peptides are peptide 1, peptide 14, peptide 21, and for a
positive control a previously identified sequence known as Control-MP30 (courtesy of

Yucesoy Research Group). Table 3.5 shows the amino acid sequences of these peptides,
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their molecular weights Pl and G.R.A.V.Y. values, and their charges. Figure 3.11 shows
the performance of nucleation absorbance value and mineralization kinetics under the

guidance and control of these selected peptides.

3.5 Characterization of Mineralizing Peptides

When the peptide was added to the prepared mineralization solution, the
nucleation absorbance values either exceeded or almost reached the nucleation
absorbance values of the positive control groups for all peptide samples. For the
morphology analyses of the mineral crystals formed by these peptides, 4 peptides were
selected which started to nucleate at every hour interval in terms of the rate parameter of
mineralization kinetics and whose nucleation absorbance values were almost the same as
the absorbance value of the positive control group 1.33X. These peptides are peptide 1,
peptide 14, peptide 21, and Control-MP30. The crystallinity and morphology of the
mineral produced in the presence of these peptides were studied by SEM, XRD, and FTIR

analyses.

3.5.1 SEM Analysis

Scanning electron microscopy (SEM) provides information about the structure of
synthesized and manufactured products in characterization studies thanks to its micro and
nanoscale analysis. For morphology analysis, SEM analysis was performed first. Figure
3.13 shows the same sizes from top to bottom. A is the positive control group, b is Control-
MP30, c is peptide 14, d is peptide 21 and e is peptide 1. The points marked in all 5 and
2 um images show the morphological structure of the mineral phases. These spots show
flakes on Control-MP30 and 14. These flakes indicate that a crystalline structure was
obtained. However, flakes are not seen on peptide 21 and peptide 1, indicating that these
structures are slightly more amorphous. Although SEM is a semi-quantitative analysis,

this analysis shows that the structures with fast kinetics are amorphous and those with
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slow kinetics form a crystalline structure. However, not all structures with slow kinetics

form a crystalline structure, peptide 1 being an example.

a) Positive Control
(1.33X)

100pm

b) Control-MP 30
(Slow Kinetics)

c) Peptide 14

(Fast Kinetics) (Moderate Kinetics)

d) Peptide 21

) Peptide 1
(Slow Kinetics)

Figure 3.12. SEM image of (a) positive control (6.46/3.8 mM (1.33X)), (b) Control-MP30
(c) peptide 14 (d) peptide 21, and (e) peptide 1. Size bars indicate 100 um, 20 um, 5 pm,
and 2 pm from left to right, respectively.

3.5.2 XRD Analysis

XRD analysis was performed to evaluate the mineral crystal structures produced
in the presence of peptidel, peptidel4, peptide21, and MP30. The XRD graph of these
peptides is shown in Figure 3.13 The data obtained were compared with the International
Centre for Diffraction Data (ICDD, formerly Joint Committee on Powder Diffraction
Standards) database (JCPDS no. 09-0432 and 09-0905 for HAp). The XRD patterns of
the mineral crystal samples produced via peptides are presented in Figure 3.13 (Thunsiri

et al, 2020).
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Table 3.6. Diffraction peak positions of pure crystalline HAp at 20

Plane

26 Hap (JCPDS 009-0432)

25.354
25.879
28127
28.967
31.774
32.197
32.902
34.049
35.481
39.205
39.819
42.03
43.805
45.306
46.713
48.104
48.624
49.469
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The peaks at angles from 25° to 60° in the 26 value range are presented in Figure
3. 13. The sharp diffraction peak positions of pure crystalline HA in the 20 range from
21° to 50° are presented in Table 3.6. Some observed 20 values of the sharp diffraction
peak positions of pure crystalline HAp: 25.86°, 28.12, 28.96, 31.77°, 32.2° and 32.90°
correspond to the diffraction planes (h k I values) at (002),(102),(210),(211),30
0), (1 12),and (3 10), respectively (Thunsiri, et al. 2020). These main characteristic
peaks of the mineral crystal samples produced by peptides are similar to the Joint
Committee on Powder Diffraction Standards (JCPDS) reference standard file number 09-
0905. The XRD patterns of the mineral crystal samples synthesized via peptide 14 and
peptide 30 show that some 20 values of the diffraction peak positions are very similar to

those of reference standard 09-0905.
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Figure 3.13. XRD spectra of peptides (1-14-21), Control-MP30, and negative control
(5.28/3.17 mM (1.1X))

This result indicates that peptide 14 and Control-MP30 control calcium phosphate
ions towards the formation of the Hap phase mineral. The fact that the XRD diffraction
peak positions of peptide 1 and peptide 21 do not form 28.12°, 28.96° 20 values and the
heights of the peak peaks at 32.2°, 32.90° 26 values are different from the pure Hap crystal

shows that these mineral structures are not completely directed to the Hap phase.

3.5.3 FTIR Analysis

FTIR spectroscopy analyses were used to evaluate the bond formation of
nanomaterials to determine the functional groups present in the mineral crystals and to
compare the transmission peaks obtained with the mineral phase groups in the literature.
The band classification in some mineral phase groups in the existing literature is as

follows:
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The bands formed at 567 cm™, 601 ¢cm™, and 631 cm™ in HAp crystal form
indicate phosphate v4 vibrations. The 876 cm™ band shows carbonate v2 vibration and
the 962 cm™! band shows phosphate vl symmetric stretching vibration. Strong bands at
1025 cm™ and 1086 cm™! indicate phosphate v3 vibration, while bands at 1417 cm™ and
1456 cm! indicate v3 vibrations of surface carbonate groups (Rehman, and Bonfield,
1997). TCP in its crystalline form had similar characteristic peaks, referring to the same
functional groups as HAp for the given band range, except for the bands occurring in the
1400-1460 cm™ spectrum. It is difficult to distinguish between both crystal phases of TCP
by fluorescence analysis. This is because both a- and B-TCP exhibit bands with similar
wave numbers (Fowler, Moreno, and Brown, 1966).

In the crystalline form of OCP, these bands are as follows; the broad peak at 3448
cm’! is produced by the crystalline water in OCP and 1651 cm™! by the hydroxyl group in
the crystalline water of OCP. The peak at 2364 cm™ should be attributed to CO, in the
air, i.e. the COC stretch oscillation absorption peak. The spectral bands of 601 cm™, and
1031 cm™ region show vibrations of PO4 (v3). The spectral bands at 570 cm™ (v4 POs*),
866 cm™ (12 CO.*), 1045 cm (v3 PO4*), 1415 and 1505 cm™ (v3 CO2* ), 1670 and
3000-3500 cm™! (water bands) of the ACP crystal form. The absorption bands of the
amorphous phase are rounded and do not show sharp vibration peaks (Rehman, and
Bonfield, 1997).

In this study, FTIR spectroscopy analyses of the negative control group (5.28/3.17
mM Ca/P ratio) have passed into the mixed phase of the mineral. 3448 cm™ indicates the
presence of OCP (crystal water of OCP). 1456 and 1417 cm™ showed the presence of Hap
but these bands are weak signals.

Figure 3.14. shows that, FTIR spectroscopy analyses of the crystal and
morphology of the mineral produced in the presence of, peptidel4, and Control-MP30
show phosphate vibration bands formed at 567 cm™!, 601 cm™, and 631 cm™! of the crystal
form. The carbonate v2 vibration bands at 876 cm™ and the phosphate vl symmetrical
stretching vibration bands at 962 cm™ are shown. Phosphate v3 vibration bands at 1025
cm™ and 1086 cm™ are shown and v3 vibration bands of surface carbonate groups at 1417
and 1456 cm™ are shown. As a result, all peptides were shown to direct the mineral crystal

and morphology in the direction of the Hap phase.
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Figure 3.14. FTIR spectra of peptides14, Control-MP30, and negative control (5.28/3.17
mM (1.1X))

FTIR analyses also showed the formation of HAp bands in these two phases,
which is consistent with the XRD analysis. These peptides hold the potential for
developing clinical products, such as dental gels, toothpaste formulations, and treatments
for bone regeneration.

The inclusion of different types of anions in the HAp unit cell, which affects the
vibration of PO4 and causes local structural distortions around these ions, may cause an
expansion in this region. Therefore, the phosphate substitution site area can give
information about the crystal structure of HAp. In order to obtain information about the
crystal structure, the calculation of the 567 cm-1 and 601 cm-1 bands of the FTIR peaks
representing the O-P-O bending of phosphate in HA divided by the height of the peak
maximum valley shows the crystallinity index of the mineral phase structure (Shlaferman
et al, 2019; Weiner, and Bar-Yosef, 1990). The crystallinity index values of the standard
HAP phase vary between 5 and 13 (Shlaferman et al, 2019; Choi et al, 2015). According
to these results, the crystallinity of none of the peptide-orientated mineral phases is as
crystalline as the pure HAp phase. However, it is shown that none of these mineral phases
are amorphous.

FTIR analysis can only be analyzed in the range of 4000-400cm™. Since these
results are not as specific as desired, they cannot be used as a reference study for

morphology alone. These results are supported by XRD and SEM analysis.
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CHAPTER 4

CONCLUSION

Biomineralization is a fundamental biological phenomenon that drives the
coordinated precipitation and growth of inorganic ions together with organic protein
molecules in various organisms. It is assumed that this process is driven by protein
molecules and determines the hierarchical structure of the formed tissue. The unique
properties of hard mineral tissues produced by the biomineralization process in living
organisms, such as durability, hardness, and flexibility, are regulated by this process. The
formation of hard tissues such as bones and teeth in vertebrates, especially humans, and
shells in invertebrate mollusks is part of biomineralization. The current literature is replete
with studies on the application of nanotechnology in hard tissue research and dentistry to
mimic the in vitro synthesis of such biomimetic materials. The interaction of synthetically
produced mineral materials with living tissue must be optimized. This optimization is
achieved by synthetic mineral biomaterials that mimic all the properties of biological
tissues and biogenic materials in terms of functionality. The high degree of complexity,
hierarchical organization, hybridization, reliability, efficiency, resilience, and adaptability
of natural materials obtained by certain structural principles selected by evolution can be
partially achieved in biogenic materials synthesized by man-made synthetic processes.
Biomimetic studies are crucial for the design and synthesis of innovative and progressive
materials and structures.

The nanometer-scale conformational variability of biological complex compact
structures triggers biological macromolecules to promote the formation of specific
linkages. Hydroxyapatite (HA), Caio(PO4)s(OH)2, the major inorganic compound of
mammalian bone and dental tissues, is one of the most stable forms of calcium
phosphates. A better understanding of the crystallization mechanism of hydroxyapatite
(HA) in the natural mineralization synthesis process and its applicability as an industrial
material is being deeply investigated in numerous interdisciplinary fields. Morphology,
biocompatibility, bioactivity, bioabsorbability, osteoconductivity, and surface

functionalization in synthetic HA crystals represent the physical and chemical properties
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required to optimize applicability as industrial materials. Synthetic hydroxyapatites
synthesized from Ca/P minerals by mimicking natural biomineralization processes exhibit
good properties such as direct binding to tissue, biocompatibility, bioactivity,
osteoconductivity, etc., which is exciting for applications in restorative dental treatment
fields.

The ambient conditions under which biomimetic mineralization occurs are crucial
for the morphology and formation kinetics of Ca/P mineral crystals. Through iterative
experiments, the optimal conditions for variables such as pH, temperature and molarity
were set, recognizing their dynamic influence on the mineralization process. The control
of pH, one of the dynamic variables in a biological environment, can be set, maintained,
and modified in the liquid phase through equilibration using an appropriate buffer.
Considering the pH values of the intraoral environment, HEPES and Tris buffers were
decided to be the most suitable buffers, and the mineralization solution medium was
prepared using these two buffers. In order to trigger the mineral deposition rate and
crystal morphology, it is necessary to mimic body conditions. Here the solution is kept
and maintained at physiological body temperature (37°C). Temperature is another
parameter that facilitates the kinetics of precipitate formation. Mimicking body
conditions is an important step in influencing the rate of mineral deposition and crystal
morphology. The molarity variable, whose dynamic effect on the mineralization process
is recognized, is another parameter that facilitates the kinetics of the formation of
biomimetic hydroxyapatite nanocrystals from Ca/P minerals. Supersaturation in terms of
the ionic concentration of the solution is very important as it triggers the precipitation of
Ca/P minerals. Considering the effects of pH, temperature, and molarity parameters on
calctum phosphate precipitation, the optimal condition was optimized. However,

choosing the optimum condition is complicated because the parameters are interrelated.

Ca/P molarity ratios were kept constant at 1.66 for all test sets. Ca/P=1.66 is the
stoichiometric HAP value. A healthy intraoral pH is physiologically maintained in the pH
6.8-7.8 range. Therefore, mineralization kinetics were studied in this pH range. One of
the most powerful and effective ways to trigger Ca/P crystallization is pH. Without any
precipitant, only small changes in pH can be highly effective on mineralization. The first
result of these optimization studies showed that at a constant Ca/P ratio, mineral analysis
showed that increasing pH (within the specified pH range) had a positive effect on the

amounts of precipitated calcium and phosphate.
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Ca/P molarity ratios were kept constant for all test sets, the Ca®" and POs*
molarities in the total solution were 4.8/2.88 mM. In previous studies, mineralization
nucleation performance was proven when the Ca®'/PO4> ratio was kept at 4.8/2.88 mM
(1X). These optimization studies were first carried out at a standard room temperature of
25 °C. The study was repeated by increasing only the temperature to 37 °C without
changing the molarity and pH parameters. The effect of temperature change on the
HEPES buffer was checked. The pH change in all solutions decreased by 0.13 (+ 0.01)
on average. Therefore, the pH values in the study were assumed to be approximately 0.13
less with this treatment and evaluated accordingly. To check the effect of temperature
change on Tris buffer, the solutions were heated to 37 °C. The pH change in all solutions
decreased by an average of 0.32 (+_0.01). Therefore, it is not appropriate to use the same
solutions by heating as the rate of change of pH values in the study would change the pH
range of the study. Therefore, the solutions were prepared again by adjusting the pH at
37°C and these solutions were used for the 37°C experiments. In the studies of
mineralization solutions prepared with HEPES buffer solution, a negative effect of
temperature increase on the mineralization results was observed, but this effect was only
on the amount of Ca/P precipitate and this effect was negligible. This is evidenced by the
fact that there is no change in the pH value of the Ca/P precipitation formation jump
points. Therefore, the result of the positive effect on the formation of Ca/P mineralization
with increasing pH values gives meaning to the conclusion that the decrease in pH value
with increasing temperature decreases the amount of Ca/P precipitate. It is seen that the
absorbance values of Ca/P precipitates increase continuously with increasing pH values.
This leads to the conclusion that pH increase has a positive effect on Ca/P mineralization.
It shows that Ca?* and PO4>" solutions prepared in Tris buffer have a positive effect on
Ca/P mineralization with increasing pH values, while the change in molarity has a linear
effect on the amount of Ca/P precipitate formed. Furthermore, an increase in temperature
has a negative effect on these results, but only on the amount of Ca/P precipitate formed,
and this effect is negligible. Therefore, the conclusion that increasing pH values have a
positive effect on the formation of Ca/P mineralization gives meaning to the conclusion
that a decrease in pH value with increasing temperature reduces the amount of Ca**/PO4*
precipitate. The consistent behavior of both pH and molarity parameters on the formation
and amount of Ca/P precipitates under temperature variation in solutions prepared in

HEPES buffer proved that it is the ideal buffer for optimization conditions.

71



The HAP cytometer Ca/P ratio was kept constant at 1.66. The molarity values of
the solutions were doubled and molarity scanning and mineralization kinetics were
performed by absorbance measurements. Since the mineralization kinetics of HEPES
buffer is not affected by temperature variation, it was sufficient to perform all studies only
at 25°C. As a result of the first experiment, one pH value below the pH value, which is
the mineralization jump point of the HEPES Buffer, was taken as the reference point.
Ca/P precipitates were formed in solutions containing Ca/P molarity ratios of 6.46/3.8
mM (1.33X), while 4.8/2. 88 mM (1X), 3.6/1.9 mM (0.75X), 3.16/1.9 mM (0.66X) and
2.4/1.44 mM (0.5X) Ca?"/PO4>" molarity ratios.

Here, the Ca/P molarity ratio was determined to be limited and insufficient for
HAp mineral precipitation at concentrations of 2.4/1.44 mM (0.5X), 3.16/1.9 mM
(0.66X), 3.6/1.9 mM (0.75X) and 4.8/2.88 mM (1X), respectively. The next step was to
incubate the phage display library with solutions at these concentrations and study the
effect on mineralization. However, it was checked that this expected mineralization
phenomenon was only an effect of the phages in the phage display library.

Mineralization solutions with concentrations of 0.5X, 0.66X, 0.75X, and 1X,
respectively, containing TBS solution, the stock solution of the peptide-phage library,
were prepared and it was shown that the phage-free TBS solution did not affect the
formation of Ca/P mineral precipitates. It was aimed to obtain mineralized peptides by
dissolving the compact mineral structure formed around the phages carrying mineralized
peptides. The purpose of using the acidic glycine-HCI buffer prepared accordingly is to
dissolve the calcium phosphate minerals phase. The pH of the phage display library
stocking solution was 7.5. In this neutral-basic environment, the stability of the phages is
ensured. Therefore, an acidic environment will stress and negatively affect the petit-phage
library. Once an acidic environment is provided to dissolve the minerals formed by the
petit-phage library, this library needs to be neutralized quickly to avoid damage. For this
purpose, we first calculated how much glycine should be added to lower the pH of the
phage library stock solution of Trizma Base buffer to pH 7.5. Then, according to these
calculations, the acidic solution was added to the pre-prepared mineral pellet formed by
the positive control group, which was separated by precipitation and redissolved. The
basic solution was added to reduce the pH of the dissolved pellet to pH 7.5. After this
neutralization process, it was determined whether the calcium phosphates dissolved at pH

7.5 formed minerals again.
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Phage display libraries consist of a construct in which a library of peptide variants
is expressed outside of the constituent phage variant. This phage display system creates a
physical link between the sequence of the 12 amino acid peptide and the DNA encoding
it, based on its affinity for the target molecule through an in vitro selection process called
sliding. This swiping is accomplished by incubating a library of phage-displayed peptides
at the target, washing out unbound phage, and swiping specifically for phage that exhibit
the sought-after function. In each biopanning step, the inability of mineral precipitation
to occur on its own was demonstrated by adding the phage library to a Ca/P mineral
solution with a concentration of 4.8/2.88 Mm. Kinetic measurements revealed that these
peptides catalyze calcium phosphate mineralization about one order of magnitude faster
than under physiological conditions. The decrease in concentration as the step progressed
in the biopanning rounds and the increase in the initial amount added to the mineralization
medium to initiate mineralization at each step indicated that this peptide-phage library
underwent a selection and the library became smaller.

For mineralization kinetics and morphology studies, the BP4-M2 library of the
biopanning 4 round, which contains phage libraries that are assumed to carry peptides
specific for mineralization function, was selected as the plot group. For mineralization
kinetics and calcium phosphate component phase morphology studies, peptides carried
by 37 unique clones were isolated one by one in colonies selected from the BP4-M2
library. The selected clones were identified as suitable samples for mineralization kinetics
and morphology studies of mineral component phases.

Mineralization reactions for the peptides carried by these clones were initiated by
adding them to a solution medium with a Ca/P ratio of 5.28 / 3.17 Mm (1.1X). The
nucleation potential of the peptides was added to the limiting concentration to understand
the mineralization kinetics. The results of the peptide mineralization reactions were
supported by positive control group reactions and negative control group reactions. As a
result, each peptide exhibited almost different mineralization kinetics. When the peptide
was added to the mineralization solution prepared at a concentration of 1.1X (5.28/3.17
mM), the nucleation absorbance value either exceeded or almost caught up with the
nucleation absorbance values of the positive control groups for all peptide samples. Here,
it was the time course of the mineralization kinetics and the absorbance value of
nucleation that differentiated the peptides from each other. In this context, there are some
peptides that perform fast mineral nucleation and reach the standard nucleation value or

there are peptides that perform slower mineral nucleation and reach more standard
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nucleation absorbance values. It follows that neither the rate of mineralization kinetics
nor the nucleation absorbance value alone can lead to the conclusion that an ideal Hap
mineral crystal is formed. The mineral crystals formed by these peptides had to be guided,
controlled, and supported by morphology analysis.

For the directed and controlled morphology analysis of the mineral crystals
formed by these peptides, 4 peptides were selected, which started to nucleate at every
hour interval in terms of the rate parameter of mineralization kinetics and whose
nucleation absorbance values were almost the same as the absorbance value 1.33X of the
positive control group. These peptides are peptide 1, peptide 14, peptide 21, and MP30.
The crystallinity and morphology of the mineral produced in the presence of these
peptides were studied by SEM, XRD, and FTIR analyses. The minerals synthesized by
catalyzing the 4 peptides selected for morphology analysis were firstly SEM analyzed. It
shows flakes in the mineral structure formed by MP30 and peptide14. These flakes show
that a crystalline structure was obtained. However, flakes are not seen in the mineral
structure formed by peptide 21 and peptide 1, indicating that these structures are slightly
more amorphous. Although SEM is a semi-quantitative analysis, this analysis shows that
the structures with fast kinetics are amorphous, while those with slow kinetics form a
crystalline structure. However, not all structures with slow kinetics form a crystalline
structure, peptide 1 being an example. XRD patterns of the mineral crystal samples
synthesized via peptide 14 and Control-MP30 show that some 20 values of the diffraction
peak positions are quite similar to the reference standard 09-0905. This result shows that
peptide 14 and Control-MP30 control calcium phosphate ions towards the formation of
Hap phase mineral. FTIR analysis results of these peptides support this result. The fact
that the XRD diffraction peak positions of peptide 1 and peptide 21 do not form 28.12°,
28.96° 20 values and the heights of the peak peaks at 32.2°, 32.90° 20 values are different
from the pure Hap crystal shows that these mineral structures are not completely directed
to the Hap phase. These peptides show phosphate vibration bands formed at 567 cm™,
601 cm™, and 631 cm™ of the crystal form. The carbonate v2 vibration bands at 876 cm’!
and the phosphate vl symmetrical stretching vibration bands at 962 cm™ are shown.
Phosphate v3 vibration bands at 1025 cm™ and 1086 ¢m™ are shown and v3 vibration
bands of surface carbonate groups at 1417 and 1456 cm™ are shown. As a result, all
peptides were shown to direct the mineral crystal and morphology in the direction of the
Hap phase. These peptides hold the potential for developing clinical products, such as

dental gels, toothpaste formulations, and treatments for bone regeneration.
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APPENDIX A

KINETIC MEASUREMENT

The first set of results were obtained from mineralization kinetics experiments.
Ca?" and PO4* solutions prepared in HEPES buffers with pH values of 6.6, 6.8, 7.0, 7.2,
7.4,7.6, and 7.8 at 25°C were treated with each other in the ratio of 4.8/2.88 mM. Figure
A.1 shows the absorbance values of these samples after 1 hour of mineralization kinetics.
According to this result, it was concluded that Ca**/ PO4> precipitates were formed in
solutions with pH values of 7.2, 7.4, 7.6, and 7.8, but Ca*>*/ PO4>" precipitates were not

formed in solutions with pH values of 6.6, 6.8, and 7.0.
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Figure A.1. Ca®"/ PO4> nucleation kinetics spectra at different pH values and in HEPES
buffer at 25 °C when Ca?'/ P04>: 4.8/2.88 mM

These solutions were heated to 37°C and the pH values in all these solutions decreased

by 0.13(+_0.01) on average. Figure A.2 shows the absorbance values of these samples
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heated to 37°C after 1 hour of mineralization kinetics. According to this result, it was
concluded that Ca*'/PO4*precipitates were formed in solutions with pH values of 7.2,

7.4,7.6, and 7.8, but Ca**/PO4> precipitates were not formed in solutions with pH values
0of 6.6, 6.8, and 7.0.
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Figure A.2. Ca?*/ P0O4* nucleation kinetics spectra at different pH values and in HEPES
buffer at 37 °C when Ca**/ P04 4.8/2.88 Mm

These solutions were heated to 37°C. Figure A.6 shows the absorbance values of
these samples heated to 37°C as a result of 1-hour mineralization kinetics. Figure A.2
shows the absorbance values of these samples after 1 hour of mineralization kinetics.
According to this result, it was concluded that Ca®"/ PO4> precipitates were not formed
at any pH value.

When Figure A.1. and Figure A.2. are analyzed within themselves, it is observed
that the absorbance values of Ca?"/ PO+ precipitates increase continuously as the pH

values increase. This leads to the conclusion that pH increase has a positive effect on

Ca?'/ PO4*" mineralization.
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These test sets were also tested in tris buffers, Ca’" and P04* solutions prepared
in tris buffers with pH values of 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, and 7.8 at 25°C were treated
with each other at a ratio of 4.8/2.88 Mm. Figure A.3. shows the absorbance values of
these samples after 1 hour of mineralization kinetics. According to this result, it was
concluded that Ca*/ P04* precipitates were formed in solutions with pH values of 7.2,
7.4,7.6, and 7.8, but Ca?*/ PO4> precipitates were not formed in solutions with Ph values

0of 6.6, 6.8, and 7.0.
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Figure A.3. Ca*'/ PO+* nucleation kinetics spectra at different pH values and in Tris buffer

at 25°C when Ca?'/ P04>: 4.8/2.88 mM
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Figure A.4. Ca*'/ PO4* nucleation kinetics spectra at different pH values and in Tris buffer

at 37°C when Ca?'/ P04>: 4.8/2.88 Mm

These solutions were heated to 37°C and the pH values in all these solutions
decreased by 0.32(+ 0.01) on average. Since this value is quite high in terms of pH
change, these solutions were prepared again at 37°C with pH adjustments and these
solutions were used for the experiments to be performed at 37°C. Figure A.4 shows the
absorbance values of these samples prepared at 37°C as a result of 1-hour mineralization
kinetics. According to this result, it was concluded that Ca*"/ P04* precipitates were
formed in solutions with pH values of 7.0, 7.2, and 7.4, but Ca?"/ PO4> precipitates were

not formed in solutions with pH values of 6.6, and 6.8.
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